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Abstract A powerful tool in motor behavior research is tra-
jectory analysis of discrete goal-directed pointing movements.
The purpose of the present analysis was to estimate the min-
imum number of trials per participant required to achieve the
conventional level of reliability for trajectory analysis. We
analyzed basic measurements of movement and three com-
mon methods of trajectory analysis within the framework of
generalizability theory. Generalizability studies were used to
decompose the total variance of these variables into the per-
cent contributions from person, trial, and the person-by-trial
interaction. Decision studies were then used to determine the
minimum number of trials required to achieve the convention-
al level of reliability. The number of trials per participant
needed for reliable data of discrete goal-directed pointing
movements depended on the dependent variable—for exam-
ple, reaction times required six or ten trials, movement times
required three trials, and constant error required 47 trials. For
trajectory analysis, ten or fewer trials were required for reli-
able dependent variables during the first half of the movement
(up to peak velocity or 70% of the displacement). The number
of trials required for the second half of the movement rapidly
increased to 47 trials at movement termination. This increase
in the number of trials required for reliable analysis of the

second half of the movement was indicative of online control.
Finally, correlation analysis was performed with simulated
correlations on subsets of trials, and all 32 trials were required.
However, 18 trials might be used without a practically signif-
icant change in the correlations.
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A powerful tool in motor behavior research is trajectory anal-
ysis.1 Trajectory analysis involves evaluating movement pro-
gression in space and time. This spatiotemporal analysis dates
back to at least the advent of chronophotography in the
Victorian era by people like Eadweard Muybridge and
Étienne-Jules Marey. Other important landmarks in the tech-
nology behind trajectory analysis include mechanical methods
(e.g., Woodworth, 1899), film analysis (e.g., Bernstein, 1967;
Jeannerod, 1984), and optoelectric motion capture systems
(e.g., MacKenzie, Marteniuk, Dugas, Liske, & Eickmeier,
1987; Marteniuk, MacKenzi, Jeannerod, Athenes, & Dugas,
1987). Trajectory analysis has been applied to all sorts of
human movements including gait, balance, and reach-to-
grasp and pointingmovements. Identifying the spatiotemporal
properties of a movement allows us to infer how the nervous
and musculoskeletal systems produced the movement.

We focused on the trajectory analysis of discrete goal-
directed pointing movements in this article. Much of what is
discussed, however, can be applied to the reach component of

1 Many review articles have discussed trajectory analysis, or more specifically,
the relationship between aspects of the trajectories and cognitive processes. A
few examples are Desmurget, Pélisson, Rossetti, and Prablanc (1998); Elliott,
Helsen, and Chua (2001); Elliott et al. (2017); Gaveau et al. (2014); and
Prablanc, Desmurget, and Gréa (2003).
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reach-to-grasp movements and, potentially, to other types of
movements. Our results are unlikely to apply to fundamentally
different movements, such as reaches with target perturba-
tions, trajectory deviations (e.g., action-dynamics tasks), or
motor contagion and imitation. There have been a few articles
on the methodology of trajectory analysis for goal-directed
movements—for example, filtering to reduce noise in kine-
matics (Winter, Sidwall, & Hobson, 1974), detecting online
control (Khan et al., 2006), quantifying the variability of
aiming movements (Hansen, Elliott, & Khan, 2008), robust
movement segmentation (Schot, Brenner, & Smeets, 2010),
and determining the latency of online corrections (Oostwound
Wijdenes, Brenner, & Smeets, 2014). A vital issue that re-
quires further investigation is how many trials are needed for
reliable measures of trajectories. This could be estimated by
making empirical estimates of the intra-individual variability
of trajectory measures across multiple trials. The number of
trials per condition in articles with trajectory analysis of goal-
directed movements has been inconsistent. We estimated this
inconsistency by randomly sampling 13 articles with trajecto-
ry analysis from the 127 references in a recent review article
on goal-directed reaching movements (Elliott et al., 2017).
The minimum number of trials per condition was four
(Melmoth, Storoni, Todd, Finlay, & Grant, 2007) and the
maximum was 60 (Welsh, Higgins, & Elliott, 2007). The
mean number of trials was 20.3, and the 95% confidence
interval was [11.9, 28.8]. This inconsistency makes it difficult
to estimate how many trials are needed per condition; should
one test 12, 20, or 29 trials? Two guidelines that have been
passed down to determine how many trials to include are (1)
the more trials the better and (2) 12 to 15 good trials per
condition might be adequate. Unfortunately, the second guide-
line was not systematically developed by investigating the
reliability of the trajectories based on empirical estimates of
intra-individual variability.

According to classical test theory, reliability refers to the de-
gree to which a test score is consistent across repeated observa-
tions, under the assumption the true score is the average of ob-
served test scores obtained over an infinite number of repeated
observations. The total variance of any observed test score is,
therefore, composed of two variance components, the variance
of the true score and the variance of the measurement error. The
reliability of the test score is quantified as the proportion of true
scorevariance to the totalvariance (varianceof the truescoreplus
measurement error). Thus, reliability decreases when the vari-
ance associated with measurement error increases.
Generalizability theory (G theory) is anextensionof classical test
theory through the application of analysis of variancemethods to
decompose the variance of observed test scores into multiple
sources of measurement error, as well as the variance associated
with interactions between sources (reviewed by Brennan, 2001;
Cronbach,Gleser,Nanda,&Rajaratnam, 1972;Vispoel,Morris,
& Kilinc, 2017). Another unique feature of G theory is the

estimate of the change in reliability by exploring the various
conditions of measurement. This allows one to determine the
optimal measurement conditions that maximize reliability.

In the analysis of discrete pointing movements, for example,
reaction time is measured for a group of participants on several
trials. This is described as a person crossedwith trial experiment
in the G theory framework. A generalizability study (G study)
first estimates the variance contributed by person, trial, and the
person-by-trial interaction, which is similar to main effects and
interactions in an analysis of variance. The person variance is
caused by interindividual differences in reaction time, which is
true variance. The trial and person-by-trial interaction variances
are the two sources of measurement error. These represent the
systematic error associatedwith intertrial variability and the ran-
domerrorassociatedwith intra-individualvariability, respective-
ly.On thebasis of the estimatedvariance components from theG
study, a follow-upDecision study (Dstudy) can thenestimate the
change in reliability by increasing and decreasing the number of
trials per participant (described in the Material and method
section). G theory has been widely used in the many subdisci-
plines of kinesiology. Examples include estimating inter- and
intrarater variability in movement skill assessment (Kim, Park,
&Kang, 2012) and determining the reliability of accelerometry-
based activity monitors (Welk, Schaben, &Morrow, 2004), pe-
dometers (Kang, Bjornson, Barreira, Ragan, & Song, 2014), the
balance error scoring system (BESS; Broglio, Zhu, Sopiarz, &
Park, 2009), center of pressure measures (Doyle, Hsiao-
Wecksler, Ragan, & Rosengren, 2007), blood pressure readings
(Llabre et al., 1988), isometric force measurement (Roebroeck,
Harlaar, & Lankhorst, 1993), physical activity questionnaire for
children (PAQ-C; Crocker, Bailey, Faulkner, Kowalski, &
McGrath, 1997), and the eating attitudes test (EAT-12;
Engelsen&Hagtvet, 1999).

The present analysis applied G theory to the basic measure-
mentsofmovement (reaction time,movement time,andconstant
error) and three common methods of trajectory analysis (kine-
matic landmarks, spatial variability, and time-normalized dis-
placement profiles). We examined the variance components as-
sociated with different sources of measurement error (trial and
person-by-trial) to determine the optimal measurement condi-
tions to achieve the conventional level of reliability (≥.80;
Shrout, 1998) for each dependent variable. The goal was to es-
tablish proven guidelines for future research to ensure reliable
measurement of discrete goal-directed pointing movements.
Knowinghowmany trials to includewill assist in theexperimen-
tal design and ensuring themeasurements are reliable, reproduc-
ible, and consistent will improve the experimental quality.

Material and method

The data for the present analysis were previously reported in
Blinch et al. (2014). The relevant details from that study are
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summarized in the following subsections and the present anal-
ysis with G theory is detailed.

Participants, apparatus, procedure, and design

The data from the original twenty participants were analyzed.
The present analysis focused on the six unimanual movement
blocks. These involved making pointing movements to targets
(15.3-mm radius) with long (200mm) or short (100mm)move-
ment amplitudes. Participants pointed with a stylus and were
instructed to Bhit the targets as quickly as possible.^An infrared
emittingdiodewasplacednear the tipof thestylusanditsposition
was recorded with an Optotrak (3020; Northern Digital Inc.) at
250Hz.Fourof theblockswere simple reaction-timeconditions.
In a simple reaction time task, participants know which move-
mentwill be requiredbefore thegosignal.Themovements tested
were as follows: left arm to a target with a longmovement am-
plitude, left short, right long, and right short. The remaining two
blocks were two-choice reaction-time conditions. In a choice
reaction time task, participants do not know which one of two
movementswill be required until the go signal. One block tested
movements with the left arm (long or short) and the right arm
(longorshort)was tested in theotherblock.Everyblockincluded
32 test trials of eachmovement type.All participantswere tested
on all the blocks; it was a repeated measures design, which G
theory refers to as a fully crossed design.

Basic measurements of movement and trajectory analysis

The basic measurements of movement were reaction time,
movement time, and constant error, which were calculated for
each trial. A microswitch in the stylus was used to determine
when the stylus tip was pressed against the table and when it
was lifted. This signal was used to calculate reaction time (time
from the go signal to stylus lift) and movement time (time from
stylus lift to stylus press). The position of the stylus when it was
pressed at the end of the movement time was used to calculate
constant error; the constant error was the position of the stylus
in the primary direction of the movement minus the position of
the center of the target.

For trajectory analysis,we focusedon the displacement data in
the sagittal plane, the primary direction of the movements. These
datawerefilteredwitha20-HzButterworthlow-passfilter(second
order, dual pass).We examined kinematic landmarks throughout
movement execution—specifically, the time, magnitude, and
position/variability of positive peak acceleration, as well as peak
velocity and negative peak acceleration (Fig. 1). The variability at
the kinematic landmarks canbeused to infer the amount of online
control during movements (e.g., Khan & Franks, 2003). The po-
sition at the kinematic landmarks is used for the same purpose
(e.g., Carlton et al., 1984; Gordon & Ghez, 1987; Heath,
Westwood,&Binsted, 2004), but the positions at each kinematic
landmark are first correlated with the positions at movement

termination. (Both techniques are reviewed by Khan et al.,
2006.) For the analysis of the time-normalized displacement pro-
files, thedisplacementduring themovement timeof each trialwas
interpolated into 100 frames. This converted the movement from
time in milliseconds to percent time. This allowed trials with
shorter or longer movement times to be averaged together from
movement initiation to termination. The positions from 10% to
100% time, in increments of 10%, were then extracted.

Data analysis

To follow is a brief explanation of the G theory design used in
the present analysis and the equations used in the G and D
studies. Suppose the dependent variable is reaction time; reac-
tion time can be measured from people (p) on many trials (t).
Any observed single reaction-time score is represented with Eq.
1.1.

Χ pt ¼ μþ νp þ νt þ νpt ð1:1Þ

In Eq. 1.1, μ is the grand mean and ν designates the com-
ponents in the design (person, trial, and the person-by-trial
residual effect). If we measure reaction time for all people
and all trials, then the total variance of all observed scores is
given by Eq. 1.2.

σ2 Χ pt

� � ¼ σ2 pð Þ þ σ2 tð Þ þ σ2 ptð Þ ð1:2Þ

Equation 1.2 shows that the total variance has been
decomposed into the random effects variance components of
person, trial, and the person-by-trial interaction.

A G study is then run to estimate the variance components:
the true variance across people [σ̂2(p); interindividual], the
systematic error variance across trials [σ̂2(t); intertrial], and
the random error variance of the rank ordering of people
across trials [σ̂2(pt); intra-individual]. The estimated variance
components are best interpreted as the percentage they con-
tribute to the total estimated variance [σ̂2(p) + σ̂2(t) + σ̂2(pt)].

A D study can then be run to estimate the minimum num-
ber of trials required per participant to achieve a certain level
of reliability. We used the conventional level of reliability of
.80 in the present analysis [generalizability coefficient (g) ≥
.80]. The generalizability coefficient2 is estimated with the
following equation:

g coefficient ¼ σ̂̂2 pð Þ= σ̂̂2 pð Þ þ σ̂̂2 ptð Þ=nT
� �

; ð1:3Þ

2 D studies can use either the generalizability coefficient or the phi coefficient.
The generalizability coefficient measures relative consistency and absolute
consistency is measured by the phi coefficient. We used the generalizability
coefficient in the present analysis because we were interested in the degree to
which the dependent variables maintained their rank across people and trials
regardless of the actual scores. Absolute consistency would also consider the
degree of consistency of the actual scores. One reason we were not interested
in absolute consistency was that we expected that some participants would
have shorter reaction time than others.
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where nT is the number of trials per participant. The number of
trials begins at one and is increased until the generalizability coef-
ficient isgreater thanor equal to .80.Note that thenumberof trials,
nT, can be larger than the actual number of trials in theD study.

G theory can be applied for any dependent variable we can
measure on each trial, for example the position at a kinematic
landmark. G theory may not be applicable for aggregate depen-
dent variables that aremeasured over a series of trials, for exam-
ple, the spatial variability at a kinematic landmark, which is cal-
culated by taking the standard deviation of the positions. This
makes the variability a secondary outcome that is dependent on
the position data. If G theory analysis shows that the positions at
the kinematic landmarks are reliable with a certain number of
trials, then the variability at the kinematic landmarks are most
likely reliable as well. In the present analysis, we, therefore, ap-
pliedGtheoryanalysison thepositiondata andused those results
tomake conclusions about the reliability of the positions and the
variability at the kinematic landmarks.

The data were analyzed with a MATLAB G theory pro-
gram created by Mushquash and O’Connor (G1.m3; 2006).
The nfacet1 variable was set to 32 (the number of trials), and
the type variable was set to 1 (indicating a single-facet, fully
crossed design).

An important issue for G and D studies is the generalizabil-
ity of the results. The key here is that we chose to have G
theory treat the object of measurement (people) and the con-
dition of measurement (trials) as random effects—specifically,
in this study, the object of measurement is a subset of any
person in the population, and the condition of measurement
is a subset of any potential trial (called the infinite universe of
trials in generalizability theory). The G and D study results,
therefore, generalize to movements with similar measurement
conditions, which is detailed in the Discussion section.

The correlation analysis required an entirely different ap-
proach than G theory because a correlation cannot be mea-
sured for each trial. Our solution was to compare the accuracy
of simulated correlations on a subset of trials (three to 30
trials) to the actual correlations with 32 trials. For a subset of
20 trials, for example, we selected a random subset of 20 trials
and then calculated the position correlations of positive peak
acceleration, peak velocity, and negative peak acceleration
with movement termination. This procedure was repeated
100 times and the mean simulated correlations were calculated
for each participant. A random subset was selected on each
repetition without replacement. We could not perform this
analysis for subsets of one, two, or 31 trials (you cannot cor-
relate a single trial, two trials will [almost] always yield a
perfect correlation, and there are only 32 random subsets of
31 trials). The simulated correlations for subsets of three to 30
trials were compared to the actual correlations with 32 trials

3 G1.m is available for download from https://people.ok.ubc.ca/brioconn/
gtheory/gtheory.html. Along with the version for MATLAB, there are
versions for SPSS, SAS, and R.
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Fig. 1 Velocity (black line) and acceleration (gray line) profiles on a
typical trial. These profiles were used to determine the time and
magnitude of positive peak acceleration (gray upward triangle), peak

velocity (black square), and negative peak acceleration (gray downward
triangle)

https://people.ok.ubc.ca/brioconn/gtheory/gtheory.html
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with a series of paired-samples t tests. The Bonferroni correc-
tion was used to control the familywise error rate. These 28 t
tests were used on the data for positive peak acceleration, peak
velocity, and negative peak velocity.

Results

The G and D study results were very similar for the different
types of movements in simple and choice reaction time tasks.
We, therefore, decided to present the results for the right arm,
long distance movements in the choice reaction time task.
(The full analysis and all the data are available as
supplementary material.) The one exception to this was for
the reaction time results, in which the G and D study results
were slightly different in choice and simple reaction time
tasks. For reaction time, we presented the results for right long
movements in choice and simple reaction time tasks. The var-
iability of the D study results across the eight conditions are
also presented in the section on the variability of the D study
results.

Basic measurements of movement

Reaction time, movement time, and constant error results are
shown in Table 1. For reaction time in the choice reaction time
task, 39.8% of the total variance was caused by person, the
individual differences in reaction time. Only 5.1% of the total
variance was caused by trial. This suggested that reaction
time, when averaged across participants, remained relatively
consistent across the 32 trials. The interaction between person
and trial caused 55.1% of the total variance, which indicated
the rank ordering of participants differed across trials. A D
study estimated that at least six trials per participant were
needed to achieve the conventional .80 level of reliability.
The results in the simple reaction time task were slightly dif-
ferent. Less variability was caused by person (28.6%), and
more variability was caused by the random errors attributed
to the person-by-trial interaction (65.4%). This decrease in
true variance and increase in random error variance resulted

in at least ten trials being needed to achieve the conventional
level of reliability.

For movement time, the majority of the total variance
(62.5%) was caused by person, very little of the variance
(0.2%) was caused by trial, and the remaining variance
(37.3%) was caused by the interaction. A D study estimated
that only three trials per participant were required to achieve
the conventional level of reliability. Interestingly, at least 47
trials were needed to achieve conventional reliability for con-
stant error. This large number of trials was needed because
almost all of the total variance (92.1%) was caused by the
person-by-trial interaction.

Trajectory analysis

Time and magnitude of the kinematic landmarks The re-
sults for the time and magnitude of positive peak acceleration,
peak velocity, and negative peak acceleration are shown in
Table 2. For the time of the kinematic landmarks, the total
variance was split between person and person-by-trial. The
time of positive peak acceleration had the largest person-by-
trial variance (55.5%), but only five trials were needed to
achieve the conventional level of reliability. The time of peak
velocity and negative peak acceleration had less person-by-
trial variance (35.5% and 42.04%, respectively), and only
three trials were needed for conventional reliability. For the
magnitude of the kinematic landmarks, about 75% of the total
variance was caused by person, and 25% by the person-by-
trial interaction. This high percentage of true variance and low
percentage of random error variance resulted in only one or
two trials being need to achieve conventional reliability.

Position and variability at the kinematic landmarks The
results for the position at positive peak acceleration, peak veloc-
ity, negative peak acceleration, and movement termination are
also shown inTable 2.Theperson-by-trial variancewas one-half
to two-thirds of the total variance for the first half of the move-
ment.This resulted ineightandfive trialsbeingneededtoachieve
conventional reliability at positive peak acceleration and peak
velocity. The percentage of person-by-trial variance increased

Table 1 G and D study results for the basic measurements of the movement

G Study D Study

M ± SE Person (%) Trial (%) P × T (%) g ≥ .80

Reaction time

Choice right long 284 ± 9.0 ms 39.8 5.1 55.1 6

Simple right long 262 ± 6.5 ms 28.6 6.0 65.4 10

Movement time 304 ± 12.2 ms 62.5 0.2 37.3 3

Constant error 1.94 ± 0.45 mm 7.9 0.0 92.1 47

Standard error (SE) was calculated by calculating the mean across all trials for each participant. The standard deviation of these meanswas calculated and
then divided by the square root of the number of participants
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in the second half of the movements. This resulted in 15 and 47
trials beingneeded to achieve conventional reliability at negative
peakaccelerationandmovement termination.Note that theGand
D study results for the position at movement termination and
constant error (Table 1) are identical. Constant error is simply
the position at the end of the movement minus the position of
themiddle of the target, and this subtraction does not change the
statistical analysis.

Recall that the variability at kinematics landmarks is de-
pendent on the position at the landmarks. We can, therefore,
apply the results of the G and D studies on the positions at the
kinematic landmarks to the variability. Thus, the same number
of trials are needed for either reliable positions or variability at
the kinematic landmarks. The largest number of trials (47) was
required for the variability at movement termination, which is
also called the variable error.

Time-normalized displacement profiles At 10% of the
movement, the total variance was split between person
(57.0%) and person-by-trial (42.7%; Table 3). A D study es-
timated that three trials were needed to achieve the conven-
tional level of reliability. As the movement progressed, the
percentage of person variance decreased, the person-by-trial
variance increased, and the number of trials required for con-
ventional reliability increased. There were larger increases in
the person-by-trial variance and the number of trials required
at the end of the movement. The number of trials to achieve
the conventional level of reliability doubled from 80% to 90%
(12 to 23), and then doubled again from 90% to 100% (23 to
47). Note, again, that the G and D study results for 100% of
the movement, position at movement termination (Table 2),
and constant error (Table 1) were identical.

We took a closer look at the time-normalized displacement
profile results by plotting the absolute variance estimates

attributed to person and to the person-by-trial interaction
(instead of the percentage of total variance; Fig. 2). In both
cases, the variance increased from 10% to 50% of the move-
ment, and then decreased from 50% to 100%. There were two
important differences between the variance for person and for
the person-by-trial interaction. First, the person-by-trial inter-
action had visibly larger variance from 30% to 100%. Second,
the person variance decreased to almost zero (3.0 mm2) at
100%, whereas the variance of the interaction was 35.2
mm2. The person-by-trial variance at 100% was smaller than
earlier in the movement, but it caused the vast majority of the
total variance. That is why the person-by-trial interaction
caused 92.1% of the total variance at the end of the movement.

Correlation analysis The mean correlations between positive
peak acceleration, peak velocity, negative peak acceleration,
and movement termination are shown in Fig. 3; the

Table 2 G and D study results for the time, magnitude, and position at the kinematic landmarks

G Study D Study

M ± SE Person (%) Trial (%) P × T (%) g ≥ .80

Time (ms)

Positive peak acceleration 41 ± 3.8 44.5 0.0 55.5 5

Peak velocity 134 ± 5.7 64.5 0.0 35.5 3

Negative peak acceleration 248 ± 10.8 56.52 1.44 42.04 3

Magnitude

Positive peak acceleration (mm/s2) 14,673 ± 1,142 75.6 0.1 24.3 2

Peak velocity (mm/s) 1,174 ± 52 80.2 0.4 19.4 1

Negative peak acceleration (mm/s2) – 12,930 ± 1,586 80.135 0.230 19.635 1

Position (mm)

Positive peak acceleration 11 ± 1.3 34.0 0.0 66.0 8

Peak velocity 92 ± 1.9 44.42 0.55 55.03 5

Negative peak acceleration 187 ± 2.2 21.4 0.6 78.0 15

Movement termination 202 ± 0.5 7.9 0.0 92.1 47

Table 3 G and D study results for the time-normalized displacement
profiles

G Study D Study

M ± SE (mm) Person (%) Trial (%) P × T (%) g ≥ .80

10% 5 ± 0.7 57.0 0.3 42.7 3

20% 20 ± 1.3 49.2 0.3 50.5 5

30% 44 ± 1.8 41.5 0.0 58.5 6

40% 75 ± 2.3 38.6 0.0 61.4 7

50% 108 ± 2.5 37.0 0.0 63.0 7

60% 139 ± 2.3 35.3 0.0 64.7 8

70% 165 ± 1.8 32.8 0.0 67.2 9

80% 184 ± 1.3 26.1 0.0 73.9 12

90% 197 ± 0.7 14.9 0.0 85.1 23

100% 202 ± 0.5 7.9 0.0 92.1 47
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correlations for all 32 trials are shown at the far right.
They showed the typical pattern for movements with
vision, which is a small coefficient of determination at
positive peak acceleration, a medium coefficient of de-
termination at peak velocity, and medium-to-large coef-
ficient of determination at negative peak acceleration.
The simulated correlations had a similar pattern for the
three kinematic landmarks; the coefficients of determi-
nation were very large with three trials, and exhibited
exponential decay toward the actual coefficients of de-
termination with 32 trials as the number of trials in the
subset increased.

The simulated correlations for each kinematic landmark
were compared to the actual correlations with a series of
28 paired-samples t tests. For positive peak acceleration,
the simulated correlation with 28 trials was not significant-
ly different from the actual correlation. The simulated cor-
relations were not significantly different for 24 and 27
trials for peak velocity. These results suggest that using
fewer than 32 trials significantly decreases the accuracy
of the coefficients of determination. As for negative peak
acceleration, the simulated correlations were not signifi-
cantly different for 15, 19, 23, 24, 26, and 28–30 trials.
This suggests that using 28 trials instead of 32 should not
significantly affect the accuracy of the coefficient of deter-
mination. It might be possible to use fewer trials, but the
comparisons varied between significantly different and not
significantly different between 15 and 27 trials.

Variability of the D study results in the eight conditions

The D study results were similar but not identical in the eight
conditions (choice reaction time: right long, right short, left
long, left short; simple reaction time: right long, right short,
left long, left short). We already noted that for reaction time,
fewer trials were required for choice reaction time movements
(six, six, five, and three trials, respectively) than for simple
reaction time movements (10, 15, 10, and 14 trials) to achieve
the conventional level of reliability. Reaction time was the
only dependent variable for which there was a clear difference
in the number of trials between choice and simple reaction
time tasks. There was a large amount of variability in the
number of trials required for a reliable estimate of constant
error, ranging from 30 trials for choice, right, short move-
ments, to 89 trials for simple, right, short movements, and an
outlier of 297 trials for simple, left, short movements. These
results were identical for the position at movement termina-
tion and the time-normalized displacement at 100%, because
they are all based on the same data (these repetitions were
excluded from Table 4). Finally, there was a medium amount
of variability for all of the position variables and most of the
time-normalized displacement variables. The time-normalized
displacement at 80%, for example, required 12 trials for
choice, right, long or simple, left, short movements, and 24
trials for choice, left, short or simple, right, short movements.
The results for all of the G and D studies and the data are
available as supplementary material.
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Discussion

The purpose of the present analysis was to estimate the min-
imum number of trials per participant required to achieve the
conventional level of reliability for trajectory analysis of dis-
crete goal-directed pointing movements. We analyzed the ba-
sic measurements of movement (reaction time, movement
time, constant error) and three common methods of trajectory
analysis (kinematic landmarks, spatial variability, and time-
normalized displacement profiles) within the framework of
G theory. G studies were used to decompose the total variance
of these variables into the percent contributions from person,
trial, and the person-by-trial interaction. D studies were then
used to estimate the minimum number of trials per participant
required to achieve the conventional level of reliability.

The first novel finding was that more trials were needed for
reliable reaction time data in simple reaction time tasks (ten
trials per participant) than choice reaction time tasks (six tri-
als). One might think that because simple reaction time is
shorter and, typically, less variable than choice reaction time
(Luce, 1986) that it would have less person-by-trial variance,
but the opposite was true. This is an example of how statistical
analysis with G theory is required to decompose the total
variance into its sources. Movement time required three tri-
als—fewer trials than required for reaction time—to achieve
conventional reliability. Constant error, in contrast, required
47 trials. Recall that this is the number of good test trials per
condition. If a researcher was using a four-choice reaction

time test, then they would need 188 good test trials. That
would be a total of 218 trials for the experiment, assuming
5% of the trials are bad (target misses, anticipation, etc.) and
the experiment began with 20 practice trials. It is possible that
some pointing studies that rely on constant error have enough
trials for reliable data, but most probably do not. The experi-
ment that these data came from (Blinch et al., 2014), for ex-
ample, had 32 good test trials per condition, yielding a reli-
ability coefficient of .73 for constant error.

The time and magnitude of all kinematic landmarks re-
quired five trials or fewer to achieve the conventional level
of reliability. One might suspect that acceleration landmarks
would require more trials than velocity landmarks.
Differentiation increases the noise in a signal, and acceleration
is the second derivative of displacement whereas velocity is
the first derivative. Thus, acceleration has more noise than
velocity. The acceleration and velocity landmarks required a
similar number of trials despite this difference in noise.

The number of trials required for position and variability at
the kinematics landmarks mostly increased throughout move-
ment execution. Positive peak acceleration and peak velocity
require eight and five trials to achieve the conventional level
of reliability. This increases to 15 trials for negative peak ac-
celeration and then 47 trials for movement termination.
Variability analysis typically involves all these kinematic
landmarks, and so the number of trials required will depend
on whichever landmark requires the most trials, which in this
case was movement termination. Variability analysis should,
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Fig. 3 Simulated and actual mean correlations between positive peak
acceleration, peak velocity, negative peak acceleration and movement

termination. The simulated correlations involved random subsets of 3 to
30 trials. The actual correlations involved all 32 trials. *p < .05



therefore, include at least 47 trials. This will achieve the con-
ventional level of reliability at movement termination and an
even higher level of reliability at the other kinematic land-
marks. One limitation with the present data is that we tested
only movements with full visual feedback. Spatial variability
analysis typically involves comparing movements with full
visual feedback to movements with reduced or no visual feed-
back. Those types of movements should be tested to deter-
mine whether the number of trials required to achieve the
conventional level of reliability differs.

As for the time-normalized displacement profiles, the num-
ber of trials to achieve conventional reliability slowly in-
creased from three trials at 10%, to 12 trials at 80%. The
number of trials then doubled from 80% to 90%, and then
doubled again from 90% to 100% (23 trials at 90% and 47
trials at 100%). The absolute variance showed that the person
and person-by-trial variance increased from 10% to 50% and
then decreased from 50% to 100%. This pattern of increasing
and then decreasing variability is indicative of online correc-
tions in the latter half of the movements (Khan et al., 2006),
which allow participants to hit the targets as quickly and

accurately as possible (Carlton, 1994). Interestingly, the online
corrections eliminated the person true variance but could only
reduce the larger person-by-trial random error variance. This
caused the large increase in the number of trials required to
achieve conventional reliability at 90% and 100% of the
movement. So, although the online corrections were benefi-
cial for the movement accuracy, they had the detrimental ef-
fect of drastically increasing the number of trials required for
minimum reliability.

It would be interesting to compare the reliability of move-
ments with online corrections to movements with reduced
online control (e.g., ballistic movements, movements without
visual feedback, or movements with a temporal goal). We
predict that the increase in variance from 10% to 50% would
continue or plateau for movements with less online control.
The number of trials required for conventional reliability
would likely slowly increase, preventing the large increase at
the end of the movements. If this is the case, then fewer trials
might be needed for reliable time-normalized displacement
profiles with reduced online control.

An important issue is the generalizability of these results.
Recall that G andD studies generalize tomovementswith sim-
ilarmeasurementconditions.Weexaminedunimanualpointing
movements with the typical instructions to hit the targets as
quickly and accurately as possible. Other types of pointing
movements with the same instructions should have similar G
and D study results—for example, movements with similar
amplitudes and targetwidths. In fact, the present analysis found
comparable results for long (20 cm) and short (10 cm) move-
ment amplitudes. All the results were similar for movements in
simple and two-choice reaction time tasks, save for the mini-
mumnumberof trials required to achieve conventional reliabil-
ity for reaction time. The results for the other basic measure-
ments ofmovement and the trajectory analysis should general-
ize to other choice reaction time tasks. It is also likely that our
results for pointing movements will generalize to the transport
component of reach-to-grasp movements. Dissimilar move-
ments with different instructions should be tested to determine
their G and D study results. Common examples are ballistics
movements made as quickly as possible, movements without
visual feedback (occluded vision or a proprioceptive target),
movements with a temporal goal, and movements with online
corrections to target jumps or perturbations.

The correlation analysis could not be analyzedwith G theory
and soweused a simulation analysis instead. The results suggest
that using fewer than 32 trials significantly decreases the accura-
cy of the coefficients of determination for positive peak acceler-
ationandpeakvelocity.Using28trials insteadof32didnotaffect
the accuracy of the coefficient of determination at negative peak
acceleration. It might be possible to use even fewer trials, but
some of the coefficients between 15 and 27 trials were less accu-
rate than32 trials.Correlation analysis typically involves analyz-
ing all three kinematic landmarks. The number of trials required

Table 4 Descriptive statistics for the D study results (the minimum
number of trials required to achieve the conventional level of reliability)
in the eight conditions

M ± SD Minimum Maximum

Reaction time 8.6 ± 4.3 3 15

Movement time 2.9 ± 1.1 2 5

Constant error 90.9 ± 85.8 30 297

Time

Positive peak acceleration 5.4 ± 1.8 3 8

Peak velocity 3.5 ± 1.1 2 5

Negative peak acceleration 3.3 ± 1.0 2 5

Magnitude

Positive peak acceleration 2.0 ± 0 2 2

Peak velocity 1.6 ± 0.5 1 2

Negative peak acceleration 2.0 ± 0.5 1 3

Position

Positive peak acceleration 9.0 ± 3.1 4 14

Peak velocity 12.4 ± 8.9 5 31

Negative peak acceleration 14.4 ± 5.8 8 27

Time-normalized displacement

10% 5.5 ± 2.2 3 10

20% 5.0 ± 0.9 4 6

30% 5.1 ± 1.4 3 7

40% 6.0 ± 1.9 3 9

50% 7.0 ± 2.0 4 11

60% 8.4 ± 2.5 5 13

70% 10.8 ± 2.7 8 15

80% 17.4 ± 5.2 12 24

90% 39.5 ± 14.4 23 63
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will, therefore, depend on whichever kinematic landmark re-
quires the most trials, which were positive peak acceleration
andpeakvelocity.For thisdataset,werecommendthecorrelation
analysis use all 32 trials.

Another way to interpret the correlation data is to determine
when the difference between the simulated and actual coeffi-
cients of determination is less than a practically significant
amount. Although some differences still might be significant
at that point, these differences might be too small to be impor-
tant. We reviewed several articles with correlation analysis to
estimate the smallest differences in the coefficients of deter-
mination that were significantly different and practically sig-
nificant (de Grosbois & Tremblay, 2016; Heath, 2005; Heath
et al., 2004; Khan & Franks, 2003; Krigolson &Heath, 2004).
This different was .06, and so we checked when the differ-
ences between our stimulated and actual coefficients were less
than half of that, .03. This occurred with 16 trials for negative
peak acceleration, 17 trials for peak velocity, and 18 trials for
positive peak acceleration. Therefore, if we base the number
of trials required for correlation analysis on practical signifi-
cant, then 18 trials may be sufficient.

This simulation analysis is, unfortunately, limited by the
number of trials we collected, and so we cannot extrapolate
to what might happen with more trials. D studies have the
advantage that they can extrapolate beyond the number of
trials collected. That is why the D study on constant error
suggested that more than 32 trials (47) were required to
achieve the conventional level of reliability. Another limita-
tion with the present data, which we already mentioned
concerning the spatial variability analysis, is that we tested
only movements with full visual feedback. Movements with
reduced or no visual feedback should be tested to determine
whether the accuracy of the coefficients of determination are
different than movements with full visual feedback.

Conclusions

The number of trials per participant needed for reliable data of
discrete goal-directed pointing movements depended on the
dependent variable. Reaction time required ten and six trials
per participant to achieve the conventional level of reliability
in simple and choice reaction time tasks, respectively.
Movement time required three trials, constant error required
47, and the time and magnitude of the kinematic landmarks
required five trials or fewer. Position and variability at all the
kinematic landmarks required 47 trials to meet or exceed the
conventional level of reliability. The time-normalized displace-
mentprofiles required12 trialsor fewer from10%to80%of the
movement.This increased to47trialsat100%ofthemovement,
which was the same as constant error. Finally, all 32 trials were
required for the correlation analysis to prevent reducing the
accuracy of any of the coefficients of determination. The

correlation analysis, however, could probably be reduced to
18 trials without a practical decrease in accuracy.

One thing is certain when considering measurement reli-
ability: Collectingmore trials will increase the reliability. This,
however, needs to be offset by the cost to researchers and
participants of collecting an enormous number of trials. Our
results can be used to inform future research and ensure reli-
able measurement of discrete pointing movements with the
lowest cost, which is an important aspect of improving exper-
imental quality. When applying these results, you will need to
consider all the dependent variables that you wish to measure.
For example, if you are interested in choice reaction time (six
trials for conventional reliability) and variability analysis (47),
you should ensure that there are at least 47 good trials in each
condition. That should be enough trials to achieve the conven-
tional level of reliability for the variability analysis and more
than enough trials for reaction time. Importantly, these results
should also apply to movements with similar measurement
conditions. Additional experiments could estimate how many
trials are needed for the reliable measurement of dissimilar
movements.

Author note All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institu-
tional and/or the national research committee, and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards.
Informed consent was obtained from all individual participants included
in the study. Our thanks to Tim N. Welsh and two anonymous reviewers
for their insightful critiques. The authors declare that they have no con-
flicts of interest.
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