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Abstract

In two experiments, subjects trained in a standard data entry task, which involved typing numbers (e.g., 2147) using their right
hands. At an initial test (20 min or 6 months after training), subjects completed the standard task, followed by a left-hand variant
(typing with their left hands) that involved the same perceptual, but different motoric, processes as the standard task. At a second
test (2 days or 8 months after training), subjects completed the standard task, followed by a code variant (translating letters into
digits, then typing the digits with their right hands) that involved different perceptual, but the same motoric, processes as the
standard task. At test, for each of the three tasks, half the trials were trained numbers (old) and half were new. Repetition priming
(faster execution times to old than new numbers) was found for each task, with extended delays only slightly decreasing the
magnitude of the effect. Repetition priming for the standard task reflects retention of trained numbers, for the left-hand variant
reflects transfer of perceptual processes, and for the code variant reflects transfer of motoric processes. There was, thus, evidence
for both specificity and generalizability of training data entry perceptual and motoric processes even over very long retention

intervals.
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Introduction

Although it is hoped that learners are flexible and adap-
tive so they can generalize the knowledge and skills they
acquire to novel situations, research has shown that in-
stead learning in many cases is highly specific to the
training context, with little or no transfer of training when
the test and training situations differ. These differences
may be relatively minor, such as changes to context
(e.g., Bjork & Richardson-Klavehn, 1989; Eich, 1985;
Godden & Baddeley, 1975; Kole, Healy, Fierman, &
Bourne, 2010), changes to stimuli (e.g., Bourne, Healy,
Pauli, Parker, & Birbaumer, 2005; Rickard, Healy, &
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Bourne, 1994), or changes to required responses (e.g.,
Healy, Wohldmann, Sutton, & Bourne, 2006; Yamaguchi
& Proctor, 2009), or they may be relatively major, such as
changes to task procedures (e.g., Healy, Wohldmann,
Parker, & Bourne, 2005).

A number of theories have been proposed to account for
such demonstrations of specificity. Thorndike’s (1906) theory
of identical elements (see also Rickard & Bourne, 1996, and
Singley & Anderson, 1989) suggests that as the similarity
between training and test elements increases, better perfor-
mance during test will be observed. The elements in this the-
ory are often the physical/perceptual features of a task, such as
cues and responses (Carraher & Schliemann, 2002; Pan &
Rickard, 2018). By Tulving and Thomson’s (1973) theory of
encoding specificity, information is encoded within a context,
and the provision of contextual cues that were present at the
time of training may facilitate recall at the time of test. The
procedural reinstatement principle suggests that as the similar-
ity between the procedures required during training and those
required at test increases, better performance during test will
be observed (Healy et al., 1992; Healy, Wohldmann, &
Bourne, 2005; Lohse & Healy, 2012; for a related alternative
see Proteau & Carnahan, 2001). Thus, each of these theories
explicitly predicts specificity in that greater overlap between
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training and test, whether based on cues, responses, context, or
procedures, should improve performance at test. However,
collectively these theories also allow for the possibility of
transfer, to the extent that there is partial overlap between
training and test in cues, responses, context, or procedures.
Although not explicitly specified in these theories, an impli-
cation of them is that, given partial overlap in task parameters,
retention should always be greater than transfer as retention
implies consistency for all four task parameters (cues, re-
sponses, context, procedures), whereas transfer implies a
change in one or more task parameters.

Retention intervals

In addition to being flexible, it is hoped that learning is durable
so that individuals may retain the knowledge and skills they
acquire over long periods of time, even when there is little to
no use or application of the acquired knowledge and skills
during the delay. For example, for long-duration space mis-
sions astronauts must train on Earth, then apply the acquired
skills to tasks in space after delays as long as months or even
years, and college students might be required to apply the
knowledge they gained in the classroom years after graduating
and securing a job. The effect of retention interval on retention
has been widely documented, starting with the work of
Ebbinghaus (1885/1913), who demonstrated that retention of
declarative knowledge in the form of non-word trigrams de-
clines rapidly over the first day, then asymptotes such that
those items that were retrievable after the first day remained
so for the next 30 days (see Murre & Dros, 2015, for a repli-
cation of Ebbinghaus’ classic study). Other research has ex-
amined even longer retention intervals, from 1 year (Fendrich,
Healy, & Bourne, 1993) to several years (8 years, Bahrick &
Phelps, 1988; 3—16 years, Ellis, Semb, & Cole, 1998; 9 years,
Squire, 1989), to several decades (Bahrick, Bahrick, &
Wittlinger, 1975). Squire tested memory for television pro-
grams, and Bahrick and colleagues for face-name pairs and
Spanish vocabulary. Even with these differences in retention
intervals and materials, a forgetting function similar to
Ebbinghaus’ was found, with most forgetting occurring early
within the retention interval and asymptotic levels of retention
reached after 8 years (Squire, 1989). In general, forgetting
may be characterized by a power function, with differences
in the time required to reach asymptotic levels of retention due
to differences in the degree of initial learning as well as in the
forgetting rate (Wixted & Carpenter, 2007). However, for
pragmatic reasons, most experimental research examining
long-term retention of knowledge employs retention intervals
that are orders of magnitude shorter (Squire, 1989).

Whereas many studies have examined long-term retention,
fewer have examined long-term transfer or have compared
directly long-term retention to transfer, and to our
knowledge, no study has compared retention to transfer over

time. Fendrich et al. (1993; Experiment 3) tested memory for
single-operand multiplication problems over a 1-month reten-
tion interval. Subjects in this study practiced one set of prob-
lems, and were given three types of problems at test following
the 1-month delay: same as during training, switch problems
for which the order of operands were switched, and entirely
new problems. At test, performance was better for those prob-
lems that were practiced and tested in the same format than for
those problems that involved an operand switch, demonstrat-
ing long-term retention. However, performance on the oper-
and switch problems was better than that for unpracticed prob-
lems (even when the answers were the same), demonstrating
some long-term transfer. Ellis et al. (1998) tested long-term
retention (up to 16 years) of knowledge from a course on child
development, and included both retention (fact recall) ques-
tions and transfer (concept application) questions. Subjects
performed better on fact recall questions than on concept ap-
plication questions. Thus, in accord with the implications from
previous theories of specificity, both Fendrich et al. and Ellis
et al. found that retention was greater than transfer over ex-
tended retention intervals; however, neither examined whether
retention interval had differential effects on retention and
transfer, which would require multiple retention/transfer tests
over time.

A second limitation of previous research comparing reten-
tion to transfer is that only declarative knowledge was tested,
whereas the present study examines procedural knowledge.
By the procedural reinstatement principle (Healy, 2007,
Healy & Bourne, 1995; Healy, Wohldmann, & Bourne,
2005; Healy etal., 2013), declarative knowledge demonstrates
greater forgetting but more robust transfer, whereas procedural
knowledge demonstrates greater retention but more limited
transfer. Thus, strong retention is expected in the present in-
vestigation of procedural knowledge.

The data entry task

In the present study, we focus on the specificity and general-
izability of trained perceptual and motoric procedures. That is,
when individuals are trained with one set of requirements on a
perceptual-motor skill, can they retain what they have learned
and generalize it to new requirements, or does changing either
the perceptual requirements or the motoric requirements of the
skill eliminate or reduce the benefits of training especially
after long retention intervals? The skill we examine here in-
volves data entry. In the data entry paradigm, subjects typical-
ly see four-digit numbers as numerals (e.g., 2147), read them
silently, and then type them into the computer without seeing
their responses and without any feedback. The sequences usu-
ally remain on the screen until the subjects hit the concluding
keystroke (such as the return key). This task has been used to
study skill retention and transfer and has been the test bed for
multiple training principles (see Healy, Kole, Wohldmann,
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Buck-Gengler, & Bourne, 2011, for a review). The task is a
sequential task with both cognitive and motor requirements
that can be examined separately through the different compo-
nents of response time. For example, response initiation time
(which is the time to type the first digit) largely reflects cog-
nitive processes, such as planning, whereas response execu-
tion time (which is the average time to type the second, third,
and fourth digits after typing the first) has been shown to
reflect primarily the perceptual and motor aspects of the task
(e.g., Chapman, Healy, & Kole, 2016; Fendrich, Healy, &
Bourne, 1991).

Present study

Here we review two experiments addressing the training, re-
tention, and transfer of data entry perceptual and motor pro-
cesses, one over relatively short retention intervals and the
other over very long retention intervals. In both experiments,
at training, subjects were given the standard version of the
data entry task, in which they were shown four-digit numbers
presented as numerals in a box in the middle of the computer
screen and they entered them using the number row of the
keyboard with their right hand. After training, subjects were
given two tests. In the change-hand test, subjects performed
the standard task along with a left-hand variant. The left-hand
variant involved different motoric processes because the num-
bers were entered with the left hand rather than with the right
hand, but the perceptual aspects of the task did not change. In
the change-stimuli test, subjects performed the standard task
along with a code variant. The code variant involved different
perceptual processes because participants saw letters in the
box but entered the corresponding digits (e.g., if they saw
badg, they typed 2147) with their right hand, so the motoric
aspects of the task did not change.

The four-digit numbers entered during the two tests either
were the same as during training (old) or were seen for the first
time during the test (new). Repetition priming (old faster than
new) at test for the standard task reflects retention of the old
numbers and specificity of training. Repetition priming for the
left-hand task also requires perceptual transfer of the trained
task (across changes in motor responses), and repetition prim-
ing for the code task also requires motoric transfer of the
trained task (across changes in perceived stimuli). On the basis
of the theories and results reviewed earlier explicitly
documenting specificity of training, our working experimental
hypothesis was that we would find repetition priming for the
standard task, reflecting specificity, but either no repetition
priming or (given an overlap in task parameters) at least less
repetition priming for the two task variants (left-hand and
code), both of which require transfer of training. Thus, the
index of transfer that we used was the existence of repetition
priming on the task variants, so that, ironically, we are, in
effect, examining an index of the transfer of specificity of
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learning. It should be noted that this is a novel transfer index,
and that many different transfer indices have been used in past
research (see, e.g., Wohldmann & Healy, 2010).

In a study also examining transfer from the right arm to the
left arm, Boutin et al. (2012) found that practice led to rapid
improvements in motor skill (which consisted of a sequence
of extension-flexion movements of the arm), but these im-
provements were not transferred from the dominant to the
nondominant arm, whether practice was limited or prolonged.
The findings by Boutin et al. are consistent with our working
experimental hypothesis. However, an earlier study by Park
and Shea (2005) provided evidence of transfer from practice
with the right limb to testing with the left limb in a sequence-
learning task, with the amount of transfer dependent on the
amount of practice (surprisingly less transfer after more exten-
sive practice). These results provide some doubt as to the
validity of the working hypothesis.

In addition, in an early data entry study by Fendrich et al.
(1991; Experiment 2), subjects used two different keypad lay-
outs, one similar to that on a calculator (with the first three
digits at the bottom) and the other similar to that on a tele-
phone (with the first three digits at the top). Half of the sub-
jects were trained on one layout and tested on the other layout.
For those subjects, two different types of old lists of 10 four-
digit numbers were considered and compared to new lists of
numbers, one (old digit) in which the sequence of digits
displayed in each number in a list was the same as during
training (but the sequence of required key presses for each
number in the list was different) and the other (old motor) in
which the sequence of required key presses was the same as
during training (but the sequence of digits displayed was dif-
ferent). Fendrich et al. found an advantage for both types of
old numbers relative to the new numbers for two of the
response-time measures they examined (although not for the
execution time measure). These results suggest generalizabil-
ity of training across changes in either perceptual or motoric
aspects of the task. On the basis of these prior results from
Fendrich et al., we thus also considered the opposing alterna-
tive experimental hypothesis that generalizability of training
would be obtained so that repetition priming would be found
for the left-hand and code tasks, as well as for the standard
task. This alternative hypothesis is also consistent with
Schmidt’s (1975) influential schema theory of motor learning,
according to which practice promotes the use of schemata,
which can be viewed as general rules that relate the external
requirements of a task to the internal movements needed to
perform the task. Generalizability could also be explained in
terms of the subjects’ representation of the digit sequences
and/or motor patterns. In particular, compatible with general-
izability would be a representation of the abstract structure of
the skill (rather than its surface structure; see, e.g., Dominey,
Lelekov, Ventre-Dominey, & Jeannerod, 1998), an
effector-independent representation (Boutin et al., 2012;
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Park & Shea, 2005; Verwey & Clegg, 2005), or a repre-
sentation that does not necessitate a contextual match
between the tasks given in practice and transfer
(Yamaguchi, Chen, & Proctor, 2015).

In summary, the present study examines specificity and
generalizability of a perceptual-motor skill, specifically exam-
ining perceptual and motoric transfer. Unlike previous studies,
multiple retention/transfer tests were administered, which al-
lows for a comparison of retention and transfer effects over
time, and different delays (shorter in Experiment 1, longer in
Experiment 2) were employed between training and test,
which allows for an examination of how the length of the
retention interval impacts retention and transfer.

Experiment 1

Method

Subjects Twenty-four undergraduate students in a course on
General Psychology at the University of Colorado participated
for class credit. Fourteen of the subjects were female, and ten
were male. Twenty-three of them were right-handed, and one
was left-handed. The left-handed subject was instructed to use
his right hand for all the conditions except for the left-hand
condition, where he was instructed to use his left hand, just as
all the other subjects were. Three additional subjects were
tested but their data were not used because they did not follow
instructions. With respect to our stopping rule for data collec-
tion, 24 was our original target number of subjects based both
on practical considerations and on previous research finding
repetition priming effects for execution time in data entry (see,
e.g., Chapman et al., 2016, who included 24 subjects in each
between-subjects training condition).

Materials There were 2 days of training. All training was done
with the standard task. Both days of training included three
blocks of 100 trials, with each trial consisting of a different
four-digit number. Allowable four-digit numbers were those
in which no digit was repeated and the digit O was not used. A
block was constructed by randomly selecting, without re-
placement, four-digit numbers from the total set of 3,024
unique numbers meeting these criteria. The same 100 trials
were used in all three blocks of both training days, in a differ-
ent random order. Thus, each stimulus number was presented
a total of six times during the training days.

The test trials included 100 trials of the standard variant
followed by 100 trials of one of the two novel variants
(left-hand or code). Half of the trials in each test variant
of each test day were old trials, that is, they had been
presented once in each block of training during each train-
ing day. In each test, all old numbers were shown exactly
once, in either the standard task or the task variant

(although for the code task the old numbers were shown
as letters), with the set of 50 old numbers assigned to the
standard task alternating across tests. Thus, each old stim-
ulus trial was shown six times in training and again once
during each test. The other 50 trials in each task variant of
each test day were new trials that had not been shown
during the training days. Every new trial was seen only
once; unlike the old trials, the new trials were unique and
never repeated across tests. The old and new test trials were
randomly intermixed. This method allowed for a retention
test of the trained stimuli in the standard variant and trans-
fer tests of the trained stimuli in the two untrained variants.
The change-hand test consisted of the standard variant
followed by the left-hand variant (seeing digits and typing
them with the left hand). The change-stimuli test consisted
of the standard variant followed by the code variant (seeing
letters and translating them into digits, with a =1, b = 2,
etc., and typing the digits with the right hand), always in
that order. [There were two other tests, both also starting
with the standard task — one including a word variant in-
volving digits presented as words (e.g., two one four sev-
en) rather than as numerals and the other including a three-
digit variant involving three-digit numbers, the first three
digits of each four-digit number (e.g., 214) — but those tests
are not discussed here because they were not included in
Experiment 2. Also, the relationship between the standard
and novel task variants with respect to perceptual and mo-
toric processes is more complex in these cases (specifical-
ly, for the word variant the stimuli differ in length as well
as in type and for the three-digit variant both the number of
stimuli and the number of responses differ). The change-
hand and change-stimuli tests were the second and fourth
tests, respectively (the word and three-digit variants were
included in the first and third tests, respectively).
Furthermore, before training there was a short pretest and
after the tests there was an identical short posttest, both
involving all five task variants; these tests are also not
discussed here because of their abbreviated nature.]

Design The design for training and for the tests included
only within-subject independent variables. For training,
the variables were training day (Day 1, Day 2) and block
(Block 1, Block 2, Block 3). For the tests, the variables
were task (standard, left hand) or (standard, code) and
trial type (new, old). For brevity, in this report, we em-
phasize a single dependent variable, execution time (the
average time to type the second, third, and fourth digits)
for correct trials (i.e., for trials in which all four digits
were typed correctly). This is a relatively pure measure
of the perceptual and motor aspects of the task, which are
shared among the three tasks (standard, left-hand, and
code), so that interpreting transfer effects involving this
measure is straightforward. We also report here, with less
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emphasis, the dependent variable of initiation time (time
to type the first digit) for correct trials, with the caveat
that this measure reflects cognitive processes that differ
from task to task (e.g., the coding task, but not the stan-
dard or left-hand task, requires cognitive processes in-
volved in translating letters to digits), so any results in-
volving initiation time would be difficult to interpret and
little or no transfer involving this measure would be ex-
pected for the task variants.

It should be noted that the order of the two tests (change-
hand and change-stimuli) was not counterbalanced. Such a
lack of counterbalancing would be a problem if the two tests
or the two novel task variants (left-hand and code) were being
compared, but such comparisons were not made and are not of
interest in the present study. Also, it should be kept in mind
that the order of the two tasks within each test (the standard
and the novel) was also not counterbalanced (the standard
always preceded the novel), and those two tasks are compared
in the present analyses. Such an order confounding needs to be
considered whenever this comparison is made, but other con-
founding differences between the two tasks also occurred and
are a necessary feature of the design. Specifically, the standard
task, which is treated as a baseline, is the only task used in
training, occurs more often at test (i.e., in each test), and is
simpler than the novel variants. These confounding differ-
ences are not a problem, however, for testing the primary
and alternative experimental hypotheses, which concern the
lack or presence of repetition priming in each novel task var-
iant. Repetition priming in the left-hand task would indicate
transfer of training perceptual processes and repetition prim-
ing in the code task would indicate transfer of training motoric
processes, and such evidence for transfer could not be ex-
plained by either the lack of counterbalancing or the presence
of confounding differences between the standard task and the
novel task variants.

Timing There were three experimental sessions that were
spread over 5 days, with each session lasting less than 1 h.
The first experimental session included training on the stan-
dard task. For training, there were three blocks of trials, with
100 trials per block, the same 100 numbers in all six blocks.
The second experimental session was 2 days after the first, and
also included training as during the first experimental session
(three blocks of trials, 100 trials per block, with the same 100
as during the first training session). However, 20 min after the
end of training was the first test (change-hand test), which
consisted of 100 trials of the standard task and then 100 trials
of the left-hand task. The third experimental session was 2
days after the second; subjects completed a second test
(change-stimuli test), which included 100 trials of the standard
task and then 100 trials of the code task. The three experimen-
tal sessions were usually Monday, Wednesday, and Friday
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with three exceptions, in which subjects delayed a session
by up to 5 days.

Results and discussion

Training The execution time results concerning training are
summarized in the top panel of Fig. 1 in terms of mean exe-
cution time for correct trials (the overall proportion correct
was .921) as a function of day and block of training. There
were significant main effects of both day of training, F(1, 23)
= 54.98, MSE = .003, 7,” = .705, p < .001, and block of
training, F(2, 46) = 4.40, MSE = .002, n,” = .161, p = .018,
documenting the large improvement in execution speed as a
result of training.

For initiation time (see the bottom panel of Fig. 1), there
were no significant main effects of either day of training, F(1,
23) < 1, or block of training, F(2, 46) = 3.08, MSE = .008, 77,,2
=.118, p = .056, although the latter effect approached signif-
icance, documenting a modest improvement in initiation
speed from the first block to the second and third blocks as a
result of training.

0.507
i [J Block 1
_ 048 [ Block 2
o B Block3
=
v 046
E
§
= 0441
-]
o
o
e
0.421
0.40
Day 1 Day 2
1.6 [J Block1
@ Block2
B Block 3
- 1.57
)
g
o
E 14
=
=]
=
<
=
2 137
=)
1.2
Day 1 Day 2

Fig. 1 Mean correct execution time (top panel) and initiation time
(bottom panel) during training as a function of day and block in
Experiment 1. Here and in the subsequent figures error bars represent
between-subjects standard errors of the mean
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Fig. 2 Mean correct execution time (top panel) and initiation time

(bottom panel) during the change-hand test as a function of task and
trial type in Experiment 1

Change-hand test The execution time results for the change-
hand test are summarized in the top panel of Fig. 2 as a func-
tion of task and trial type. There were significant main effects
of task, F(1, 23) = 35.52, MSE = .007, n,,z =.607, p < .001,
and of trial type, F(1,23)=77.26, MSE = .001, npz =.771,p<
.001, and a significant interaction between task and trial type,
F(1,23)=28.34, MSE = .002, npz =.266, p = .008. In separate
analyses of each task, there was significant repetition priming
(old faster than new), but repetition priming was larger for the
left-hand task, F(1, 23) = 91.67, MSE = .001, np2 =.799, p <
.001, than for the standard task, F(1, 23) = 7.36, MSE = .002,
17,,2 =.242, p = .012. The significant repetition priming in the
standard task demonstrates the subjects’ retention of the 100
old four-digit sequences. It also demonstrates specificity of
training because the subjects were only able to achieve the
fast response speed they had acquired on the previously en-
tered old sequences. The significant repetition priming for the
left-hand task also demonstrates generalizability of the learned
perceptual processes across changes in the motoric aspects of
the task (changing the response hand from the right to the left).

For initiation time (see the bottom panel of Fig. 2), there
were significant main effects of task, F(1, 23) = 5.20, MSE =
043, m,” = .184, p = .032, and of trial type, F(1, 23) = 5.52,
MSE = .003, 771,2 =.194, p =.027, and a significant interaction
between task and trial type, F(1,23) =4.52, MSE = .002, np2 =
.164, p = .044. In separate analyses of each task, repetition
priming was significant for the standard task, F(1,23)=11.01,
MSE =.002, np2 =.324, p =.003, but not for the left-hand task,
F(1,23) < 1. The significant repetition priming in the standard
task again demonstrates the subjects’ retention of the 100 old
four-digit sequences and specificity of training. The lack of
significant repetition priming for the left-hand task suggests
no generalizability of the initial cognitive processes like plan-
ning across changes from the standard to the left-hand task.

Change-stimuli test The execution time results for the change-
stimuli test are summarized in the top panel of Fig. 3 as a
function of task and trial type. There were significant main
effects of task, F(1,23) = 157.19, MSE = .124,7,” = .872,p <
.001, and of trial type, F(1, 23) = 147.26, MSE = .006, npz =
.865, p <.001, and a significant interaction between task and
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Fig. 3 Mean correct execution time (top panel) and initiation time
(bottom panel) during the change-stimuli test as a function of task and
trial type in Experiment 1
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trial type, F(1, 23) = 83.44, MSE = .052, 77,,2 =.784, p < .001.
In separate analyses of each task, there was significant repeti-
tion priming, but repetition priming was larger for the code
task, F(1,23) = 124.14, MSE = .010, npz =.844, p <.001, than
for the standard task, F(1, 23) = 33.84, MSE = .002, 77p2 =
.595, p <.001. Again, the significant repetition priming for the
standard task demonstrates both retention of the trained se-
quences and specificity of training. The significant repetition
priming for the code task also demonstrates generalizability of
the learned motoric processes across changes in the perceptual
aspects of the task (changing the stimuli from digits to letters).

For initiation time (see the bottom panel of Fig. 3), there
was a significant main effect of task, F(1, 23) = 35.44, MSE =
309, 77p2 =.600, p <.001, but not of trial type, F(1,23)=2.28,
MSE = .016, np2 =.090, p = .145, or of the interaction between
task and trial type, F(1, 23) < 1. In separate analyses of each
task, there was significant repetition priming for the standard
task, F(1, 23) = 11.16, MSE = .003, n),” = .327, p = .003, but
not for the code task, F(1, 23) < 1. Again, the significant
repetition priming for the standard task demonstrates both
retention of the trained sequences and specificity of training.
The lack of repetition priming for the code task suggests no
generalizability of the initial cognitive processes like planning
across changes from the standard to the code task.

Experiment 2

Experiment 1 showed evidence both for specificity of training,
because of the significant repetition priming (typing advan-
tage for old relative to new numbers), and for generalizability
of training, because the repetition priming effect for execution
time was obtained even when either the motoric aspects of the
task were changed from training to test (in the left-hand task)
or the perceptual aspects of the task were changed from train-
ing to test (in the code task). We wondered how long lasting
these specificity and generalizability effects are. Would they
survive much longer retention intervals between training and
testing, such as those experienced by astronauts visiting the
International Space Station for a six-month mission?
Experiment 2 was aimed to address this question using essen-
tially the same design as in Experiment 1 but with much lon-
ger delays between training and testing.

Method

Subjects Twenty-six undergraduate students at the University
of Colorado participated for payment of $10 per experimental
session plus a $100 bonus at the final session for a total of
$160. They also received some NASA souvenirs as additional
bonuses at some of the sessions. Those bonuses included:
stickers, a keychain, a patch, a pen, and a mug. Eleven of
the subjects were female, and 15 were male. As was true in
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Experiment 1, all but one of the subjects were right handed.
However, in Experiment 2, at the beginning of the computer
program, the subjects were asked to indicate which hand was
their dominant one. Then at the beginning of each condition
the computer instructed the subjects to use the hand that they
had declared was their dominant hand (right hand for all but
one subject) for all of the conditions except for the non-
dominant condition, for which they were instructed to use
their non-dominant hand (left hand for all but one subject).
As there was only one left-hand dominant subject that condi-
tion will continue to be called “left hand” although the one
left-handed subject used his right hand for that condition and
his left hand for all the other conditions. Four additional sub-
jects started the experiment, but their data were not used be-
cause three of them attended only the first session and one of
them attended only the first two sessions. With respect to our
stopping rule for data collection, as for Experiment 1, 24 was
our original target number of subjects. We had expected that
more than four subjects would drop out of the experiment due
to the large number of required sessions over a 480-day inter-
val, which is why we tested two subjects beyond our stopping
rule.

Materials The materials were the same as in Experiment 1,
except, as noted earlier, only two tests were included, the
two reported here (first the change-hand test including the
left-hand task and second the change-stimuli test including
the code task).

Design The design of Experiment 2 was the same as that of
Experiment 1.

Timing There were six experimental sessions in Experiment 2
instead of three (in Experiment 2 the pretest and posttest oc-
curred on separate days and the first test occurred on a separate
day from training), and the sessions were spread over approx-
imately 480 days instead of over just 5 days. Also, there were
changes in the delays between experimental periods because
the schedule in Experiment 2 was meant to mimic that used by
astronauts on a 6-month mission to the International Space
Station (astronauts are in fact participating in companion ex-
periments). Specifically, in Experiment 1, there were 48 h
between the two training days, but there were 3 months in
Experiment 2 (mean = 99.56 days, standard deviation = 5.16
days). In Experiment 1, the first test occurred 20 min after the
end of training on the second day, but occurred 6 months after
the end of training on the second day in Experiment 2 (mean =
182.08 days, standard deviation = 4.60 days). The second test
occurred 2 days after training in Experiment 1, but occurred 8
months after training in Experiment 2 (mean = 243.69 days,
standard deviation = 5.64 days). The length of time between
sessions in this experiment varied a bit depending on when
subjects signed up. For each session, time-slots were posted
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for a 2-week period. The exact time that subjects signed up for
each session depended on their own schedules and time pref-
erences. Thus, if one subject signed up early in the 2 weeks for
Session 1 and late in the 2 weeks for Session 2, the time
between that person’s sessions would be farther apart than that
for a subject who signed up late in Session 1 and early in
Session 2. Also, on a few occasions subjects were not tested
within the 2-week periods.

Results and discussion

Training The execution time results concerning training are
summarized in the top panel of Fig. 4 in terms of mean exe-
cution time as a function of day and block of training for
correct trials (the overall proportion correct was .926).
Again, there were significant main effects of both day of train-
ing, F(1, 24) = 6.52, MSE = .006, 77;72 =.214, p = .018, and
block of training, F(2, 48) = 5.24, MSE = .003,1,” =.179, p =
.009, documenting once more the large improvement in exe-
cution speed as a result of training.

For initiation time (see the bottom panel of Fig. 4), there
were no significant main effects of either day of training, F(I,
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Fig. 4 Mean correct execution time (top panel) and initiation time
(bottom panel) during training as a function of day and block in
Experiment 2

24) < 1, or block of training, (2, 48) = 1.19, MSE = .009, 1,
=.047, p = .312, documenting no improvement in initiation
speed as a result of training (in fact the numerical trend for
block of training is in the opposite direction, showing a de-
cline rather than an enhancement of performance from Block
1 to Block 3).

Change-hand test The execution time results for the change-
hand test are summarized in the top panel of Fig. 5 as a func-
tion of task and trial type. There were significant main effects
of task, F(1, 25) = 29.04, MSE = .006, 17,,2 =.537, p < .001,
and of trial type, F(1,25)=21.88, MSE =.001,7,” = 467, p <
.001, and a significant interaction between task and trial type,
F(1,25)=20.94, MSE = .001, np2 =.456, p <.001. In separate
analyses of each task, there was significant repetition priming
(old faster than new) for the left-hand task, F(1, 25) = 45.41,
MSE =.001, 77,,2 =.645, p <.001, but not for the standard task,
F(1,25) < 1. Perhaps the elimination of the repetition priming
effect for the standard task is due to performance that ap-
proaches the floor in that case. Although there was, thus, no
evidence from the standard task for retention of the trained
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Fig. 5 Mean correct execution time (top panel) and initiation time
(bottom panel) during the change-hand test as a function of task and
trial type in Experiment 2
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sequences or of specificity of training, the significant repeti-
tion priming for the left-hand task does demonstrate both re-
tention and specificity of training and also demonstrates gen-
eralizability of the learned perceptual processes across chang-
es in the motoric aspects of the task.

For initiation time (see the bottom panel of Fig. 5), there
was not a significant main effect of task, F(1, 25) = 1.74, MSE
=.012, npz =.065, p = .200, although there was a significant
main effect of trial type, F(1, 25) = 7.80, MSE = .002, 1,” =
.238, p =.010, but no significant interaction between task and
trial type, F(1, 25) < 1. In separate analyses of each task, there
was significant repetition priming (old faster than new) for the
standard task, F(1, 25) = 10.06, MSE = .001, 77},2 =287, p=
.004, but not for the left-hand task, F(1, 25) = 1.29, MSE =
.002, np2 =.049, p = .267. There was, thus, for this measure,
unlike for execution time, evidence with the standard task for
retention of the trained sequences and for specificity of train-
ing. In contrast, the lack of repetition priming with the left-
hand task for this measure, unlike for execution time, suggests
no generalizability of the initial cognitive processes like plan-
ning across changes from the standard to the left-hand task.

Change-stimuli test The execution time results for the change-
stimuli test are summarized in the top panel of Fig. 6 as a
function of task and trial type. There were again significant
main effects of task, F(1, 25) = 260.55, MSE = .085, n,” =
912, p < .001, and of trial type, F(1, 25) = 102.28, MSE =
.007, 77,,2 = .804, p < .001, and a significant interaction be-
tween task and trial type, (1, 25) = 51.08, MSE = .007, 7, =
.671, p < .001. In separate analyses of each task, there was
significant repetition priming for both tasks, but repetition
priming was larger for the code task, F(1, 25) = 84.76, MSE
=.012, np2 =.772, p <.001, than for the standard task, F(1, 25)
=22.97, MSE = .002, 771,2 =.479, p < .001. Again, the signif-
icant repetition priming for the standard task demonstrates
both retention of the trained sequences and specificity of train-
ing. The significant repetition priming for the code task also
demonstrates generalizability of the learned motoric processes
across changes in the perceptual aspects of the task.

For initiation time (see the bottom panel of Fig. 6), there
was a significant main effect of task, F(1, 25) = 74.96, MSE =
187, 77p2 =.750, p <.001, but not of trial type, F(1,25)=2.57,
MSE = .027, 771,2 =.093, p = .122, nor of the interaction be-
tween task and trial type, F(1, 25) < 1. In separate analyses of
each task, there was significant repetition priming for the stan-
dard task, F(1, 25) =9.25, MSE = .002, 77,,2 =.270, p = .006,
but not for the code task, F(1, 25) < 1. Again, the significant
repetition priming for the standard task demonstrates both
retention of the trained sequences and specificity of training,
whereas the lack of significant repetition priming for the code
task suggests no generalizability of the initial cognitive pro-
cesses like planning across changes from the standard to the
code task.
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trial type in Experiment 2

Comparison of effect sizes from Experiments 1 and 2 An
examination of the effect sizes for the execution time repeti-
tion priming effects under the standard task and the task var-
iants (left hand, code) for Experiments 1 and 2 allows for a
comparison of retention (repetition priming in the standard
task) to transfer (repetition priming in the task variants) as well
as an assessment of the effects of time interval on specificity
and transfer. For the change-hand test, interestingly, in
Experiment 1, there was a greater repetition priming effect
for the left-hand task (7]1,2 =.799, 90% CI = .641, .859) than
for the standard task (np2 =.242,90% CI = .032, .443); this
pattern was replicated in Experiment 2 with somewhat re-
duced effect sizes (left-hand task, 7,” = .645, 90% CI =
420, .748; standard task, np2 =.000, 90% CI [NA]) relative
to Experiment 1. The fact that the effect size for transfer was
greater than that for retention is surprising, as previously
reviewed theories of specificity would suggest that retention
should always be greater than transfer. In the present case, the
perceptual and motor requirements are identical for the stan-
dard task at test as at training, but these requirements only
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partially overlap for the left-hand task (same perceptual, but
different motor requirements). Furthermore, the extended time
interval in Experiment 2 resulted in only small decrements in
effect size for the repetition priming effects, showing similarly
durable retention and transfer.

Examining the execution time effect sizes for the standard
and code tasks in the change-stimuli test of Experiment 1,
there was greater repetition priming for the code task (np2 =
.844; 90% CI = .715, .890) than for the standard task (77,)2 =
.595, 90% CI = .342, .716), with a similar pattern found for
Experiment 2 (code task, 7,” = .772, 90% CI = .607, .839;
standard task, 771,2 =.479, 90% CI = .221, .627). Once again,
the extended time interval in Experiment 2 only modestly
decreased the effect sizes for both repetition priming effects.

One possibility that could explain the finding of greater
transfer than retention for execution time is that execution
time was longer for the left-hand and code tasks relative to
the standard task, and the longer times might have allowed
more room to observe differences between old and new trials.
Alternatively, the greater repetition priming effects for the
novel than for the standard variants could be due in part to
higher variability of performance on the code task, rather than
to longer average times, although higher variability on the left-
hand task was not evident (see the MSE values).

In any event, greater retention than transfer was found for
initiation time, as expected given the different initial planning
processes between the standard task and the task variants.
Furthermore, the pattern of effect sizes for the execution time
repetition priming effects under the standard task and the task
variants is a non-crossover interaction, and interpretation of
such interactions is difficult because they are tied to the scale
of measurement and are, thus, removable (see, e.g., Loftus,
1978; Wagenmakers, Krypotos, Criss, & Iverson, 2012). The
crucial finding, though, with respect to testing the working
and alternative experimental hypotheses of the present study
is not that the repetition priming effect under the task variants
is larger than that under the standard variant but rather that the
repetition priming effect under both task variants is substantial
and, thus, reflects transfer of both perceptual and motoric pro-
cesses, thereby clearly supporting the alternative experimental
hypothesis.

General discussion

As found in many earlier studies with different paradigms
(e.g., Healy, Wohldmann, Parker, & Bourne, 2005; Healy
etal., 2006; see Johnson & Proctor, 2017, for a recent review),
there was evidence in the present two experiments of a signif-
icant degree of specificity of training because the repetition
priming effect found here for the standard task (for both the
execution time and initiation time measures) shows that sub-
jects were faster at responding to numbers that had occurred

six times during training than they were at responding to new
numbers not shown earlier. There was no evidence for gener-
alizability of training for initiation time, which reflects primar-
ily initial cognitive processes involved in planning, and those
processes should differ across the task variants. However,
contrary to our working hypothesis based on previous find-
ings and models of specificity (e.g., procedural reinstatement;
Healy et al., 1992), but in agreement with the opposing alter-
native hypothesis based on the findings of Fendrich et al.
(1991) and consistent with Schmidt’s (1975) schema theory,
there was strong evidence for generalizability of training in the
present study because the repetition priming effect for execu-
tion time was found even when the training and testing tasks
differed in the motoric aspects of the responses (in the left-
hand task) and when the training and testing tasks differed in
the perceptual aspects of the stimuli (in the code task). In fact,
the repetition priming effects for execution time were consis-
tently larger for the novel task variants (left-hand and code)
than for the standard task (although the caveat mentioned
earlier about removable, non-crossover interactions needs to
be kept in mind). This difference in the magnitude of the
repetition priming effects might be attributed in part either to
the longer response times with the novel variants or to higher
variability in response times with the code task than with the
standard task. In any case, it seems difficult to reconcile this
finding with the earlier models of specificity, including the
identical elements models (e.g., Thorndike, 1906) and the
procedural reinstatement principle (e.g., Healy et al., 1992),
because, although not explicitly specified in these theories,
they seem to imply that, given partial overlap in task param-
eters, retaining a skill required for a particular task should be
easier than transferring that skill to a different task. The pres-
ent results, thus, provide food for thought as to how to incor-
porate findings of generalizability into models of specificity.
Perhaps a partial solution to this dilemma lies in the fact that
subparts of the digit sequences or motor patterns (e.g., pairs of
digits or pairs of key presses) might be shared across the
sequences, so specificity might apply at a level lower than that
of an entire sequence. However, it is not clear how this subpart
explanation could account for the transfer found from the right
to the left hand or from the digits to the letters. A more prom-
ising possibility concerns the type of representation of the
digit sequences and/or motor patterns. As mentioned in the
Introduction, the generalizability found in the present study
could be attributed to a representation of the abstract structure
of the skill (as opposed to the surface structure; Dominey
et al., 1998), or a representation that is effector independent
(Boutin et al., 2012; Park & Shea, 2005; Verwey & Clegg,
2005) and does not require a contextual match between the
practice and transfer tasks (Yamaguchi et al., 2015).

In any event, there was clearly transfer of perceptual pro-
cesses in the left-hand task and of motoric processes in the
code task. In previous work by Healy, Schneider, and Barshi
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(2015), involving a navigation task and different measures of
transfer, either specificity or generalizability was found, but
not both, for a given condition in each of their six experiments.
Nevertheless, in the present study there was evidence for both
specificity and generalizability of training for both perceptual
and motoric processes of data entry even over very long
retention intervals.

The finding in the present study of transfer of training
across changes in both perceptual and motoric aspects of the
task is perhaps most similar to findings in the early data entry
experiment by Fendrich et al. (1991) (summarized in the pres-
ent Introduction), in which for one group of subjects there was
a change in keypad layouts between training and testing. For
those subjects in that study some lists of numbers at test had
old digits and others had old motor sequences, and there was
an advantage at test for both types of old lists relative to new
lists, implying generalizability of training across both
perceptual and motoric dimensions of the task.

The finding of transfer of perceptual processes across
changes in motoric processes between using the right hand
or the left hand is also consistent with the finding by Healy
et al. (2015) that the trained navigation processes they exam-
ined showed transfer across changes in the motoric require-
ments between using a mouse or using a keypad to make a
response. However, unlike the present study, which also found
transfer of motoric processes across changes in perceptual
processes between showing the stimuli as digits or as letters,
Healy et al. (2015) did not find any consistent evidence of
transfer of motoric processes across changes in perceptual
processes — for example, between changes in either the pre-
sentation mode of the navigation instructions or in the display
type of the navigation space. In the cases where transfer was
found in the navigation study, it was usually asymmetric, with
transfer evident to a test condition that shared procedures with
the training condition but not to a test condition that had some
unique procedures.

A novel aspect of the present findings is the very long
retention intervals involved (6 and 8 months following
training in Experiment 2), in contrast to the 1-week inter-
val used by Fendrich et al. (1991) and the 5-min to 1-
week intervals used by Healy et al. (2015). It seems truly
amazing that subjects could remember the 100 old four-
digit sequences across such long retention intervals, with
little difference in findings between the very long reten-
tion intervals of Experiment 2 and the relatively short
retention intervals of Experiment 1. It is even more im-
pressive that subjects could demonstrate such durable
memory even when they entered the sequences with a
hand different from that used at training or even when
they saw the sequences in a format different from that
used at training. These findings of remarkable memory
for four-digit numbers over retention intervals of 6 and
8 months surely stand in stark contrast to findings from
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the distractor paradigm (e.g., Healy, 1974; Peterson &
Peterson, 1959) that after a delay of about 7 s filled with
a distractor task subjects can remember only about two of
four letters they had been shown.

The fact that the sequences learned in the present study
were four-digit numbers (i.e., sequences of four digits),
rather than lists of 10 four-digit numbers (i.e., sequences
of 40 digits), also makes the present results impressive
relative to those of the Fendrich et al. (1991) study, be-
cause the four-digit numbers are highly confusable and
there were 100 of them learned during training, in contrast
to the 20 lists of numbers learned in the study by Fendrich
et al. Furthermore, learning was purely incidental in the
present study, in contrast to the study by Fendrich et al.,
where subjects made a 1-6 recognition response after en-
tering each list of numbers on their retention test, yielding
a component of explicit memory in their study.

Beyond the theoretical implications concerning models of
specificity, the practical implications of the present results
concerning training are encouraging especially when there
will be long delays between training and testing, as in the case
of the astronauts on a 6-month mission to the International
Space Station. Despite the long retention intervals and chang-
es in the perceptual or motoric aspects of the trained tasks,
learners could be expected to benefit from the training they
received earlier even when the learning is incidental and even
when what is learned is highly confusable. Furthermore, the
significant transfer found for execution time across changes in
either the perceptual or motoric aspects of the task has impli-
cations for the issue of how much fidelity to the target task is
necessary for simulators and other training devices to be ef-
fective. The present results suggest that changes in perceptual
or motoric aspects of the task will not detract from the useful-
ness of such training devices, so they can be highly effective
without perfect fidelity to the target task.
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