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Abstract
Submovements that are frequently observed in the final portion of pointing movements have
traditionally been viewed as pointing accuracy adjustments. Here we re-examine this long-lasting
interpretation by developing evidence that many of submovements may be non-corrective
fluctuations arising from various sources of motor output variability. In particular, non-corrective
submovements may emerge during motion termination and during motion of low speed. The
contribution of these factors and the factor of accuracy regulation in submovement production is
investigated here by manipulating movement mode (discrete, reciprocal, and passing) and target size
(small and large). The three modes provided different temporal combinations of accuracy regulation
and motion termination, thus allowing us to disentangle submovements associated with each factor.
The target size manipulations further emphasized the role of accuracy regulation and provided
variations in movement speed. Gross and fine submovements were distinguished based on the degree
of perturbation of smooth motion. It was found that gross submovements were predominantly related
to motion termination and not to pointing accuracy regulation. Although fine submovements were
more frequent during movements to small than to large targets, other results show that they may also
be not corrective submovements but rather motion fluctuations attributed to decreases in movement
speed accompanying decreases in target size. Together, the findings challenge the traditional
interpretation, suggesting that the majority of submovements are fluctuations emerging from
mechanical and neural sources of motion variability. The implications of the findings for the
mechanisms responsible for accurate target achievement are discussed.
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1. Introduction
Small irregularities that often appear in the final portion of the smooth, bell-shaped velocity
profile during arm movements to a target have been referred to as secondary submovements.
Starting from a seminal study by Woodworth (1899), the role of secondary submovements
during pointing and reaching movements has been a focus of many investigations (Abrams &
Pratt, 1993; Chua & Elliott, 1993; Crossman & Goodeve, 1983; Elliott et al., 2001; Keele,
1968; Khan & Franks, 2003; Meyer et al., 1988; Novak et al., 2002; Pratt & Abrams, 1996;
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Pratt et al., 1994; Walker et al., 1997; Woodworth, 1899). The common assumption has been
that the major portion of distance to the target is covered in a primary, ballistic submovement
characterized by smooth acceleration and deceleration. If the primary submovement misses
the target, secondary, corrective submovements are performed. The major support for this
interpretation is provided by an observation that decreases in target size are usually
accompanied with more frequent emergence of secondary submovements.

Dounskaia, Wisleder, and Johnson (2005) questioned the traditional interpretation of
submovements. They suggested that secondary submovements are not homogeneous and that
they can be related to different subtasks included in the pointing task. In addition to the obvious
subtask of accurate target achievement that may require corrective submovements, motion
termination was considered as another possible source of velocity fluctuations, i.e.
submovements. Motion termination is a movement component that is necessary to perform in
addition to motion deceleration to stop at the target. Indeed, during deceleration, the limb
approaches the target with negative, distinct from zero, acceleration. However, acceleration
needs to be nullified as soon as the target has been achieved. In other words, the arm needs to
be arrested and stabilized at the target, which requires specific component of control, i.e. motion
termination. The existence of the stabilizing component of control has been recognized in
electromyographic studies in which the third phase of the tri-phasic pattern of muscle activity
has been interpreted as responsible for limb stabilization (Berardelli et al. 1996). Apparently,
the limb stabilization may be accompanied with small fluctuations, specifically during fast
movements that require high negative acceleration while approaching the target and quick
reduction of this acceleration to zero when the target has been achieved.

The influence of motion termination on submovement emergence was examined by Dounskaia
et al. (2005) with use of movement mode manipulations. Submovement incidence (that
characterizes the probability of emergence of secondary submovements) was compared
between discrete and reciprocal pointing movements. The discrete mode required termination
of motion at the target and dwelling in this position for a period of time. In other words, it
required arresting and stabilizing the arm at the target. The reciprocal mode included motion
to the target and immediate reversal back to the home position without dwelling on the target.
In this mode, the stabilization of the arm at the target was not performed (Guiard, 1993;
Meulenbroek & Thomassen, 1993; Meulenbroek et al., 1998). Quantitatively, the difference
between the two modes was that both velocity and acceleration were nullified at the target
during discrete movements, whereby reciprocal movements involved nullification of velocity
only, while acceleration remained non-zero during the reversal.

It was found that submovement incidence was higher during the discrete than reciprocal mode,
supporting the influence of motion termination. Also, manipulations of target size were
performed that resulted in the traditional observation that submovements emerge more
frequently during movements to small than to large targets, suggesting that the accuracy
regulation subtask also contributed to the submovement production. Furthermore, it was found
that the two manipulations were associated with distinct submovement types. Submovements
representing gross changes in the velocity profile (revealed as zero-crossings of the first and
second motion derivative, i.e. velocity and acceleration) were responsive to the movement
mode manipulations and not to changes in target size. In contrast, fine submovements (revealed
as zero-crossings of the third derivative of displacement, jerk) were more frequent with
decreases in target size, and their incidence was independent of movement mode. These results
suggested that if any corrective adjustments of pointing accuracy were performed, they were
limited predominantly to the fine submovements.

The finding that gross submovements are associated with motion termination was supported
by Wisleder & Dounskaia (2007) who compared submovement incidence between discrete
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and cyclic movements. In addition, a hypothesis was tested that fine submovements are related
to low movement speed rather than small target size, and that more frequent emergence of them
with decreases in target size is a result of the speed-accuracy tradeoff (Fitts, 1954). Support
for this possibility was obtained by examining cyclic movements at two distinct frequency
levels. It was found that incidence of fine submovements increased with decreases in movement
frequency, and it was independent of target size. Nevertheless, when cyclic frequency was self-
paced, correlation of incidence of fine submovements with movement duration was rather low.
Thus, the validity of the traditional interpretation in application to fine submovements remained
uncertain and requires additional investigations.

The purpose of the present study is to contribute to the revision of the traditional submovement
interpretation by examining possible sources of submovements. This is achieved by testing
three movement modes. In addition to the discrete mode that requires motion termination at
the target and reciprocal mode during which motion is reversed at the target without a dwell
period, and hence, without motion termination, a passing mode is included in the present
experiment. The passing mode requires crossing the target and terminating motion after that.
Thus, it includes both subtasks, motion termination and accuracy regulation. However, in
contrast to the discrete mode during which the two subtasks are performed simultaneously
while approaching the target, they are performed separately from each other during passing
movements. Accuracy regulation is performed prior to the target passing, and the remaining
movement portion includes only the motion termination subtask. To isolate submovements not
related to accuracy regulation, submovements will be analyzed in the passing mode only after
passing the target. The role of accuracy constraints will be further emphasized by using small
and large targets. If the conclusion of the previous studies that gross submovements emerge
due to motion termination is correct, these submovements will appear in the discrete and
passing mode and not in the reciprocal mode, and there will be no increase in their incidence
with decreases in target size. If fine submovements are corrective adjustments performed to
accurately achieve the target, they will be observed during the discrete and reciprocal mode
and not during the passing mode, and they will be more frequent during movements to small
than large targets. However, if fine submovements are related to decreases in movement speed,
they will be observed in all three modes but more frequently for small than large targets. Thus,
the comparison of submovements among the three modes provides new means for examining
the contribution of different factors to submovement production.

2. Material and Methods
2.1. Participants

Sixteen right-handed subjects (10 males, 6 females, mean age 24.7 years, SD 4.9 years)
participated in the study. Subjects were volunteers from the Arizona State University campus.
After an explanation of the experiment, each participant signed an informed consent form
approved by the Human Subjects Institutional Review Board (IRB) of Arizona State
University.

2.2. Procedure
The experimental set-up is shown in Fig. 1. Subjects sat at a horizontal table on a top of which
a Wacom Intuos 12×18 digitizer was positioned. The height of the table was adjusted to provide
movement of the right arm right above the table in the horizontal plane at the shoulder level.
A digitizer stylus was attached beneath the stretched index finger so that the tip of the stylus
was located below the fingernail. The upper arm was suspended in a sling to decrease friction
between the arm and the table and to prevent fatigue. While the stylus tip could slide across
the table surface, the sling allowed the arm to move freely above the table. Motion was restricted
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to shoulder and elbow rotations. Wrist rotation was prevented by a brace. The trunk position
was fixed between the chair back and the edge of the table.

Subjects performed pointing movements by sliding the stylus across the digitizer table from a
home position to a target. Stylus motion on the digitizer was represented with a cursor on a
large (24 inches) computer screen positioned in front of the subject at 70 cm distance. The
home position and the target were also shown on the screen. The distance between the home
position and the targets on the screen was the same as on the digitizer. Although subjects could
see the arm, they were instructed to focus on the cursor motion and the target presented on the
screen.

The home position was located at 34 cm from the trunk. The targets were squares of two sizes,
small (1.0×1.0 cm) and large (3.5×3.5 cm). Four equidistant targets located in different
directions from the home position were used. The target locations were chosen individually
for each subject to provide four different joint coordination patterns. Target 1 enabled
movement performed with shoulder flexion and no rotation at the elbow. Shoulder flexion and
elbow extension was performed to achieve Target 2. Target 3 was chosen to enable elbow
extension and no rotation at the shoulder. Finally, achieving Target 4 required extension at
both joints. This method of the choice of target locations was similar to that used in the previous
studies (Dounskaia et al., 2005; Wisleder & Dounskaia, 2007). The purpose of these
manipulations was to test whether inter-segmental dynamics influence submovement
production. The premise for this possibility was provided by Sainburg et al. (1993; 1995) who
argued that inter-segmental dynamics regulation is specifically challenging during the
deceleration movement phase. No evidence for this influence was found in our previous studies.
This result was again verified in the present study. Preliminary analysis did not reveal a
significant main effect of joint coordination pattern on submovement production or a
significant interaction involving this factor. The data from the four targets were therefore
combined and the factor of joint coordination/target location was not included in the subsequent
analyses.

Movements to the targets were initiated by an auditory signal. Reaction time was not studied,
and therefore, subjects were not required to initiate movement as fast as possible. Movements
to the targets were performed in three different modes: discrete, reciprocal, and passing. The
discrete mode required moving the cursor to the target and terminating motion within the target.
The reciprocal mode involved moving the cursor to the target and returning to the home position
without dwelling on the target. The passing mode required moving the cursor through the target
and then stopping anywhere within the digitizer surface. The conditions of target size, target
location, and movement mode were randomized across subjects.

Subjects were instructed to perform motion to the target as fast as possible in all movement
conditions. In addition, bringing the cursor within the target was an ultimate requirement.
Specifically, discrete movements consisted of reaching the target and staying within the target
bounds with cursor velocity being lower than 5% of its peak for at least 150 ms. Reciprocal
movements required bringing the cursor within the target and reversing motion back to the
home position. To exclude dwelling on the target, the period before the initiation of the reversal
motion during which velocity could stay below 5% of the peak velocity was limited to 60 ms.
During the passing mode, subjects had to move the cursor through the target and to terminate
motion after that anywhere within the digitizer area. Proper performance of this task was
verified by controlling that the target was passed with velocity higher than 5% of its peak.
These requirements were controlled by a computer program during movement performance.
If any of these requirements were not satisfied, a high-tone auditory signal was produced to
notify the subject that the performed movement is not acceptable. In this case, the experimenter
verbally explained what requirements were violated, and the trial was repeated. Only successful
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trials were stored in the computer for future analysis. Usually, two-three practice trials in each
movement condition were sufficient for subjects to learn the requirements and to perform
subsequent trials successfully. Eight successful trials were recorded in each condition.

2.3. Data Recording and Analysis
Motion of the stylus was recorded by the digitizer at a sampling frequency of 100 Hz and with
spatial resolution of 0.1 mm. These data were used to represent motion with the cursor on the
computer screen in real time and for automatic control of fulfillment of the movement
requirements. In addition to the digitizer, a three-dimensional, optoelectronic tracking system
(Optotrak, Northern Digital) was used to record arm motion at a 100 Hz sampling rate. Four
reflective markers were attached to the sternum, shoulder joint, elbow joint, and the tip of the
index finger. The data from the fingertip marker were used to analyze fingertip motion. The
data from the rest of the markers were employed to verify that movements were performed
with shoulder and elbow coordination patterns required by each target. To obtain target
representation in the Optotrak coordinates, the location of the fingertip marker was recorded
when the subject accurately positioned the fingertip on the target.

Velocity, acceleration, and jerk profiles of the fingertip were calculated as derivatives of
fingertip displacement. In addition to signed velocity (positive values of which corresponded
to motion towards the target) unsigned velocity was computed. A sliding window technique
was used to compute the derivatives. This method provides approximation of the data within
a window with a quadratic polynomial. The coefficients of the quadratic polynomial are then
used to calculate the analytic derivative at the window's center. This method of calculation also
provides data smoothing. The width of the sliding window was 12 data points.

To determine the beginning of the movement, the moment of time was found at which the
unsigned velocity of the fingertip marker exceeded 5% of peak velocity after staying below
this threshold for at least 150 ms. Then, a backward-tracing algorithm was used to determine
the last preceding moment at which signed velocity was zero. Similarly, the end of the discrete
and passing movements was determined based on the moment of time at which unsigned
velocity was lower than 5% of peak velocity and stayed under this threshold for at least 150
ms. The moment at which signed velocity became zero after crossing the 5% threshold was
considered as the movement end. Only the movement from the home position to the target was
considered during the reciprocal mode. The end of movement to the target in the reciprocal
condition was defined as the moment of the initiation of motion from the target to the home
position. To determine this moment, the velocity peak during the movement from the target to
the home position was detected. Starting from this velocity peak, a backwards-tracing
algorithm was then used to detect the time moment of the first local minimum of the unsigned
velocity. In addition, passing the target was defined during the passing mode as the moment
of time when the distance between the fingertip and the target center was minimal.

Each movement to the target was parsed in the primary and secondary submovement with use
of the method adopted from Meyer et al. (1988). Although other methods of submovement
detection have also been suggested (Milner, 1992; Novak et al., 2002; Rohrer & Hogan,
2003, 2006), the majority of studies promoting the interpretation of secondary submovements
as corrective adjustments employed the method of Meyer and colleagues. Since the goal of the
present study was to re-examine this interpretation, we also used this method. Namely, the
initial smooth, bell-shaped portion of the velocity profile was defined as a primary
submovement. The end of the primary submovement, which was also the beginning of the
secondary submovement, was determined as the moment of time within the deceleration phase
at which one of the following events occurred: a zero-crossing from positive to negative value
occurred in the signed velocity profile (type 1 submovement); the acceleration profile crossed
zero from a negative to a positive value (type 2 submovement); the jerk profile crossed zero
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from a positive to a negative value (type 3 submovement). Examples of the three submovement
types during discrete movements are shown in Fig. 2.

The analysis was limited to the first fluctuation in the velocity profile, thus focusing on the
interruption of the smooth velocity profile and factors causing this interruption. Accordingly,
the movement portion comprised between the end of the primary submovement and the end
of the entire movement to the target was defined as a secondary submovement. Although one
or two velocity fluctuations emerged after the first irregularity in the velocity profile in 26%
of trials with a submovement, these subsequent fluctuations were not analyzed as separate
submovements, first, because the subsequent fluctuations were not a consistent feature of
movements with submovements and emerged relatively rarely, and second, because the
subsequent fluctuations may be not independent from the type of the first fluctuation.

Only secondary submovements emerging during the deceleration phase were analyzed, since
corrective adjustments are likely to emerge during this phase. Frequency of emergence of the
irregularities depending on movement mode and target size was studied. During the passing
mode, only submovements initiated after passing the target were considered. Since the target
had been passed before initiation of these submovements, none of them were corrective
adjustments performed with a purpose to provide accurate target achievement. As subsequent
analysis demonstrated, the target passing always occurred during the deceleration phase.
Namely, it occurred when about 33% and 13% of deceleration duration elapsed when the targets
were small and large, respectively. Due to this factor, frequency of submovement emergence
could be lower in the passing mode than in the other modes during which submovements
initiated at any moment of the deceleration phase were considered.

To assess frequency of submovement emergence, total submovement incidence was computed
for each subject in each condition as the number of movements with secondary submovements
of any of the three types divided by the total number of movements performed in this condition.
Total submovement incidence has been the cardinal characteristic used in support of the
traditional submovement interpretation because the common finding is that total submovement
incidence increases with decreases in target size. In addition to the total submovement
incidence, we follow Dounskaia et al. (2005) and Wisleder & Dounskaia (2007) and analyze
submovement incidence separately for each type. The distinction of the three submovement
types is justified by a consideration that if different factors may cause the interruption of the
smooth, bell-shaped velocity profile, the degree of the perturbation in smooth motion (i.e., the
type of submovement) may be different for different factors. This expectation was supported
by a finding of our previous studies that gross (type 1 and 2) submovements were related to
motion termination and fine (type 3) submovements were associated with pointing accuracy
regulation. For this reason, the separate analysis of each submovement type was included here.
The incidence of secondary submovements by type was computed for each condition as the
number of movements with a secondary submovement of the respective type divided by the
total number of movements performed in this condition. In addition to submovement incidence,
peak velocity as a characteristic of movement speed was computed.

2.4. Statistical Analysis
A 2×3 (Size × Mode) repeated measures factorial analysis of variance (ANOVA) was applied
to the computed characteristics. Size corresponded to the small and large targets and mode
corresponded to the discrete, reciprocal, and passing mode. Bonferoni post-hoc tests were
conducted to perform pairwise comparisons between the modes. The 0.05 significance level
was used to define statistically significant effects.
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2.5. Dependence of Submovements on the Differentiation and Filtering Procedure
To establish robustness of results reported in the next section, it was investigated whether the
differentiation and smoothing procedure used to compute velocity, acceleration, and jerk
influenced the emergence of the three types of submovements. With this purpose,
submovement incidence obtained with use of the differentiation procedure was compared with
this characteristic obtained with use of two other smoothing methods complimented with a
MATLAB 2-point signal differentiation procedure. The first smoothing method was a 5th-order
dual-pass low-pass Butterworth filter with a cut-off frequency of 7 Hz. The second method
was a MATLAB cubic smoothing spline procedure csaps. Although using the different
smoothing procedures resulted in slight variations in the values of submovement incidence in
each condition, the statistical influence of target size and movement mode on the total
submovement incidence and incidence of each submovement type was the same for all three
methods. This demonstrated that the majority of submovements of all three types were not an
artifact of the differentiation and smoothing procedure. Instead, they were inherent features of
movement kinematics and their emergence depended on movement conditions, as presented
next.

3. Results
3.1. Total Submovement Incidence

Submovements were found in 40% of all recorded movements. Mean and SE values of total
submovement incidence (without distinction of the type) are presented in Table 1. The results
of ANOVA applied to this characteristic are summarized in Table 2. The mean values of total
submovement incidence are also shown in Fig. 3 as the sum of submovement incidence of the
three types in each movement condition, i.e. as the height of each column. Both main effects
were significant for this characteristic. Submovements were more frequent in movements to
small than large targets. With respect to the main mode effect, the post hoc testing revealed
that submovements were more frequent during the discrete mode than during any of the two
other modes (p < 0.001 for both comparisons). The interaction was also significant. Fig. 3
shows that the effect of target size was different for the three modes. First, the inverse
relationship between submovement incidence and target size took place during the discrete and
reciprocal mode but not during the passing mode. Furthermore, the discrete and reciprocal
mode also differed from each other with respect to the target size effect. For large targets,
submovements were frequent in the discrete mode and they were basically absent during the
reciprocal mode. This difference between the two modes suggests that in the discrete mode,
submovements emerged not only due to decreases in target size but also due to motion
termination. Motion termination as a source of submovements was further supported by the
submovements observed in the passing mode, and specifically, by more frequent emergence
of these submovements during movements to large than small targets. Together, the results
obtained for the total submovement incidence show that the traditional interpretation is not
sufficient to account for all observed effects. Other factors, and in particular, motion
termination, also contributed to the submovement production.

3.2. Submovement Incidence by Type
The effects of target size and movement mode on submovement production become clear when
the three submovement types are considered separately from each other. The two main effects
and interaction were significant for all three submovement types (Table 2). Fig. 3 helps to
interpret these statistical results. Type 1 submovements emerged predominantly during discrete
and passing and not reciprocal movements. This result points to a relation of these
submovements to motion termination. Furthermore, type 1 submovements observed in these
two modes were more frequent when the target was large than when it was small. These results
are consistent with the association of these submovements with motion termination because
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movements to bigger targets usually have higher speed, and therefore, emergence of a type 1
submovement during arm stabilization was more likely. Further, post hoc testing revealed that
type 1 submovements were more frequent during discrete than passing movements (p < 0.001).
This suggests that simultaneous performance of motion termination with accuracy regulation
increases chances of emergence of type 1 submovements. No statistical difference was found
in type 1 submovement incidence between the two target sizes in the reciprocal mode (p>0.1).

Type 2 submovements were present in the discrete and reciprocal mode but not in the passing
mode. This observation together with the fact that these submovements emerged predominantly
during movements to small and not to large targets points to the association of these
submovements with the accuracy regulation subtask. The same relationship with target size
was obtained for type 3 submovements, offering the traditional interpretation to these
submovements as well. However, this inference is questioned by the presence of type 3
submovements in the passing mode. Moreover, post hoc testing revealed that during the passing
mode, type 3 submovements emerged more frequently for small than for large targets
(p<0.001), even though they emerged after crossing the target, i.e. when no corrective
submovements were needed. This result is remarkable because it shows that the inverse
relationship between type 3 submovement incidence and target size does not necessarily mean
that these submovements are directly related to accuracy regulation. Rather, they may be a by-
product of mechanisms involved in accuracy regulation, for instance, of decreases in movement
speed. The more frequent emergence of type 3 submovements with decreases in movement
speed hypothesized here may also account for the higher incidence of these submovements
during the reciprocal mode if movement speed was lower during this mode as compared to the
other two modes. The differences in movement speed across the three modes are analyzed
further.

3.3. Peak Velocity
To explore the hypothesis that incidence of some of the three submovement types increases
with decreases in movement speed, peak velocity and the dependence of submovement
incidence on it was analyzed. Mean values of peak velocity in each condition are shown in Fig.
4. Table 2 shows that both main effects and interaction were significant. Peak velocity was
lower during movements to the small than large targets, which is in agreement with the speed-
accuracy tradeoff (Fitts, 1954). A distinct level of peak velocity was achieved in each mode.
Velocity was the highest in the passing mode and the lowest in the reciprocal mode (p < 0.001
for all three comparisons). The interaction was significant because the velocity increases
caused by the increases in target size were lower in the discrete than in other two modes.

The results of the peak velocity analysis confirm the assumption that speed was higher during
movements to large than small targets, which was used in section 3.2 to account for more
frequent type 1 submovements observed for large than small targets. However, the peak
velocity results also show that movement speed may be not the only factor influencing
emergence of submovements during motion termination because type 1 submovements were
more frequent in the discrete than in the passing mode even though the former movements
were slower than the latter. Rather, simultaneous performance of motion termination and
accuracy regulation may account for the increased incidence of type 1 submovements during
discrete movements. The decreases in peak velocity with target size were also consistent with
the hypothesis that type 3 submovements were fluctuations that emerge during low speed
movements, and that the dependence of these submovements on target size was a by-product
of the speed-accuracy tradeoff.

The dependence of each submovement type on movement speed was further investigated via
a regression analysis between submovement incidence and peak velocity. Since the purpose
of this analysis was to examine the nature of each submovement type, passing movements were
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not included due to the selective method of submovement analysis applied to this mode that a
priory excluded any corrective submovements. Thus, only discrete and reciprocal movements
were analysed. Taking into account that our previous studies revealed dependence of temporal
movement characteristics on the target location (Dounskaia et al., 2005; Wisleder &
Dounskaia, 2007), incidence of each submovement type computed separately for each of the
four targets was used for the regression analysis. Thus, mean values obtained during the sixteen
conditions emerging from the combinations of the two movement modes (discrete and
reciprocal), two target sizes, and four target locations were used.

The results of the regression analysis for the three submovement types are shown in Fig. 5.
Correlation between type 1 submovement incidence and peak velocity was low (R2 = 0.10, p
> 0.1) suggesting that there was no consistent, linear relationship between type 1
submovements and movement speed. In contrast to type 1, submovement incidence was
significantly (p < 0.05) and negatively correlated with peak velocity for type 2 and 3 (R2 =
0.71 and R2 = 0.75, respectively). These results support the conclusion of the analysis of
submovement incidence by type that submovements of type 1 differ in nature from
submovements of type 2 and 3. Furthermore, they are consistent with the possibility that
submovements of type 3, and perhaps type 2 as well, were directly related to low movement
speed, and that the dependence of these submovements on target size was a result of the speed-
accuracy tradeoff.

4. Discussion
The traditional interpretation of secondary submovements suggests that they are visually
guided adjustments performed to achieve required accuracy at the target (Crossman &
Goodeve, 1983; Keele, 1968; Meyer et al., 1988; Woodworth, 1899). Here, we re-examined
this long-lasting interpretation and studied whether there are submovements that cannot be
interpreted as corrective submovements. The results suggest that submovements observed
during pointing to a target are not homogeneous and that different factors may contribute to
their production. In particular, strong evidence was obtained for type 1 submovements
emerging due to motion termination. Other results point to a possibility that type 3 and perhaps
type 2 submovements are not corrective adjustments for accuracy but are an attribute of low
speed produced during movements to small targets. These findings are discussed next.

4. 1. Motion Termination and Submovement Production
To distinguish submovements caused by motion termination, we compared submovement
incidence among the three modes, discrete, reciprocal and passing. It was expected that
submovements related to motion termination would appear in the discrete and passing and not
in the reciprocal mode because pointing in the latter mode does not include motion termination.
The analysis pointed to type 1 submovements as those related to motion termination. Indeed,
the traditional interpretation of these submovements is that they are corrections for target
overshooting. This interpretation predicts that type 1 submovements would emerge equally
during the discrete and reciprocal mode, and they would be more frequent during movements
to small than large targets. However, type 1 submovements were abundant in discrete
movements and were scarce in reciprocal movements. This result is not consistent with the
interpretation of them as corrective submovements. Rather, it points to motion termination as
a possible source of these submovements. This alternative interpretation is further supported
by the finding that, in addition to the discrete mode, type 1 submovements were frequent during
the passing mode that also included motion termination. In addition, type 1 submovements
were more frequent during movements to large than small targets. This result is also consistent
with the interpretation of these submovements as emerging from motion termination because
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movements to large targets were characterized by higher speed, and hence, were prone to
oscillations during stabilization of the arm at the target.

The conclusion that type 1 submovements emerge from motion termination rather than being
corrective adjustments was also derived in our previous studies (Dounskaia et al., 2005;
Wisleder & Dounskaia, 2007). Similar to the present findings, type 1 submovements were
frequent in the discrete mode and almost absent in the continuous modes that did not include
motion termination. Also, incidence of these submovements did not increase with decreases
in target size. A difference between the present and the previous studies is that in those studies,
type 2 submovements demonstrated the same dependence on the experimental manipulations
as type 1 submovements. Reasons why type 2 submovements had a different nature in the
present experiment is discussed further. In spite of this difference, all three studies converge
on the finding that the majority of gross submovements (revealed by zero-crossings in the
motion derivatives of low order) are not corrective adjustments but rather are caused by motion
termination.

Although mechanisms underlying motion termination are unknown, two origins for emergent
submovements can be proposed, active and passive. The active origin implies that
submovements are a kinematic consequence of muscle activity that provides motion
termination. Specifically, submovements might emerge due to the third phase of the tri-phasic
muscle activation pattern revealed with use of electromyographic analysis. This phase is often
interpreted as stabilization of the limb in the final position (Berardelli et al., 1996; Hallett et
al., 1975; Hannaford & Stark, 1985) referred here as motion termination. Spinal reflexes may
play the cardinal role in the active component of motion termination. However, the same
reflexes may also be involved in providing pointing accuracy (Osu et al., 2004), which would
explain why type 1 submovements were more frequent in the discrete mode during which
motion termination was performed simultaneously with pointing accuracy regulation than
during the passing mode during which the final movement stage included only motion
termination.

A possible passive origin of submovements during motion termination is the viscoelastic
properties of the muscle-tendon complex that could cause oscillations of the limb during motion
termination. However, it might be difficult to distinguish the active and passive origin from
each other since stiffness of the muscle-tendon complex might be actively regulated (Bennett,
1993; Hogan, 1985; Latash & Gottlieb, 1991). Nevertheless, both origins suggest that
submovements related to motion termination are not centrally programmed in response to
pointing error but rather are a consequence of physical properties of the limbs and of control
responsible for halting motion at the target.

4. 2. Origins of Type 2 and 3 Submovements
The major support of previous research for the traditional submovement interpretation has been
the more frequent emergence of submovements with decreases in target size. This dependence
on target size was obtained here for type 2 and 3 submovements. In addition, type 2
submovements were present only during the discrete and reciprocal and not during the passing
mode from which corrective submovements were excluded by the analysis methods. These
results point to type 2 submovements as the primary candidates in the present study for
satisfying the traditional interpretation, i.e. for being visually-guided adjustments performed
to fulfill pointing accuracy requirements. However, in the studies of Dounskaia et al. (2005)
and Wisleder & Dounskaia (2007), type 2 submovements were classified as emerging from
motion termination because their incidence did not depend on target size and they were more
frequent during discrete than during continuous movements. The differences in the behavior
of type 2 submovements between this and the previous studies may be attributed to differences
in the experimental conditions. For instance, indirect vision conditions were used in the present
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experiment in which motion and the targets were presented on a vertical computer screen
instead of natural vision conditions used in our previous experiments. Also, there was an
ultimate requirement to terminate motion within the target in the present study. In contrast,
subjects were instructed to achieve the target as accurately as possible but were allowed to end
motion anywhere near the target in our previous studies. Apparently, type 2 submovements
may be related either to motion termination or to accuracy regulation, depending on
experimental conditions. Thus, careful analysis of the incidence of type 2 submovements is
required for each experimental set-up prior to making conclusions about the nature of these
submovements.

Similar to type 2, type 3 submovements were more frequent during movements to small than
large targets. Nevertheless, the interpretation of type 3 submovements as corrective
adjustments was challenged by frequent emergence of them in the passing mode, also in the
inverse proportion to target size. An alternative interpretation is that many of type 3 and perhaps
type 2 submovements may have been not corrective submovements but motion fluctuations
that emerged during movements of high accuracy.

One possible source of motion fluctuations during movements to small targets is increased
muscle co-contraction accompanying decreases in target size (Gribble et al., 2003). Also,
fluctuations may be a characteristic of low movement speed while their dependence on target
size is a by-product of speed-accuracy tradeoff (Fitts, 1954). This hypothesis is consistent with
decreases in smoothness of movement trajectory with decreases in movement speed reported
by Doeringer and Hogan 1998. Wisleder & Dounskaia (2007) provided support for this
hypothesis specifically in application to type 3 submovements finding that incidence of these
submovements was independent of target size during cyclic movements of controlled
frequency. Instead, type 3 submovement incidence depended on cyclic frequency. In addition,
regression analyses in that study revealed strong correlation of type 3 submovement incidence
with movement duration. The results of the regression analysis performed here were consistent,
revealing strong correlation between submovement incidence and peak velocity for
submovements of both type 2 and 3. Thus, it is possible that at least a substantial portion of
these submovements represented motion fluctuations that emerged more frequently with
decreases in movement speed.

Fluctuations as a feature of slow movements and isometric production of low force levels have
been recognized and accounted for with unsteady production of muscle force (Burnett et al.,
2000; Galganski et al., 1993; Laidlaw et al., 2000; Moritz et al., 2005). The coefficient of
variability (the ratio between the standard deviation and the mean of the signal) of force
production is in the inverse relationship with the contraction intensity, and therefore, with
movement speed. Variability of the discharge rate of motor units have been proposed as the
critical factor causing unsteady force production (Moritz et al., 2005). Other mechanisms, such
as motor unit synchronization, discharge rate, specific characteristics of low-threshold motor
units, and oscillation in excitatory drive have also been discussed as possible contributors to
the variability of motor output (Taylor et al., 2003). These neurophysiological findings support
the hypothesis that fine submovements are a characteristic feature of slow movements.

To summarize, the results of this study challenge the traditional interpretation of
submovements as corrective adjustments performed to improve pointing accuracy. Rather,
many of submovements are fluctuations associated with motion variability that may have
various mechanical and neural origins. Specifically, two possible sources of motion variability
have been recognized. The first source is motion termination that may result in fluctuations
represented by gross submovements. The second source is low movement speed that provides
conditions for the emergence of fine submovements. Although our data do not exclude the
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possibility that some submovements were performed to correct motion to the target, the
dominant portion of submovements likely represents the two types of motion fluctuations.

This finding in particular suggests that the submovement detection method by Meyer et al.
(1988) may be the most appropriate to study submovements during pointing and reaching tasks.
This method detects changes in the velocity represented by specific zero-crossings in the first
three derivatives of the displacement profile. Thus, if submovements are irregular fluctuations
of velocity, in addition to detecting submovements, this method also provides information
about the degree of irregularities of the velocity profile. More recent methods detect
submovements by fitting the velocity profile with series of bell-shaped functions with scaled
duration and amplitude (Milner 1992; Novak et al. 2002; Rohrer et al. 2004; Rohrer and Hogan
2006). The degree of velocity irregularities can be assessed with these methods only indirectly,
as the amount of submovement overlap. For instance, a type 2 submovement would be
characterized by smaller overlap with the primary submovement that a type 3 submovement.
A type 1 submovement would be characterized as a submovement in the direction opposite to
the direction of the main movement. Apparently, these methods are oriented on detecting
corrective submovements and therefore would be more appropriate for tasks during which
corrective submovements frequently emerge.

For instance, these methods may be more suitable for studying submovements during tracking
tasks. In these tasks, submovements are of type 2 and 3. These submovements may be corrective
in contrast to the majority of type 2 and 3 submovements during pointing. The possibility for
a distinct nature of submovements during tracking and pointing is supported by findings of
Pasalar et al. (2005), Roitman et al. (2004), and Selen et al. (2006a) that submovements during
tracking become more pronounced with increases in movement speed, whereas they disappear
during fast pointing movements to large targets. Further, according to results of Selen et al.
(2006a), submovements observed during tracking increase with increases in target size. It is
likely that during tracking, submovements are performed to compensate for constantly
emerging deviations of motion from the target trajectory, while the target size determines
“safety margins” for these deviations. Previous research did not distinguish submovements
emerging in pointing and tracking tasks, assuming that all of them were corrective. The results
of our study suggest that submovements observed in these two tasks may have different nature,
which points to the need to study these differences.

4. 3. Implications for Pointing Accuracy Regulation Mechanisms
Our findings question the long-standing interpretation of the mechanism of pointing accuracy
regulation as a series of visually guided corrective submovements. Indeed, the data show that
type 1 and 3 submovements may be not corrective submovements. Even type 2 submovements
that were found to be primary candidates for corrective submovements are unlikely to represent
the accuracy regulation mechanism. These submovements constituted only 14% of all
submovements. Taking into account that only 40% of all movements included submovements,
type 2 submovements were performed in 6% of all movements. This shows that even if these
submovements were performed to improve pointing accuracy, they could not be a major
mechanism of accuracy regulation.

An alternative possibility is that modifications in the trajectory are produced smoothly, in a
continuous process (Elliott, 1992; Elliott et al., 1991). This possibility was supported in
experiments in which the target or the cursor representing hand motion shifted after movement
initiation (Desmurget et al., 2003; Saunders & Knill, 2003, 2005). Another mechanism that
may play an important role in pointing accuracy regulation is modulation of arm stiffness
(Lametti et al. 2007; Osu et al., 2004; Selen et al., 2006b; Van Galen and Schomaker 1992).
These studies suggest that stiffness is increased during movements to smaller targets to prevent
deviations from the required trajectory that may emerge due to possible external perturbations
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and noise in the neuromuscular control signals. While the stiffness regulation hypothesis is
appealing, our results point to a question associated with this hypothesis. Namely, this
hypothesis implies that increased stiffness results in decreased variability not only at the target
but also while approaching the target. This however contradicts to our finding that incidence
of type 2 and 3 submovements (that represents trajectory variability) increases with decreases
in target size. Another doubt related to this hypothesis is that although increased stiffness may
help to prevent deviations from the required trajectory, it would also hinder corrections of the
trajectory if they are needed.

The findings of the present study contribute to understanding of multiple processes involved
in pointing accuracy regulation by making implications for regulation of movement speed
depending on the target size. Gross submovements emerging during motion termination
endanger pointing accuracy, and therefore, they favor decreases in movement speed,
specifically during the deceleration phase. However, slow movements are prone to fine
submovements, which may impose limitations on decreases in movement speed. Together, the
findings for gross and fine submovements propose that speed of voluntary movements is a
result of a trade-off between the two types of motion fluctuations. This optimization process
may constitute an important component of the accuracy regulation mechanism during self-
paced movements to a target.
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Figure 1.
Schematic representation of the experimental setup. Subjects moved the fingertip to one of the
four targets on the horizontal table. The arm was positioned horizontally above the table.
Movements were performed via the shoulder and elbow rotations with the immobilized trunk
and wrist. Although the targets are shown in the plane of motion, they were presented on the
computer screen and not on the table. In addition to the targets, the computer screen showed a
cursor that represented motion of the fingertip.
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Figure 2.
Examples of discrete movements with secondary submovements of type 1, 2, and 3. The
vertical line marks the end of the primary submovement and the beginning of the secondary
submovement. Type 1 submovement emerged when the smooth primary submovement was
interrupted by a velocity zero-crossing from positive to negative values. Type 2 submovement
was characterized by an acceleration zero-crossing from negative to positive values. A jerk
zero-crossing from positive to negative values was indicative of a type 3 submovement.
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Figure 3.
Mean submovement incidence by type expressed in percentage of the total number of
movements in each condition defined by target size (small and large) and movement mode
(discrete, reciprocal, and passing). The height of each column represents total submovement
incidence in the corresponding condition. The error bars represent standard error (SE). Type
1 submovements emerged predominantly during the modes including motion termination, i.e.
during the discrete and passing mode. Also, they were more frequent for large than small
targets. In contrast, type 2 submovements occurred during the discrete and reciprocal mode
and primarily when the target was small. Similar results were obtained for type 3
submovements. However, they were observed also in the passing mode (i.e. after crossing the
target) during which they also emerged only when the target was small.
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Figure 4.
Mean values of peak velocity for the two target sizes and three movement modes. Velocity
increased with increases in target size. Velocity was the highest in the passing mode and the
lowest in the reciprocal mode, achieving distinct intermediate values during the discrete mode.
The error bars represent SE.
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Figure 5.
Results of linear regression between the velocity peak and incidence of type 1, 2, and 3
submovements. The analysis was applied to the discrete (Dis) and reciprocal (Rec) mode. Each
panel includes sixteen data points corresponding to the combinations of the two movement
modes, two target sizes, and four target locations.
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Table 1
Total submovement incidence (mean ± SE).

% Discrete Reciprocal Passing

Small Targets 57 ± 4 53 ± 7 24 ± 4
Large Targets 49 ± 6 1 ± 0 40 ± 6

Total 53 ± 4 27 ± 4 32 ± 5
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Table 2
Statistical results (F-values).

Size Mode Size ×Mode

Degrees of Freedom 1, 15 2, 30 2, 30

Total SM Incidence 8.9** 13.8*** 51.4 ***
Type 1 SM Incidence 9.7** 36.3*** 13.8 ***
Type 2 SM Incidence 31.0*** 11.2*** 11.2***
Type 3 SM Incidence 20.5*** 25.1*** 24.7***
Peak Velocity 182.0*** 81.5*** 7.2**

*
p<0.05

**
p<0.01

***
p<0.001, SM - Submovement
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