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because of neuromotor noise. This is consistent with Fitts (1954), as he found subjects to
overshoot, undershoot, and hit the target with equal frequency.

The standard deviation of submovement endpoints is the basis for assumption
four. “The distribution of primary-submovement endpoints is assumed to have a standard
deviation. . .that increases proportionally with the average velocity...of the primary
submovements,” all related to the neuromotor noise of the system (Meyer et al., 1988, p.
346). Minimization of movement times is the focus for the fifth assumption. The model
predicts that the primary and secondary submovements have programmed average
velocities to minimize the average total movement time. However, neuromotor noise
could compromise such velocities. Meyer, et al. (1988) indicated that time minimization
is achieved through a compromise between the mean duration of the primary
submovements and the mean duration of the secondary corrective submovements. Such a
compromise is needed as primary submovements that occur with very high velocities
increase the probability of missing the target. The secondary submovements are required
because with an increase in the primary submovement velocity there is as increase in the
standard deviation of primary submovements’ endpoints. Causing the primary
submovement to have a slower velocity, in turn causing the primary submovement to be
more accurate generally, resulting in the need for less secondary corrective
submovements. Therefore, to minimize the total time, primary submovements should not
be very fast or very slow and secondary submovements should not be too frequent or too
infrequent. Finally, the sixth assumption is concerned with preparatory processing of
information for movement production. According to the stochastic optimized

submovement model, movement generation requires certain information to be processed
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before the movement begins. It is assumed for primary submovements that the necessary
information is target width and amplitude, which are processed before the initiation of the
primary submovement. A secondary submovement may rely on information about the
primary submovement such as target’s location and visual or kinesthetic feedback (Meyer
et al., 1988).

In 1988, Meyer et al. tested the stochastic optimized submovement model in the
absence of concurrent visual feedback while performing a spatially constrained
movement. According to this model, with the absence of visual feedback there will be an
increase in average total movement times or errors. This falls in line with the model’s
assumptions concerning secondary submovements. Secondary submovements are
performed to overcome deviations due to neuromotor noise. Secondary submovements
occur during the actual movement to compensate for any errors. If visual feedback is not
available the secondary submovement should suffer, as it will not be able to control
movements based on feedback regarding the primary submovement (Meyer et al., 1988).
Eliminating visual feedback presumably will increase total movement time and increase
the number of errors. Two strategies were proposed to compensate for the reduced visual
feedback. The first would be to make primary submovements only by slowing down the
movement, with the end result of increasing movement times. Second, subjects may
perform a two-component submovement without the use of visual feedback (although
possibly relying on kinesthetic feedback). In this case, movement times may be kept to a
minimum yet error rates will increase as subjects rely on degraded information. They
hypothesize that subjects would most likely use a combination: the two-submovement

option while performing movements more slowly to reduce errors. Movements in this
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situation will be slower than in a full vision condition however, not as slow as they would
be if just the primary submovement is implemented. Results will have fewer errors
compared to quick movements relying on kinesthetic feedback (Meyer et al., 1988).
Meyer et al.’s 1988 study involved two conditions, a full vision-cursor condition
and an invisible-cursor condition. The full vision-cursor condition yielded results that
followed the predictions of the stochastic-optimized submovement model. They found
that “the average total times, mean primary-submovement durations, standard deviations
of primary-submovement endpoints, relative frequencies of secondary submovements,
mean secondary-submovement durations, and error rates all increased with target
difficulty as the model predicts” (Meyer et al., 1988, p. 364). In the invisible-cursor
condition subjects adopted the two-submovement strategy. When subjects did not have
vision of the cursor there were no significant increases in the mean primary-
submovement durations, the mean secondary durations, or the average total movement
times compared to the full vision-cursor condition. Two of the variables, average total
movement time and mean secondary submovement durations, decreased while the mean
primary-submovement durations stayed the same. This falls in-line with the model as it
demonstrates subjects’ inclination for time minimization. The relative frequencies of the
secondary submovements changed slightly, with relation to the vision condition, when
the cursor was occluded error rate increased with the lack of concurrent vision. This
indicates that secondary submovements rely on information produced from the primary
movements and that they are not programmed before movement is initiated as implied by

the 1terative-corrections model.
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In 1993, Chua and Elliott set out to test the predictions involved with the
stochastic optimized submovement model when looking at the nature of visuomotor
regulation in aiming movements. The first experiment involved subjects performing
aiming movements with full vision of the cursor (VC) and no vision of the cursor (NC).
They found visual conditions did influence movement time where the stochastic model
predicts movement time should be independent of visual conditions. The stochastic
model also predicts movement endpoints to be distributed about the center of the target
and that the distribut%on is independent of visual conditions. Chua and Elliott’s (1993)
findings concur with this. Subjects did not have a tendency to only overshoot or
undershoot the center of the target. Compared to the NC condition, subjects were more
consistent in the VC condition. Endpoints did become more variable with the larger
targets during the VC condition indicating that subjects were using vision to make use of
the larger targets. Subjects, also, reached peak velocity earlier, had a greater number of
deviations in the acceleration profiles, and had a greater number of secondary
accelerations during the vision condition. A greater number of significant deviations
following peak velocity and zero crossings occurred during the vision condition as well.
This suggests that a greater number of modifications were made with vision to facilitate a
more successful movement. This too contrasts with Meyer et al.’s (1988) paper, in that
they found improved performances associated with visual feedback to be independent of
the number of movement modifications in the trajectory.

Experiment 2 of Chua and Elliott’s 1993 paper involved four conditions, two of
which were vision for the first half of the cursor movement (FHV), and vision for the last

half of the cursor movement (LHV). Comparing the two conditions it was found that

16



vision on the last half of the movement produced superior performance. In contrast to
Meyer et al. (1988), this finding suggests that having vision of the cursor when closing in
on the target is the most optimum condition for improved results. Therefore, Chua and
Elliott (1993) support the contention that visual information from the latter half of the
movement provides the greatest advantage.

Early work by Carlton (1981a) falls in line with Chua and Elliott’s 1993 work.
He found superior aiming performance resulted when there was vision on the last 25% of
the movement. Subjects were required to perform a discrete aiming movement to a target
under five visual conditions. These conditions consisted of full vision, 25%, 50%, 75%,
or 93% of the initial movement distance unsighted. When up to 50% of the movement
amplitude was visually unavailable the movement times were essentially the same. Most
importantly, when vision was occluded on the last 25% of the movement a performance
decrement occurred with movement times increasing as a larger percent of the movement
was performed without vision (Carlton, 1981a). Similar results presented by Temprado,
Vielledent, & Proteau (1996), where they looked at aiming performance when there was
vision of the hand, vision of the hand during various portions of the movement, and no
vision of the hand at any point of the movement. Results, again, supported vision at the

end of the movement, other than full vision, ensured optimal performance.

Relationship Between Restrictive and Non-Restrictive Targets

Recent work by Carlton (1994) and Yao and Fischman (1999) looked at the role
of spatial boundaries surrounding targets, more specifically restrictive versus non-

restrictive targets. Their work suggests that when moving to non-restrictive targets
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(crosshair with no spatial boundaries) movement times are faster than when aiming to
restrictive targets (spatial boundaries). What this finding suggests is that movements to
targets without spatial boundaries should result in faster movements. The restrictive
targets in their studies were designed by encompassing 95% of the spatial endpoints of
movements made to the non-restrictive target. Thus, in all cases, the restrictive target
was larger in area than the non-restrictive target.

Both studies involved two conditions: a temporal-accuracy condition and a time
minimization condition. Carlton’s (1994) study had subjects aiming to a restrictive target
under the time-minimization condition and aiming to the non-restrictive target under the
temporal-accuracy condition. Carlton (1994) found that discrete aiming movements
under time-minimization constraints produced shorter movement times compared to
movements made under temporal-accuracy constraints. The results were attributed to the
ability of the subject to come close to the target with moderate spatial variability. Once
the hand was close to the target, visual feedback could be used for corrections. Note it
was found that movements to the restrictive target were faster than to the non-restrictive.
This finding can be attributed to the fact that Carlton had subjects aiming to the non-
restrictive target under the temporal-accuracy condition where they had a goal time of
400 ms. Movements under time-minimization should have been expected to be faster no
matter what target they were aiming to.

Yao and Fischman (1999) performed a similar study, except that both targets,
restrictive and non-restrictive, were used under both temporal-accuracy and time
minimization constraints. They too found aiming movements made under time-

minimization constraints produced faster movements, whether it was to a restrictive or
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non-restrictive target. Also, movements made as fast as possible to restrictive targets
produced slower movement times compared to movements made to non-restrictive
targets.

Other significant findings were that for the non-restrictive target under both types
of temporal constraints produced the lowest amount of submovements. The authors
attributed this finding to the idea that non-restrictive targets have more relaxed spatial
boundaries therefore negating the need for secondary corrective submovements. The
non-restrictive target in this experiment involved a crosshair. Because of the movement
goal and target shape, the crosshairs were less restrictive than the restrictive circle target,
and allows a choice of spatial errors> (Latash & Gutman, 1994; Yao & Fischman, 1999).

Expanding on the work of Carlton (1994) and Yao and Fischman (1999), Mariuz
and Weir (2000) conducted an experiment involving aiming movements to restrictive and
non-restrictive targets. The restrictive targets involved three circle targets, which were
24,12, and 6.2mm in diameter. Non-restrictive targets were a 3mm circle target and a
6.2 mm line target. It was expected that participants would treat the 3mm circle target as
a non-restrictive target due to the fact that the aiming cursor was larger in size, 5.9mm in
diameter. Latash and Gutman (1994) indicated that a target point is considered to be non-
restrictive. Relating this to Mariuz & Weir (2000), having the target smaller than the
cursor may represent a lack of spatial boundaries because as the cursor was placed over
the target participants cannot visually detect where the target was located underneath.

The 6.2mm line target was categorized as non-restrictive because participants were not

? A quantifiable target (e.g., circle) “imposes explicit restrictions upon changes in certain variables of the
performance, such as final position, movement time, or some others” (Latash & Gutman, 1994, p. 157).
When participants are presented with a nonquantifiable target (e.g., a point) there is a choice for
permissible errors. Participants may have their own understanding of how accurate/inaccurate they are.
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required to aim for the center of the target but to simply land on it, and there were no real
boundaries for the cursor.

Participants were required to perform discrete aiming movements under two
separate conditions. The first involved moving at a self-paced speed and the second
condition involved moving at a fast as possible speed. The purpose of Mariuz and Weir’s
(2000) study was first to compare movements to a restrictive (6.2mm diameter circle)
target and a non-restrictive (6.2mm line) target. It was hypothesized that the line target
would produce faster movements. The second purpose was to examine the relationship
between cursor size and target size. A cursor (5.9mm diameter) was moved to targets
that were smaller than, similar to, or larger than the cursor. A measure of tolerance
(target width — cursor width) was calculated for each target/cursor combination. It was
hypothesized that a negative tolerance value would result in faster movements because
participants would perceive a less restrictive aiming environment as the cursor size
exceeds the target size.

Interestingly, the authors found that participants did not differentiate between the
restrictive circular target and the non-restrictive line target in either the self-paced or fast-
paced conditions. The cursor size may have influenced the line target, as it was similar in
size, causing it to be more restricted then what was expected. This suggests that visual
feedback about the target in relation to the cursor may affect aiming movements. When
comparing the five tolerance conditions, participants did not view the negative tolerance
condition as being less restrictive. In fact, the 3mm target resulted in the slowest MT
with the greatest amount of deviations after peak velocity in both the self and fast-paced

conditions. Thus movements to this target were constrained. Moving to a small target
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with a large cursor produces the greatest interference in movement execution. It is
unclear at this point whether this finding is due to the participants being unable to judge
the location of the target beneath the cursor, or to participants slowing their movement to
center the cursor over the target. The control parameter accounting for either of these
explanations appears to be a lack of vision about the target’s spatial boundaries as the
greatest number of deviations occurred for the 3mm target and a longer amount of time
was spent post peak deceleration.

The results from Mariuz & Weir (2000) pilot work led to an interest in the
relationship between cursor size and target size. There have been many studies
examining the relationship between target size and amplitude, visual feedback and
accuracy, or movement time and accuracy. Most studies involve positioning a
cursor/stylus that is always smaller than the target, thus, providing visual feedback about
the target once the cursor hits the target region. To date, there has been little research
analyzing the target/cursor relationship, where feedback about the target is not available
because the cursor is larger than the target. It is this idea that has led to the following
study.

As a derivation of this review of literature, the purpose of the present study was
to: 1) examine the relationship between the cursor size and the target size in manual
aiming and 2) examine the role vision plays in controlling how participants approach

targets under various forms of visual feedback.
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Methodology
Participants

Participants consisted of seven females (X = 20.1 years, SD = 0.68 years) and
seven males (X = 23.4 years, SD = 2.38 years) two of which were graduate students and
the rest undergraduate students. All participants had normal or corrected to normal
vision. Before the actual experiment, all participants read an explanation of the study and

signed a waiver sheet indicating that they agreed to participate in the present study.

Apparatus and Task

An illustration of the apparatus used is presented in Figure 1. A black wooden
box, 63cm X 65cm X 57.5cm was divided by a fully silvered mirror. The mirror was
mounted at an angle of 15 degrees, with the anterior edge of the mirror at a height of
22cm from the table surface. A hole in the upper surface of the box corresponded to the
dimensions of a 14" (36cm) computer monitor allowing the monitor to be placed in a
fully inverted position. The cursor and targets were projected onto the surface of the
mirror. A Summa Sketch III graphics tablet sampling at 122.3 Hz (temporal resolution =

8.17ms per frame) was situated inside the box directly beneath the mirror.
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Figure 1: Schematic representation of experimental apparatus.

Participants performed aiming movements on the tablet with a hand-held stylus. Given
the experimental set up, the movements were performed in a direct mapping situation,
with a one to one proportional correspondence between the cursor movement on the
mirror and the stylus®. Once the target had been placed in the home position a circular
target appeared 12cm directly anterior to the home position. With the appearance of the
target, participants started the aiming movement. Target sizes were 3mm, 6mm, 9mm,
12mm, and 21mm in diameter, with the corresponding ID and tolerance (T — C) values

shown below in Table 2. There was a constant circular cursor size of 9mm. This

* The observed movement on the mirror is 60% of the actual movement on the graphics tablet. The
120mm movement on the tablet is observed to be a 72mm movement on the mirror. A one to one
proportional correspondence exists such that when 10% of the movement is completed on the tablet 10%
was also observed to be completed on the mirror.
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provided targets that were larger than, equal to, and smaller than the cursor (Refer to
Table 2).

Table 2. Target index of difficulty and tolerance values.

Target Size | 3mm 6mm Smm 12mm 21mm
ID Values 6.32 5.32 474 4.32 3.51
Tolerance -6 -3 0 3 12
Values

Procedure

The experiment took place in a dimly lit room where participants were seated in
front of the aiming apparatus with the midline of their body aligned with the black box.
The aiming movements were performed in a bottom to top vertical direction, away from
the participant. Once the cursor was placed inside the home position the appearance of a
circular target initiated the start of the trial. All participants were instructed to move the
cursor from the home position to the target region as quickly as possible (for detailed
instructions refer to Appendix B). There was no auditory feedback when participants
moved the stylus on top of the tablet.

Participants completed aiming movements within two vision conditions.
Condition 1, a full vision condition, consisted of aiming a red circle cursor to a blue circle
target, where the blue target could be seen through the red cursor. Thus vision was
available throughout the whole movement and movement termination. Condition 2, a
partial vision condition, consisted of aiming a white circle cursor to a blue circle target

where the blue target could not be seen through the white cursor. In this condition there
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was a lack of visual feedback about the position of the cursor with respect to the target,
where targets were smaller than the cursor.

The conditions were blocked in a counterbalanced fashion where half of the
participants completed Condition 1 first and the other half completed Condition 2 first.
Within each blocked condition the presentation of the target sizes were randomized.
During all trials the cursor size and amplitude remained constant. In both conditions, the
same size circle targets were presented. Five circle targets were presented with one target
the same size as the cursor, two targets larger than the cursor, and two targets smaller
than the cursor. The participants moved the stylus as quickly as possible to the target,
once the target was reached, participants were required to stop and remain on the target
until the target disappeared, and then return to the home position.

Each participant performed five practice trials before performing under each
vision condition. The practice consisted of the same task as the experiment except with
different size targets. This allowed familiarization with the apparatus and task itself.
Once the practice trials were completed, participants then went on to complete a total of
150 trials for both conditions consisting of fifteen trials of each target in a randomized

order.

Data Reduction

The raw data collected from all experimental trials were filtered using a second
order dual pass Butterworth filter with a cutoff frequency of 7 Hz. The cutoff frequency
was determined through a residual analysis as outlined in Winter (1979). Using the

primary direction of the movement (y-axis) the instantaneous velocity was calculated by

25



differentiating the displacement data using a three point central finite algorithm. Using
the same algorithm, instantaneous acceleration was calculated by differentiating the
velocity data. The point in time where instantaneous velocity was equal to or greater than
5.0mm/sec and remained at or above this criterion for at least 72 ms (=9 Frames) was
defined as the beginning of the movement. The end of the movement was defined as the
point at which instantaneous velocity fell below 5.0mm/sec, and remained at or below
this criterion for at least 72 ms. Movement time (ms) was calculated by determining the
number of frames between the defined start and end of the movement and multiplying by
8.17 ms per frame. Time to peak velocity (ms) was determined by identifying the frame
in which peak velocity was reached and subtracting this value from the frame defined as
the start of the movement, and then multiplying by 8.17 ms. Time after peak velocity

(ms) is the difference between total movement time and time to peak velocity.

Data Analysis

An analysis of the acceleration and velocity profiles was performed to determine
whether movement modifications to the trajectory occurred. Velocity and acceleration
profiles allow observation of these corrections, which include deviations before and after
peak velocity. Deviations are reversal points other than peak positive acceleration and
peak negative acceleration. The deviations were considered both prior to and after peak
velocity and two criteria had to be met: 1) the reversal must have lasted at least 72 ms and
2) the reversal must have reached an amplitude of at least 10% of the greatest absolute
magnitude in acceleration (Chua & Elliott, 1993). The 72 ms temporal criterion was

chosen as it has been demonstrated that secondary submovements take at least 70ms to
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complete (Van Donkelaar & Franks, 1991). Significant deviations on the acceleration
profile reflect a form of continuous feedback corrections, hence, performed on-line.

All dependent measures were analyzed using the DIGKIN analysis program
(Chua & Elliott, 1994). The dependent measures are as follows: movement time (ms),
peak velocity (mmy/s) (the highest point on the velocity profile), time to peak velocity
(ms), time after peak velocity (ms), number of corrections per trial, constant error, and
variable error. The mean signed error between the center of the target and the cursor
position at the end of the movement was defined as the constant error in both the x and y-
axis. Variable error was defined as the within subject standard deviation of the signed
errors. Error measures were calculated to determine if spatial accuracy and consistency
were affected by the experimental manipulation. All dependent variable values were
calculated on a trial-by-trial basis and a mean was obtained for each participant for the

two conditions.

Statistical Analysis

Once all the collected data were filtered, a preliminary analysis of the movement
time (MT) data was conducted to examine the variability of the data. A bandwidth
analysis on the movement time data was performed with no bandwidth (all 15 trials), a
one standard deviation (SD) bandwidth, and a two SD bandwidth. This analysis was
completed on all 14 participants for each of the five targets in the two vision conditions.
The method to calculate the bandwidth was by adding and subtracting the standard
deviation from the mean MT for each condition. Qutliers, or trials that fell outside this

movement time bandwidth were removed for all dependent variables. In the no
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bandwidth analysis, there were 6 out of the 14 subjects who had conditions exhibiting
greater that 30% variability in their movement times. This was calculated as (SD/mean *
100). In some cases the variability reached close to 50%. When the 1 SD bandwidth was
used, the vanability for all subjects for all conditions was on average 12-15% (range 7-
28%). Within a subject the variability was quite consistent. Of the 140 sets [14 subjects
X (2 condition x 5 target sizes)], 8 conditions were left with 7-8 trials out of 15. Only one
subject had 2 conditions with these reduced trial numbers. Over all subjects there were
on average 10 trials l.eft. Fifty of the conditions had 10 or greater trials left of the 15.
When the 2 SD bandwidth was used, the variability for all subjects for all conditions was
on average 22% (range 10-43%). There was less consistency within a subject. On
average, as anticipated statistically, there were 14.4 trials left per condition. There were 7
out of 14 subjects with conditions greater than 30% variability, with 5 subjects hovering
close to or over 40%.

With careful deliberation, it was decided to use 1 SD bandwidth to remove
extreme outliers. The rationale behind this decision is as follows: 1) it dropped the
overall vanability by 10-11%, 2) the goal of averaging 10 out of the 15 trials was
maintained, 3) it eliminated potential practice effects by removing extreme outlier trials,
4) it maintained variance for all subjects in the 12-15% range, and 5) it maintained a
homogenous sample of data to work with.

Once the 1 SD bandwidth was calculated, all dependent variable means were
analyzed using a 2 condition (vision/partial vision) X 5 Target size/Tolerance (3mm,
6mm, 9mm, 12mm, 24mm) repeated measures analysis of variance (ANOV A). Statistica

5.1 (StatSoft Inc., 1997) was used to analyze the mean data. Statistical significance was
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evaluated at p=0.05 and post hoc testing was done with the Tukey HSD test. Planned
comparisons were performed on variables that produced significant results to provide
more specific tests of the predictions.

Exploratory tests were conducted on tolerance to examine the different
calculations of tolerance. Linear regression equations were calculated for the following
conditions: ID, tolerance (target — cursor), target + cursor, and ID=Log:[2A/(2A/W +
Cursor)]. Regression equations for all four conditions were calculated on a trial-by-trial
basis for each subject using the individual trial data from the full vision condition.
Regressions were also calculated for the same conditions using the means from each of

the five targets.

Predictions

1. In 1999, using a Fitts’ paradigm, Bryden & Roy (1999) examined aiming different
sized pegs to a constant sized hole. They found that the largest peg produced the
slowest movement time because it was the same size as the hole to be placed in. It
was therefore believed that the 9mm target in the full vision condition would be the
most difficult because its tolerance value is zero and requires the most precision.
This would result in the 9mm target having the slowest movement time, the slowest
time to peak velocity, and time after peak velocity. Also, there would be more
corrective movements made to the 9mm target under this condition.

2. It was predicted that in the full vision condition, where the cursor overlaps the smaller
targets, participants might view the cursor as the target. Even though this is still a

negative tolerance condition participants have full view of both target and cursor
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possibly causing the larger cursor to look as if it has become the target; thereby,
decreasing movement time, time to peak velocity, and time after peak velocity.

3. In the partial vision condition where the cursor is larger than the targets, and therefore
the targets are hidden by the cursor, it was believed that they would have increased
movement times. This is consistent with Mariuz and Weir (2000), where participants
treated a target smaller than the cursor as the most difficult resulting in the slowest
movement times.*

4. In the partial vision condition, it was believed that as targets increased in size from
the 9mm target (same size as cursor), movement time would decrease as target size
increased. Target tolerance values ranged from zero to positive. This supports a
Fitts’ effect as found by many studies (Fitts, 1954; Zelaznik et al., 1988; Heath et al,
1998). The same effect was predicted to occur for targets that ranged from 3mm to
9mm under this same condition. As target size increased movement time would
decrease. This produces a negative to zero tolerance.

5. It was predicted that for both partial and full vision conditions, as the targets
increased in diameter from 9mm to 21 mm there would be no difference between
vision conditions because the cursor would be seen inside the targets’ boundaries. All
produce positive tolerances. As both conditions were predicted to produce this result,

these trials were considered to be a test of replication.

* Yao & Fischman (1999) predict this to be the fastest condition (decreased movement times), as it would
be considered a non-restrictive target. However, in their study the cursor was always smaller than the
target allowing visual feedback about the target’s spatial boundaries.
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Results

The results section is organized to examine the influence of vision and target size

on: performance measures; the production of movement kinematics; issues of movement

correction; and, the target cursor relationship in Fitts’ law.

Table 3. Means for all dependent variables for full and partial vision conditions, standard
deviations in brackets.

Full Vision Partial Vision

Movement Time (ms)
Peak Velocity (mm/sec)
Time to PV (ms)

Time after PV (ms)
Deviations before PV
Deviations after PV
Variable Error (mm)

Constant Error (mm)

Performance Measures

713.43 727.24
(392.76)  (216.67)
489.26 520.97
(197.81)  (271.49)
240.60 232.94
(101.48)  (101.67)
472.83 494.30
(116.75)  (143.65)
0.53 0.51
(0.54) (0.57)
0.90 0.87
(0.60) (0.62)
2.52 2.43
(1.03) (1.42)
0.10 0.31
(1.48) (1.24)

Analysis of mean movement time revealed only a main effect for target, F (4,10)

= 1.10, p <.05. There was no main effect for vision, F (1,13) =.15, p > .05 and no

interaction, F (4,10) = .86, p > .05. Participant’s movements to the 21mm target were

faster than to the 6, 9 and 12mm targets (see Table 4).
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Table 4. Dependent variable means for each target size, * indicates significance.

Size 3mm 6mm 9mm 12mm 21mm

Tolerance -6 -3 0 3 12

Movement Time*(ms) | 707.74  750.1S 73237 72822  683.20
(191.72) (215.71) (233.33) (210.14) (191.72)
Peak Velocity (mm/sec) | 504.18  493.72 508.60 507.59  511.49
(227.33) (227.73) (242.16) (236.30) (239.60)
Time to PV (ms) 236.93 24023 236.87 23643  233.40
(98.23) (106.67) (104.94) (103.59) (188.82)
Time after PV* (ms) 470.81 509.92 49551 49179  449.80
(119.44) (138.76) (142.04) (130.50) (120.25)

Deviations before PV 0.58 0.51 0.55 0.48 0.48
(2.41) (0.54) (0.62) (0.51) (0.53)
Deviations after PV 0.89 0.99 0.92 0.80 0.83
(0.65) (0.66) (0.65) (0.55) (0.56)
Constant Error (mm) 0.26 0.59 0.32 0.28 -0.17
(0.85) (1.11) (1.23) 2.11) (1.49)
Variable Error* (mm) 2.42 2.41 2.29 2.29 2.97

(1.28)  (129)  (1.42)  (1.11)  (1.04)

Aiming accuracy did not vary as a function of vision, F (1,13) =.67, p > .05, or
target size, F (4,10) = 1.62, p > .05 as reflected by the constant error values. On average,
constant error values reflected an overshooting of the middle of the target, with the
exception of the 21mm target, where a slight undershooting occurred. The data did not
provide a significant interaction, F (4,10) = .67, p > .05.

Performance consistency, or variable error revealed only a main effect for target
size, F (4,10) = 2.98, p < .05, with no main effect for vision, F(1,13)=.18, p> .05, and
no interaction, F (4,10) = .50, p > .05. Participants were less consistent in their
movement endpoints when aiming to the 21mm target as compared to the 9 and 12mm
targets. For all other targets consistency measures were comparable. Combining

measures of accuracy and consistency revealed that aiming accuracy fell within the
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spatial boundaries for the 6, 9, 12, and 21mm targets. The 3mm target, given its small
margin for error had movement endpoints fall outside the boundaries.

Accuracy was a direct function of target size. This is shown by the percentage of
endpoints outside the target boundary. The percentages were calculated by taking the
mean variable error plus the constant error for each participant for each condition. A
percentage of movement endpoints that indicated a target miss based on CE + VE was
calculated. In line with Fitts (1954), all participants decreased the number of trials where
participants overshot or undershot the target boundaries as target size increased (Refer to

Table 5).

Table 5: Percentage of endpoints outside target boundary.

Condition 3mm 6mm 9mm 12mm 2Imm

Full Vision 42% 20% 10% 3% 0%

Partial Vision | 41% 10% 5% 4% 0%

Kinematic Measures

Analysis of peak velocity, did not demonstrate a main effect for target size, F
(4,10)=1.10, p > .05, vision, F (1,13) = 1.04, p > .05, or an interaction, F (4,10) =1.86, p
>.05. This indicates that neither the vision condition nor size of the target participants
were aiming to influenced their initial impulse. Impulse is often thought to reflect
movement planning. Thus, in the current experiment, movement planning was not

affected by vision of the cursor at the end of the movement or the size of the target.
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These results support Woodworth’s (1899) theory concerning two phases of an aiming
movement where the first phase, the initial impulse phase, is a non-visually guided
ballistic movement. The second phase, called current control, is where vision is used to
home in on the target.

Time to peak velocity was analyzed, only to reveal no main effects for target size,
F (4,10) =.58, p > .05, or vision, F (1,13) =.72, p > .05, and no interaction, F (4,10) =
1.49, p > .05, thus supporting that the ballistic portion of the movement was programmed
the same way for all conditions.

Analysis of time after peak velocity revealed a main effect for target, F (4,10) =
3.31, p < .05, with no main effect for vision, E (1,13) = .42, p > .05, or interaction effect,
F (4,10) = .31, p >.05. A post hoc analysis revealed that the time spent in deceleration
was significantly different for the 3 and 6mm targets. The time spent in deceleration
when moving to the 3 and 2 1mm target was significantly shorter than the 6,9, and 12mm
targets. Thus, the lengthened MT for these targets was a function of the greater time

spent in deceleration.

Movement Corrections

Deviations have been described as re-acceleration points other than peak
acceleration and peak negative acceleration, or secondary corrections to the movement,
demonstrating a continuous mode of control (Chua & Elliott, 1993). Deviations made
prior to peak velocity were analyzed and did not reveal significant effects for target, E
(4,10) = 3.09, p > .05, vision, F (1,13) =.16, p > .05, or an interaction, F (4,10) = .39,p>

.05. Analysis of deviations made after peak velocity were also analyzed and did not
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reveal any main effects for target size, F (4,10) = 1.38, p > .05, or vision, F (1,13) = .04, p
> .05, and no significant interaction, F (4,10) = .99, p > .05. This lack of significance
suggests that participants were not using vision to control the end of the movements,

regardless of the target size.

Target — Cursor Relationship Testing

As a test of Fitts’ law, regression equations were calculated were using trials for
each subject. Significant relationships for 4 of 14 participants were revealed for all
analyses: ID, tolerance (T — C), target + cursor, and [D=Log>[2A/(W + Cursor), and a
size effect for tolerance being noted for 5 participants (Refer to Table 6). Tolerance and
the target + cursor regressions produced the same R-square value for all participants,
whether the regression was significant or not. It was determined that the subtractive
nature of Tolerance and the additive nature of target + cursor were the same. Therefore
adding or subtracting a constant does not change anything in this case. Analyses using
means across participants of the four conditions did not reveal significance for any of the

conditions.
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Table 6: Significant relationships from participants (N.S. = not significant).

Condition
Subject ID Tolerance Target + Cursor ID (W=target + Cursor)
Sub1 NS. R’=.04 N.S. N.S.
Sub4 |R?’=22 R’=.14 R*=.14 R*=.18
Sub9 |R’=.12 R?’=.13 R?=.13 R?’=.12
Sub10 |R’=.13 R?=.18 R*=.18 R’=.16
Subl2 |R*=26 R?=.31 R? =31 R*=.30

The present study adopted a modified version of Fitts’ experimental paradigm
where there were conditions that involved movements of a large cursor to smaller targets,
thus presenting a negative tolerance. Fitts’ (1954) presented an experiment, in some
fashion comparable to the current study. He had subjects aiming discs and placing them
over a constant sized peg. A hole in center of the discs varied in diameter. A negative
tolerance situation could have transpired but Fitts’ calculated tolerance by subtracting the
aiming apparatus from the peg size, which differs from the majority of studies adopting
the idea of tolerance (Drury, 1975;Hoffmann, 1995; Hoffmann & Sheikh, 1992; Mariuz
& Weir, 2000). Calculating tolerance according to this method provides only positive
tolerance conditions. Thus, only positive tolerance data from the present study can be
compared to Fitts’ disc transfer task data. Targets involved were the 0, 3, and 12
tolerances, as they were the same size or larger than the cursor.

An analysis of movement time revealed that as target size increased from 9mm to

21mm MT decreased (Refer to Figure 2B). A post hoc test revealed that MT of the
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21mm target was significantly shorter than the 6, 9, and 12mm targets (Refer to Table 4).
Analysis of movement time in regards to tolerance reveals that as the positive tolerance
increases, 0 to 12, MT decreases. This was predicted as these three targets were used by
the original method for a Fitts’ paradigm (Refer to Table 1). A regression analysis
conducted on the 9, 12, and 2 1mm targets for Index of Difficulty resulted in a r value of
0.96. A regression analysis on tolerance for the positive tolerance targets (9, 12, &
21mm) produced a value of r equal to 0.99. These results indicate that tolerance and ID
for the 9, 12, and 21 mm targets were highly correlated and both plausible methods for
target — cursor analysis.

As Fitts does not allow for a formal analysis of the target — cursor relationship,
various tolerance issues must be examined. When comparing tolerance, negative (-6, -3,
0) or positive (0, 3, 12) tolerance relationships can develop’. When implementing this
method of analysis, it is possible to assume that as tolerance increases in a positive
direction movements become easier. The current study found this to be true, as the
targets increased in size from 9mm to 21mm, movement time decreased (Refer to Figure
2B). According to the literature the same should occur for negative tolerance conditions
(Hoffman, 1995; Hoffmann & Sheikh, 1991). Results of the present study did not
support these findings. In fact, the 3mm target produced the fastest MT of the three
targets (3, 6, 9mm). Thus, the negative tolerance condition provided a different
movement time pattern compared to the positive tolerance conditions (Refer to Figure 2).

When the situation of targets with the same tolerances presents itself, movement

time between these targets should be similar. The present study afforded such a situation.

5 The 9mm target is included in both positive and negative tolerances for demonstrative purposes as itisa
zero tolerance and to allow three targets to be analyzed versus only two targets.
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Figure 2: (A) Effects of target size (3, 6, & 9mm) and tolerance (-6, -3, & 0) on
movement time, collapsed across conditions; and (B) Effect of target size (9, 12,
& 21mm) and tolerance (0, 3, & 12) on movement time, collapsed across
conditions.



The 6mm target and the 12mm target had tolerance values of -3 and 3, respectively. As
both had the same level of difficulty, just in different directions, movement times should
be statistically similar. Results of a planned comparison (Keppel, 1982) found this to be
true, F (1,13) = 2.69, p > .05, thus indicating that participants approached both targets in
a similar manner.

Results of a planned comparison did not reveal a statistical difference between the
3 and 21mm target, F (1,13) = 1.71, p > .05, although tolerance values for these two
targets were -6 and 12 respectively. Other comparisons of targets with different
tolerances revealed statistical differences. Participants may have viewed the 3mm target
to be an easier target related to the larger size of the cursor, which usually occurs when
aiming to large targets with small cursors. Both could be considered to have a larger
margin of allowable error around the target.

In regards to specific predictions, all were hypothesized to be based on an
interaction, with the exception of prediction 5. Main effects for vision were absent, and
there were no interactions between vision conditions and targets. Prediction 5
hypothesized that an interaction due to vision would not occur because it was considered
a test of replication. It was stated that for the 9mm to the 21mm targets there would be
no difference between either vision conditions, which occurred. Aspects of each

prediction are still addressed and discussed.

Discussion

The aim of the present study was to examine the relationship between target size

and cursor size and the influence of vision on manual aiming. This was accomplished
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