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ABSTRACT

Errors made by skilled performers can be especially problematic in many learning
situations. Most theories of cognitive skill acquisition suggest that as leamers become
skilled at task performance they make fewer errors. However, some evidence suggests
that they are more likely to make certain types of errors under some circumstances. These
error types, termed “strong-but-wrong,” do not appear to be random fluctuations in the
cognitive system. Rather, they appear to be caused by the inappropriate execution of
memory for familiar processing sequences. Although prior research has investigated
cognitive skill acquisition and transfer errors associated with sequence memory, research
has yet to establish a viable procedure for reducing errors of the strong-but-wrong type.
The current study examined training methods that might minimize negative-transfer
errors in a cognitive skill task (number reduction). One hypothesis examined whether
increasing variability of the rule-sequences during training reduced transfer errors. A
second hypothesis tested whether attention flexibility training (speed versus accuracy
focus) reduced transfer errors. Evidence supported the sequence variability hypothesis.
Those who were trained on a greater variety of rule-sequences made fewer transfer errors
to new rule-sequences, although their processing times increased compared to those who
were trained on a subset of the sequences. The data also revealed that those who received
fewer training blocks made fewer strong-but-wrong transfer errors. There was no support

for the attention flexibility training affecting errors.
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CHAPTER 1
INTRODUCTION

To err is human. The simple reality is that systems, both human and machine, fail,
but the error can usually be traced back to the human (poor design can induce operator
error). In fact, human error can lead to disastrous consequences in real-world situations.
One need not look any further than the 1986 Chernobyl nuclear power plant explosion to
see how disastrous these consequences can be (Broadbent, Baddeley, & Reason, 1990).

One striking feature of human error is that in many instances errors represent
undetected mistakes in routine operations. In fact, many errors made by skilled
performers do not appear to be failures in reasoning or complex mental processing.
Instead, they appear to represent automatic reactions related to the conditions under
which performers acquired their skill (Bell, Gardner, & Woltz, 1997). In one of the
world’s worst railroad disasters, for example, a train wreck in India claimed hundreds of
lives when a switching error during a routine operation put two trains on the same track
headed straight for one another (“Indian Train Wreck,” 1999).

One approach to designing better error reduction systems involves the design of
better training programs. The acquisition of many skills, however, is specific to the
conditions practiced in training. Training programs are only effective to the extent that

training will transfer to new situations. Under most circumstances learners cannot be



exposed to all conditions, or even a reasonable subset of conditions that may be
encountered in due time. Performance enhancements under these conditions may be
difficult to demonstrate because transfer of a skill under changed conditions can be error-
prone.

At a very basic level the term transfer of training refers to the influence of prior
learning on later activity (Holding, 1991), and initial research began in the early 20"
century, when Woodrow (1927) claimed, for example, that “improvement resulting from
almost any sort of practice yields, as a rule, some transference” (p. 159). He suggested
that any practice on a given task produces improvement (i.e., positive-transfer) in a
number of related functions.

Many people, however, often complain of interference when changes are
demanded in a familiar skill (e.g., administering an unfamiliar medication that sounds or
looks similar to a more frequently administered one). Negative-transfer errors take place
when training interferes with the acquisition and performance on new problems and may
occur because the cognitive system is competing against more familiar responses that
have been encountered in the past. One type of negative-transfer error, termed strong-but-
wrong (Reason, 1990), occurs when highly skilled individuals make errors on tasks that
are similar to those learned during training; this error appears to be related to automatic
reactions that take place during late stages of skill acquisition. Automatic processing
refers to specific properties of performance, and these properties are viewed as specialists
wdtking on small aspects of the overall skill. Skilled performance generally developsasa
result of recruiting a large number of automatic specialists to work on a given problem

(Logan, 1985).



Various theories and models of skill acquisition have been brought forth in the
cognitive science literature. The theories mentioned in this dissertation represent one of
the early and one of the more recent ones, and their discussion is not meant to be
comprehensive. Rather, the intent is to provide an overview of the selected theoretical
issues that are relevant to the questions about transfer errors addressed in this dissertation.

In general, skill acquisition follows a predictable pattern, which begins with very
slow and effortful problem solving that eventually leads to problem solving that is fast
and automatic. Fitts (1964), for example, proposed that skill acquisition progresses
through early, middle, and late stages. During early and intermediate phases, problem
solving is slow and effortful as learners acquire general information about a task. The /ate
phase, however, is fast and more automatic, as the learner’s speed and accuracy in
responding increases. It is at this point that learners may make unintended errors because
of automatic reactions acquired through repeated practice of the skill.

Another model of skill acquisition, Adaptive Control of Thought (ACT-R), also
suggests that cognitive skills follow a sequence of learned activities that eventually leads
to automization of the skill (Anderson, 1993). In this theory, all knowledge begins in
declarative form, and during initial stages of problem solving the learner commits to
memory a declarative representation of how rules work. Like Fitts* model, early
acquisition of a skill is slow and effortful, as the learner has not yet achieved an efficient
means for solving problems. Instead, learners apply declarative rules that help direct them
toward solving a particular problem. Through repeated practice the learner begins to
develop a procedural understanding of how rules work. This occurs because knowledge

for solving particular problems is read from declarative memory and written to



procedural memory. As individual rules strengthen and become more specialized,
eventually skill acquisition leads to automization and refinement of the skill. It is at this
point that problem solving becomes very fast, requires little attention, and can be
accomplished while the learner is engaged in other mental activities.

Each of the aforementioned theories promotes a general process of skill
acquisition, from slow and effortful processing, to faster and more automatic processing.
Moreover, as skills become proceduralized, they lend themselves to automatic processing
and the learner is more likely to suffer from a strong-but-wrong error. Although strong-
but-wrong errors are not the only type of transfer error, it is potentially important for
guiding our understanding of training procedures for cognitive tasks within highly skilled
individuals. What we need, therefore, are more effective methods for predicting and
reducing human error, especially within highly complex skills like aviation and medicine
that have the potential for disastrous outcomes.

Several procedures for reducing errors have been discussed in the literature.
Although not specifically designed to test the reduction of strong-but-wrong errors, their
underlying mechanisms seem generalizable to the hypotheses being tested in this
dissertation. One possible solution involves increasing the flexibility of task demands
during training. Woltz, Gardner, and Gyll (in press), for example, measured attention-
shifting ability with color- and word-stroop disengagement tasks. Results indicated that
those who were better able to disengage from overlearned processes were generally those
who made fewer performance errors on two skill tasks.

A second possible method for reducing strong-but-wrong transfer errors was

derived from dual-task studies (Kramer, Larish, & Strayer, 1995), which suggest that



when tasks are practiced together, learners have more opportunity to minimize
interference between task demands and interlace cognitive processing components into a
single flow of mental operations, thus reducing cognitive interference. These findings
also suggest that training that promotes an attention flexibility strategy could reduce
strong-but-wrong transfer errors.

Research in variability training also proposes that irregularity during training may
reduce transfer errors. Johnston, S;rayer, and Vecera (1998), for instance, suggest that
narrow-minded training leads to an overspecialized network, one that performs well
under specific conditions, but that transfers poorly to new environments. Broad-minded
networks (i.e., ones trained on a variety of task components), on the other hand, adapt
better to new patterns of learning in transfer conditions. Additionally, Kramer, Strayer
and Buckley (1990), examined the variability training dilemma and suggested that
training that promotes variability of rules during learning reduces transfer errors. The

studies supporting these techniques will also be addressed further in Chapter 2.

Conclusion
The research presented in this dissertation investigated two procedures designed
to reduce negative-transfer errors of the strong-but-wrong type on a number calculation
task. One procedure tested whether variability of rule-sequences during training reduced
transfer errors to new rule-sequences. Another procedure examined a speed versus
accuracy focus strategy during training and its effect on transfer errors. If either technique
offers evidence of a reliable decrease in transfer errors, it could provide avenues for

future applied investigations in designing improved skill training strategies.



CHAPTER 2

LITERATURE REVIEW

Human Error
Perhaps the most ambitious effort of categorizing and classifying human error has

been proposed by Reason (1990). In his book, Human Error, Reason defines an error as

“all those occasions in which a planned sequence of mental or physical activities fails to
achieve its intended outcome, and when these failures cannot be attributed to the
intervention of some chance agency” (p. 9).

Reason divides errors into two broad categories: active and latent errors. Active
errors have immediate effects and are traditionally associated with front-line workers
such as machine operators, pilots, and air traffic controllers. Latent errors, on the other
hand, lie dormant within a system and do not show their effects immediately. They are
not associated with the direct control of the operator. Instead, they are attributed to
occupations such as system designers, construction workers, and high-level decision-
makers, where design flaws in a system are not immediately discovered as errors.

Reason further subdivides errors into two basic forms. A slip, or lapse (i.e., an
execution failure), is an error in the execution of an action sequence. A mistake (i.e., a

planning failure), on the other hand, is an error in the process of selecting an appropriate



means to achieve a desired objective. Whereas a mistake involves wrongful intention, a
slip involves the occurrence of an unintended action.

According to Reason’s Generic Error Modeling System (GEMS), there are three
basic error types: skill-based (SB) slips, rule-base (RB) mistakes, and knowledge-based
(KB) mistakes. A defining feature of both RB and KB mistakes, as opposed to SB slips,
is an awareness that a problem exists. The focus of this dissertation is on execution
failures (SB-slips), or actions that lead to unintended errors in routine operations where
awareness of an error does not exist. For a thorough description of behavior at the RB
and KB levels, see Reason (1990).

Reason suggests that errors at the SB level represent sensorimotor performance
during routine tasks. Given this explanation, it appears that SB slips are solely limited to
motor components of skills and do not extend to the realm of purely cognitive skills.
Moreover, he argues that because errors during SB performance represent motor actions,
they are easier to detect than errors at the RB or KB levels. Woltz, Gardner, and Bell
(2000), however, disagree. According to these researchers, SB slips can occur during
sequential cognitive skill performance as a result of the application of strong-but-wrong
sequences, and they are difficult to detect. For support, they demonstrate undetected
errors in some skills requiring a sequence of mental transformations (e.g., number

calculations) that make limited use of motor components.

Transfer of Training
The following section provides a brief outline of different categories of transfer

discussed in the literature. The purpose here is not to provide a detailed description of all



views. Instead, the aim is to present an overview of the different theoretical aspects
covered in the literature so that the reader can better conceptualize the current research in
relation to identified categories of transfer.

The characteristic model for transfer involves training performance on the training
task, then transferring to a new one. Under these circumstances positive-transfer
(performance enhancements) generally occurs. This is the type of transfer to which
Woodrow (1927) was referring. In fact, most research indicates positive-transfer when
learning new skills. Research demonstrating reliable negative transfer, however, has been
less common.

Near-transfer involves performance of a skill that contains small variations from
the learned task, and is usually positive (i.e., performance improvement). Examples
include subtle variations in single-column addition problems, using a new word processor
(Singley & Anderson, 1985), learning a second computer programming language
(McKendree & Anderson, 1987), and solving new elementary geometry problems that
resemble previously practiced ones (Lovett & Anderson, 1994).

As opposed to near-transfer, distant-transfer includes applying operations that
combine features from training, but also can involve applying new operations during
transfer problems. An example would be advancing to multicolumn addition or
subtraction with carrying and borrowing operations after initially learning single-column
addition. Distant-transfer has received less attention in the literature, perhaps because
reliable distant-transfer has been much more difficult to demonstrate than near-transfer.

Negative near-transfer, the focus of the current research, can occur when two

‘tasks share similar stimulus features but require different processing operations. With



negative near-transfer, previously learned skills interfere with one’s ability to process
items that differ only slightly from the learned skill and appear to be related to the
application of strong-but-wrong sequences (Woltz et al., 2000). Negative near-transfer
errors typically occur when learners have reached late stages of skill acquisition, and the
end result is that performers with more training are worse in transfer compared to those

with less or no training.

Past Research on Negative Near-transfer

One of the most widely cited studies of negative near-transfer dates to 1942, when
Luchins demonstrated the einstellung or “set effect.” In this research subjects solved a
series of water jug problems where the object was to measure a predetermined amount of
water using a combination of three jugs. The first five problems could all be solved using
the same algorithm, Jug B — Jug A —2 (Jug C). The next three problems could also be
solved using this algorithm. However, a much quicker and simpler solution existed.

These results demonstrated negative-transfer errors, in that practice on the first five
questions created an inability in subjects to recognize the quicker and much easier
solution during the three transfer problems.

Investigations conducted by the Army Air Force Aviation Psychology Program
examined transfer errors in tests using aircraft control knobs (Fitts, 1947). In these
simulated studies researchers found that negative-transfer errors occurred when the
positions of the control knobs were changed from aircraft to aircraft. They concluded that
“habit interference” could produce critical errors if knob locations were changed from

plane to plane.
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Recent investigations have studied the detectability of cognitive errors ina
sequential processing task (Bell, Gardner, & Woltz, 1997; Woltz & Gardner, 1996;
Woltz et al., 2000), and also demonstrated negative-transfer errors. The skill task used
was number reduction (modeled after a task developed by Thurstone and Thurstone,
1941), a task designed to teach subjects a series of rules for reducing four digit number
strings to a single digit response.

A simple version of number reduction requires participants to reduce 4-digit
number-strings that contain the numbers 1, 2, and 3 to a single digit using a sequence of
two rules. A sequence refers to the application of the two rules in lots of three. Rules are
applied two digits at a time, moving left to right in the string. For example, the number-

string 1123 would first be reduced to a 1 by applying the SAME rule to the first two

digits (11=1). Then, by carrying this solution forward and combining it with the next
number in the string (2), 12 would be reduced to a 3 by applying the DIFFERENT rule.
Finally, this solution would be carried forward, combined with the next number (3)and

solved using the SAME rule (33=3). Therefore, to solve the string 1123, participants

would apply the SAME-DIFFERENT-SAME rule-sequence. Notice that only two rules
are used (SAME and DIFFERENT) in the application of this three-component rule-
sequence.

In all previous studies with number reduction, subjects were trained on a variety
of number sequences over several sessions and developed considerable skill at the task.
During a transfer session subjects were presented with number strings that differed only
slightly form those experienced during training. Results indicated a significant increase in

the number of errors during transfer for new sequence trials.
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In one study, Woltz et al. (2000) reported three experiments that addressed the
existence of negative near-transfer errors of the strong-but-wrong type, and results
indicated that more transfer errors were made by more practiced individuals. These errors
were attributable to the misapplication of processing sequence knowledge (number rules)
rather than instance knowledge (specific number sequences) and the fact that sequence
knowledge was implicit in nature.

In the first of three experiments they used a simple two-rule version of number
reduction (SAME and DIFFERENT) and tested whether negative near-transfer errors
were related more to automatic applications of strong-but-wrong sequences, or to slower,
more explicit attention processes. Two experimental groups received identical training
and transfer sequences, except that one group received five times the amount of training.
Transfer sequences included all of the previously practiced instances from training and
instances of two new sequences (differing only by their last rule). Overall, those
receiving more practice made more errors on new sequences (M = 65%), compared to
those who received less training (M = 35 %). Moreover, these individuals showed longer
lasting negative transfer effects. Taken together, these findings provided evidence to
support a strong-but-wrong sequence effect during negative near-transfer. It appears that
conditions that generally lead to positive transfer (i.e., higher level of practice) can lead
to negative near-transfer when processing sequences overlap during initial steps of the
sequence but differ in the final step (e.g., the first two steps of a 3-step sequence were
identical to those learned during training).

During Experiments 2 and 3 a more complex version of number reduction was

used (i.e., one that used four rather than two rules). Again, the existence of negative near-
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transfer errors as a finction of strong-but-wrong sequence effects was examined. Results
revealed that errors were attributable to sequence rather than instance knowledge and that
most errors were undetected by the performers.

One important finding about negative near-transfer errors in the studies conducted
by Woltz and colleagues is that errors -occurred as a result of participants’ inability to
transfer to new rule-sequences, not specific instances of number-strings. In these
investigations, participants were exposed to problems in the training segment represented
by a variety of rule-sequences (e.g., Same-Different-Same and Different-Same-
Different). In addition, each sequence was represented by a variety of number strings, or
instances (e.g., 1122 and 3313). In the transfer segment, sequences were introduced in
such a way that the third rule in a sequence differed from training, but the first two rules
remained the same as a training sequence. For example, parﬁcipants trained on the rule-
sequence S-D-S, were shown the rule-sequence S-D-D during transfer. The first two rules
of the sequence (S-D) lead the participant down the “garden path,” which produced an
inflexibility to transfer during the final step.

Variability Training
Research suggests that irregularity and variation in training may also improve
transfer (Hesketh, 1997). In their article, “Broad Mindedness and Perceptual Flexibility:
Lessons from Dynamic Ecosystems,” Johnston et al. (1998) examine the variability
training dilemma and offer suggestions on how to increase skilled performance by
training more flexible minds. They argue that human minds possess all the features of
natural ecosystems and undergo the same general processes of periodic change (e.g.,

streams may be devastated by floods once a year, or forests by fires every 200-500
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years). Some of these changes may be more catastrophic than others, with some species
adapting better than others. The net effect is that these natural transformations create a
more diverse ecosystem. According to these researchers, some important similarities can
be drawn between the evolution of natural ecosystems and narrow versus broad minds.
Narrow minds are especially attuned to the established environment. As a result, they
lead easier and more successful lives as long as the environment remains stable. Broad
minds, on the other hand, like the ecosystem, are likely to undergo major transformations
from time to time. The overall effect of broadness of mind is more likelihood of having
the adaptive edge because of greater familiarity with being frequently disturbed and
becoming more resilient to change in the long run. In brief, “narrow-minded specialists
solve the stability/plasticity dilemma by sacrificing plasticity for stability, and broad-
minded generalists by sacrificing stability for plasticity” (p. 90).

As an examination of these claims, Johnston et al. (1998) tested broad and
narrow-mindedness using a connectionist model of information processing. Narrow-
mindedness was simulated by training the network using a restricted perceptual
environment (i.e., one with little diversity). Training the network using a more varied
setting tested broad-mindedness. Each training situation was then transferred to a new
condition that exposed the network to novel stimuli. Results indicated that narrow-
minded training leads to an overspecialized network, one that performs very well in its
narrow perceptual environment, but that transfers poorly to novel environments. On the
contrary, the broad-minded network was more resilient to novel stimuli and was better

able to accommodate new patterns of learning. In sum, these authors argue that networks
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are better able to adapt to new stimuli if they have been trained on a broader range of
inputs.

Kramer et al. (1990) also investigated the transfer of cognitive skills and
examined the influence of different levels of task consistency during transfer. In one
study learners were asked to decide whether a visual probe fit the description to one of
three rules. The visual probe was made up of concentric circles containing two numbers,
and learners were asked to decide whether the numbers and their positions in the circles
fulfilled the rules. Four pieces of information were needed to solve each problem: the
distance between the numbers contained within the circles, the numerical difference
between the numbers, the sign of the numerical difference, and the mapping of these
components to the correct response.

There were two training conditions in the study. In one condition (consistent rule-
to-response mapping), a set of rules and their exemplars (numbers) always required the
same response. In a second training condition (varied rule-to-response mapping) the
mapping of rules and their exemplars varied over experimental blocks and sessions. After
twelve 2-hour training sessions, learners were transferred to one of four conditions. In
one condition the rules remained the same and the exemplars (numbers) changed. In
another condition the rules changed and the exemplars remained the same. In a third
possible transfer segment both the rules and exemplars changed, and in a fourth possible
transfer segment both the rules and exemplars remained the same. .

Overall, transfer was reduced in situations in which the rules changed compared
to when the rules were maintained. According to Kramer et al. (1990) this is an indication

that much of the learning took place at the level of the rules. That is, transfer of learning



could have been attributed to the learning of rules rather than the learning of specific
exemplars. This research supports a variability training strategy by suggesting that some
learning is rule specific. When rules remain constant, practicing on a broader set of rules
should also be generalizable to a transfer condiﬁom thereby reducing transfer errors.

Schmidt and Bjork (1992) discuss several experiments in which variability in
practice leads to fewer errors and better generalizability in a transfer task. In one
experiment (Kerr & Booth, 1978) 2 groups of 8-year-old participants judged target
distances, either 3 ft (constant group) or 2 ft and 4 ft (variable group), by pitching bean-
bags at each target. On a subsequent test of bean-bag tosses at 3 ft, those in the variable
condition performed with greater consistency compared to those who practiced tossing
bean-bags consistently at 3 f.

In another study, Nitsch (1977) examined novel words (e.g., to “crinch” was to
offend someone) under differing conditions. In one condition, participants learned new
definitions of words in the same context (a restaurant setting). A second group learned
novel word definitions in varied contexts (using numerous settings). When participants
- were asked to identify new examples of the concept word, the variable practice group
outperformed the constant practice group.

Taken together, Schmidt et al. (1992) suggest that variability during practice
enhances the effectiveness of rules that relate to external task requirements that force
participants to change behavior from trial to trial. Moreover, even though variability
during practice may impede performance on the training task in the form of slower skill
acquisition, the result is better performance and better generalizability to similar tasks.

According to the authors, “it appears that systematically altering practice so as to
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encourage additional, or at least different, information processing activities can degrade
performance during practice, but can at the same time have the effect of generating

greater performance capabilities in retention or transfer tests” (p. 215).

Flexibility Training

Constructivist Theory of Learning and Instruction

Research in education has also looked at the training dilemma in learning.
According to their constructivist theory of learning and instruction (also referred to in
their article as cognitive flexibility theory), Spiro, Feltovich, Jacobson, and Coulson
(1991) propose that:

The remedy for learning deficiencies related to domain
complexity and irregularity requires the inculcation of
learning processes that afford greater cognitive flexibility:
This includes the ability to represent knowledge from
different conceptual and case perspectives and then, when
the knowledge must later be used, the ability to construct
from those different conceptual and case representations a
knowledge ensemble tailored to the needs of the
understanding or problem solving situations at hand. (p. 24)

A key element to this theory is that reviewing the same material at different times,
and using reorganized contexts for different objectives and from different perspectives, is
essential for attaining the goals of advanced knowledge acquisition. Thus, knowledge that
will eventually be used in a large number of ways, must be represented, organized, and
used in many different ways during training. The alternative is knowledge that is only
usable in situations under which learning occurred.

Although the constructivist theory of learning differs from the situated learning
described in this research, it provides support for using a flexibility training mechanism

during the acquisition of a skill. Support for this technique rests in the proposition that
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flexibility within the cognitive system solves the stability/flexibility dilemma (Johnston et
al., 1998) and that flexibility within training structures promotes lasting relationships that
allow information to be used in many ways during transfer of the skill (Spiro et al.,
1991).

Research by Woltz et al. (in press) may provide further support for a flexibility
training mechanism in learning. We investigated strong-but-wrong sequence effects that
focused on individual differences in the cognitive processes underlying negative near-
transfer errors that indirectly addressed flexibility training. In this research subjects
performed two skill tasks in order to assess whether learners who make transfer errors in
one skill are the same learners who make transfer errors in different skills. The two tasks
used in this research were number reduction and logic gates. Number reduction, as in
previous investigations, involved transforming a four digit number string to a single digit
response. Logic gates (used in electrical engineering), although very similar to number
reduction in that two inputs are reduced to a single response, involves binary inputs and
symbols that represent different transformations. The data revealed that those who made
more negative near-transfer errors on one task were generally the same performers who
made more errors on the second skill task.

A second question tested was whether errors in skilled performance were related
to individual differences in perception, working memory capacity, attention shifting
ability, or a combination of the three. We hypothesized that attention-shifting ability
would be important during transfer to new rule-sequences because when stimuli can be
perceived to differ in subtle ways from training stimuli, correct performance should

involve the ability to disengage from a familiar processing sequence and shift focus to a
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less practiced set of operations. Overall, the data suggested that those who made fewer
errors on the two skill tasks were those who were better able to disengage from
overlearned processes as assessed by independent measures. These findings are important
because they provide support for testing the possibility that training individuals in
disengagement (flexibility) processes might be important in the reduction of negative-

transfer errors.

Training for Better Transfer: Lessons from Dual-task Studies

There have been general attempts at improving skill acquisition and transfer
within dual-task studies. In a conventional dual task, learners work simultaneously on
two differing tasks, for example, solving elementary arithmetic while conducting a visual
search. In general, these studies suggest that compared to learning single tasks alone,
when tasks are practiced together, the information processing system can coordinate task
performance and minimize interference between tasks, thus, maximizing cognitive
flexibility.

Acquiring dual-task skills. According to Brown and Carr (1989), there are three
general methods for acquiring dual-task skills: restructuring, intratask automaticity, and
task-combination strategies. The latter ofthese mechanisms, task-combination strategies,
considers dual-task learning and decreases in cognitive interference in terms of changing
relations between the two tasks. This is important because changing the temporal
dynamics of the task appears to reduce the degree to which independent tasks preserve
their separate characteﬁétics. Although tasks are performed independent of one another,
they can be combined into one processing sequence by interlacing their separate

components into a single flow of mental operations.
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Beyond the methods involved in acquiring dual-task skills, there are also two
general classes of dual-task training, part-task and whole-task training (Kramer et al.,
1995). In part-task training the learner practices on a set of components of the whole
task, but before receiving the whole task. Whole-task training, on the other hand, requires
training both tasks at the same time by instructing learners to treat each task equally.
These methods are limited in their degree of effectiveness, however, so researchers have
tried to develop more effective methods by combining various procedures from both
techniques (Gopher, Weil, & Seigel, 1989; Gopher, 1993). One of these procedures is
known as variable priority (VP) training, whereby participants perform both tasks
together (whole-task training) but vary the emphasis between the two.tasks (part-task
training) in different blocks of trials.

Brickner and Gopher (1981) tested two groups using a letter typing task and a
digit classification task. In one condition (fixed priority), participants emphasized both
tasks equally between blocks. In a variable priority condition, participants practiced tasks
together, but varied emphasis across different blocks. The data revealed that those who
learned to perform the two tasks together using a VP strategy outperformed those whose
learning remained constant.

The learning mechanism responsible for the effectiveness of VP training is
significant for understanding the present research because it provides evidence to suggest
that flexibility in attention strategies during training increases performance on different
tasks, although each task is learned concurrently. While the current investigation does not

employ a conventional dual task paradigm, the rationale behind a VP procedure might be



generalized to different elements of task performance within a single task, especially

under transfer conditions.

Research Questions

Prior research suggests that variability and flexibility in skill training may be an
important mechanism for reducing negative transfer errors of the strong-but-wrong type.
The research presented in this dissertation employed a number reduction task as
described by Woltz et al. (in press) and tested hypotheses concerning the reduction of
negative near-transfer errors. Two primary hypotheses were investigated:

Hypothesis A tested whether variability to rule-sequences during training reduced
the number of transfer errors to new rule-sequences. The rationale behind this procedure
suggests that variability during training promotes learning, and transfer errors should be
fewer for those trained with more rule-sequences compared to those trained with fewer
sequences.

Hypothesis B tested whether cognitive speed versus accuracy focus during
training would decrease the number of errors to new rule-sequences during transfer. The
rationale behind this procedure was based on research from variable priority training,
which serves t;) promote the automatization of dual-task components while emphasizing
cognitive flexibility (Kramer et al., 1995), and research supporting processes of

disengagement in the reduction of skilled performance errors (Woltz et al., in press).



CHAPTER 3
PILOT STUDY

The primary purpose was to determine the flexibility conditions under which
subjects could switch between speed and accuracy in responding. All training
manipulations tested whether or not participants could follow instructions to GO FAST
on green trials and BE CAREFUL on yellow trials. Ideally, subjects could be trained to
switch between speed and accuracy focus within trials in order to accommodate
unfamiliar sequences during transfer. The pilot study was conducted to ensure that this
type of training could be followed.

Three versions were tested using a number reduction task. Instructions for all
versions were similar in that participants were asked to respond as quickly as possible
without regérd to accuracy on trials presented in green and to respond as accurately as
possible without regard to speed on trials presented in yellow. The versions differed in
how trial color varied within and across blocks.

Version 1 varied trial color among the 24 training blocks. Alternate blocks
contained accuracy trials (yellow) and speed trials (green). Version 2 varied speed and
accuracy trials alternating between the first 12 blocks, and then between trials within a
block for another 12 blocks. Version 3 varied speed and accuracy trials alternating
between blocks for the first 4 blocks, between trials for the next 12 blocks, and between

processing steps of trials during the final 12 blocks.
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The ability of subjects to follow the different types of switching instructions was
judged in both training and transfer performance data. First, data were analyzed to
evaluate whether subjects were faster on green trials and more accurate on yellow trials in
the various switching conditions. Second, data were examined to find out whether

transfer errors differed for subjects in the different switching conditions.

Method
Participants
Partiéipants were 66 Air Force recruits from Lackland Air Force Base, Texas,
who are required to undergo 3.5 hrs of computerized testing during their basic training.

Twenty-two subjects were randomly assigned to each version.

Apparatus

Participants performed the number reduction task on IBM compatible computers
with 15” SVGA monitors and standard keyboards. The Learning Abilities Measurement
Program (LAMP) Automated Testing System was used to implement experimental tasks

and collect error rates and reaction times (RTs) for all trial conditions.

Number Reduction

Number reduction required participants to reduce 4-digit number strings to a
single digit using a three-component sequence of two rules. Each number string uses only
the digits 1, 2, and 3. A sequence refers to the application of the two rules in lots of three.
Rules are applied 2 digits at a time, moving left to right in the string. For example, in the

number-string 1123, you would reduce the first 2 digits to a 1 by applying the SAME rule

(11=1). Then, by carrying this solution forward and combining it with the next number in
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the string (2), 12 would be reduced to a 3 by applying the DIFFERENT rule. Finally, this
solution would be carried forward, combined with the next number (3) and solved using
the SAME rule (33=3). Therefore, to solve the string 1123, participants would apply the
SAME-DIFFERENT-SAME rule-sequence. Notice that only two rules are used (SAME
and DIFFERENT) in the application of this three-component rule-sequence.

Number reduction sequences. During the training segment, participants solved
number-strings representing four rule-sequences: SAME-DIFFERENT-SAME (S-D-S),
DIFFERENT-SAME-DIFFERENT (D-S-D), DIFFERENT-DIFFERENT-SAME (D-D-
S), and SAME-SAME-DIFFERENT (S-S-D). Six 4-digit number-strings (1123, 1132,
2213, 2231, 3312, and 3321) were solvable by applying the S-D-S rule-sequence.
Another six 4-digit number-strings (1232, 1323, 2131, 23 13, 3121, and 3212) were
solvable by applying the D-S-D rule-sequence. The D-D-S rule-sequence was represented
by the number-strings 1212, 1221, 2323, 2112, 3131, and 3113. Finally, the S-S-D rule-
sequence was represented by‘ the number-strings 1112, 1113, 2221, 2223, 3331, and
3332. Participants in each version received a total of 24 training blocks, with 24 trials per
block; each sequence was presented six times per block.

During a transfer session (6 blocks), participants received 12 old number strings
(trials learned during practice) and 12 new number strings per block. They saw six old
number strings from the S-D-S rule-sequence and six old number-strings from the D-S-D
rule-sequence. New transfer sequences were created so that the first two rules matched
the first two rules of these same two old rule-sequences, but differed by their last rule.
For example, the transfer sequence that corresponds to the S-D-S rule-sequence used in

training utilized the SAME-DIFFERENT-DIFFERENT (S-D-D) rule-sequence. These
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rule-sequences were represented by the digit strings 1121, 1131, 2212, 2232, 3313, and

3323. Likewise, the transfer sequence that corresponds to the D-S-D rule-sequence used

in training utilized the DIFFERENT-SAME-SAME (D-S-S) rule-sequence. These

sequences were represented by the digit strings 1233, 1322, 2133, 2311, 3122, and 3211.

Old and new sequence trials were randomly ordered within each block.

Experimental Tasks

During training, trials for which participants were to emphasize speed in
responding were highlighted in green, and trials for which participants were to emphasize
accuracy in responding were highlighted in yellow. Participants were instructed to
respond as quickly as possible to green trials, without regard to accuracy, and to respond
as accurately as possible to yellow trials, without regard to speed.

On each trial, an attention cue (an asterisk) was presented in the center of the
display for 250 milliseconds (ms). The first 2 digits of the number string were then
presented in the center of the display and the participant responded by pressing a 1, 2, or
3 using the number pad at the right of the keyboard. Then, the 3rd digit in the number
string was presented directly to the right of the previous stimuli, and again, the participant
answered using the keyboard. Finally, the 4th digit was presented directiy to the right of
the previous stimuli and the participant made a final keyboard response. Each new
stimulus digit was underscored so that it could be easily encoded. After the final
response, there was a 1-second delay before the attention cue for the next trial was
presented.

Training segments began with computerized instructions that described the two

rules and provided practice with corrective feedback. Participants received instructions
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that guided them in solving single rules (2-digit strings) and instructions on how to solve
problems with multiple rules (4-digit strings). Each block began with a warning for
participants to place their first three fingers on the 1, 2, and 3 keys.

During training, an incorrect response at the end of each trial was followed by the
word “WRONG?” for 1 second. At the end of each training block, summary feedback
(average response time and percentage of correct responses) was presented for that block
and all previous blocks. The feedback also served to map out just where the participant
was in the session. Accuracy feedback was eliminated during transfer, but participants
did receive summary feedback pertaining to response latency after each block. Accuracy
feedback was eliminated to insure that participants did not make adjustments in their
performance for transfer trials if error rates increased relative to training.

All participants were tested over three training segments and one transfer segment
during a 3.5 hr session. Segment one of each session consisted of four number reduction
training blocks followed by one of several cognitive processing measures. Participants
were then given a 5-minute break. Segment two contained eight more blocks of number
reduction training and another cognitive processing measure. Then, segment three
contained 12 blocks of number reduction training and finally one more cognitive
processing measure. They were then given another 5-minute break. A final transfer
segment consisted of six blocks of number reduction containing old and new trials and a
final cognitive processing measure.

After completing each number reduction segment participants received one of two
working memory tasks (alphabet arithmetic or continuous opposites), or one of two

disengagement tasks (number stroop or local global disengagement). These tasks have
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been implemented in previous studies to measure different aspects of cognitive
functioning (Woltz et al., 2000). Each task took approximately 20 minutes to complete
and their order was randomized for each subject. See Appendix A for a detailed

description of each task.

Version 1 Training

In Version 1, each of the 24 training blocks alternated in such a way that every

other block contained either all green or all yellow trials. Blocks containing all green
trials emphasized participants’ speed in responding, and blocks containing all yellow

trials emphasized their accuracy in responding.

Version 2 Training
Of the first 12 blocks in Version 2, half contained all speed trials and the other

half contained all accuracy trials. The remaining 12 blocks then emphasized participants’
responses within a block; half of all number-strings within each block (12) emphasized

response speed (green), and half (12) emphasized response accuracy (yellow).

Version 3 Training
Of the first four blocks in Version 3, two blocks contained only speed trials, and

two blocks contained only accuracy trials. During the next eight blocks, speed and
accuracy trials were varied within each block. The final 12 blocks then emphasized
participants’ speed or accuracy within processing steps of a rule-sequence. Speed was
emphasized for some stimulus digits (green) while accuracy (yellow) was emphasized for
others. Speed (S) and Accuracy (A) emphasis was manipulated using the following

variants applied equally to all four rule-sequences:
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S-A-S, S-S-A, S-A-A, A-S-A, A-A-S, and A-S-S.

Results
Analysis of Variance (ANOVA) was used to analyze training data. Latency and
error data were analyzed by problem step to test the expectation that increases in speed
and accuracy correspond with the presentation of green and yellow trials. The p value for
all statistical analyses was set at .05. Mean data are summarized in Figures 1, 2, and 3.
Tables 1, 2, and 3 present means and standard deviations by step for all trials of each

instruction type.

Training Performance: Version 1

Recall that participants in Version 1 were tested on 24 training blocks; each block
alternated between speed (green) and accuracy (yellow) trials. Average latency for
training blocks differed significantly for Steps 1, 2, and 3 by Color (Step 1, F(1, 2) =
27.97, p<.01, n*=.57; Step 2, F(1, 21) =51.34, p<.01, n*>=.71; Step 3, F(1, 21) =47.18,
p<.01, n*=.69). These data can be viewed in the top panels of Figure 1. Average response
time for accuracy trials was reliably greater than average response time for speed trials
(see Table 1). These results indicate that participants were able to follow instructions and
respond faster on speed blocks and slower on accuracy blocks.

Average response accuracy for Steps 1, 2, and 3 can be seen in the lower panels of
Figure 1. Although the difference between speed and accuracy blocks was not significant
for Step 1 (E(1, 21) <1), it was for Steps 2 (E(1, 21) =8.59, p<.01, n°=29) and 3 (EQ,
21) =4.62, p<.05, n°=.18). Refer to Table 1 for means and standard deviations.

Participants made fewer errors on training trials that were presented in yellow (BE
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Table 1

Version 1: Latency and Error Rates: Means and Standard Deviations by Step

Mean Latency (ms) for Blocks 1-24

Step 1 Step 2 Step 3

M SD M SD M SD
Speed Trials: 814 116 812 163 715 133
Accuracy Trials: 906 182 909 178 788 133
Mean Errors (%) for Blocks 1-24

Step 1 Step 2 Step 3

M SD M SD M SD
Speed Trials: 3.12 5.63 9.91 10.63 11.36 13.33
Accuracy Trials: 294 476 8.18 10.90 988 1347




Table 2
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Version 2: Latency and Error Rates: Means and Standard Deviations by Step

Mean Latency (ms) for Blocks 1-12

Step 1 Step 2 Step 3

M SD M SD M SD
Speed Trials: 856 226 820 186 754 186
Accuracy Trials: 954 202 958 219 872 225
Mean Errors (%) for Blocks 1-12

Step 1 Step 2 Step 3

M SD M SD M SD
Speed Trials: 3.31 3.11 8.55 13.79 8.55 10.03
Accuracy Trials: 2.68 256 6.75 1296 6.85 10.85
Mean Latency (ms) for Blocks 13-24

Step 1 Step 2 Step 3

M SD M SD M SD
Speed Trials: 806 165 782 169 614 190
Accuracy Trials: 864 212 844 209 654 209
Mean Errors (%) for Blocks 13-24

Step 1 Step 2 Step 3

M SD M SD M SD
Speed Trials: 341 362 843 11.04 8.33 8.02
Accuracy Trials: 3.79 334 7.70 8.66 7.80 724
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Table 3

Version 3: Latency and Error Rates: Means and Standard Deviations by Step

Mean Latency (ms) for Blocks 1-4

Step 1 Step 2 Step 3

M SD M SD M SD
Speed Trials: 999 319 1278 1086 1226 1068
Accuracy Trials: 1148 339 1510 967 1573 1492

Mean Errors (%) for Blocks 1-4

Step 1 Step 2 Step 3

M SD M SD M SD
Speed Trials: 1.42 220 10.33 19.47 10.42 15.71
Accuracy Trials: 1.42 348 9.95 19.10 10.70 17.08

Mean Latency (ms) for Blocks 5-12 .

Step 1 Step 2 Step 3

M SD M SD M SD
Speed Trials: 964 298 999 465 956 710
Accuracy Trials: 1000 389 1062 517 976 598
Mean Errors (%) for Blocks 5-12

Step 1 Step 2 Step 3

M SD M SD M SD
Speed Trials: 1.14 1.28 6.68 1493 7.58 1493

Accuracy Trials: .80 1.28 6.15 13.79 691 13.33



Speed Trials: 926 280

Accuracy Trials:

Mean Errors (%) for Blocks 13-24

3.60 7.83
3.95 17.97

Speed Trials:
Accuracy Trials:

Table 3 (cont.)

Mean Latency (ms) for Blocks 13-24

Step 2

M SD
922 341
911 334

Step 2

M SD
11.02 16.03
11.40 16.72

34

Step 3

M SD
775 303
793 375
Step 3

M SD
11.91 17.04

12.09 17.36




35

CAREFUL) compared to training trials presented in green (GO FAST) during Steps 2
and 3.

- .

Training Performance: Version 2

Participants in Version 2 performed speed and accuracy trials that varied across
blocks and within blocks. Twelve blocks alternated between speed (green) and accuracy
(vellow) trials across training blocks, and 12 blocks varied speed and accuracy trials
within a block; 12 trials were presented in green, and 12 in yellow. Mean latency data for
training Blocks 1-12 differed significantly by Color for each training Step (Step 1, E(1,
21) = 7.64, p<.05, n*=.27; Step 2, (1, 21) = 48.74, p<.01, n>=.70; Step 3, (1, 21) =
36.85, p<.01, n*=.64), as did mean latency data within Blocks 13-24 (Step 1, F(1, 21) =
11.40, p<.01, n*=.35; Step 2, E(1, 21) = 16.47, p<.01, n’=.44; Step 3, F(1, 21) =21.98,
p<.01, n’=.51). These data can be examined in the top panels of Figure 2 (see Table 2 for
means and standard deviations). The data suggest that participants were able to flexibly
shift their response standards between trials and respond faster on green trials and slower
on yellow trials both across and within blocks.

Average response accuracy for Steps 1, 2, and 3 can be seen in the lower panels of
Figure 2. For training Blocks 1-12; the effect of trial Color for Step 1 was not significant
across blocks (F(1, 21) = 1.63, p>.05). Howe\;gg, it was for Steps 2 (F(1, 21) =11.78,
p<.01, n*=.36) and 3 (E(1, 21) =5.12, p<.05, q2=.20)_. The data indicate that participants
made fewer errors on training trials that were prigsg.nted in yellow (BE CAREFUL)
compared to training trials presented in green (GO, FAST) across blocks. No significant
differences were found in error rates on trials that van%d speed and accuracy trials within

Blocks 13-24 (Step 1, E(1, 21) <1; Step 2,7F(1, 21) = 1.0; Step 3, E(1, 21) <1).
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Training Performance: Version 3

Participants in Version 3 were tested under three different conditions that varied
speed and accuracy instructions across blocks, within blocks, and within steps. Four
blocks alternated between speed (green) and accuracy (yellow) trials, eight blocks varied
speed and accuracy trials within blocks, and 12 blocks varied speed and accuracy trials
within steps. The top panels of Figure 3 present mean latency data for Steps 1, 2 and 3.
As in Versions 1 and 2, latency data for training blocks 1-4 differed significantly across
blocks (Step 1, E(1, 21) = 6.82, p<.05, n°=.25; Step 2, E(1, 21) =6.98, p<.05, n>=.25;
Step 3, F(1, 21) = 8.57, p<.01, n?>=.29). Subjects could switch between going fast and
being careful between the first 4 blocks. However, only Step 2 differed within Blocks 5-
12 (Step 1, E(1, 21) < 1; Step 2, F(1, 21) =5.56, p<.05, n*=.21; Step 3, F(1, 21) < 1). No
signiﬁcant differences in latency data were found for switching within steps of a trial
(Blocks 13-24; Step 1, F(1, 21) < 1; Step 2, F(1, 21) <1; Step 3, F(1, 21) < 1). Please
refer to Table 3 for descriptive statistics. No differences in accuracy rates were found for
any of the switching phases (Blocks 1-4; Step 1, F(1, 21) < 1; Step 2, F(1, 21) <1; Step 3,
E(1, 21) <1; Blocks 5-12; Step 1, F(1, 21) =3.17, p>.05; Step 2, F(1, 21) < 1; Step 3,
E(1, 21) <1; (Blocks 13-24; Step 1, E(1, 21) = 1.66, p>.05; Step 2, F(1, 21) <1; Step 3,

E(1, 21) <1).

Transfer Performance
The primary goal of the pilot study was to examine the effect of Versions 1, 2, and 3 on
participants’ ability to follow training manipulations. However, transfer data were also
analyzed to investigate whether there were differences in transfer errors by version and

error rate differences on new and old trials. No significant differences were found in
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either of these analyses. This could be a function of low power to detect an effect (N=21,
22, 22, for Versions 1, 2, and 3 respectively). There were indications of mean differences
in the right direction for new and old trials for Version 1 (New, M=21.43 and Old,
M=17.26) and Version 2 (New, M=23.42 and Old, M=17.49). Error rate differences were

minimal (New, M=24.81 and Old, M=24.50) for Version 3.

Discussion

The purpose of the pilot study was to investigate whether or not participants could
follow training instructions to shift between speed and accuracy goals. The data revealed
three important conclusions. First, it was clear that participants could not flexibly engage
and disengage between speed and accuracy goals between processing steps (e.g., the final
12 blocks of Version 3). Recall that participants’ Speed (S) and Accuracy (A) in
responding were manipulated in such a way that digits within trial stimuli differed in their
response emphasis. Given that no significant differences were found for either response
latencies or error rates, this training procedure was considered ineffective and was not
implemented in the final study.

A second conclusion was that participants could alter their response speeds
between green and yellow trials within blocks. Versions 2 and 3 tested this training
method and found significant resuits in latency for all three training steps. However, error
rates did not reliably differ, even though the differences were generally in the right
direction. This strategy was deemed effective because participants could slow down on
yellow trials and speed up on green trials within a block, but the effect on accuracy was
small at best.
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A third conclusion was that the manipulation of response emphasis between
blocks was effective. In all three versions participants were able to successfully shift
between the different performance goals corresponding to green and yellow trials. They
responded faster on green trials and slowed down to respond more accurately to yellow
trials (e.g., during Steps 2 and 3 of Versions 1 and 2, participants were able to decrease
error rates in yellow training trials). Overall, based on results from the pilot study, the
manipulation of green and yellow number sequences both between blocks and within

blocks was included in the final study.



CHAPTER 4

NUMBER REDUCTION

The research presented in this dissertation tested hypotheses concerning flexibility
training in the reduction of skilled performance errors. Hypothesis A examined whether
variability of rule-sequences during training reduced the number of skilled performance
errors during transfer to new rule-sequences. Hypothesis B tested whether cognitive
flexibility with respect to speed and accuracy goals during training decreased the number

of errors to new rule-sequences.

Methods
The same number reduction task as described in the pilot study was implemented

during this phase of the experiment. The training blocks represented a mixed design, with
three between group factors (2 x 2 x 2) and three within subject factors (3 x 3 x 2). The
between group factors were: Amount of Practice, 12 or 24 Blocks; Type of Training,
Speed/Accuracy or No Speed/Accuracy; and Number of Rule-sequences, 2 or 4. The
within subjects factors were: Segment, 1, 2, or 3 (Segment was represented by Blocks 1-
4, 9-12, and 17-20), Step, 1, 2, and 3 (there were 3 Steps in the application of a rule-

sequence); and Color, Green and Yellow.

The crossing of the between group factors produced eight different versions.

Version 1: 2 Sequences, 12 Blocks, Consistent Speed Training. Version 2: 2 Sequences,
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24 Blocks, Consistent Speed Training. Version 3: 2 Sequences, 12 Blocks, Variable
Speed Training. Version 4: 2 Sequences, 24 Training Blocks, Variable Speed Training.
Version 3: 4 Sequences, 12 Training Blocks, Consistent Speed Training. Version 6: 4
Sequences, 24 Training Blocks, Consistent Speed Training. Version 7: 4 Sequences, 12
Training Blocks, Variable Speed Training. Version 8: 4 Sequences, 24 Training Blocks,
Variable Speed Training.

All participants receiving speed/accuracy instructions were asked to respond as
quickly as possible to green trials without regard to accuracy and to respond as accurately
as possible to yellow trials without regard to speed. Participants not receiving
speed/accuracy instructions were asked to treat yellow and green problems the same and
respond as.quickly as possible without making careless mistakes.

Participants received either 12 or 24 training blocks distributed over three training
segments. Filler tasks were designed to take the place of training blocks for those in the
12-block condition (refer to Appendix B). For example, after completing the first
segment of number reduction (four blocks), participants completed four blocks of a letter
comparison task. Then, after finishing the second segment they worked on four blocks of
Finding As. Finally, after completing the third training segment participants worked on
another four blocks of a word comparison task. As in number reduction, participants were
asked to respond as quickly as possible without making careless mistakes. Those in the
24-block condition did not receive these filler tasks.

Participants also received either two or four rule-sequences during training. Those
in the two-sequence condition received the S-D-S and D-S-D rule-sequences. Those in

the four-sequence condition solved number sequences representing the S-D-S, D-S-D, S-
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S-D, and D-D-S§ rule-sequences (refer to the pilot methods for number-strings). In either

case, there were 24 sequences per block.

Participants
Participants were 762 Air Force recruits from Lackland Air Force Base, Texas.

There were 96 participants in Version 1, 92 in Version 2, 96 in Version 3, 99 in Version

4, 96 in Version 5, 90 in Version 6, 95 in Version 7, and 98 in Version 8.

Apparatus

Participants performed the number reduction task on IBM compatible computers
with 15” SVGA monitors and standard keyboards. The Learning Abilities Measurement
Program (LAMP) Automated Testing System was used to program the number reduction

tasks and collect error rates and RTs for data analysis.

Procedure

Participants completed the experiment during a single 3.5 hr testing session. They
performed in groups of approximately 150 with each participant sitting at an individual
computer station.

Each version followed the same general procedure. During Segment 1,
participants received either four or eight blocks of number reduction followed by one of
four cognitive processing measures (see Appendix A). Those who received only four
blocks of training then received four blocks of a filler task (refer to Appendix B). They
were then given a 5-minute break and asked not to discuss the nature of the experiment
with anyone. Segment 2 was similar in that participants received either four or eight

blocks of number reduction and another cognitive processing measure. Once again, those
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in the four-block condition completed another four blocks of a filler task. Participants
were then given another 5-minute break. Segment 3 contained another four blocks (and
four blocks of a filler task), or eight blocks of number reduction, another cognitive
processing measure, and a final 5-minute break.

After each training block, average latency and percent correct for yellow and
green trials was presented separately for each color. All cognitive processing measures
were randomized for their order of presentation. Upon returning from a final 5-minute

break, all participants performed six transfer blocks (as described in the pilot study) and a

questionnaire (see Appendix C).



CHAPTER 5

RESULTS

- -

Training Performance
Training data were analyzed to address five specific questions. Outliers were first

identified by examining scatterplots for blocks 17-20. These were the first four blocks of
the final training segment that all participants performed and included number sequences
that varied color between trials. Average latency and error rates were computed for each
participant and examined by version. Participants with accuracy less than 70% were
excluded from data analyses. Each of the five questions was addressed with a priori
contrasts. The p value was set at .05. Mean error and latency data for each version are
summarized in Figures 4-11. Each panel represents a problem step (i.e., each problem
required the application of a three-component rule process). In addition, Appendix D
contains a table of means and standard deviations pertaining to each of the five questions

addressed for the training data.

Question (1): Analysis of 12 Versus 24 Training Blocks

Question 1 concerned the effect of number of training blocks on skill acquisition.
That is, was there a difference in response times or error rates for those who received 24
versus 12 training blocks? The expectation was that those trained on 24 blocks would

respond faster and make fewer errors at the end of training compared to those receiving
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12 blocks. To address this question data from the first four blocks of the last segment of
training were analyzed. '

The data revealed significant latency differences for number of training blocks,
E(1, 755) = 17.32, p<.001, n*=.02. As seen in Figure 12, participants trained on 24 blocks
responded faster across processing steps compared to those trained on 12 blocks.
Moreover, the interaction of Step by Block revealed significantly different processing
times between Step 1 versus Steps 2 and 3, F(1, 755) = 21.59, p<.001, n>=.03. The bigger
difference in later steps suggests more sequence knowledge for those who received more
training. No significant differences were observed for error rates, F(1, 755) < 1. In total,
these findings indicate that those in the high skill groups (24 blocks) learned more
sequence knowledge and responded faster by the end of training, although their error

rates did not differ compared to those in the low skill (12 blocks) groups.
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Figure 12. Twelve Versus 24 Training Blocks: Mean Latency and Error Data by Step
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Question (2): Analysis of 2 Versus 4 Training Sequences

Question 2 concerned the effect on skill acquisition of number of sequences
experienced during training. Again, I tested whether there was an overall difference in
response times or errors at the end of training (Blocks 17-20) for those who received two
versus four sequences. The expectation was that those trained on two sequences would
respond faster and make fewer errors compared to those trained using four sequences.

The data revealed significant differences for latency, F(1, 755)=8.49, p=.004,
n?=.01. Participants in the two sequence groups were faster compared to participants in
the four-sequence groups. Refer to Figure 13 and notice the consistent decrease in
response times across steps for those in the two-sequence conditions. This suggests that
sequence knowledge is easy to anticipate as respondents progress through processing
steps. Moreover, the interaction of Step by Sequence revealed significantly faster
latencies for those in the two-sequence condition between Step 1 versus Steps 2 and 3,
E(1, 755) = 49.78, p<.001, n*=.06. The main effect of Sequence is driven by faster
processing times in later steps. Also, note the increase in response times in Step 2 for the
4 sequence groups. As respondents progress through Step 1 to Step 2, response times
increase on average from 885 ms. to 932 ms., then decrease with the introduction of Step
3. In the 4-sequence condition the first operation does not specify what comes next (e.g.,
S-D or S-S; D-D or D-S). This reveals that it is more difficult to anticipate the second
step in a three-step sequence as the number of training sequences increases. No

significant differences were found in error rates, F(1, 755 )<l1.
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Figure 13. Two Versus 4 Training Sequences: Mean Latency and Error Data by Step

Question (3): Analysis of 12 Block 2 Sequence/Versus 24

Block 4 Sequence

Question 3 concerned whether the difference in training performance between two
and four sequence groups was due to the difference in the variability in sequence
knowledge or the different number of training trials per sequence. The superior
performance at the end of training by those presented with only two sequences could
have been due to the greater number of exposures per sequence because they received the
same total number of trials. In some conditions participants received 24 blocks and four
rule-sequences (each sequence exposed 6 times per block), while others received 12

blocks and two rule-sequences (each sequence exposed 12 times per block). The net






