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Ignoring irrelevant visual information aids efficient interaction with task environments. We studied
how people, after practice, start to ignore the irrelevant aspects of stimuli. For this we focused on
how information reduction transfers to rarely practised and novel stimuli. In Experiment 1, we com-
pared competing mathematical models on how people cease to fixate on irrelevant parts of stimuli.
Information reduction occurred at the same rate for frequent, infrequent, and novel stimuli. Once
acquired with some stimuli, it was applied to all. In Experiment 2, simplification of task processing
also occurred in a once-for-all manner when spatial regularities were ruled out so that people could
not rely on learning which screen position is irrelevant. Apparently, changes in eye movements were
an effect of a once-for-all strategy change rather than a cause of it. Overall, the results suggest that par-
ticipants incidentally acquired knowledge about regularities in the task material and then decided to
voluntarily apply it for efficient task processing. Such decisions should be incorporated into accounts
of information reduction and other theories of strategy change in skill acquisition.

Keywords: Information reduction; Strategy change; Shortcut; Skill acquisition.

When shopping online and also when performing
many other activities in our daily lives, we tend to
ignore information. For instance, when driving a
car, we (hopefully) only attend to those pieces of
information in the visual array that are relevant to
maintaining the car on the intended trajectory. To
buy a plane ticket or a book online, often one has
to explicitly agree with the transaction conditions
imposed by the corresponding online shop. To

agree with these conditions, one typically has to
click on an icon on the store website. Upon the
first visit to an online shop, one may invest some
time in actually reading these conditions. During
subsequent shopping activities one is likely to just
click on the icon, completely ignoring the legal infor-
mation the shop offers. Yet, the data available onhow
exactly seemingly irrelevant information is ignored
in such cases offer a surprising perspective.
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Eye-tracking data on the processing of privacy pro-
tection information on shopping websites suggest
that people might decide to ignore information
they deem irrelevant across all websites.
Alternatively, one could have expected that people
start to ignore (seemingly) irrelevant information
website bywebsite, still checkingprivacy information
on novel websites while ignoring it on well-known
ones (compare Vu et al., 2007). In a similar vein,
information on food packages deemed irrelevant
seems to be ignored across both well-known and
novel food products (e.g., Gaschler, Mata,
Störmer, Kühnel, &Bilalic, 2010). A detailed exper-
imental analysis on how information is ignored and
how this transfers to novel stimuli therefore seems
warranted. Testing whether information reduction
occurs stimulus by stimulus or once for all stimuli
does not only provide important descriptive infor-
mation for applied questions. Rather, as detailed
below, the one-by-one versus once-for-all question
sheds light on two different accounts of strategy
change in skill acquisition.

One-by-one versus once-for-all

Lee and Anderson (2001) suggested that much of
the learning in tasks involving complex decisions is
rooted in a reduction of fixations on task-irrelevant
information. Deconstructing learning in air traffic
control, the authors ascribed major performance
gains to strategy changes that reduce fixations (e.g.,
skip checking the queue or the weather conditions).
This is in line with evidence in the human factors lit-
erature that people tend to reduce cognitive effort by
discarding irrelevant information from processing
(Niessen, Eyferth, & Bierwagen, 1999; Reason,
1990; Underwood, Crundall, & Chapman, 2002).
However, there is no agreement on how and why
information reduction (e.g., Cousineau &
Larochelle, 2004; A. Green & Wright, 2003;
Haider & Frensch, 1996) takes place. Theories on
skill acquisition can be roughly grouped into two
broad classes with respect as to how they attempt
to account for information reduction. According to
one view, the shift to a more efficient strategy is a
direct and inevitable consequence of task practice.
It is tied to how often the specific material has been
practised (e.g., Logan, 1988, 1992; Siegler, 1988).

In tasks such as mental arithmetic, participants will
show strategy changes one at a time, first with the
often-practised task material and later with less
often practised material. A voluntary decision is not
involved, as applying a less efficient strategy inevita-
bly enforces the shortcut strategy. For instance,
according to Logan (1988, 1992), automatic encod-
ing and retrieval ofmemory traces lead to a transition
from a slow calculation-based strategy to faster
memory-based responding as a mandatory conse-
quence of task processing. With every trial, the
number of memory traces containing past stimuli
and responses increases. So does the probability
that memory retrieval rather than calculation will
determine the response to a problem. The more
traces race in parallel for retrieval from memory,
the larger the chance that the fastest of these will
trigger the response before calculation is completed.
We refer to this view as the bottom-up view.

The alternative view assumes a contribution of
top-down decision components. While automatic
(i.e., involuntary and often implicit) learning pro-
vides knowledge about regularities in the task
environment, it does not mandatorily lead to strat-
egy change. Rather, a voluntary decision is
involved. First, participants will generate rule-like
knowledge about exploitable regularities in the
task material. Then they will decide to use this
knowledge, reducing cognitive effort by switching
to a more efficient task strategy (Haider, Frensch,
& Joram, 2005; Rehder & Hoffman, 2005; Sun,
Merrill, & Peterson, 2001; Touron & Hertzog,
2004a, 2004b). This decision can change the strat-
egy that is applied to often-practised, less practised,
and even novel variants of the task material alike. If
implementing the new strategy on the psychomotor
level is straightforward (i.e., possible without prac-
tice), then the decision can be accompanied by an
abrupt change in performance (cf. Haider &
Frensch, 2002; Haider et al., 2005). We refer to
this view as the top-down view. Please note that
the views on strategy change are not necessarily
mutually exclusive. Prior work has shown that at
least some types of strategy change (other than
information reduction) can take place without a
top-down decision and outside the awareness of
participants (cf. Doane, Sohn, & Schreiber, 1999;
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Woltz, Gardner, & Bell, 2000). For other con-
ditions a top-down decision is well documented
(Touron & Hertzog, 2004a, 2004b). Here we
focus on information reduction as one particular
variant of strategy change. We acknowledge that
in the long run, a theory is needed that accounts
for the conditions under which strategy change in
skill acquisition takes place according to the
bottom-up versus the top-down view (cf. Gray,
Sims, Fu, & Schoelles, 2006). As a first step, we
develop experimental manipulations and math-
ematical tools that can help to determine whether
a particular type of strategy change is in line with
the bottom-up view or the top-down view or
shares characteristics of both.

Prominent theories of the bottom-up view (e.g.,
Cousineau & Larochelle, 2004; Logan, 1988) root
strategy change in learning about the specific
stimuli in a task (e.g., the specific arithmetic pro-
blems practised, rather than arithmetic problems
in general). However, some published data patterns
suggest equal performance on novel or less prac-
tised instances of task material compared to well-

practised instances (e.g., Bourne, Raymond, &
Healy, 2010; Haider & Frensch, 2002; Harris,
Murphy, & Rehder, 2008; Smith, Langston, &
Nisbett, 1992; Strayer & Kramer, 1994). Wilkins
and Rawson (2010, p. 1134) conceptualized item-
general practice gains as performance improvements
“that accrue to all stimulus tokens of a given type,
including both practiced and novel tokens of that
type”. Therefore, practice gains are item-general
to the extent that they transfer to novel tokens.
Conversely, they suggested defining item-specific
gains as improvements that accrue only to the par-
ticular tokens that have been practised and not to
novel tokens of the same type. Thus, practice
gains are item-specific to the extent that gains are
greater for practised than for novel tokens.

Studying information reduction: The
alphabet verification task

The alphabet verification task (Figure 1a; Haider &
Frensch, 1996; A. Green & Wright, 2003) has
been derived from, and is similar to, alphabet

Figure 1. Task material of Experiment 1 (Panel a) and Experiment 2 (Panel b).
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arithmetic. The latter task has often been employed
in work arguing for the data-driven, bottom-up
accounts of strategy change in skill acquisition
(e.g., Logan, 1988, 1992). In the alphabet verifica-
tion task, information reduction is possible due to
an unannounced regularity in the composition of
the alphanumerical strings. A section of the
strings can effectively be ignored.

For instance, Haider and Frensch (1999a;
Haider et al., 2005) presented participants with
letter strings, similar to those of Experiment 1 of
the current study. The strings (e.g., C D E F G
4 L) contained a row of letters (e.g., C D E F)
ending in a letter–digit–letter triplet (e.g., G 4 L).
Participants were instructed to verify whether or
not the string fully confirmed to alphabetical
order. The “4” required participants to skip over
four letters. In our example, the string follows the
alphabetical order, because C D E F are in alphabe-
tical order, and furthermore there are four letters
missing between G and L (H I J K). Violations
to the alphabetical order only occurred in the
triplet (i.e., the relevant part), while the additional
letters always followed the alphabet (i.e., the irrele-
vant part of the strings). Consistent with the view
that information reduction is under voluntary
control, the ignoring of the irrelevant part of the
strings could be switched on and off by changing
speed pressure via instructions (Haider &
Frensch, 1999b; Haider et al., 2005). This suggests
that participants who knew there were irrelevant
aspects in the material did not automatically apply
the corresponding processing shortcut. Rather, a
volitional decision at least modulated information
reduction. Supporting the top-down view further,
the new strategy to ignore the irrelevant part of
the strings was applied in a transfer block with
novel strings (Haider & Frensch, 1996, 2002).

In short, the aforementioned findings allow
researchers to conclude that information reduction
is item-general—at least if probed after reaching
proficiency in ignoring the irrelevant aspects of a
set of well-known items. However, these findings
did not shed much light on the question of how
item-general information reduction emerges in
the first place—namely, over the course of practice.
In an attempt to address this open question,

Gaschler and Frensch (2007, 2009) varied the fre-
quency of presentation per block of practice. On the
one hand, this manipulation of representation
strength led to marked differences in processing
times for the relevant part of frequent, infrequent,
and novel strings. On the other hand, participants
ceased to process the irrelevant part regardless of
the representation strength of the relevant part.

Previous work relied on reaction time (RT) and
error-based measures. This made it necessary to
aggregate behavioural data at the level of large
practice blocks (cf. Gaschler & Frensch, 2007,
2009; A. Green & Wright, 2003). For instance,
Gaschler and Frensch (2007, 2009) were able to
infer from these aggregated data that information
reduction occurred to the same extent for frequent,
infrequent, and novel strings. However, they were
not capable of specifying the associated learning
curve—that is, the mathematical function that
relates prior exposure to a task to a change in
strategy and performance. In our Experiment 1,
eye-tracking data were collected to provide a
trial-by-trial measure of information reduction
that directly disentangled processing of relevant
and irrelevant portions of the strings. This
measure enabled us to employ competing math-
ematical models to test whether information
reduction would be better accounted for by the
one-by-one versus the once-for-all hypothesis
(introduced below). In Experiment 2 we explored
the basis of generalization between items. We
tested whether the application of a new shortcut
strategy to well-known and novel items would
show similar dynamics to those in Experiment 1,
even when there was no spatial regularity in the
task material to support generalization.

EXPERIMENT 1: INFORMATION
REDUCTION TRIAL BY TRIAL

In Experiment 1, we used eye tracking to investi-
gate whether information reduction is item-
general or item-specific as it occurs—or shows
characteristics of both variants of strategy change.
We combined the frequency manipulation intro-
duced by Gaschler and Frensch (2007) with a
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string layout that placed the irrelevant part of the
letter strings before the relevant one. This required
participants to skip over what would normally be
read first in left-to-right reading.

Hypotheses and models: One-by-one versus
once-for-all

According to the one-by-one hypothesis, information
reduction depends on the memory strength of the
specific items; therefore, strategy change occurs
item by item, contingent on the accumulated pres-
entation rate of the items. The performance on the
current stimulus is thus best accounted for by a
learning curve that depends on the number of
times the specific stimulus (alphanumerical string)
has been processed in the past.

In contrast, the once-for-all hypothesis assumes
that information reduction is independent of the
memory strength of the particular item encountered.
It is the amount of practice in general (irrespective of
which specific strings have been practised) that
drives information reduction. Therefore, the
current performance in a task would be best
accounted for by a learning curve that depends on
the total amount of prior processing on that task.

Several authors (e.g., Logan, 1988, 1992, for
RT; or Lee & Anderson, 2001, for fixation times
on irrelevant screen positions) have suggested that
in skill acquisition, processing time per trial
diminishes as a power function,

T = A + BN−C , (1)

whereby A is the asymptote, B is the difference
between initial performance and asymptote, C is
the rate of learning, and N is the number of trials
that have occurred. In our modelling efforts, we
will determine how the N-parameter should be
specified more precisely: either as the number of
prior encounters with the specific item currently pre-
sented (one-by-one hypothesis), or as the number of
trials that have occurred in general. While the one-
by-one hypothesis would be in accordance with
the predictions of instance theory and related
models of the bottom-up view of strategy change
(e.g., Logan, 1988, 1992; see above), the once-for-

all hypothesis would be compatible with views of
skill acquisition incorporating top-down decisions
(e.g., Haider et al., 2005; see above).

In order to render the hypotheses as explicit as
possible, we will use a reanalysis of published data
to illustrate it. We chart competing quantitative
predictions for processing times of the irrelevant
part of the alphanumerical strings. Figure 2 displays
how predicted fixation time on irrelevant parts of
frequent, infrequent, and singleton alphanumeric
strings should change with practice. In prior work
on information reduction, subtraction was used to
estimate the time participants spent with the irrele-
vant part of the strings (cf. Gaschler & Frensch,
2007; A. Green & Wright, 2003). Specifically,
RT for items without an irrelevant part was sub-
tracted from RT of items that included an irrele-
vant part. It is not a given that fixation times are
closely linked to RT (Anderson, Bothell, &
Douglass, 2004). Therefore, it is time to put the
validity of the RT difference measure used in the
past studies to the test. To compute predictions,
we used reaction time data from the control con-
dition of Experiment 1 in Gaschler and Frensch
(2007). In this condition, all participants practised
all strings twice per block. In the current
Experiment 1, we presented alphanumerical
strings three times per block of practice, presented
other strings once per block, and, in addition,
introduced novel strings in each block. The latter
singletons were presented in two successive blocks.
Thus, to derive predictions, RTs from the past
experiment were analysed separately for the nth
occurrence of each alphanumerical string and
were then aggregated according to either the one-
by-one hypothesis or the once-for-all hypothesis.
Take as an example the prediction of the fixation
times for the irrelevant part of infrequent strings
in the second block of practice. According to the
one-by-one hypothesis, the RT of the second pres-
entation of strings without the irrelevant part would
be subtracted from the RT of the second presen-
tation of strings with the irrelevant part. For fre-
quent strings (i.e., three times per block), the
prediction for the second block can be generated
by averaging the RT of the fourth, fifth, and sixth
presentation of the strings and subtracting the
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processing time of strings without irrelevant part
from the processing time of strings with irrelevant
part. According to the one-by-one hypothesis, pre-
dicted fixation times for the irrelevant part should
develop differently across blocks of practice for fre-
quent, infrequent, and singleton strings (Figure 2a).

Frequent strings should show faster information
reduction than less frequent strings. However, the
picture is much simpler according to the once-
for-all hypothesis (Figure 2b). The amount of
times a specific string has been encountered
before should not matter. To summarize, if practice

Figure 2. Predicted fixation time per irrelevant letter of frequent, infrequent, and singleton strings according to the one-by-one hypothesis (left

panels) versus once-for-all hypothesis (right panels). In (a) and (b) practice is charted by block (or number of prior encounters with any stimulus)

and in (c) and (d) by number of past encounters with the specific stimulus in the current trial. Predictions are based on reaction time data of the

control condition of Experiment 1 of Gaschler and Frensch (2007). As each string had been presented eight times during the experiment, power

function-based extrapolations were employed to cover the ninth to 12th encounter with the strings.

548 THE QUARTERLY JOURNAL OF EXPERIMENTAL PSYCHOLOGY, 2015, 68 (3)

GASCHLER, MAREWSKI, FRENSCH



is charted in blocks, then the one-by-one hypoth-
esis predicts an effect of frequency, while the
once-for-all hypothesis predicts none. The con-
verse pattern of predictions results if practice is
charted by counting the occurrence of the specific
alphanumeric strings. In this case, the one-by-one
hypothesis predicts no effect of frequency
(Figure 2c) while there should be one according
to the once-for-all hypothesis (Figure 2d).

Apart from potential differences in processing of
frequent, infrequent, and novel stimuli, one further
issue has to be taken into account when predicting
how fixations change with practice. While Lee and
Anderson (2001) proposed that the reduction of fix-
ation time on irrelevant screen positions follows a
continuous learning function (the power law), they
also provided examples of abrupt changes in fixation
times by instructing participants to change
their strategy at predefined points in practice.
Furthermore, they point out that good power law
fits of aggregated data could be based on discontinu-
ous practice gains that occur at different time points
for different participants (cf. Haider & Frensch,
2002). According to the once-for-all hypothesis,
the major source of efficiency gain would be an
item-general abrupt strategy shift that reduces the
processing of irrelevant aspects of items to zero.
Therefore, a simple step function with two par-
ameters should suffice: the amount of processing
prior to the strategy shift, and the item-general
trial counter denoting when the shift takes place:

T = A1ifN , shift,T = A2ifN ≥ shift (2)

where A1 is the amount of processing prior to the
strategy shift, and N is an item-general trial
counter indicating the change trial. A2 denotes the
amount of processing after the change trial and
can be assumed to be zero if information reduction
is fully effective.

Method

Participants
Nineteen university students from Berlin took part
in the experiment and were paid €12 (8 female;
mean age 25.8 years, SD= 2.3). The experiment

took place in the laboratories of the Max Planck
Institute for Human Development, Center for
Adaptive Behavior and Cognition, Berlin,
Germany.

Materials and apparatus
The stimuli in the alphabet verification task con-
sisted of 72 alphanumeric strings (e.g., C D E F
G 4 L). Half of the 72 alphabetic strings were
valid, following the order of the alphabet; the
other half were invalid, deviating from it.
Information reduction was possible due to an unan-
nounced regularity in the material. During the four
blocks of practice, participants could safely skip
over letters outside the triplet, because strings
either were valid or contained an error within the
letter–digit–letter triplet component. Specifically,
a void of five instead of the indicated four letters
was present in invalid strings (e.g., L M N 4 T).
Strings with violations of the alphabetical order in
the letters outside the triplet were only used in
the examples employed in the instructions, the 10
training trials prior to the start of the experiment,
and the negative transfer block at the end (cf.
Woltz et al., 2000). The triplets began with the
letters G to R. Each of the valid or invalid letter–
digit–letter triplets was displayed together with
either no additional letters in front, or an additional
two or four letters (e.g., F GH I J 4 P versus H I J 4
P or J 4 P). The crucial experimental manipulation
varied string frequency within participants. One
third of the strings were shown three times (hence-
forth: frequent), and a second third were presented
once per block (henceforth: infrequent). The rest
of the material was reserved for singletons. Each sin-
gleton consisted of six strings with the same start-
ing letter in the triplet: a valid and an invalid
short, medium, and long string. There were only
four singletons. The first singleton was presented
in Blocks 1 and 2. The second singleton was intro-
duced in Block 2 and was presented for a second
time in Block 3, and so forth. In Blocks 2, 3, and
4, the singletons accounted for 12 of a total of
108 trials (6 of 102 in Blocks 1 and 5—the negative
transfer block). The allocation of strings to fre-
quency conditions was balanced across participants
with the restriction that all the strings with a given
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letter in front of the digit were in the same fre-
quency condition.

In the negative transfer block, the part of the
strings that had not contained mistakes throughout
practice was now no longer safe to ignore. Half of
the medium and long frequent, infrequent, and sin-
gleton strings that did not follow the alphabetical
order were transfer trials. The other half consisted
of strings with invalid letter–digit–letter triplets.
The number of errors committed on the modified
trials (henceforth: transfer errors) was used as an
additional measure of how little the (formerly) irre-
levant part of the strings were processed.

Participants responded by pressing either the “y”
or the “comma” key on the second row from the
bottom on a standard German PC keyboard. Half
of the participants were instructed to use the “y”
key to indicate that a string was valid and the
“comma” key to indicate that the string was
invalid; for the other half, key assignment was
reversed.

The strings were presented centrally on the
screen in bold Courier New font with a character
measuring approximately 0.4°× 0.3°. The charac-
ter positions were separated by a 5° visual angle in
constant spacing with the long strings spanning
the whole screen from left to right (30°). A Tobii
1750 eye tracker (17′′ TFT screen, 1280× 1024
pixels; accuracy: 0.5°; drift, 1°) with a sampling
frequency of 50 Hz was used. The system works
based on corneal reflections. In addition to tracking
gaze positions for both eyes, it computes pupil sizes.
Participants were seated without head fixation at a
distance of 55 cm from the screen. The system was
well suited to the comfortable administration of our
relatively long and demanding skill acquisition task.
While the equipment was tolerant of head move-
ments in a 30× 16× 20-cm space, instructions
and visual feedback every 30 trials ensured that par-
ticipants did not move out of the measurement field
after they had been calibrated.

Procedure
Participants were instructed to pay attention to the
entire string because errors could occur anywhere in
the string. Furthermore, they were told to respond
as quickly as possible while keeping the rate of

errors below 10%. The letter strings used as
examples in the instructions and in the 10 practice
trials (triplets starting with E and F) were not from
the pool of training material.

Each trial started with a fixation cross presented
centrally for 1000 ms, followed by a 1000-ms blank
interval and then a centrally adjusted letter string.
After the manual response was registered, the
string was removed, and there was a blank interval
of 700 ms before the fixation cross of the next trial
appeared. Participants received acoustic feedback
when they responded incorrectly (except on the
transfer trials in Block 5) and feedback concerning
their mean latency and their mean percentage of
error upon completion of each practice block. The
experiment was completed within approximately
60 min.

Data analyses

Exclusion of data
No RT-based speed–accuracy trade-off was
observed in the raw data from Blocks 1 to 4,
mean r(426)= .02, range −.15 to .14, t(18)=
1.26, p= .22, η2= .08. Three participants with
error rates higher than 20% were excluded from
all further analyses, resulting in a mean error rate
of 7.6% (range: 1.9 to 16.7%). Furthermore, in a
preanalysis of eye movement data, 0.14% of the
data were excluded because the Tobii system
marked the data for both eyes as invalid. Only eye
movement data from trials with correct responses
were analysed in order to keep close correspondence
between the reaction time and fixation data.

Processing of eye movement data
In preparing the fixation data, the seven locations
on the screen that could carry a character were
defined as regions of interest by evenly splitting the
distance between the left-most pixels of the adja-
cent characters. This procedure was validated by a
distributional analysis on the horizontal dimension.
Next, the regions of interest were grouped into two
subsets. On the one hand, we aggregated positions
with characters that were relevant (the letter–digit–
letter triplet). On the other hand, we aggregated
those that could be safely ignored (the prefix
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letters in strings of length 5 and 7). A fixation was
counted whenever five or more consecutive hori-
zontal screen coordinate samples fell within the
same region of interest (on the same character
location). In addition, the vertical coordinate
needed to be within the range of 90% of the distri-
bution of the sample. The latter criterion effectively
excluded fixations to the empty top and bottom
regions of the screen.

Results

Manipulation checks based on RT, pupil dilation,
and fixation times all indicated that the frequency
manipulation of the letter strings had successfully
influenced the representation strength of the
strings. In addition, replicating past work (e.g.,
Gaschler & Frensch, 2007), aggregated RT
and transfer errors suggested that information
reduction followed the once-for-all hypothesis
(see Appendix A).

Counting practice by item encounter or by trial
The average fixation time on the irrelevant part of
frequent, infrequent, and novel strings decreased
with block of practice at the same rate and to the
same extent (Figure 3a). Using block as an index
of practice implies an item-general counter (i.e.,
the past number of trials with any of the strings of
the alphabet verification task). The results resemble
the predictions computed based on the once-for-all
hypothesis (Figure 2b). An analysis of variance
(ANOVA) confirmed a main effect of practice,
F(3, 45)= 33.83, MSE= 6393, p, .001,
η2p= .69. There was neither a main effect of fre-
quency, F(2, 30)= 2.11, MSE= 1954, p= .139,
η2p = .12, nor an interaction of practice and fre-
quency, F, 1. Figure 3a indicates that the prior
amount of practice with any string (rather than
with the specific one presently encountered) deter-
mined performance. Apparently, transfer between
strings was close to perfect, supporting the once-
for-all hypothesis rather than the one-by-one
hypothesis or a mixture. For infrequent strings, this
suggests that the improvement from one encounter
to the next was much stronger than the improvement
for subsequent encounters of specific frequent strings.

This should be the case according to the once-for-all-
hypothesis, because between one encounter and the
next with the same infrequent strings there is more
occasion for practice with (other) strings than
between two subsequent repetitions of a specific fre-
quent string.

In line with this reasoning, additional—and
arguably stronger—evidence for the once-for-all
hypothesis emerged when the same data were
analysed according to how often the specific string
currently presented had been encountered before
(Figure 3b). Again the pattern resembles the predic-
tions of the once-for-all hypothesis (Figure 2d). The
reduction in fixation time from one to the next
encounter with an infrequent string was larger
than the reduction from one to the next encounter
with a frequent string. An ANOVA involving the
first four encounters of the frequent strings and all
four encounters with the infrequent strings
showed a main effect of frequency, F(1, 15)=
22.69, MSE= 5550, p= .001, η2p = .6, and a
main effect of encounter, F(3, 45)= 37.32,
MSE= 2703, p= .001, η2p = .71. The interaction
of frequency and encounter was not robust,
F(3, 45)= 2.56,MSE= 3366, p= .067, η2p = .15.

In a follow-up analysis we explored the
dynamics of fixations within trials and checked
whether the time course of information reduction
differed for medium compared to long strings.
For instance, one could have assumed that partici-
pants start information reduction with the medium
strings and only expand it to long strings. They
might skip over the (short) irrelevant part and
first process the relevant portion of the string,
before eventually checking the irrelevant part.
Rather, the analyses reported in Appendix A
(Figure A3) suggest a uniform time course of infor-
mation reduction for strings of different length.
After some practice even the very first fixations
after stimulus onset fell on the relevant part of
strings. There was no indication that later fixations
were used for checking the relevant part.

Defining practice in the learning curve
We extended the above analysis by learning curve
fitting. Lee and Anderson (2001) proposed that
the reduction of fixation time on irrelevant screen

THE QUARTERLY JOURNAL OF EXPERIMENTAL PSYCHOLOGY, 2015, 68 (3) 551

INFORMATION REDUCTION



positions follows the power law. We therefore used
fixation time per irrelevant character on medium
and long strings as a measure to further specify
the learning curve. In a first step, we tested
whether the “trial” parameter in the power function
(Equation 1) should be defined either as the

number of prior encounters with the specific item
concurrently present (one-by-one hypothesis) or
rather as the number of trials that have passed in
general (no matter with which specific items;
once-for-all-hypothesis). For each participant the
two different power function fits were calculated

Figure 3. Mean fixation times per irrelevant character of medium and long strings are charted by block of practice (a) and by number of

encounter with each specific alphanumeric string (b). The pattern resembles the predictions of the once-for-all hypothesis shown in Figure 2.

Other panels depict the estimated values of (c) the instance-based and (d) the trial-based power function fit, as well as the fit of (e) the

three-parameter and (f) the two-parameter trial-based step function. Error bars here and elsewhere display the between-subjects standard

error of the mean.
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and compared.1 The fitted estimates for frequent,
infrequent, and singleton trials overlapped comple-
tely for the (item-general) trial counter (Figure 3d
—just as the observed values in Figure 3a do).
However, fitted estimates markedly diverged for
the instance counter (Figure 3c). That is, the
instance-based model incorrectly ascribed singleton
and infrequent strings too much fixation time on
the irrelevant part of the strings.

For only two of the 16 participants, the root
mean square error (RMSE) was smaller when the
instance counter was used as opposed to the trial
counter, M= 113.43 versus 107.26 ms deviation,
t(15)= 3.64, p= .002, η2= .47. This is consistent
with the once-for-all hypothesis of information
reduction. The size of the effect is quite surprising
given the substantial correlation of trial counter and
instance counter (r= .72, averaged across partici-
pants, range .69 to .74). When analysed separately
for the frequency classes, the disadvantage of the fit
based on the item-specific instance counter as com-
pared to the item-general trial-based fit was par-
ticularly pronounced in the case of the singleton
items (M= 139.36 versus 106.49 ms deviation),
t(15)= 6.15, p= .001, η2= .72.

Continuous or abrupt learning curves for
information reduction?
The above analysis supported the once-for-all
hypothesis, which is consistent with a contribution
of a top-down decision to strategy change. As such
strategy change has been linked to abrupt perform-
ance gains (e.g., Haider & Frensch, 2002; Opfer &
Siegler, 2007), we conducted three model tests to
check whether information reduction on the trial-
by-trial level would be better captured by a step func-
tion or a continuous learning curve (such as the
power function reported by Lee&Anderson, 2001).

Model tests I: Fitting fixation data. To assess the evi-
dence for continuous versus discontinuous
reduction of fixation time on irrelevant letters, we
fitted step functions and compared them to the

(item-general) trial-based power law fits. If partici-
pants abruptly switch from checking the irrelevant
letters to no longer fixating them, then the data
should be captured well by a step function with a
high fixation time prior to the strategy change
and a low fixation time after the strategy change.

All possible step functions were generated for
each participant, and the one with the best fit was
chosen. From the first to the last, each trial was
considered as the potential point in practice
where the participant may have switched from fix-
ating on the irrelevant letters to ignoring them. The
compound RMSE for two zero slope lines, one
before this trial and one beginning with this trial,
was compared. We used all trials with irrelevant
characters—that is, long and medium strings.
The trial that led to the smallest overall RMSE
was taken as the point in practice where the strategy
change occurred (see Rickard, 2004, for a similar
approach). The three-parameter step function
(higher intercept, lower intercept, change trial;
Equation 2) led to smaller RMSEs in 11 out of
16 participants than the trial-based three-par-
ameter power function, Equation 1; deviation,
M= 101.5 ms, t(15)= 2.11, p= .052, η2= .23.
Thus, with an equal number of free parameters,
the nonaggregated data tended to be better fitted
by a step function than by a power function. An
analysis of the fixation times prior to and after the
change trial suggested that the reduction of the
course of practice to two straight asymptotes and
a shift point was warranted. Specifically, we com-
puted independent power function fits for the fix-
ation times prior to and after the change trial for
each person. The RMSEs of the straight asymp-
totes (one parameter) were just 4 and 3 ms higher
than those of the respective three-parameter
power function fits. At the same time, if aggregated
across participants, the estimated values from the
step function model mirrored the aggregated prac-
tice data well (Figure 3e, f; cf. Haider & Frensch,
2002, for a discussion of aggregation artefacts in
skill acquisition data).

1Curve fitting for the step functions was performed with a custom-written algorithm in Pascal based on least square estimates. For

fitting power functions, the curvature parameter was restricted to negative, and the asymptote was restricted to ≥0 ms. We used the

sequential quadratic programming algorithm included in SPSS.
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Note that with fewer free parameters the step
function was equally successful as the power func-
tion. The fits of a two-parameter step function
resulted in an RMSE equal to the fit of the three-
parameter power function (M= 107.99 ms).
Given that many participants reduced fixations on
most of the irrelevant letters to zero, just two free
parameters (one for the higher intercept, one for
the change trial) seemed sufficient.

Model tests II: Predicting fixation data. Further cre-
dence is lent to a model by accurate prediction (i.e.,
without any further parameter adjustments; cf.
Marewski & Olsson, 2009; Pitt, Myung, &
Zhang, 2002; Roberts & Pashler, 2000;
Wagenmakers, 2003). Above we reported that the
fit of the step function was (a) in tendency better
than the one of the power function with an equal
number of free parameters and was (b) identical
when a step function with just two free parameters
competed with a three-parameter power function.
Importantly, the advantage of the step function

over the power function was not limited to fitting
but also extended to predicting new data in a
cross-validation: First we derived curve fits for
both of the two functions separately for each of
the four frequent items (48 data points each per
participant). Next we checked how well the par-
ameters derived for one frequent item could
predict the performance on each of the other
three items. The step function yielded better pre-
diction results than the power function (M=
107.59 ms versus 117.47 ms; averaging over all
combinations of predictions), t(15)= 2.84,
p= .012, η2= .35. Note that model mimicry
could not account for the advantage of the step
function (i.e., the phenomenon that some functions
are flexible enough to capture the output of other
functions; see Appendix B).

Model tests III: Individual analyses and change trials.
Figure 4a illustrates why the step function was in
some cases better in fitting and predicting the
data than the power function. The figure displays

Figure 4. Cumulative fixation times for the time spent on each of the four irrelevant characters on long strings in Experiment 1 (Panel a).

Participants are ordered by the overall time spent. Panel b shows the cumulative time curves for Experiment 2 separately for each of the

four large set sizes. RT = reaction time.
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the cumulative fixation times over all trials for each
of the four irrelevant characters of the long strings
for each of the participants. Incompatible with a
continuous learning function, some participants
show a shift in slope. Equally incompatible with
the power function (cf. Haider & Frensch, 2002),
the largest reduction in time spent on the irrelevant
characters often seemed to take place late in prac-
tice (rather than early in practice). Therefore,
even for participants who did not show a marked
shift in the slope of the cumulative curve, the
power function did not fit well. Differences in fix-
ation between irrelevant letters close to versus
remote from the relevant string part seemed in
part to explain why overall the reduction in fixations
on irrelevant letters was not abrupt for some partici-
pants. Reduction was stronger and more abrupt for
the irrelevant letters located further apart from the
relevant part of the strings. Therefore, averaging
across the different letters might have masked
abrupt changes in some cases.

The above analyses suggest that participants
apply information reduction in a once-for-all
manner, and some show an abrupt strategy
change. Therefore, the change trials in step func-
tions independently derived for singleton, infre-
quent, and frequent strings for each person
should fall close together. Averaged over partici-
pants, the change trials for frequent (M= 242),
infrequent (M= 247), and singleton (M= 263)
trials did not differ from each other (F, 1).
Figure 5a depicts the change trials for each
person. It is evident that there is large between-
person variability. For some participants, change
trials occurred early, while others changed late in
practice. Importantly, within persons the indepen-
dently derived change trials fell close together in
many cases. Cronbach’s alpha for the three
change trials was .82. The correlation between
change trials derived for frequent and the one
derived for infrequent strings was r(16)= .76 (.57
and .53 for the other pairings, all ps, .035).
High intraindividual consistency paired with high
interindividual variability in change trials was also
observed on the item level (compare Touron,

Figure 5. Panel a shows the locations of change trials (y-axis) for

frequent, infrequent, and singleton strings per participant (x-axis)

of Experiment 1. Panel b allows comparison of the independently

derived step functions for the four frequent (F1 to F4) and

infrequent items (I1 to I4) of each person. Panel c shows the

change block analysis for Experiment 2. It depicts the block in

which reaction time per letter was reduced below 50 ms—

calculated independently for each participant and the frequent,

infrequent, and one-block-only items.
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2006). For this we fitted two-parameter step func-
tions independently to the four frequent and four
infrequent strings of each person. The average
correlations among the eight change trials was
r(16)= .77, p, .001, Cronbach’s alpha= .96.

Discussion

Analyses of Experiment 1 suggested that infor-
mation reduction occurs in a once-for-all manner
for different alphanumeric strings.With the specific
experimental setup employed, we did not obtain evi-
dence that one-by-one strategy change might be at
least partially involved as well. Rather, participants
reduced fixation on irrelevant parts of frequent and
infrequent stimuli at the same rate and to the same
extent with practice. Once acquired, information
reduction was also applied to novel items.
Modelling the learning curve, the improvement in
performance over trials of practice was therefore
not captured well if “trial” denoted the number of
prior encounters with the specific item currently
present. Such an interpretation of “trial” would
have been suggested by the one-by-one hypothesis
of information reduction and theories in accordance
with the bottom-up view of strategy change (e.g.,
Cousineau & Larochelle, 2004; Logan, 1988,
1992). Performance improvement based on
reduction of fixation time on the irrelevant part of
the alphanumeric strings was better captured by a
learning curve that specified “trial” as the number
of any strings presented so far. This is consistent
with the once-for-all hypothesis of information
reduction and the view that top-down decisions
are involved in strategy change (e.g., Haider &
Frensch, 2005; Rehder & Hoffman, 2005; Sun
et al., 2001; Touron & Hertzog, 2004a, 2004b).

The validity of our support for the once-for-all
hypothesis of information reduction was demon-
strated by manipulation checks indicating that we
had successfully varied representation strength:
Participants processed the relevant part of
frequently versus infrequently presented strings dif-
ferently. In line with top-down theories of strategy
change, we furthermore observed abrupt strategy
change for at least some of the participants. For
such shifts to occur, the psychomotor routines

implementing the cognitive strategy must be
changed quickly and fully when the strategy
changes. This might provide one explanation for
why in many cases fixations on the irrelevant
letter bordering the relevant part of the strings
were reduced less or not at all. Furthermore, some
participants might have continued to use the irrele-
vant letters close to the letter–digit–letter triplet as
cues to start retrieval of subsequences of the alpha-
bet in order to process the relevant part of the
strings. Neither for participants with nor for those
without abrupt change was there a tendency that
information reduction might occur earlier for fre-
quent than for infrequent alphanumeric strings.

In Experiment 1, we employed an extension of
the alphabet arithmetic task. The original version
of this task had been used in studies supporting
one-by-one strategy change with a learning curve
following the power law (e.g., Logan, 1988, 1992).
According to the instance theory, strategy change
should occur earlier for frequent and later for infre-
quent task material. Performance should improve
gradually and show the largest gains at the beginning
of practice. Experiment 1 did not provide supportive
evidence for the bottom-up view.Once-for-all strat-
egy changewas evident in that the irrelevant part was
ignored to the same extent in frequent and infre-
quent alphanumeric strings. In addition, infor-
mation reduction took place abruptly for at least
some of the participants. Furthermore, the largest
performance gains often occurred rather late in prac-
tice. This limits the extent to which skill acquisition
theories employing the power law of practice can
account for the data, because they predict that the
largest gains in performance should occur early in
practice (e.g., Logan, 1988, 1992) involving the
reduction of fixations on irrelevant aspects of tasks
(Lee & Anderson, 2001).

In the current experiment, we combined a fre-
quency manipulation with trial-by-trial assessment
of information reduction. Prior work on infor-
mation reduction that argued for the top-down
view of strategy change used aggregated data
(Gaschler & Frensch, 2007, 2009; see also
A. Green & Wright, 2003) and relied on
block-based estimates rather than on a learning
curve charted on a single trial level. Apart from
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lack of temporal precision, such data were ambigu-
ous. For instance, the longer times that might be
required for processing the relevant part of infre-
quent and novel strings could have been traded
off against the times required to process the irrele-
vant part. Therefore the results of Experiment 1
provide much stronger support for the once-for-
all hypothesis than aggregated reaction times in
previous research.

EXPERIMENT 2: ONCE-FOR-ALL
WITHRANDOMSCREEN POSITIONS

On the one hand, information reduction occurred
once for all stimuli under the conditions tested in
Experiment 1. On the other hand, this observation
does not necessarily lead to the conclusion that
information reduction is based on top-down strat-
egy change. Bottom-up attention learning might
also lead to once-for-all strategy change. If partici-
pants learned what (relative) position of the strings
to attend to and/or fixate (e.g., around the digit),
this could allow for generalization of information
reduction as well—a top-down decision would
not necessarily have to be involved. It is conceivable
that learning of the relevance of screen positions
leads to information reduction generalizing across
frequent, infrequent, and novel items—because
they are all displayed in the same spatial layout.
Such a bottom-up attention learning perspective
could, for instance, be derived from the attention
learning model in Kruschke (2001) or the work of
Logan (2002) combining attention and learning
(see also C. S. Green, Pouget, & Bavelier, 2010).

Work with the alphabet verification task has
taken first steps to explore whether screen position
learning is a major contributor to information
reduction. Haider and Frensch (1999a) demon-
strated that information reduction does take place
when strings starting versus ending with the irrele-
vant part are mixed on a trial-by-trial basis. In
Experiment 1, strings were presented in a centred
manner, so that the absolute screen position of
the relevant and irrelevant string parts were differ-
ent for long than for medium strings. These results
suggest that people learn to ignore irrelevant

information in visual tasks that provide at least
some variability in where on the screen the irrele-
vant information is located. As a next step, we
tested whether once-for-all strategy change would
also be found in a task with random placement of
items, which prevents the learning of to-be-
attended positions.

For this we developed a parity judgment task
(Figure 1b), which allowed exploring whether find-
ings from the alphabet verification task would be
mirrored by similar patterns of strategy change in a
different task format. On the one hand, in our
parity judgment task processing could be simplified
by applying a shortcut strategy. On the other hand,
no opportunity was provided to learn where spatial
attention and fixations should be directed on the
screen to allow for the shortcut. Participants in
Experiment 2 were instructed to determine in each
trial whether the number of instances of a letter ran-
domly scattered over the screen was odd or even.
The task required participants to identify the iden-
tity of the letter, as they had to press the according
key. However, each trial featured only instances of
one specific letter. It was therefore not necessary to
fixate each of the instances in order to solve the
task. Therefore, RT as a traditional measure in enu-
meration experiments (e.g., Watson, Maylor, &
Bruce, 2005) seemedmore appropriate than fixation
counts. Reaction time should monotonically
increase with set size—at least early in practice,
when participants would still need counting to
determine the response for large stimulus sets.
However, unbeknownst to the participants, the
correct answer was fixed for trials with large stimulus
sets. Once participants acquire the regularity in the
taskmaterial and apply it to simplify task processing,
short response times should become possible even
for large stimulus sets.

Method

Participants
Twenty-one university students from Berlin
took part in the experiment and were paid €10
(18 female; mean age 25.3 years, SD= 5.7). The
experiment took place in the laboratories of the
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Psychology Department of Humboldt-Universität
Berlin.

Materials and apparatus
On each trial, participants were shown a display
with one to 12 instances of a capital letter—for
example, 9 times the letter “E” in white against a
black background, 0.7°× 0.5° each, on a 17-inch
CRT screen operating at a resolution of 800×
600 pixels. In order to avoid cluttering, the
instances of the letter were randomly placed based
on a 6× 6 matrix in an array of 6.8°× 6.8° at the
centre of the screen. Participants were instructed
to determine whether the number of instances of
the letter on the screen was odd or even.
Counterbalanced across participants, the key corre-
sponding to the letter used in the current trial was
to be pressed either once or twice to indicate
whether the number of letters presented was odd
or even. For instance, in a trial with multiple
instances of the letter E on the screen, the partici-
pants were to press the “E” key once or twice
depending on whether the number of “E”s was
odd or even. After a key was pressed, there was a
300-ms deadline to register a second press of the
same key. In valid trials with double key presses
we used the RT of the first key press for later analy-
sis (cf. Wenke, Gaschler, & Nattkemper, 2007). If
the response was incorrect, a 200-Hz tone was
played as error feedback during the first 250 ms
of the 500-ms response–stimulus interval.

We used the letters in the upper two rows of a
German keyboard (Q, W, E, R, T, Z, U, I, O, P,
A, S, D, F, G, H, K). For each participant, one
of these letters was randomly selected to be the fre-
quent one, being used on 36 of the 60 trials in each
of 14 practice blocks. A second letter was present in
12 of the trials of each block (infrequent letter). For
the remaining 12 trials per block, a different letter
was randomly chosen without replacement for
each block from the remaining letters (one-block
letter).

Apart from the negative transfer block, there
was a regularity that made it possible to quickly
give correct answers without counting the number
of instances of a letter in a given trial. For half of
the participants, the material was arranged in a

way that the number of instances of the letter was
even whenever it was larger than four. For the
remaining participants, a cloud of more than four
letters was always of an odd number. Each partici-
pant was presented with an equal number of stimuli
commanding an “odd” versus an “even” response.
Under the constraint of the task regularity
described above, each number of instances of a
letter was presented with equal frequency in each
practice block. In the negative transfer block, all
set sizes were presented with equal frequency.
One third of the trials were transfer trials. They
tested whether participants would perform accord-
ing to the (former) task regularity. For instance,
Participant 1 received a transfer trial with eight
instances of the letter “W”, while in Blocks 1 to
14 the participant would have received an odd
number or a number smaller than 5.

Procedure
Participants started the experiment with written
instructions asking them to determine whether
the number of instances of the letter on the
screen was odd or even. No reference to potential
regularities or shortcuts was made. The exper-
imenter than watched the first five trials to make
sure that the participants had properly understood
the instructions and were able to execute the
double key presses. After 14 practice blocks, par-
ticipants received the negative transfer block
(without special instruction). Auditory error feed-
back was disabled for the transfer trials. Finally
the experimenter conducted a short structured
interview inquiring about explicit knowledge con-
cerning the regularity in the tasks.

Results

Screening of the data suggested that there was no
speed–accuracy trade-off. Error trials tended to be
slower than correct trials, r(840)= .07, and the
error rate was low (M= 5.8%). The manipulation
check indicated that the frequency manipulation
was effective (see Appendix A, also for transfer
errors). In the postexperimental interview, partici-
pants showed exhaustive knowledge of the regu-
larity in the task material that could be exploited.
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All but one correctly reported which categorization
(“odd” or “even”) was generally valid when more
than three instances of a letter were presented.
Furthermore, all participants could report correctly
which letter was presented most frequently and
which one was second most frequent.

RT per letter—From counting to shortcut strategy
Screening of the data indicated that there was a
linear increase in reaction time with the number
of letters on the display. We therefore used linear
regression to determine RT per letter (indepen-
dently for trials with frequent, infrequent, and
one-block-only letters). RT per letter should indi-
cate whether participants were processing based
on counting versus based on the shortcut strategy.
As depicted in Figure 6a, in line with the once-
for-all hypothesis, RT per letter was very similar
for all frequency variations and decreased at the
same rate per block of practice. This impression
was supported by a 3 (frequency of presentation:
frequent, infrequent, one-block-only)× 14 (block:
1–14) repeated measures ANOVA. There was a
main effect of block F(13, 260)= 15.78, MSE=
22,332, p= .001, η2p = .44, while there was
neither a main effect of frequency (F= 1.83), nor
an interaction of frequency and block (F= 1.03).

In the block-based analysis, the evidence for
item-general strategy change is based on a null

effect. However, frequency of presentation has a
pronounced effect on RT per letter, if the same
data are charted with the item-specific trial
counter on the x-axis (i.e., how often the letter
used for the current trial had been used before;
Figure 6b). As in Experiment 1, infrequent stimuli
showed larger performance gains from one encoun-
ter to the next than frequent stimuli. An ANOVA
involving the first 14 encounters of the frequent
stimuli and all 14 encounters with the infrequent
stimuli showed a main effect of frequency, F(1,
20)= 19.41, MSE= 26,639, p= .001, η2p = .49,
a main effect of encounter, F(13, 260)= 11.24,
MSE= 7795, p= .001, η2p = .37, and an inter-
action of frequency and encounter, F(13, 260)=
4.32, MSE= 10,900, p= .001, η2p = . 18. The
finding that RT per letter seemed to increase
within the first block of practice was unexpected.
Probably, other sources of variability mask the
impact of set size on RT. Presumably participants
were still becoming accustomed to the instructed
task during the first block, which included double
key presses for half of the answers.

Averaged over participants, the data suggested a
gradual decrease in processing time with practice.
However, a look at the learning curves of individual
participants again showed that changes in perform-
ance were rather abrupt in at least some of the cases
(compare Figure 4b). For three participants the

Figure 6. Both panels show the average reaction time per letter for frequent, infrequent, and one-block-only items of Experiment 2. The data

are displayed for either (a) the 14 practice blocks or (b) the number of past encounters with the specific stimulus.
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cumulated RT did not differ at all for larger versus
smaller stimulus sets, suggesting that these partici-
pants had already discovered and applied the short-
cut strategy in the first block. For many other
participants the shortcut strategy seemed to set in
at the same point in practice at least for the
largest set sizes. In the respective cumulative
curves, slopes became parallel after a phase in
which larger set sizes led to slower reactions and
hence to steeper slopes in the cumulative graph.

Four participants did not seem to apply the
shortcut at all. For them, RT per letter did not
diminish below 50 ms over the course of practice.
The remaining participants showed a pronounced
reduction in RT per letter from one block to the
next when they crossed the 50 ms criterion (M=
219 ms; three were below 50 ms already in Block
1). This reduction was consistent across the levels
of the frequency manipulation. As depicted in
Figure 5c, the first block with an RT per letter of
less than 50 ms was identical for frequent, infre-
quent, and one-block-only letters for most
participants. Correlations for the change points
across participants ranged between r(21)= .97 and
r(21)= .98, ps, .001; Cronbach’s alpha= .99.

Discussion

In Experiment 2 we observed once-for-all strategy
change in a task, which did not allow for learning
of screen positions. Please note that one-by-one
strategy change was granted a fair chance in this
newly developed task. Participants had to give an
item-specific response for each item anyway.
They pressed the key of the specific stimulus
letter. Thus, the frequency manipulation involved
stimuli and responses. Therefore, it should have
been feasible, in principle, to change to the shortcut
strategy early for frequent and later or never for
infrequent or novel stimuli. However, strategy
change occurred for frequent and infrequent items
at the same rate in practice. Once participants
had acquired and applied the shortcut option,
they also transferred it to novel stimuli.

Initially participants had to use counting in
order to determine whether the number of
instances of a letter in a given trial was odd or

even. With practice on the task material, many
stopped following the instructions and instead
exploited the unannounced regularity in the task
material. There was a fixed correct response for
any display with more than four letters, and it
was therefore not necessary to fully process the
letter display (e.g., by counting). Most participants
eventually discovered and exploited this regularity
in a once-for-all manner. As screen positions
were random, and responses were stimulus-specific,
the data make it harder to argue that attention-
learning accounts (e.g., Kruschke, 2001;
Kruschke, Kappenman, & Hetrick, 2005) can
explain the once-for-all simplification of task pro-
cessing observed in the current experimental
setups. In these theories, attention may be allocated
to or drawn away from specific features or positions.
Neither of these options would have helped to
produce the item-general strategy change observed.
Rather, participants probably used the amount of
processing as the basis for learning about the task
regularity (i.e., one response is always required in
the case of high counts).

GENERAL DISCUSSION

Our two experiments had two goals. First, we
tested whether information reduction occurs in a
once-for-all manner or in a one-by-one manner
using eye movements. Second, we explored how
and why this might be the case. Prior work on
other types of strategy change in skill acquisition
has shown that qualitative changes in processing
strategies can in some cases take place without a
top-down decision and outside the awareness of
participants (cf. Doane et al., 1999; Woltz et al.,
2000). However, other work has underlined the rel-
evance of top-down decisions, which imply once-
for-all strategy change in other variants of skill
acquisition tasks (Touron & Hertzog, 2004a,
2004b). We suggest that the long-term goal
should be a theory that accounts for the specific
conditions under which strategy change in skill
acquisition conforms to the one-by-one hypothesis,
conforms to the once-for-all hypothesis, or shows
characteristics of a mixture. Thus, for information
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reduction in skill acquisition, the relevant question
might become when rather than whether it incor-
porates a top-down decision or exclusively relies
on bottom-up learning mechanisms alone (cf.
Gray et al., 2006; Marewski & Link, 2014;
Marewski & Schooler, 2011, for work on strategy
selection that might offer a starting point). With
the current work we provide a first step towards
such a theory. Frequency variation and covert
trial-by-trial strategy assessment employed
provide the means to detect both the impact of
top-down decisions and the consequences of
bottom-up learning processes. Thus, such tech-
niques might be used to map under which con-
ditions strategy change in skill acquisition occurs
once for all, occurs one by one, or shows a mixture.

Though participants were instructed to
exhaustively check alphanumeric strings as to
whether or not they followed the alphabetical
order, with practice many solved the task other
than instructed. They stopped to check the part
of the strings that effectively did not contain mis-
takes. Under the conditions tested in this study,
information reduction occurred in line with the
once-for-all hypothesis. We found no evidence
for an (additional) influence of the number of
prior encounters with the specific stimulus. On
the one hand, this might be surprising given
other well-documented cases of bottom-up strat-
egy change (other than information reduction—
see above). On the other hand, our findings are
in line with observations from applied settings
involving information reduction (e.g., Gaschler
et al. 2010; Vu et al. 2007). In Experiment 1,
we studied how fixations on irrelevant aspects of
alphanumeric strings were reduced with practice.
With detailed trial-wise analyses and comparison
of mathematical models we documented that
information reduction occurs in line with the
once-for-all hypothesis in the alphabet verifica-
tion task. With practice, processing of irrelevant
information was reduced at the same rate for fre-
quent and infrequent stimuli. Once simplification
of task processing took place, it was also trans-
ferred to novel stimuli. Thus, once acquired
with some stimuli, it was applied to all. In
addition, for at least some participants the

strategy change seemed to take place abruptly.
Despite substantial differences in the processing
of the relevant part of frequent, infrequent, and
singleton strings, the irrelevant part was ignored
independently of how often the current string
had been presented before. In line with the
once-for-all hypothesis, information reduction
on novel or irrelevant strings did not lag behind
the reduction of fixations on the irrelevant
letters of frequent strings.

Theories advocating the bottom-up view of
strategy change in skill acquisition (e.g., Logan,
1988, 1992) and information reduction in particu-
lar (e.g., Cousineau & Larochelle, 2004) would
predict that strategy change should depend on the
frequency with which the specific strings have
been encountered (one-by-one hypothesis). It
should take place earlier for frequent material, and
late or never for infrequently encountered strings.
This is because these theories route performance
gains in a transition from (a) providing the
answer to a problem by algorithmic processing to
(b) retrieving the answer to the specific problem
from memory. Please note that this implies that
these theories are consistent with the fact that
people can use rules and can therefore process
task material in an item-general way—mainly at
the beginning of practice. However, we argue that
this way of incorporating rule-based processing
does not provide an account for our data. For
instance, Logan (1988) argues that with increasing
practice, the chance increases that on a given trial,
memory retrieval of the correct answer to an
alphabet arithmetic problem is faster than the
algorithmic solution. It is thus predicted that
task processing is rule based and item-general in
the beginning of practice, when there are not yet
any memory traces that could win the retrieval
race against the item-general counting algorithm.
Later in practice, task processing should become
more and more item-specific. It is noteworthy
that the task in Experiment 1 was very similar
to the alphabet arithmetic task used by Logan,
and practice-related changes in the processing of
the relevant part of the alphanumerical strings
were indeed consistent with the instance theory
and related approaches. However, information
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reduction (skipping processing of the irrelevant
part) occurred with practice without a change
from item-general to item-specific processing.

Experiment 2 dealt with explanations for once-
for-all strategy change, which the bottom-up view
could put forward. In particular, a generalization
across different alphanumeric strings should be
feasible by learning at which (relative) screen pos-
itions attention and eye fixations should be
directed. For instance, Lee and Anderson (2001)
suggested that much of the learning in tasks invol-
ving complex decisions is rooted in a reduction of
fixations on task-irrelevant information. However,
Experiment 2 documented that once-for-all sim-
plification of task processing can occur even if
there are no spatial regularities that learning of
attention or eye movements could possibly
exploit. Thus once-for-all simplification of task
processing does not seem to depend crucially
upon a spatial learning process that inherently sup-
ports generalizations across specific variants of
material presented at consistent screen positions.
Rather, information reduction seems to be item-
general, because participants decide that they no
longer want to check the characters they deem irre-
levant in the alphabet verification task and as a con-
sequence no longer focus on those characters (cf.
Rehder & Hoffman, 2005).

We observed close to perfect transfer of infor-
mation reduction between well-known and less
well-known alphanumeric strings in the alphabet
verification task. Also, our participants could
report on the regularities and shortcuts in the
tasks at the end of the experiments. Both points dis-
tinguish our findings from prior research on skill
acquisition in which (a) transfer across different
items within a task was only partial, and (b) partici-
pants were unaware of strategy application and
could not control it (cf. Doane et al., 1999; Woltz
et al., 2000). Other authors studied implicit learn-
ing of spatial layout in tasks that prevented partici-
pants from becoming aware of regularities (e.g.,
Jiang & Song, 2005). They documented surprising
cases of item-specific learning. If even spatial learn-
ing can be item-specific, it seems even more surpris-
ing that information reduction on alphanumeric
strings was item-general. Currently, we can only

speculate that the availability of general verbal
labels as well as awareness of the task regularity
might be crucial for strategy change in line with
the once-for-all hypothesis. However, it is impor-
tant to point out that in our tasks item-specific
strategy change was possible in principle. We
observed once-for-all strategy change even though
several aspects of the design even fostered one-by-
one strategy change. In Experiment 2, we even
required participants to press a specific key for
each item, one of them very frequently and others
infrequently. Yet, participants applied the shortcut
at the same time for all items. Participants in the
alphabet verification task (Experiment 1) could in
principle have applied information reduction to fre-
quent but not to infrequent stimuli. Participants
were varying their processing strategy for the rel-
evant part of the strings from trial to trial, depend-
ing on string presentation frequency. As a
quantitative distinction, the relevant part of infre-
quent strings was processed much slower than the
relevant part of frequent strings. As a qualitative dis-
tinction, the relevant part of frequent strings was
most likely often processed by memory retrieval,
whereas the relevant part of infrequent strings was
processed by counting through the alphabetical
order. Memory retrieval of solutions to alphabet
arithmetic problems could be applied only to pro-
blems that a participant had encountered at least
once before (cf. Touron, 2006). Differences in pro-
cessing of the relevant part of frequent versus infre-
quent items could have provided the trigger for
selecting information reduction on frequent but
not on infrequent items. Our manipulation checks
on the impact of the frequency variation on proces-
sing of the relevant part of stimuli showed strong
frequency effects. Participants were thus able to
parse alphanumeric strings and process the relevant
part of stimuli while ignoring the irrelevant part.
Follow-up experimentation furthermore suggests
that processing times for the relevant part of
the frequent stimuli are already close to the asymp-
tote by the end of training in the current
experiments.

In summary, we contrasted predictions of the
bottom-up view of strategy change in skill acqui-
sition (e.g., Cousineau & Larochelle, 2004;
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Logan, 1988, 1992) with those of the top-down
view (e.g., Haider & Frensch, 2005; Rehder &
Hoffman, 2005; Sun et al., 2001; Touron &
Hertzog, 2004a, 2004b). The former view
suggests that strategy change is a learning
phenomenon. The latter suggests that it is a
learning-plus-decision phenomenon. According
to the top-down view, strategy change is not a
direct inevitable consequence of task practice.
Rather, people decide to apply/not to apply the
incidentally acquired knowledge about a regularity
in the task material for a shortcut. This decision
can be a general one, including well-known as
well as novel stimuli alike and can lead to
abrupt changes in performance. Even though
skill acquisition tasks usually do not explicitly
prompt decisions, participants incidentally learn
about regularities in the task material and
through this discover that there is a decision to
be made: to apply this knowledge for the simpli-
fication of task processing or, alternatively, to go
on processing the task as originally instructed by
the experimenter. Taken together, the present
data suggest that information reduction can be
based upon a voluntary decision to exploit inci-
dentally acquired rule knowledge about task regu-
larity for simplification of task processing.
Therefore, future research can extend volition
intervention approaches (e.g., Bayer, Gollwitzer,
& Achtziger, 2010; Fujita & Roberts, 2010;
Job, Dweck, & Walton, 2010) to strategy
changes aiming at the simplification of task
processing.
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APPENDIX A

Manipulation checks and transfer errors

Manipulation check—Was representation
strength successfully varied?

Experiment 1
Three different measures indicated that the frequency manipu-

lation of the letter strings had successfully influenced the rep-

resentation strength of the strings. First, we computed the

median reaction times for correctly verified valid strings separately

for each participant, frequency condition, and trial block using

Blocks 1–4. As can be seen in Figure A1, reaction times to fre-

quent strings were faster than reaction times to infrequent

strings. The slopes of the lines connecting short, medium, and

long strings are approximately parallel in each block for frequent,

infrequent, and singleton strings. This indicates that the time

taken to process irrelevant information does not differ by item fre-

quency. At the same time, the general level of reaction time drops

from.4000 ms to around 2000 ms. A 2 (frequency of presen-

tation: three presentations versus one presentation)× 4 (block:

1–4) repeated measures analysis of variance (ANOVA) yielded

main effects of frequency of presentation, F(1, 15)= 40.44,

MSE= 380,591, p= .001, η2p = .73, and of block, F(3, 45)=
53.78,MSE= 589,001, p= .001, η2p = .78. There was no inter-

action of frequency of presentation and block (F, 1).

Second, participants fixated on the relevant string part of fre-

quent (medium and long) strings less often (M= 1.74 fixations)

than on that of infrequent or singleton strings (M= 2.1 for both

of the latter), t(15)= 3.81, p= .002, η2= .49 for frequent versus

infrequent; t(15)= 4.5, p= .001, η2= .58 for frequent versus

singleton.

Third, trials with less frequent strings yielded stronger pupil

dilation. This was expected as such trials more often required

effortful algorithmic processing of the letter–digit–letter triplet.

Specifically, for each trial and person, we calculated a baseline

for change of pupil size by taking the median pupil diameter

of the 1-s blank period prior to stimulus onset (excluding the

25% data points with the highest rate of change in the fixation

coordinates). This baseline was subtracted from the median

pupil size of the fixations on the relevant part of the strings

(again excluding 25% data points with the highest rate of

change in fixation coordinates). Pupil dilation was smaller for

the frequent strings (M= 0.065 mm) than for the infrequent

strings (M= 0.086 mm), t(15)= 2.18, p= .045, η2= .24.

Experiment 2
As expected, frequency of letter presentation affected RT.Means

of median reaction times for frequent (M= 792.3 ms) were faster

than those for infrequent (M= 968.1 ms) and one-block-only

letters (M= 974.9 ms). A 3 (frequency of presentation: frequent,

infrequent, one-block-only)× 14 (block: 1–14) repeated

measures analysis of variance (ANOVA) yielded main effects

of frequency of presentation, F(2, 40)= 47.6, MSE= 70,124,

p= .001, η2p = .7, and of block, F(13, 260)= 40.03, MSE=
41,023, p= .001, η2p = .68. There was no interaction of fre-

quency of presentation and block (F= 1.3).

Transfer errors—When the formerly
irrelevant part becomes relevant

Experiment 1
Transfer error rates were high (Figure A2a). Eleven out of 16

participants had a transfer error rate higher than 90%. Only

the (scarce) singleton data suggested an effect of frequency of

presentation on transfer errors, otherwise F, 1. Consistent

with the once-for-all view of item-general information

reduction, participants failed to detect violations of the alphabe-

tical order in the formerly irrelevant part of frequent, infrequent,

and singleton strings alike.
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Experiment 2
Again, transfer error rates were high. Twelve participants had

a transfer error rate ≥90%. There was no effect of frequency

of presentation on the rate of transfer errors, F= 1.1

(Figure A2b).

Dynamics of fixations within trials—
Information reduction includes first fixations

For Figure A3 we calculated the proportion of first, second,…

eighth fixations within trials falling on a relevant versus an

Figure A2. Transfer error data from the test block of Experiment 1 (Panel a) and Experiment 2 (Panel b) are displayed, together with the

mean error rate on regular trials in the same block as baseline.

Figure A1. Means of individual median reaction times (RTs) for Experiment 1. On the x-axis, reaction times for short, medium, and long

strings (s, m, l) are grouped together by block in order to display the processing amount of irrelevant information.
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irrelevant letter position. We did so by counting forward from

stimulus onset and in addition ran the equivalent analysis by

counting backward from the response (1= last fixation prior

response, 2= prelast fixation prior response,… 8 = last fixation

prior response). Figure A3 does not provide evidence that infor-

mation reduction might start with medium-length strings and

later generalizing to long strings. We observed that in Block 1,

first fixations almost exclusively fell on irrelevant parts of

alphanumeric strings. Later fixations fell on relevant character

positions. In later blocks of practice, also a large proportion of

first fixations fell on relevant string positions. Apparently this

was the case for medium and long strings as well. There was

no indication that late fixations within trials might be devoted

at (finally) checking the irrelevant letter positions (which early

in practice had been checked first within a trial).

APPENDIX B

Model mimicry analysis

When selecting between competing models, model mimicry can

become an issue (e.g., Myung, Kim, & Pitt, 2000). Model

mimicry refers to a model’s ability to fit not only data generated

by its own process, but also data generated by some other model.

For instance, Haider and Frensch (2002) showed that the

average of multiple step functions nicely fits the power function

if the probability of a shift point occurring follows a power func-

tion. Here we tested the reverse concern—namely that the step

function might even fit well to data that originate from a

process that is described best by a continuous learning curve,

specifically the power function. However, as it turns out,

model mimicry was not a tenable account of the good fits of

the step function. We compared the distribution of change

trials derived from fitting step functions to either data or esti-

mated values of the alternative model: (a) the fixation data and

(b) the estimated values of power function fits of the four fre-

quent and the four infrequent items of each participant. Sorted

within frequency class and pooling over participants, Figure

B1 depicts where, in terms of change trials, the 64 steps are

located (16 participants with four frequent and four infrequent

items). The step function fits derived from the data had

change trials that were evenly distributed over the whole exper-

iment. However, the change trials derived based on the power

function model were located within the first 150 trials.

Figure A3. Percentage of first to eighth fixations within trials that fall on irrelevant aspects of medium and long strings are displayed per block

of practice. Fixations are counted either from stimulus onset (increasing numbers) or backwards from the response.

Figure B1. Trials of change (y-axis) across practice are depicted as

derived with three-parameter step function fits for the four

frequent and four infrequent items per participant together with

step function fits based on power function approximations of the

data. Frequent and infrequent items for 16 participants total 64

items (x-axis), sorted independently in ascending order according

to trial of change.
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