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ABSTRACT. The authors conducted the present experiments to
resolve the discrepancy between studies in which relative-timing
learning has been found to be enhanced by consistent practice con-
ditions and contextual interference experiments 1n which relative-
timing learning has been found to be enhanced moie by 1andom
practice than by blocked practice. There were 40 participants in
Experiment | and 48 in Experiment 2. The results of Experiment
1 extended previous findings: The learning of the relative-timing
pattern was systematically enhanced by the degree to which the
practice conditions promoted movement consistency (constant >
blocked > serial > random) Experiment 2 provided evidence that
the discrepancy between the relative-timing effects in the 2 groups
of studies was a product of the way i which relative-timing goals
and feedback were presented. When the feedback was presented as
segment times, random practice resulted n generally more stable
relative-timing patterns during acquisition than blocked practice
did. Thus. in both experiments, the learning of the rclative-timing
pattern was enhanced by more stable relative-iming conditions
during acquisition. Absolute-timing learning, as indexed by the
transfer tests. was enhanced by sertal or random practice as com-
pared with constant or blocked practice. and was relatively unaf-
fected by feedback conditions directed at the relative-timing pat-
tern. In terms of motor programming theory, those findings are
taken as additional evidence for the disassociation of memories
supporting generalized motor program (GMP) performance, as
indexed by relative timing, and parameter performance, as indexed
by absolute timing.

Key words: contextual interference. generalized motor program,
motor learning, movement parameters
S chmidt (1975, 1985, 1988) proposed that programmed
actions are governed by generalizable motor programs
(GMPs) that provide a common structure for a class of
movements. Independent rules or schemata provide the
scaling characteristics (recall schema) to the GMP so that
specific movements can be produced. A postmovement
evaluation schema (recognition schema) provides thc mech-
anism for updating the recall schema before the next move-
ment when errors are detected on the previous movement,

According to schema theory (Schmidt, 1975; also see
Schmidt 1985, 1988; Schmidt & Lee, 1999), a GMP is
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developed over practice or cxperience and becomes the
basis for generating movements within a movement class
that share the same mnvariant teatures (e.g., sequencing, rel-
ative tuning, and relative force). Specific movements are
produced by the premovement assignment of scaling fac-
tors, termed parameters, such as absolute force or absolute
time, via the recall schema. For example, when the time
paramcter 1+ varied, the invariant features specified by the
GMP are thought to remain intact, such that slower move-
ments can be thought of as “stretched-out” (in time) copics
of faster movements. Likewise, when the force parameter is
manipulated, a4 movement sequence requiring minimal
force can be thought of as a compressed (with respect to
force) copy of a more forceful movement.

Although. in his schema theory, Schmidt (1975, 1985,
1988) did not propose specific factors or conditions, other
than practice or experience. that should enhance GMP
learning, the theory 1s relatively specific about practice con-
ditions that should enhance the recall schema. Schmidt
(1975, 1985; also sec Schmidt & Lee. 1999) proposed that
the recall schema, which is essentially a rule for parameter
specification, is strengthened as a function of variable prac-
tice. The recall schema was likened to a regression line
determined by the relationship between the parameter val-
ues specified to produce the movement and the resultant
movement outcome such that with each successive new
experience, the relationship is refined (also see Horak,
1992). That notion implies that varicd movement require-
ments should result in a wider range of parameter specifi-
cation valucs and associated movement outcomes that, in
turn, should enhance the development of the rule for accu-
ratety specifying parameters (i.e.. the recall schema) in the
future. Alternatively, Schmidt suggested that the recall
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schema would not be enhanced by repeated cxperiences
with the same association between a parameter specitica-
tion and the resultant outcome such as might occur when
movement requirements do not often change from trial to
trial (i.e., constant practice).

Recently, researchers have devoted a great deal of exper-
imental effort to the study of GMPs and their associated
parameters by partitioning movement crrors into compo-
nents attributabic to the relative dimensions of the move-
ment, which characterize the GMP, and those attributable to
absolute dimensions of the movement, which characterize
the paramcter or parametcrs. Onc prominent line of
research targeting GMP and parameter learning involves the
contextual interference (CI) manipulation (e.g., Sckiya,
Magill, & Anderson, 1996; Sckiya, Magill. Sidaway, &
Anderson, 1994; Wulf, 1992b: Wulf & Lee, 1993). A low
level of contextual interference 1s thought to be created dur-
ing blocked practice in which a single task variation is prac-
ticed before additional practice is given on other task varia-
tions. In contrast, one can create high contextual
interference by using serial (Sekiya et al., 1996; Sekiya et
al.. 1994) or random (c.g.. Wulf, 1992b; Wulf & Lee, 1993)
practice schedules in which task variations change from
trial to trial in either a predictable (serial) or nonpredictable
(random) manner. Serial and random practice are thought to
invoke similar levels of CI (see Lee & Magill, 1983). How-
ever, studies in which serial and random practice have been
used have yielded conflicting results with respect to GMP
and parameter lcarning. Sekiya and colleagues (Sekiya et al.,
1996; Seckiya et al., 1994), for example, found that GMP
learning was not enhanced by practice under serial practice
as compared with practicc under blocked practice. Those
researchers did find typical CI effects tfor parameter crrors:
Compared with blocked practice conditions, serial practice
resulted in larger parameter crrors during acquisition and
smaller parameter errors on retention tests. The findings of
Sekiya and colleagues, that serial practice leads to enhanced
parameter learning, are consistent with the majority of more
traditional CI experiments (e.g., Lee & Magill, 1983: Shea
& Morgan, 1979). In those experiments, performance was
not partitioned into GMP and parameter crror, but a single
error measurement (c.g., movement time or timing crror)
that reflected parameter crrors was used. Contrary to the
findings of Sekiya and colleagues, Wulf and colleagues (e.g.,
Waulf, 1992b; Wultf & Lee, 1993) demonstrated enhanced
GMP learning in random practice as compared with the
learning achieved 1n blocked practice, with no differences
noted between practice conditions for parameter learning.

The discrepancies in the findings of Sckiya (Sckiya et al.,
1996; Sekiya et al., 1994) and Wulf (e.g., Wulf, 1992b;
Wulf & Lee, 1993) are particularly troublesome for two rea-
sons. First, apparently similar variable practice conditions
(i.e., serial and random practice)—which should, from a CI
perspective, produce similar levels of interference and
which were shown by Lee and Magill, 1983, to produce
similar CI effects when a single error measure was uscd—
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produced diametrically opposing effects when a specific
relative-timing structure was imposed on the task and GMP
and parameter learning were assessed. That is, compared
with blocked practice, serial practice has been shown by
Sekiya and colleagues to result in cnhanced parameter
learning with little or no effect on GMP learning. Random
practice, on the other hand, has been shown by Wulf and
colleagues to lead to enhanced GMP learning, with no
cffect on parameter learning, as compared with the cffects
of blocked practice. Second, the findings of Wulf and col-
leagues are not consistent with the proposal of Lai and col-
lcagues (Lar & Shea, 1998, 1999; Lai, Sheca, Wulf, &
Wright, 2000). Their proposal was developed as a result of
a series of experiments in which constant and random prac-
tice were contrasted under various knowledge of results
(KR) conditions. In the proposal, it is argued that practice
conditions that promote movement consistency during
acquisition lead to better GMP learning than practice con-
ditions that producc movement variability.

In an attempt to address those discrepancies and deter-
mine underlying conditions that promote relative- and
absolute-timing learning, we tested four practice conditions
in Experiment 1. Each of the practice conditions has been
paired 1n earlier experiments in which relative- and
absolute-timing errors were measured, but they have not
been investigated under common conditions in a single
experiment. Specifically, our purpose in Experiment 1 was
to determine the cffects of constant, blocked, serial, and
random practice schedules on relative-timing (a measure of
GMP development) and absolute-timing (a measure of
parameter selection) errors. Contrary to the findings of Wulf
{1992b; Wulf & Lee, 1999) we expected to find systematic
increases in relative-timing learning as the consistency and
predictability of the practice environment was increased.
Further, we predicted that absolute-timing learning would
be enhanced by the variability and unpredictability of the
practice environment. Those predictions were based on the
findings of Lai and colleagucs (c.g., Lai & Shea, 1998,
1999; Lai et al., 2000) reported in the KR literature and on
the parameter findings of Sekiya and colleagues (Sekiya et
al., 1996, Sekiya et al., 1994) in the CI literature. We
designed Experiment 2 to specifically consider onc poten-
tial explanation for the findings of Wulf and colleagucs
regarding the role of random practice and relative-timing
learning. We focused in that experiment on the potential
effects of presenting segment goals and feedback in terms
of cither segment ratios (Lai et al., 2000; Sekiya et al.,
1996; Sekiya et al.,, 1994) or segment movement times
(Wulf, Lee, & Schmidt, 1994). The way in which the move-
ment goal and feedback are presented to the learner may
affect relative- and absolute-timing learning either by caus-
ing the performers to focus more (or less) on the relative or
absolute characteristics of the task or by increasing or
decreasing the processing demands associated with the
fecdback. Our overall objective in this article is to begin the
process of determining the underlying factors that influence
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relative- and absolute-timing learning so that unified pre-
dictions and explanations can be applied across paradigms.

EXPERIMENT 1

In Experiment 1. constant, blocked, serial. and random
practice schedules were manipulated with respect to
absolute time, whereas the relative-timing structurc of all
tasks was held constant. Based on previous findings (Lai &
Shea, 1998, 1999; Lai, Shea. & Little, in press), we predict-
ed that relative-timing errors would decrease as movement
consistency created by the practice schedule during acquisi-
tion increased. Thus, we predicted that relative-timing
errors (a measure of the GMP) would be smalier for con-
stant and for blocked practice, which should promote move-
ment consistency, than for serial and for random pructice,
which should promote relatively high movement vaniability.
In contrast, for absolute-timing error (a measure of parame-
ter selection), we predicted that constant and blocked prac-
tice would result in poorer transfer performance than serial
and random practice (see Lai & Shea, 1998, for measures of
movement variability in constant vs. serial practice) Those
predictions were based on the notion that constant and
blocked practice result in relatively stable lcarning environ-
ments because parameter requirements gencrally do not
change from trial to trial in those practice conditions. Alter-
natively. random and serial practice create less stable learn-
ing environments becausc the parameter requircinents
change from trial to trial in those practice conditions.

Testing thosc manipulations in a single experiment is
important for two theoretical reasons. First, it is important
to determine the extent to which relative- and absolute-tim-
ing learning are systematically affected by movement con-
sistency created by the practice schedule. Lai and Sheca
(1998) have proposed that increased movement consistency
leads to enhanced relative-timing learning and degraded
absolute-timing learning. Alternately, they proposed,
increased movement variability would degrade relative-tim-
ing learning and enhance absolute-timing learning. Sccond,
findings of systematic effects should afford us the opportu-
nity to apply unified explanations for relative- and absolute-
timing learning effects across manipulations and paradigms
(e.g., CI and KR). which have traditionally been dealt with
as independent phenomena.

Method
Farticipants

Forty undergraduate students participated in this experi-
ment for partial course credit. Participants had no prior
experience with the experimental task and were not aware
of our specific purposes in the study. Each participant was
requested to read and sign an informed consent form before
taking part in the cxperiment.

Apparatus

A computer, color monitor, and keyboard were placed on
a standard table. Participants were asked to sit on a chair,
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face the computer monitor, and adjust the position of the
keyboard so that they could comfortably use the numeric
key pad with their right hand. All movements were made on
the numeric keypad portion of the keyboard.

Task

The participants were asked to sequentially depress four
keys (2, 4, 8, and 6) on the numeric key pad portion of the
keyboard with the index finger of their right hand. At the
beginning of cach trial, the relative goal ratio for each
movement scgment (with segments being defined by two
consecutive key presses) and the total goal movement time
(GMT) were presented on the computer monitor. The rela-
tive goal scgment ratios of all tasks were 22.2%, 44.4%, and
33.3% for Segments | through 3. respectively. The GMTs
were 700 ms (Task A), 900 ms (Task B), and 1.100 ms (Task
C) for variable practice groups (blocked, serial, and random
schedules). The GMT was 900 ms for the constant practice
group. The actual goal segment times in milliseconds are
provided in Tablc 1.

Before beginning the acquisition phase of the experi-
ment, the participants were given detailed instructions on
what the goal segment ratios and GMT meant and how to
interpret the feedback that was to be provided. The partici-
pants were asked to be as accurate as possible with regard
to both the relative goal segment ratios and the GMT. After
completing the movement sequence. actual segment ratios
were displayed dircctly under the goal segment ratios and
the actual total movement time (MT) was displayed direct-
ly under the GMT. If a participant depressed the keys in an
incorrect fashion. the correct sequence was displayed and
the trial was repeated.

Procedure

Participants were randomly assigned to one of four
acquisition practice conditions (constant, blocked, serial, or
random). The constant practice group experienced only
Task B (GMT of 900 ms) during acquisition. In each of the
three variable practice conditions, Tasks A, B, and C made
up 33% of the acquisition trials. In the blocked practice con-
dition, all trials with one task were completed before intro-
ducing the next task variation. In the serial practice condi-
tions, the order in which the tasks were presented was

TABLE 1
Goal Segment Times (ms) for the Tasks Used
in Experiment 1

Segment ratio
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Task 142229%) 2 (44.4%) 3(33.3%) Total

A 156 311 233 700

B 200 400 300 900

C 244 489 367 1,100

D 289 378 433 1,300
141
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repeated throughout acquisition. In both the blocked and
serial practice conditions, the order in which the tasks were
presented was either ABC, CAB, or BCA. In the random
practice condition, the task variations werc presented in
random order, with the restriction that each vartation be pre-
sented an equal number of times.

Before each trial, the letter (A, B, or C) indicating the
task vanation, as well as the goal segment ratios and GMT,
appeared on the screen for 4 s (e.g., B 22.2 — 444 - 333
900). The participants were asked to start their movements
within 4 s after that information was displayed. If they
failed to do so, a message appeared on the screen indicating
that they had taken too long and the trial would be repeat-
ed. After the key sequence was completed, the segment
ratios and total MT were displayed under the respective
goal segment ratios and GMT.

The participants were informed that the experiment con-
sisted of three phases, acquisition, retention, and transfer,
and that the retention and transfer phases would be con-
ducted on the following day. All participants performed 108
trials (9 blocks of 12 trials) during the acquisition phase.
The no-KR retention and transfer tests were administercd
approximately 24 hr after the completion of the acquisition
phasc. The time between the retention and transfer phases
was 5 min, with retention tested before transfer. In the
retention test, all participants performed one [2-trial block
on Task B (900 ms). In the transfer test, participants per-
formed 12 trials on a novel task varnation (Task D) that had
a longer GMT (1,300 ms) but the same goal relative timing
(22.2%, 44.4%, 33.3%) as tasks performed during acquisi-
tion and retcntion.

Measurement

The dependent variables of interest were relative-timing
crror (AE prop), relative-timing variability (VE), and
absolute-timing crror (E). We used relative-timing error as a
measure of the proficiency of the GMP, relative-timing vari-
ability as a mecasure of the consistency of relative-timing
performance, and absolute-timing error as a measure ot the
proficiency of parameterization.

Relative-timing crror (AE prop) was computed as the
sum of the absolute differences between the goal propor-
tions and the actual proportions for each segment. That
measure provides an estimate of the accuracy of relative-
timing performance. In equation form,

AE prop = IR -~ 22.21 + IR, — 44.41 + IR; — 33.41,

where R,, = (actual MT of Segment,/total MT) x 100. Thus,
R,. R, and R; are the proportions of total movement time
used, respectively, 1n Segments 1, 2, and 3.

The consistency of relative-timing performance (VE) was
determined as the standard deviation of the relative-tuming
errors for a block of trials. VE is a measurc of variability and
1s computed as the standard deviation of the signed errors.

For absolute-timing performance, we used E (total error)
to characterize parameier errors, because E can be thought
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of as a measure of overall parameter accuracy in which both
parameter biases and variability are considered. Thus,
absolute-timing crror (E) was computed as (CE" + VE)'",
where CE is a measurc of bias and is computed as the aver-

age of the signed errors (GMT — MT).

Results

To analyze acquisition performance, we evaluated rela-
tive-timing (AE prop). relative-timing (VE), and absolute-
timing (£) errors in 4 (practice condition: constant, blocked,
serial, and random) X 9 (block: 1-9) analyses of variance
(ANOVASs) with repeated measures on block. Retention and
transfer performances were evaluated in separate 4 (practice
condition: constant, blocked, serial, and random) ANOVAs.
Relative-timing AE prop, rclative-timing VE, and absolute-
timing E are displayed by block and practice condition in
Figures -3, respectively.

Relative-Timing Error (AE prop)
Acquisition

All groups improved their relative-timing accuracy (AE
prop) from the beginning to the end of practice; the constant
and the blocked groups exhibited smaller relative-timing
errors than the serial and the variable practice groups. The
analysis indicated main effects of practice condition, F(3,
36) = 3.41, p < .05, and block, F(8, 281) = 27.21, p < .01.
Duncan’s new multiple range test on practice condition
indicated that relative-timing errors were smaller for the
blocked group than for the serial and the random groups. In
addition, the relative-timing errors for the constant practice
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FIGURE 1. Relauve-timing errors (A& prop) in acquisition
(Blocks 1-9), retention (Ret), and transfer (Trans) in Exper-
iment |.
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group were not different from those of the blocked group.
The multiple range test on block indicated that relative-tim-
ing errors were larger on Block 1 than on Block 2 and were
smaller on Blocks 8 and 9 than on all other blocks.

The Practice Condition x Block interaction, F(24. 281) =
247, p = .05. was also significant. Simple main cffects
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analysis indicated that relative-timing errors were similar for
all groups on Blocks 1 and 2, but the serial and the random
groups produced larger relative-timing crrors on Blocks 3
through 9 than the blocked and constant groups did. In addi-
tion, on Block 6 relative-timing errors were smaller for the
constant practice group than for all other groups.

Retention

Relative-timing errors gencrally increased in the follow-
ing order: constant < blocked < serial < random practice.
The analysis indicated a main effect of practice condition,
F(3, 36) = 5.04, p < .01. Duncan's new multiple range test
indicated that relative-timing errors were smaller for the
constant (M = 12.7, SE,, = 1. 13) and the blocked practice
groups (M = 15.5, SEy, = 2.13) as compared with the ran-
dom practice group (M =21.5. SEy, = 1.21). Relative-timing
error for the serial practice group (M = 17.6. SE;; = 1.89)
was not difterent from that of either the blocked or the ran-
dom practice group but was higher than that of the constant
practice group.

Transfer

The pattern of results from retention to transfer was gen-
erally similar. The analysis indicated a main cffect of prac-
tice condition, F(3. 36) = 6.47, p < .0l. Duncan’s new mul-
tiple range test indicated that relative-timing errors were
smalier for the constant (M = 11.7. SEy; = 0.66) and the
blocked (M = 15.5. SE,, = 1.06) practice groups than for the
random (M = 20.5, SEy, = 2.06) practice group. Relative-
timing error tor the serial practice group (M = 18.8, SEy =
1.72) was not different from that of either the blocked or the
random practice group but were higher than that of the con-
stant practice group.

Relative Timing (VE)
Acquisition

The relative-iming pattern of all groups became more
consistent over practice; however, the improvements in con-
sistency werc much more substantial early in practice for
the constant and the blocked practice groups than for the
serial and the random practice groups. The analysis indicat-
ed main effects of block, F(8, 281) = 8.48, p < .0], and
practice condition, £(3, 36) = 11.92, p < .01. The analysis
also ndicated a Practice Condition x Block interaction,
F(24, 281) = 1.87. p < .0l. Simple main cffects analysis
indicated that the relative-timing patterns were more con-
sistent for the constant and the blocked practice conditions
on Blocks 3-9 than for the serial or the random practice
condition. Although some 1solated differences were detect-
ed between the serial and the random practice groups and
between the constant and the blocked practice groups, those
groups were generally not difterent trom each other.

Retention

The main effect of practice condition was not significant,
F(3,36)< L. p> .05

143

Copyright © 2001 All Rights Reserved



C. H. Shea, Q. Lai, D. L. Wright, M. Immink, & C. Black

Transfer

The main cffect of practice condition was not significant,
F(3,36)=2.67,p> .05.

Absolute-Timing Error (E)

Acquisition

There was substantial reduction in absolute-timing error
(E) early in acquisition, with little additional improvement
across the later acquisition blocks. The analysis indicated
main effects of practice condition, F(3, 36) =4.71, p < .01,
and block, F(8, 281) = 15.49, p < .01. Duncan’s new multi-
ple range test on practice condition indicated that absolute-
timing errors were smaller for the constant and the blocked
groups than for the random group. The absolute-timing per-
formance of the serial practice group was not different from
that of either the random or the blocked group. The multi-
ple range test on block indicated absolute-timing errors
were higher in Block 1 than in all subsequent blocks. In
addition, absolute-timing errors were lower in Blocks 5-7
than in Blocks [-3. The Practice Condition X Block inter-
action, F (24, 281) = 1.10, p > .05, was not significant.

Retention

The analysis failed to detect a main effect of practice con-
dition.

Transfer

The analysis indicated a main effect of practice condition,
F(3, 36) = 6.30, p < .01. Duncan’s new multiple range test
indicated that absolute-timing errors were smaller for the
serial (M = 185, SEy; = 24) and the random (M = 194, SEy, =
28) practice groups than for the constant (M = 337, SEy, =
48) and the blocked (M = 374, SE\; = 46) practice groups.

Discussion

During acquisition, relative-timing performance
improved more rapidly for the constant and the blocked
practice groups than for the serial and the random practice
groups. By Block 3 of acquisition, the relative-timing per-
formance of the constant and the blocked groups was clear-
ly superior to those of the serial and the random practice
groups. On the retention and transfer tests, the groups were
ordered in terms of rclative timing from smaller to larger, as
follows: constant, blocked, serial, and random. However, a
pattern similar to that observed toward the end of acquisi-
tion was detected by the retention and transfer analyses.
That is, the constant and the blocked groups produced
smaller relative-timing errors than the random practice
group, whereas the serial practice group was intermediate
between the blocked and the random practice conditions.

The present relative-timing errors (AE prop) and variabil-
ity (VE) results were also consistent with the previous find-
ings of Lai and colleagues (Lai & Shea. 1998; Lai et al., in
press), who compared constant and serial practice. Further-
more, the present data were consistent with the notion that
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factors that increase movement consistency during acquisi-
tion also enhance GMP learning. With respect to the CI
effect, the present results werc consistent with those of
Sekiya and colleagues (Sekiya et al., 1996; Sekiya et al.,
1994), who contrasted blocked and serial practice. As in the
present experiment, Sekiya et al. (1996; Sekiya et al., 1994)
found no differences in relative-timing errors between
blocked and serial practice. The present results, however,
were directly contrary to those of Wulf and Lee (1993), who
found that random practice resulted in smaller relative-tim-
ing errors than blocked practice did.

A somewhat similar picture emerged for absolute-timing
errors during acquisition. Similar to relative timing, con-
stant and blocked practice generally resulted in smalier
absolute-timing errors than did random practice, and serial
practice resulted in errors that were not significantly differ-
ent from those of either the blocked or the random practice
conditions. A quite different picture was found, however,
when absolute-timing errors in transfer were considered.
Although no significant differences between practice condi-
tions were observed on the retention test, absolute-timing
errors during transfer were considerably larger for the con-
stant and the blocked groups than for the serial and the ran-
dom groups.

The present absolute-timing results, as was the case for
relative timing, were consistent with the results of Lai and
colleagues (Lai & Shea, 1998; Lai et al., in press), who
compared constant and serial practice. The transfer results
were also generally consistent with the retention findings of
Sekiya et al. (1996; Sekiya et al., 1994). Sekiya and col-
leagues found advantages of serial practice over blocked
practice on a delayed retention test, whereas we found rela-
tively large differences on a delayed transfer test. The pre-
sent absolute-timing effects were also consistent with the
typical Cl effects: Compared with blocked practice, random
practice resulted in inferior acquisition performance, but
superior learning, as indexed by transfer performance. The
finding that the random practice participants learned to
more effectively scale movements than the blocked practice
participants is especially relevant if one considers that in
many of the traditional CI experiments (see Magill & Hall,
1990, for a review of the CI effect) error measures that
reflect parameter errors were used” (e.g., movement time
and timing error). For example, Shea and Morgan (1979),
who first demonstrated the Cl effect in motor skills, used
movement time as a primary dependent measure. Move-
ment time is clearly a measure of absolute time. Similarly,
Lee and Magiil (1983, Experiments | and 2) used move-
ment time (also see Gabriele, Hall. & Buckolz, 1987;
Limons & Shea, 1988; Shea & Zimny, 1988) and absolute
constant error (Experiment 3; also see Carnahan, Van Eerd,
& Allard, 1990; Gabriele, Hall, & Lee, 1989; Gabriele, Lee,
& Hall, 1991) as dependent variables; both are measures of
absolute time that are not sensitive to changes in movement
structure (i.e., relative time-GMP).

In summary, the results of Experiment 1 were consistent
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with the notion that response consistency from trial to trial
in acquisition leads to enhanced GMP learning. However,
parameter specification is enhanced, particularly during
transfer, by task variations that are scheduled so that the
parameter requirements change from trial to trial That
tradeoff, in which one set of practice conditions benefits
GMP learning to the detriment of parameter lcarning and
another set of practice conditions benefits parameter learn-
ing to the detriment of GMP learning, should provide the
impetus for researchers to develop new practice schedules
aimed at enhancing both relative- and absolute-timing
learning (for an example, see Lai et al., 2000). These find-
ings also add to a growing number of examples of the inde-
pendence of GMP and parameter learning and suggest at
least one factor, movement consistency. that seems lo affect
GMP learning across paradigms.

EXPERIMENT 2

As was noted in the discussion of Experiment 1, there
remains a discrepancy between the results from Experiment
1 (also see Lai & Shea, 1998; Lai et al., in press; Sekiya et
al., 1996, Sekiya et al., 1994) and those of Wulf and col-
leagues (Wulf, 1992b; Wult & Lee, 1993) regarding the role
of blocked and random practice in relative-timing lecarning.
In Experiment 1, blocked practice was found to be more
beneficial than random practice for relative-timing perfor-
mance and learning. In contrast, Wulf and collcagues have
argued that random practice exerts its beneficial effect at the
level of the GMP (relative timing). One important question,
then, is what factor or factors might account for the dis-
crepant findings.

One difference between the present sets of experiments
and that of Wulf and Lee (1993) was the method by which
the relative-timing goals and feedback were presented to the
learners. In Experiment 1, as in earlier experiments by Lai
and Shea (1998; Lai et al., 2000) and a few of the experi-
ments by Wulf and colleagues (e.g.. Wulf et al.. 1994), the
segment goals were expressed as ratios of the total time
(e.g.,22.2%, 44.4%, 33.3%), and the feedback provided was
in the same form (i.e., segment ratios). In contrast, Wulf and
Lee (1993) presented segment goals in terms of absolute
segment times (e.g., 200 ms, 400 ms, 300 ms), even though
those numbers represented the same ratios (22.2%, 44.4%,
33.3%) as in the experiments of Lai and colleagues. The
feedback provided after each trial was also expressed as seg-
ment times. That procedural difference may have had an
impact on the results. For example, the way in which the
goals are presented and feedback is provided may diiteren-
tially affect the degree to which the learner’s attention is
drawn to the relative or absolute characteristics of the task,
which in turn might change the effects of random and
blocked practice schedules on relative and absolute timing.
In addition, the processing required to effectively translate
the two forms of goals and the feedback may interferc with
other processing requirements in one practice condition but
not in another. Therefore, our specific purpose in Experi-
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ment 2 was to contrast ratio and segment time goals and
feedback in blocked and random practice. If that factor crit-
ically affects relative-timing performance, we should be
able to shed some light on why discrepancies occurred
across cxperiments and provide additional insight into the
boundary conditions under which the CI effect operates.

Method
Participants

Forty-eight undergraduate students participated in this
experiment for partial course credit. Participants had no
prior expericnce with the experimental task and were not
aware of our specific purposes in the study. Each participant
was requested to read and sign an informed consent form
before participating in the cxperiment.

Apparatus

The apparatus was identical to that used in Experiment 1.

Task

The participants were asked to sequentially depress with
the index finger of their right hand four keys (2, 4, 8, and 6)
on the numeric pad portion of the computer keyboard.
Before each trial, the segment goals and total goal move-
ment time (GMT) were presented on the computer monitor.
The relative goal segment ratios for all tasks were 22.2%,
44.4%, and 33.3%. The segment goals werc presented as
cither goal segment ratios (e.g., 22.2%, 44.4%, or 33.3%) or
as goal segment times (e.g., 200 ms, 400 ms, and 300 ms.
for a 900-ms GMT). The participants were asked to be as
accurate as possible with regard to the segment goals and
GMT. Upon the completion of the trial, actual segment per-
formances were displayed (in the same format as they were
presented-—ratios or movement timc) directly under the
segment goals, and total movement time for the trial was
displayed directly under the GMT. [f a participant
depressed the keys in an incorrect fashion. the correct
sequence was displayed and the trial was repeated

Procedure

Participants were randomly assigned to one of four acqui-
sition conditions in a 2 (practice condition: blocked or ran-
dom) X 2 (segment feedback: ratio or segment time)
arrangement. Blocked and random practice conditions were
identical to those used in Experiment 1. In addition, the ratio
feedback was identical to that used in Experiment 1. We cre-
ated the segment time fcedback condition by providing seg-
ment goals and scgment feedback in milliseconds rather
than by expressing them as a ratio. The latter feedback con-
dition was similar to that used by Wuif and Lee (1993). All
other procedures were identical to those of Experiment 1

Measurement

Relative timing (AE prop), relative timing (VE), and
absolute-timing errors were identical to those used in
Experiment |.
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Results

To analyze acquisition performance, we evaluated rela-
tive timing (AE prop), relative timing (VE), and absolute-
timing (E) errors in 2 (practice condition: blocked vs. ran-
dom) x 2 (feedback: ratio vs. absolute time) x 9 (block)
analyses of variance (ANOVA) with repeated measures on
block. Retention and transfer performance was cvaluated in
separate 2 (practice condition: blocked vs. random) x 2
(feedback: ratio vs. absolute time) ANOVAs. Relative tim-
ing (AE prop), relative timing (VE), and absolute timing (E)
are displayed by block for practice conditions and teedback
conditions in Figures 4-6, respectively.

Relative Timing (AE prop)
Acquisition

All groups improved their relative-timing (AE prop) per-
formance from the beginning to the end of acquisition; the
relative-timing performance of the blocked practice condi-
tions (M = 18.9, SE,; = 0.59) tended to have smaller rela-
tive-timing errors than the random practice conditions (M =
22.1, SEy; = 0.55). However, the analysis indicated only a
main effect of block F(8, 352) = 21.13, p < .01. Duncan’s
new multiple range test on block indicated that relative-tim-
ing errors were larger on Block 1 than on all subsequent

blocks. In addition, relative-timing errors were larger on
Blocks 2—4 than on Blocks 5-9.

Retention

The analysis indicated only a Practice Condition X Feed-
back interaction, F(1, 44) = 11.31, p < .01. Simple main
effect analysis indicated that for the ratio-feedback condi-
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FIGURE 4. Relative-timing errors (AE prop) in acquisition
(Blocks 1-9), retention (Ret). and transter (Trans) in Exper-
iment 2.
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FIGURE 5. Relauve-timing errors (VE) in acquisition
(Blocks 1-9), retention (Ret), and transfer (Trans) in Exper-
iment 2
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FIGURE 6. Absolute-timing errors (£) in acquisition
(Blocks 1-9), retention (Ret), and transfer (Trans) in Exper-
iment 2.

tion, blocked practice (M = 15.3, SE;; = 0.86) resulted in
smaller relative-timing errors than random practice (M =
21.6, SE,; = 1.07). When segment times were provided as
fecdback. however, random practice (M = 16.2, SE,; = 1.54)
resulted in smaller relative-timing errors than did blocked
practicc (M = 20.5, SEy = 2.35).
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Transfer

The pattern of results from delayed retention to delayed
transfer was generally similar. The analysis indicated only
a Practice Condition x Feedback interaction, F(1, 44) =
10.71, p < .01. Simple main effect analysis indicated that
for the ratio-feedback conditions, blocked practice (M =
13.7, SE,, = 0.83) resulted in smaller relative-timing errors
than did random practice (M = 16.4, SE,, = 1.36). When
segment times were provided as feedback, however. ran-
dom practice (M = 12.8, SEy; = 1.36) resulted in smaller rel-
ative-timing errors than blocked practice did (M = 19.5,
SEM = 186)

Relative Timing (VE)
Acquisition

The relative-timing pattern of all groups became more
consistent over practice; however, the improvements 1n seg-
ment consistency were more substantial for the
blocked—ratio group than for the random-ratio group.
Although the random-segment time group was more con-
sistent by the end of practice, there did not appear (o be a
consistent difference between the stability of the
blocked—segment time group and the random-segment time
group. The analysis indicated a main effect of block, F(8,
352) = 5.32, p < .01. The analysis failed to detect a main
effect of either practice condition, F(1, 44) = 1.30. p > .05,
or feedback, F(1, 44) = 1.30, p > .05. The analysis did
detect a Practice Condition x Feedback interaction, howev-
er, F(1, 44) = 4.20, p < .05. Simple main effects analysis
indicated that the relative-timing pattern was more consis-
tent for the blocked-ratio condition than for the
random-ratio condition. However, the relative-timing per-
formance of the random—segment time group, which pro-
gressively became less variable over practice, was more sta-
ble than that of the blocked-segment time group on Block
4 and on Blocks 8 and 9. The segment variability of the
blocked—segment time group tended not to improve as con-
sistently as that of the random—segment time group and was
particularly unstable on the block immediately after the first
change in task requirements (Block 4).

Retention

No main effects of practice condition, F(1,44)< 1, p >
.05, or feedback, F(1, 44) < 1, p > .05, were detected in the
analysis. However, the Practice Condition x Feedback inter-
action was significant, F(1, 44) = 6.75, p < .05. Simple main
effects analysis indicated more consistent relative-timing
performance for the blocked—ratio (M = 7.42, SE,, = 0.83)
and the random-segment time (M = 8.75, SEy, = 1.25)
groups than for the random-ratio (M = 11.08, SE); = 1.27)
and block—segment time (M = 10.85, SEy; = 1.01) groups.

Transfer

Main effects of practice condition, F(1, 44) < I, p > .05,
or feedback, F(1, 44) < 1, p > .05, were not found. The
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Practice Condition x Feedback interaction was also not sig-
nificant, F(1, 44) = 2.84, p > .05.

Absolute-Timing Error (E)
Acquisition

The analysis indicated main effects of practice condition,
F(1,44)=5.52, p < .01, and block, F(8, 352) =8.95, p < .01.
The absolute-timing errors were smaller for the blocked
groups (M = 187, SE,; = 9) than for the random groups (M =
226, SEy; = 7). Duncan’s new multiple range test on block
indicated that absolute-timing errors were higher in Block 1
than in all subsequent blocks. In addition, relative-timing
errors were larger on Block 2 than on Blocks 4-9.

Retention

No significant main effects or interactions were detected.

Transfer

The analysis indicated a main effect of practice condition,
F(1, 44) = 15.37, p < .01, with absolute-timing errors small-
cr for the random practice groups (M = 233, SE); = 14) than
for the blocked practice groups (M = 353, SE,; = 32).

Discussion

The blocked and the random practice groups that
received seginent ratio goals and segment ratio feedback
replicated very closely the results of the corresponding
groups in Experiment 1. The data were also consistent with
carlier studies of the learning effects of constant and serial
practice (e.g, Lai & Shea, 1998; Lai et al., in press).
Blocked practice generally resulted in smaller relative-tim-
ing errors in retention and transfer than did random prac-
tice. However, the blocked and the random practice groups
that received segment time goals and segment time feed-
back produced a quite different relative-timing error profile.
Under segment time goals and segment time feedback con-
ditions, random practice resulted in generally smaller rela-
tive-timing errors in retention and in transfer than blocked
practice did. That finding replicates the results of Wulf and
colleagues (e.g., Wulf, 1992b: Wulf & Lee, 1993). Simply
changing the form in which the segment time goals and
feedback were presented reversed the pattern of relative-
timing errors that emerged. Thus, the nature of the goals
and the feedback concerning the relative-timing dimension
of the movement appears to be an important factor in medi-
ating the impact of random and blocked practice on relative-
timing (GMP) lcarning.

The important question is, Why do the type of goal and
the feedback have such a large effect on relative-timing
learning in blocked and random practice? It is interesting
that the relauve-timing pattern for the random-segment
time group was not only more accurate than that of the
blocked—segment time group during retention and transfer,
random practice with segment time information also tended
to result in less variable relative-timing patterns during
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acquisition. The variability of the relative-timing pattern for
the random-segment time group decreased steadily across
practice, whereas the transitions from the first to the second
task variation for the blocked—segment time group resulted
in relatively large increases in segment variability. By the
end of practicc the relative-timing pattern of the
random-segment time group was clearly less variable than
that of the blocked—segment time group. That finding is con-
sistent with our hypothesis that factors that decrease
response variability during acquisition result in enhanced
relative-timing development.

We are still left with the question as to why ratio and seg-
ment time goals and feedback differentially produce condi-
tions conducive to relative-timing (GMP) learning. One
possibility is that when ratio segment goals and feedback
information were prescnted in a random practice condition
(that is, when the absolute timing was changing from trial
to trial) and the performers’ attention was directed to the
common timing structure across tasks, that information was
somewhat confusing and overly demanding. Although the
scgment goal ratios were the same from trial to trial, the
segmental movements had to be lengthened or shortened in
response to changes in the overall duration (absolute time)
of thc movement. The feedback then represented the rela-
tive proportion of tume spent traversing the various seg-
ments as a function of the actual overall duration. Thus, to
perform the same segment ratio goals, the participant had to
produce different segmental movement times for the differ-
ent task variations. Similarly, the same error score on two
subsequent trials could have reflected different segment
movement times. That crror message may have been overly
demanding for the random practice participants beccause
they then had to translate that information into a more
meaningful form that they could use to enhance subsequent
experiences with that task variation and with performance
i general. The additional processing was added to the al-
ready high cognitive loads generally thought to be imposed
by random practice conditions. The added processing load
may either have disrupted the reconstruction of the action
plan for the next movement (e.g., Lee & Magill. 1983,
1985) or interfered with the inter-item processing that has
been proposed to enhance random practice (c.g., Shea &
Zimny, 1983, 1988). or both. The suggestion that supple-
mental processing loads imposed by the goal and the feed-
back conditions can be disruptive in random practice but not
in blocked practice is not new. Wright, Li, and Whitacre
(1992) have shown that asking participants to engage in ad-
ditional inter-item processing during acquisition resulted in
a detriment in the acquisition and retention performance of
random practice groups. However, the additional processing
was beneficial for blocked practice conditions, presumably
because it explicitly revealed the relationship between tasks
(i.e., relative-timing pattern). That information may have
caused an increasc in the inter-item processing for the
blocked group that benefited relative-timing learning.

When goals and feedback were presented as scgment
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times, the blocked practice group had significant difficulty,
as indicated by substantial increases in relative-timing vari-
ability when they transferred from one task variation to
another. That difficulty may indicatc that segment time
goals and feedback provided in blocked conditions do little
to reveal the underlying structure of the task variations.
Clearly, in blocked practice, segment time goals and feed-
back do little to point the performers’ attention to the com-
mon structural features of the tasks. In the random practice
conditions with segment time goals and feedback, however,
the common structure of the movement should be ctfective-
ly revealed. implicitly if not explicitly, through practice,
because the participants’ attention is directed to the com-
mon structure of the movement sequence as the parameters
arc varied from trial to trial.

Absolute-timing performance in the present experiment,
as in the earlier experiments of Lai and colleagues (Lai,
1998, 1999; Lai et al., in press), seemed to be relatively
unaffected by manipulations directed at the relative-timing
component of the task (also see Wright & Shea, in press).
More specitically, the way in which the segment goals and
fecdback were provided did not appear to substantially
affect parameter learning. As in previous experiments,
absolute-timing errors in transfer tended to be smaller for
the random practice conditions than for the blocked practice
conditions although the differences between practice condi-
tions for the segment time feedback groups appeared to be
somewhat smaller than those for the ratio feedback groups.
The finding of relatively small differences in absolute-tim-
ing crrors in the segment time goal and feedback condition
is consistent with the results of Wulf and colleagues (Wulf,
1992b; Wulf, Schmidt, & Deubel, 1993). In fact, those
authors have suggested that the CI effect occurs at the level
ot the GMP and not at the level of the parameters because
they failed to find random and blocked practice differences
on the parameter (absolute timing) significant even though
the sample data favored the random practice groups. The
present data, however. clearly demonstrate that relative-tim-
ing lcarning, but not absolute-timing lcarning, is affected by
the way the segment goals and feedback are presented dur-
ing acquisttion.

GENERAL DISCUSSION

Our primary purpose in this article is to extend previous
research on relative- and absolute-timing learning, in which
constant and serial practice were used in the investigation
of spccificity—variability and KR (i.c., reduced frequency
and bandwidth) issues, to other methods of scheduling vari-
ability (i.c., blocked and random practice) in the CI litera-
ture. That issue is important empirically if we are to recon-
cile the findings of Lai and colleagues (Lai & Shea, 1998,
1999; Lai et al., in press) and those of Seyika et al. (1996;
Sekiya et al., 1994). which appear to be in direct opposition
to the results of Wulf and colleagues (Wulf, 1992b; Wulf ct
al., 1993). It 1s important theorctically because our aim in
the present experiments was to determine the general prin-
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ciples that govern relative- and absolute-timing learning
across paradigms. To accomplish this, we conducted two
experiments that examined the importance of two specific
issues pertaining to relative- and absolute-timing learning:
specificity and the scheduling of variable practice, and the
nature of the relative-timing feedback provided to the learn-
er. The results confirmed that each of those manipulations
plays arole in determining relative-timing performance and
learning. The specific nature of those effects has been
described in some detail in previous sections of this article.
Thus, at this point it is important that we consider the
impact of the present data in the more general context of (a)
factors that affect relative-timing learning, (b) factors that
affect absolute-timing learning, and (¢) the dissociation of
relative- and absolute-timing learning. Finally, we dclineate
a new proposal in which we distinguish between the inde-
pendence of GMP and parameter memory constructs and
the interdependence of relative- and absolute-timing mem-
ory development.

Factors Affecting Relative-Timing (GMP) Learning

GMP performance and learning were inferred 1n the pre-
sent experiments and in those of Lai and colleagues (Lai &
Shea, 1998, 1999; Lai et al., in press) from relative-timing
errors. Other researchers have used relative-timing errors
and residual root mean square error (RMSE). depending on
whether the movement was evaluated on the basis of dis-
crete (Wulf, 1992b; Wulf et al., 1994) or continuous
{Whitacre & Shea, 2000; Wulf & Schmidt, 1989; Wulf et
al.. 1993) analyses. In addition, Sekiya et al. (1996; Sekiya
et al., 1994) used relative mean velocity in their experiments
to characterize GMP performance. Those measures of GMP
errors provide a ratio scale assessment of deviations in the
relative-timing pattern of the participant from the specified
(goal) relative-timing pattern that are uscful in determining
the subtle changes that occur in the GMP across practice and
in response to experimental manipulations. Specifically,
those measures of GMP performance appear to be sensitive
to manipulations of segmental complexity (Wright & Shea,
in press), practice (Whitacre & Shea, 2000), reduced KR fre-
quency (Lai & Shea, 1998; Lai et al., in press; Wulf, 1992b;
Waulf et al., 1993), bandwidth KR (Lai & Shea, 1999: Lai et
al., in press), contextual interference (Experiments 1 and 2;
Sekiya et al., 1996; Sekiya et al., 1994: Wuif, 1992b), and
the nature of the feedback (relative vs. absolute) provided
(Experiment 2; Wulf et al., 1993).

We have consistently demonstrated across experimental
manipulations that factors that promote trial-to-trial consis-
tency in the relative-timing pattern (e.g., constant and
blocked practice vs. serial or random practice, reduced KR
frequency vs. 100% KR in variable practice, and bandwidth
KR in variable practice) enhance relative-timing (GMP)
learning when the segmental movement goals and fecdback
are presented as ratios (i.e., relative time). However, when
the segment goals and segment feedback are expressed in
terms of segment movement times random practice appears
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to better promote relative-timing (GMP) learning than
blocked practice does. The dramatic reversal of effects
appears on the surface to present a serious contradiction to
the consistency hypothesis. However. the results of Experi-
ment 2 demonstrated that when segment goals and feed-
back are presented as segment times, random practice gen-
erally results in more consistent relative-timing patterns in
practice than blocked practice does. That was most clearly
illustrated when the blocked—segment time group was
required to transfer from the first to the second task. That
transition resulted in substantial variability in the relative-
timing pattern. Thus, it appears that factors that promote
consistency 1n the relative-timing pattern, independent of
the variability of practice conditions, tend to enhance rela-
tive-timing learning.

In addition, we have argued (Experiment 2) that in
blocked practice, where cognitive demands are generally
thought to be relatively low, ratio goals and feedback are
extremely helpful in terms of relative-timing learning, but
those goals and feedback may be overwhelming for partic-
ipants in random practicc groups, where the cognitive
demands are thought to be relatively high. In both the eclab-
oration hypothesis (Shea & Morgan, 1979; Shea & Zimny,
1983, 1988) and the reconstruction hypothesis (Lee &
Magill, 1983, 1985), it is predicted that random practice
will place relatively higher cognitive demands on the par-
ticipant than blocked practice. Indeed, researchers have
demonstrated (Wright ct al., 1992; Wulf et al., 1998) that
asking participants to engage in additional processing is
detrimental to the performance of random practice groups
but facilitates that of blocked practice groups. Thus, rela-
tive-timing learning may be sacrificed when additional cog-
nitive demands arc added to the already high demands
imposed by random practice. In contrast, ratio feedback
may explicitly communicate the common features of the
task variations in blocked practice. where sufficient cogni-
tive resources arc available to translate the ratio informa-
tion. In fact, the ratio information may actually promote
inter-item processing (Shea & Morgan, 1979; Shea &
Zimny, 1985. 1988). When segment goals and feedback are
presented as segment times rather than ratios, the added
demands placed on the random practice participants by the
feedback may be reduced to a more manageable level
because segment and overall goals and feedback are pre-
sented in the same metric. In contrast, the blocked practice
group, when presented segment time goals and feedback.
might have @ much more difficuit time than the random
practice group in determining the underlying relative-tim-
ing structure common to the task variations. The structure
might become obvious under those feedback conditions
only when the participants are faced with random practice.

Factors Affecting Absolute-Timing
(Parameter) Learning

Absolute-timing (parameter) learning appeared to be rel-
atively unaffected by the manipulations of the relative-tim-
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ing feedback (Experiment 2). Similarly, a number of
researchers (Lai & Shea, 1998, 1999; Lai et al., in press:
Waulf, 1992b; Wulf et al.. 1993; also see Wright & Shea, in
press) have consistently demonstrated that manipulations of
reduced frequency or bandwidth relative-timing KR have
little, if any, affect on absolute-timing learning. In addition,
Waulf et al. (1994} have demonstrated that reduced frequen-
cy of absolute-timing feedback does not influence absolute-
timing errors, as compared with the provision of 100%
absolute-timing KR frequency. Recently, Wright and Shea
(in press) demonstrated that although making the relative-
timing structure more or less difficult has a substantial
impact on relative-timing learning, it does not affect the
resultant absolute-timing errors.

A consistent finding in our experiments and in those of
Waulf and colleagues® has been that serial and random prac-
tice schedules are more conducive to absolute-timing learn-
ing than are constant or blocked practice schedules, at least
as indicated by transfer performance. We argue that this
finding is generally consistent with results of experiments
reported in the traditional CI literature, in which error mea-
sures reflecting absolute time (e.g., Lee & Magill, 1983;
Shea & Morgan, 1979) or absolute force (e.g., Shea, Kohl,
& Indermill, 1990) have often been used. Thus, the only
consistent absolute-timing finding is that scheduling vari-
ability in serial or random practice formats where absolute-
timing requirements change from to trial to trial enhances
absolute-timing learning, in contrast to constant or blocked
practice, where absolute-timing requirements generally do
not change from trial to trial. That finding is contrary to the
strict interpretation of the variability of practice hypothesis
(see Lee, Magill, & Weeks, 1985, and Shapiro & Schmidt,
1982, for reviews) that is a direct outgrowth of schema the-
ory (Schmidt, 1975, 1988). In that theoretical framework, it
is proposed that the ability to parameterize a movement
sequence is a product of the range of practice variability
without regard to the scheduling of the variability. Our
results suggest that the way in which the parameter vari-
ability (absolute time requirements) is scheduled does affect
absolute-timing learning.

Dissociation of Relative- (GMP) and
Absolute- (Parameter) Timing Learning

A general tenet of Schmidt’s schema theory (1985, 1988)
is that the theoretical constructs, GMP and parameter (or
parameters), governing programmed actions are controlled
by independent memory states. Until recently, the major evi-
dence in support of the dissociation was that movements
could be varied along temporal, spatial, or force dimensions
while the structure of the movement remained essentially
invariant (Gentner 1987, 1988; Heuer, 1988; Schmidt, 1985,
see Wulf et al., 1993, for a discussion of dissociation). How-
ever, in more recent experiments, beginning with Wulf and
Schmidt (1989), performance has been partitioned into rela-
tive-timing, force, or spatial error measures of GMP error,
and absolute time, force. or spatial error measures of para-
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meter error. The results of those experiments have consis-
tently demonstrated that some factors that affect the learning
of the relative-timing pattern either do not affect absolute-
timing learning or may even affect absolute-timing learning
in the opposite direction. In the present experiments, in
which we manipulated practice schedule (Experiment 1) and
type of relative-timing feedback (Experiment 2), we also
found that factors that affect relative-timing learning have
relatively little effect on absolute-timing learning. In gener-
al, compared with blocked (or constant) practice conditions,
random {(or serial) practice conditions resulted in enhanced
absolute-timing learning, as indicated by delayed transfer
tests, regardless of the experimental manipulation imposed
by the relative-timing pattern.

Consistent with that position, Lai et al. (2000) recently
demonstrated that relative- and absolute-timing errors are
not correlated with each other, but are highly correlated
with a global error measure. A regression analysis of the
data Lai et al. (2000) obtained from manipulated practice
schedules (constant and serial) and KR condition (50% and
100%) confirmed that relative- and absolute-timing errors
independently contribute (i.e., statistically) to the global
error measure: Respectively, 95% and 98% of the variance
was accounted for in the global error measure in Experi-
ments 1 and 2. In addition, in a number of other theoretical
perspectives on the control and learning of motor
sequences it is argued that the processing of the sequence,
per se, is independent of the processing of the elements
composing the sequence (e.g., Keele, Jennings, Jones,
Caulton, & Cohen, 1995; Klapp, 1995, 1997; also see
Keele, Cohen, & Ivry, 1990, and Sternburg, Knoll, & Tur-
lock, 1990, for a discussion).

Taken together those findings provide strong support for
the empirical dissociation of the memories governing GMP
and parameter learning. In future research, we need to aim
at determining factors (e.g., practice schedule, feedback
condition) that can optimize both relative- and absolute-
timing learning (see Lai et al., 2000; Park, Shea, & Wright,
2000; Shea, Wulf, Park, & Gaunt, in press). To date, many
of the manipulations that have been experimentally tested
have resulted in the enhancement of either the relative or the
absolute timing, but rarely in both, and often improvement
in one is achicved at the expense of the other. Based on the
findings ot Roth (1988). suggesting a hierarchy in the
development of the GMP structure and parameter rule, i.ai
et al. (2000) found that providing constant practice early in
acquisition so as to promote movement consistency and
variable practice later in practice so as to enhance the rule
for specifying the parameters results in optimized relative-
and absolute-timing learning. One could make a further,
and perhaps more stringent, test of dissociation by assess-
ing the degree to which individuals can apply an absolute-
timing (parameter) rule, developed on the basis of one rela-
tive-timing pattern (GMP), to a novel movement that has a
different relative-timing structure. If GMP and parameter
memory states are truly dissociated, the participants should
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be effective in applying a parameter rule developed during
practice with one class of movements to a new task with a
different relative-timing pattern.

The Interdependence of Relative- (GMP) and Absolute-
(Parameter) Timing Memory Development

In the previous section, we argued that there 1s substantial
evidence that suggests the independence between the mem-
ory states that govern relative and absolute timing. 1t 1s clear,
however, that variability within acquisition blocks, as in ser-
ial and random practice, retards the development ot the rel-
ative timing when segmental goals are presented as scgment
ratios (Experiment 1) but enhances the development of the
relative-timing pattern when segmental movement time
goals and feedback are presented (Experiment 2). The oppo-
site is true for constant and blocked practice, even though
variability is introduced in blocked practice but not in con-
stant practice. What is not apparent, at least at first glance,
is that investigators created variability in many cxperiments,
including the present experiments., by changing the
absolute-timing requirements and not the relative-timing
requirements. Yet that manipulation has substantial influ-
ence on relative-timing learning. That is, constant, blocked,
serial, and random practice in the present experiments all
resulted in constant practice on the relative-timing pattern;
we created and scheduled variability by manipulating
absolute timing. That suggests that the manipulation of the
absolute timing, which directs the learner to compress or
stretch a movement along a parameter dimension without
changing the relative characteristics of the movement, influ-
ences relative-timing (GMP) learning. Thus, it appcars that
relative- and absolute-timing processes are governed by
independent memory states but may be interdependent in
terms of the development of those memory statcs.

NOTES

1. M = mean, and SE, = standard error of the mean.

2. Wulf and Lee (1993) have proposed that in many of the tra-
ditional CI experiments, global error measures were used that
would not allow either GMP or parameter learning to be assessed
in a relatively direct way To the contrary, we proposc that in many
of the earlier experiments in both the KR and CI literatures, end-
point measurements of performance were used that are relatively
straightforward measures of parameter performance. One excep-
tion to that point is that relatively few experiments have been con-
ducted on waveform-reproduction tasks. in which root mean
square error can be used in the assessment of performance (e.g.,
Winstetn & Schmmdt, 1990; Wulf, 1992a).

3. Whereas Wulf and colleagues have tended to tind enhanced
parameter learning for random or serial practice, compared with
blocked practice, those effects have generally not been significant
in their experiments.
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