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Abstract
The presence of motor redundancy means that movement variability can be split into a ‘task-space’ component that affects 
task performance, and a ‘null space’ component which has no effect on task performance. While the control of task-space 
variability during learning is essential, because it is directly linked to performance, how the nervous system controls null 
space variability during learning has not been well understood. One factor that has been hypothesized to govern the change 
in null space variability with learning is task difficulty, but this has not been directly tested. Here, we examined how task 
difficulty influences the change in null space variability with learning. Healthy, college-aged participants (N = 36) performed 
a bimanual steering task, where they steered a cursor through a smooth W-shaped track of a certain width as quickly as 
possible while attempting to keep the cursor within the track. Task difficulty was altered by changing the track width and 
participants were split into one of the three groups based on the track width that they practiced on—wide, narrow, or pro-
gressive (where the width of the track progressively changed from wide to narrow over practice). The redundancy in this 
task arose from the fact that the position of the cursor was defined as the average position of the two hands. Results showed 
that movement time depended on task difficulty, but all groups were able to decrease their movement time with practice. 
Learning was associated with a reduction in null space variability in all groups, but critically, there was no effect of task 
difficulty. Further analyses showed that while the task-space variability showed an expected speed–accuracy tradeoff with 
movement time, the null space variability showed a qualitatively different pattern. These results suggest differential control 
of task and null space variability in response to changes in task difficulty with learning, and may reflect a strong preference 
to minimize overall movement variability during learning.
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Introduction

The large number of degrees of freedom in the human body 
creates redundancy, which means that most motor tasks 
can be accomplished through multiple movement solutions 
(Bernstein 1967). For example, when reaching to a location 
in 3D space, the human arm has at least 7 degrees of free-
dom at the joint level, which means that there are multiple 
arm postures that can be used to reach that location (Turvey 
et al. 1982). This example of mechanical redundancy allows 

movement variability to be decomposed into two compo-
nents—(1) a ‘task space’ (or goal-relevant) component, 
where the variability directly affects the task outcome and 
(2) a ‘null space’ (or goal-equivalent) component, where 
variability has no effect on the task outcome (Cusumano and 
Cesari 2006; Domkin et al. 2002; Mosier et al. 2005; Müller 
and Sternad 2004; Scholz and Schöner 1999). Understanding 
how the nervous system controls these two components of 
variability when learning a novel task is critical from both 
theoretical and applied viewpoints.

Although it is apparent that task-space variability must 
be controlled with learning due to its direct link to task per-
formance, the role of null space variability with learning 
remains rather unclear (Wu and Latash 2014). On one hand, 
there is evidence that overall movement variability (i.e., both 
task and null space variability) generally decreases with 
learning (Darling and Cooke 1987; Ranganathan and Newell 
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2010; Shmuelof et al. 2012), indicating that even in the pres-
ence of many solutions, there is a tendency to use certain 
‘preferred’ solutions. However, on the other hand, reduc-
ing null space variability could also be considered ‘wasted 
effort’, since it has no impact on task performance (Todorov 
and Jordan 2002). Moreover, reducing null space variabil-
ity may also be counter-productive, since the presence of 
null space variability may allow flexibility to accommodate 
perturbations or secondary tasks (Latash 2012; Rosenblatt 
et al. 2014; Zhang et al. 2008). A recent review (Latash 
2010) revealed a mixed pattern of results—in some tasks, 
there was an increase in null space variability (relative to 
the task-space variability) with learning, whereas in oth-
ers, there was a decrease. One potential hypothesis raised 
to explain this pattern of results was task difficulty—simple 
tasks with lower task difficulty generally showed greater 
reduction in null space variability, whereas complex tasks 
with higher task difficulty led to relative preservation of the 
null space variability. These results point to a need to clarify 
the role of task difficulty in the change of null space vari-
ability in learning.

However, a major limitation of inferring the role of task 
difficulty from prior work is the necessity to make compari-
sons between learning completely different tasks (e.g., point-
ing at a target vs. multi-finger force production). Although 
it seems intuitive that some tasks may be more difficult than 
others, there is no common metric of task difficulty across 
these different tasks, which is critical to quantitatively test 
this hypothesis. Here, we overcome this limitation using a 
single task that could be varied on a quantifiable metric of 
task difficulty. Specifically, we used a steering task, where 
participants had to steer a cursor through a track while stay-
ing within a track. This paradigm allowed us to manipulate 
task difficulty by altering the width of the track while hold-
ing all other experimental factors constant.

The goal of this study was to examine the effect of manip-
ulating task difficulty on the change in null space variability 
with learning. Participants performed a bimanual steering 
task, where the goal was to steer a screen cursor through 
a desired track of specified width as quickly as possible 
without crossing the boundaries of the track. Critically, 
the screen cursor position was determined as an average of 
the position of the two hands, which meant that the same 
cursor path could be achieved by different combinations of 
hand paths. We manipulated the task difficulty by adjust-
ing the track width: in two groups (wide and narrow), the 
track width was held constant throughout practice, and in a 
third group (progressive), we changed the track width during 
practice. We evaluated the change in null space variabil-
ity with learning. Based on the task difficulty hypothesis 
(Latash 2010), we hypothesized that there would be a reduc-
tion in variability with learning in both cases, but that the 
group with higher task difficulty (i.e., the narrow group) 

would show higher amounts of null space variability relative 
to the group with easier task difficulty. As a second explora-
tory aim, we also examined if progressive modification of 
task difficulty (gradually moving from lower to higher task 
difficulty) had a differential effect on the use of null space 
variability relative to the groups that practiced with the same 
level of task difficulty throughout.

Methods

Participants

Participants were 36 healthy college-aged adults (age range 
20–24 years, 20 females). Participants received extra course 
credit for participation. All participants provided informed 
consent and the procedures were approved by the Institu-
tional Review Board at Michigan State University.

Apparatus

We used a bimanual manipulandum (KINARM Endpoint 
Lab, BKIN Technologies, ON), which consists of two sepa-
rate robotic arms that allow motion in a 2D horizontal plane. 
A handle located at the end of each arm could be grasped by 
participants. Participants were seated on a height-adjustable 
chair, and looked into a screen at around 45 degree angle 
below eye level (Fig. 1a). The visual information was pre-
sented in such a way that the objects on the screen appear 
to be located in the plane of the hands. Kinematic data from 
both handles were sampled at 1000 Hz.

Task description

The participants controlled a cursor of diameter 4 mm and 
steered it from start position to end position along a smooth 
W-shaped track of length 738 mm (Fig. 1b). The goal of 
the participants was to do this as quickly as possible while 
maintaining the cursor within the track. The width of the 
track was always visible to the participant- both the track 
(i.e., the ‘allowed region’), and the surrounding region were 
highlighted in different colors. When the cursor deviated 
from the track, the surrounding region changed color serv-
ing as a visual cue to help maintain the cursor within the 
track. Regardless of the track width, the center of the track 
always remained in the same position in the workspace for 
all participants and conditions.

Cursor mapping

The position of the cursor (XC, YC) was displayed at the 
average position of the two hand locations (X and Y coordi-
nates of the left and right hands), making the task redundant 
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(Diedrichsen 2007). This 4-to-2-mapping can be represented 
as follows (Liu and Scheidt 2008; Mosier et al. 2005):

where C is the cursor position, A is the ‘mapping matrix’, 
and H is the vector of hand positions.

Procedures

At the start of each trial, participants saw two individual 
cursors (one for each hand), which allowed them to position 
each hand in its own start circle—this was done to ensure 
that the two hands always started at the same position for 
each trial. Once each hand reached its start position, the 
individual cursors disappeared and were replaced by a single 
cursor at the average position of the two hands. Participants 
then moved this cursor towards the finish position as fast as 
possible staying within the width of the track. Participants 
were asked to ‘pass through’ the finish box (i.e., they did not 
have to stop the cursor at the finish box).

To encourage participants to go faster while staying inside 
the track, participants were shown a ‘Points Score’ at the 
end of the trial that reflected their task performance—higher 
scores (max 100 points) were generated for faster times and 
for staying inside the track. Participants received a penalty 
in proportion to the time they took to complete the whole 
movement (tm) and the time that the cursor spent outside the 
track (to) (see equation below). If the cursor completely went 
outside even the surrounding region, they were awarded zero 
points on that trial:

C =

�
XC

YC

�
=

�
0.5 0.5 0 0

0 0 0.5 0.5

� ⎡⎢⎢⎢⎣
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Experimental protocol

Participants were divided into three groups (n = 12/group)—
narrow, progressive, and wide, based on the track width during 
practice (Fig. 2). All participants initially performed a familiar-
ization block of 10 trials on the wide track, where they famil-
iarized themselves with the task and the scoring system. Sub-
sequently, each group practiced on a different track width over 
2 days of practice. The narrow group had a 6 mm wide track, 

Points score = 100 − 0.1 ∗ (tm)
2 − 0.5 ∗ (to)

2.

Fig. 1   Experimental setup. a Schematic of experimental appara-
tus. Participants held the handles of a bimanual manipulandum and 
looked into a screen that displayed the image in the same plane as 
their hands. Participants could not see their hands directly. b Task 
schematic. Participants were asked to steer a cursor though the 
W-shaped track as quickly as possible from start to finish while main-

taining the cursor inside the track. The position of the cursor was dis-
played at the average position of the two hands (hands were not vis-
ible to the participant). We specifically focused on variability at five 
specific points on the path (0%, 30%, 50%, 70%, and 100%). Hands 
and the robot handles are drawn only for the sake of clarity and are 
not to scale

Fig. 2   Experimental protocol for the three groups of participants. 
Each block of practice consisted of 24 trials with a ~ 24-h break 
between blocks 6 and 7. The wide and narrow groups practiced with 
track widths of 10 mm and 6 mm, respectively, throughout the experi-
ment. For the progressive group, the track width was reduced during 
practice (blocks 1–10) by 1 mm every 2 blocks, going from 10 mm 
in block 1 to 6 mm by block 9. After the last practice block (block 
10), the progressive group faced a 6 mm track on block 11 (the same 
as the narrow group), and a 10 mm  track on block 12 (the same as 
the wide group). These two blocks essentially served as post-tests for 
comparisons with narrow and wide groups, respectively
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the wide group had a 10 mm wide track, and the width for 
these two groups remained constant throughout all 12 blocks 
of the experiment (1 block = 24 trials). For the progressive 
group, the track width started at 10 mm (i.e., the same as the 
wide group) and was then gradually reduced by 2 mm after 
every two blocks until it reached 6 mm (the same as the nar-
row group). After 10 blocks of practice, the progressive group 
performed one block of trials on the narrow setting (6 mm) on 
block 11, and one block of trials on the widest setting (10 mm) 
in block 12. Participants in the progressive group were not 
explicitly informed about the changes in track width, although 
the width of the track was visible to them.

Data analysis

Movement time

Based on our task instruction, the primary variable of interest 
was movement time. Movement time was measured as the time 
between the instant when the participant moved the cursor out 
of the start circle and the instant when the cursor moved into 
the finish box.

Error percentage

Because participants also had an accuracy requirement of stay-
ing inside the track, the error percentage was computed as the 
time duration that the cursor stayed outside the track in any 
given trial expressed as percentage of the movement time of 
that trial.

Task and null space variability

Because of the redundancy in the task, participants could 
maintain the same cursor position with differing positions of 
the individual hands. Therefore, the variability in hand posi-
tions could be further decomposed into task and null space 
variability (Liu and Scheidt 2008; Mosier et al. 2005; Ranga-
nathan et al. 2013).

The path from each trial was divided into 51 spatially 
equidistant points from the start to the end. At each point, 
the corresponding hand positions from all trials in that block 
were extracted into a matrix H (see “Cursor mapping”) and 
the Moore–Penrose inverse matrix was used to decompose 
the hand positions into null space and task-space components. 
Based on the mapping matrix A defined in the “Cursor map-
ping”, the null space (Hn) and task-space (Ht) decomposition 
of hand positions were calculated as

Ht = A
� ∗ (A ∗ A

�)−1 ∗ A ∗ H

H
n
= (I4 − A

� ∗ (A ∗ A
�)−1 ∗ A) ∗ H,

where I4 is an identity matrix of size 4 × 4. The variances of 
these null and task components of the hand positions were 
computed and summed to obtain total null space and task-
space variability at each spatial point.

Statistical analysis

Based on the experimental design, we refer to blocks 1–10 as 
the ‘practice blocks’ and blocks 11–12 as the ‘post-test blocks’. 
Specifically, block 11, which was used to compare the progres-
sive and narrow groups is referred to as post-test narrow; and 
block 12, which was used to compare the progressive and wide 
groups is referred to as post-test wide.

Analysis of practice blocks

The data from the first and last practice blocks (i.e., blocks 1 
and 10) were analyzed to evaluate the effects of practice and 
task difficulty. For movement time and error percentage, we 
used a two-way repeated measures ANOVA (practice × group), 
with practice being the repeated measure. For the task and 
null space variability, we used a three-way repeated measures 
ANOVA (practice × path location × group), with practice and 
path location being repeated measures. Here, path location 
refers to five spatial points (0%, 30%, 50%, 70%, and 100%) 
on the cursor path measured as a percentage of the total length 
of the path. The approximate locations of these path locations 
for any given block are shown in Fig. 1b.

Analysis of post‑tests

To evaluate the effect of progressive practice, we analyzed 
the post-tests focusing on the two groups which practiced on 
the same track width (thereby removing the effect of task dif-
ficulty). In the post-test narrow, we compared the narrow and 
progressive groups, and in the post-test wide, we compared 
the wide and progressive groups. For each post-test, we used 
a one-way ANOVA (group) to analyze differences in move-
ment time and error percentages and a two-way repeated 
measures ANOVA (path location × group), with path loca-
tion being the repeated measure, to analyze differences in 
task and null space variabilities.

The significance level was set at α = 0.05. Post-hoc com-
parisons were adjusted using the Bonferroni correction and 
Greenhouse–Geisser corrections were applied to account for 
violations in sphericity.

Results

First, we examined null and task variabilities in each block 
and removed participants, whose variability fell outside 
the Tukey’s fences (Q3 + 1.5 * IQR and Q1–1.5 * IQR, 
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Q1 = lower quartile, Q3 = upper quartile, and IQR = inter-
quartile range). There were 6 such outliers in total, which 
reduced the sample sizes to 10 in each group.

Movement time

Practice

As expected, both task difficulty and practice influenced 
the movement time (Fig. 3a). Participants in the narrow 
and wide groups were able to reduce movement time with 
practice, but the progressive group did not show changes in 
movement time with practice (because the task difficulty 
was constantly increased in this group). The analysis of the 
practice blocks revealed a significant main effect of group 
[F(2,27) = 34.05, p < 0.001], practice [F(1,27) = 59.05, 
p < 0.001] and a significant group × practice interaction 
[F(2,27) = 16.27, p < 0.001]. Pairwise Bonferroni adjusted 
comparisons for the group × practice interaction showed: 
block 1—that movement times were longer for the nar-
row group compared to the wide and progressive groups 
(p < 0.001), whereas there was no significant differ-
ence between the progressive vs. wide (p = 0.268), block 

10-movement times for the wide group were significantly 
smaller than both narrow and progressive groups (p < 0.001), 
but there was no significant difference between the narrow 
vs. progressive (p > 0.999).

Post‑tests

Progressive practice did not facilitate reduction in move-
ment time on the narrow track, and led to a small but sig-
nificant increase in the movement time on the wide track. 
Comparisons in the post-test narrow revealed no signifi-
cant differences between progressive and narrow groups 
[F(1,18) = 0.79, p = 0.379]. In the post-test wide, movement 
times were higher for the progressive group compared to the 
wide group [F(1,18) = 6.03, p = 0.024].

Error percentage

Practice

Overall, the error percentage was low for all groups (between 
5 and 15%) (Fig. 3b). Participants in the narrow and wide 
groups had nearly constant movement error percentages 

Fig. 3   a Average movement time in each group as a function of 
practice. Movement times were affected by track width and practice. 
Blocks 1–10 represent the practice phase and blocks 11 and 12 rep-
resent the post-tests. There was a ~ 24 h break between blocks 6 and 
7. b Average error percentage in each group as a function of prac-
tice. Error percentages were generally low, and remained constant 
throughout practice, except for the progressive group. Average cursor 

speeds throughout the path for c wide group and d narrow group in 
the first and last practice block. Increases in speed with practice were 
more pronounced during the straighter portions of the track when 
compared to the curved portions of the track. Note that the cursor 
speed at 0% (even though participants started the trial at rest) is not 
zero, because the 0% was defined outside of the start region. Error 
bars represent one standard error (between-participant)
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throughout practice, whereas the progressive group had 
an increasing movement error percentage (because of the 
gradual increase in task difficulty). The analysis of prac-
tice blocks revealed a significant main effect of practice 
[F(1,27) = 9.12, p = 0.005] and a significant group × practice 
interaction [F(2,27) = 15.76, p < 0.001]. Pairwise Bonferroni 
adjusted comparisons for the group by practice interaction 
showed: block 1—no significant differences between groups: 
progressive vs. narrow (p = 0.130), progressive vs. wide 
(p = 0.88) and narrow vs. wide (p > 0.99), block 10—error 
percentages were higher for progressive in comparison to 
the wide (p = 0.013) and there were no significant differ-
ences between progressive vs. narrow (p = 0.170) or narrow 
vs. wide (p = 0.682). The main effect of group was also not 
significant [F(2,27) = 1.78, p = 0.187].

Post‑tests

Progressive practice did not significantly affect the error per-
centage both on the narrow and wide tracks. Comparisons 
in the post-test narrow revealed no significant differences 
between progressive vs. narrow [F(1,18) = 3.37, p = 0.082] 
and comparisons in the post-test wide revealed no significant 
difference between progressive vs. wide [F(1,18) = 0.10, 
p = 0.753].

In addition to overall movement time, we also analyzed 
the speed of the cursor throughout the path (Fig. 3c, d). The 
average speed of the cursor in the narrow and wide groups 
increased from the first to the last block of training through-
out the path, but there was a bigger change in the straighter 
portions of the track, compared to the curved portions.

Task‑space variability

Cursor and hand trajectories of all trials in block 1 and block 
10 of practice for a representative participant in each group 
are shown in Fig. 4.

Practice

Task-space variabilities are shown as a function of path 
location for the first (block 1) and last block (block 10) 
of practice (Fig. 5a, b). Because the track width essen-
tially constrains the task-space variability, we expected 
to see group differences as a result of our experimen-
tal manipulation. In agreement, there was a significant 
effect of group [F(2,27) = 11.86, p < 0.001], path location 
[F(2.7,73.3) = 92.03, p < 0.001] and a significant interaction 
effect group × path location [F(5.4,73.3) = 11.49, p < 0.001].

Pairwise comparisons for the group × path location inter-
action showed the following trends: while there were no 
significant differences between the groups at the 0% path 
location, the narrow group had smaller variability than the 
wide group throughout the rest of the path (ps < 0.001). 
The narrow group also had smaller variability than the pro-
gressive group almost through the entire path (path loca-
tion at 30% p = 0.007; 50% p = 0.032, 70% p = 0.147, 100% 
p < 0.001), whereas the wide group had higher variability 
than the progressive group throughout the path except at 
the end (30% p = 0.077, 50% p = 0.033, 70% p = 0.035, 
100% p > 0.99). There were no other significant effects—
practice [F(1,27) = 0.01, p = 0.911], practice × group 
[F(2,27) = 0.86, p = 0.433], practice × path location 
[F(2.2,60.4) = 1.32, p = 0.273], and group × practice × path 
location [F(4.5,60.4) = 0.39, p = 0.834].

Post‑tests

Practicing with progressive widths did not affect task-
space variability on either of the post-tests (Fig. 6a, b). 
In post-test narrow, there was a significant effect of path 
location [F(3.1,56.1) = 60.49, p < 0.001] and a significant 
interaction effect group × path location [F(3.1,56.1) = 3.28, 
p = 0.025]. Pairwise comparisons at various path locations 
revealed a significant difference between the progressive 
and narrow groups generally in the latter half of the tra-
jectory − 70% path location (p = 0.022), but the 50% path 

Fig. 4   Sample trajectories 
(cursor, left and right hand) 
from one participant in each 
group are shown for first block 
of practice (block 1) and last 
block of practice (block 10). 
Cursor trajectories are shown 
in black, and the left and right 
hand trajectories are shown in 
grey. The individual hand tra-
jectories become less variable 
with practice even though cur-
sor variability remains roughly 
the same
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Fig. 5   Average task-space 
variability for each group in a 
first practice block (block 1) 
and b last practice block (block 
10). Task-space variability dif-
fered between groups, but did 
not change significantly with 
learning. Average null space 
variability for each group in c 
first practice block and d last 
practice block. Null space vari-
ability was similar between the 
groups and showed reductions 
from the first to last block. Error 
bars indicate one standard error 
(between-participant)

Fig. 6   Average task-space vari-
ability for the relevant groups 
in a post-test narrow (block 11) 
and b post-test wide (block 12). 
Average null space variability 
for the relevant groups in c 
post-test narrow and d post-test 
wide blocks. There were no 
advantages to progressive prac-
tice either in task or null space 
variability in both post-tests. 
Error bars indicate one standard 
error (between-participant)
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location (p = 0.109) and 100% path location (p = 0.107) 
were not significant. Group differences were not signifi-
cant in the first half of the trajectory − 0% path location 
(p = 0.928), 30% path location (p = 0.765). There was no 
significant effect of group [F(1,18) = 2.80, p = 0.110].

In post-test wide, there was a significant effect of path 
location [F(2.4,43.9) = 44.05, p < 0.001] which was simi-
lar to the effect seen in practice. There was no significant 
effect of group [F(1,18) = 0.55, p = 0.465], or group × path 
location [F(2.4,43.9) = 0.43, p = 0.690].

Null space variability

Practice

Null space variabilities are shown as a function of path 
location for first (block 1) and last block (block 10) of 
practice (Fig. 5c, d). We observed that (1) null space varia-
bility showed an increasing trend along the path from start 
to finish and (2) there was a reduction in null space vari-
ability with practice for all groups and for all blocks. Com-
parisons of null space variability revealed a significant 
effect of practice [F(1,27) = 30.65, p < 0.001], path loca-
tion [F(1.3,36.7) = 57.79, p < 0.001], and practice × path 
location [F(1.3,34.5) = 15.71, p < 0.001]. Pairwise com-
parisons between blocks 1 and 10 at various path locations 
yielded an overall decrease in variability throughout the 
path at all path locations (p < 0.001) except at the 0% path 
location (p = 0.296). Importantly, there was no signifi-
cant effect of group [F(2,27) = 1.518, p = 0.237], or other 
interactions—group × practice [F(2,27) = 1.27, p = 0.296], 
group × path location [F(2.7,36.7) = 0.38, p = 0.924], 
and practice × group × path location [F(2.5,34.5) = 0.47, 
p = 0.872].

Post‑tests

Progressive practice did not affect null space variability on 
either post-test (Fig. 6c, d). In post-test narrow, there was 
a significant effect of path location [F(1.7,30.8) = 20.56, 
p < 0.001] which showed a similar increasing trend from 
start to finish. There was no significant effect of group 
[F(1,18) = 0.93, p = 0.346], or group × path location 
[F(1.7,30.8) = 1.21, p = 0.304].

Similarly, in post-test wide, there was a significant effect 
of path location [F(1.8,33.8) = 47.18, p < 0.001], showing 
a similar increasing trend from start to finish. There was 
no significant effect of group [F(1,18) = 1.17, p = 0.292], or 
group × path location [F(1.8,33.8) = 2.55, p = 0.095].

Variabilities as a function of movement time

Finally, to examine speed–accuracy effects, we examined 
null and task-space variabilities for all participants as a func-
tion of movement time in the first and last block of practice, 
i.e., block 1 and block 10 (Fig. 7a, b). For this analysis, the 
task and null space variabilities were averaged across all 
path locations for each participant. Because the scatter plots 
indicated that relation was not linear, we used the Spear-
man’s ranked correlation (ρ) to compute the correlation.

Task-space variability exhibited a speed–accuracy trade-
off both early and late in learning—i.e., shorter movement 
times were associated with higher task-space variability. 
This was indicated by a significant negative correlation for 
both block 1 (ρ = − 0.69, p < 0.001) and block 10 (ρ = − 0.81, 
p < 0.001). However, null space variability showed a qualita-
tively different pattern of results. Rather than a speed–accu-
racy tradeoff (i.e., a negative correlation), the observed cor-
relation was positive early in block 1 (ρ = 0.455, p = 0.012) 
and was not significant in block 10 (ρ = 0.13, p = 0.479).

Fig. 7   a Average task space and b average null space variability plot-
ted against movement time in the first practice block (black symbols) 
and the last practice block (grey symbols). Each symbol represents 
a participant. Task-space variability shows a negative correlation in 

both practice blocks, indicating a speed–accuracy tradeoff, whereas 
the null space variability shows a qualitatively different pattern, going 
from a slightly positive correlation in block 1 to a non-significant cor-
relation in block 10
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Discussion

The goal of the study was to examine changes in null space 
variability when learning tasks of different difficulty. Par-
ticipants performed a bimanual steering task through a 
W-shaped track and we modulated the task difficulty using 
the width of the track. Based on the task difficulty hypothesis 
(Latash 2010), we hypothesized that the narrow group would 
show higher amounts of null space variability relative to the 
wide group. Our results did not support the hypothesis—
although both task difficulty and practice had an effect on 
the movement time (indicating that the manipulation worked 
and there was learning), there was no effect of task diffi-
culty on the null space variability. Instead, with practice, null 
space variability simply showed an overall reduction for all 
groups. With regard to our exploratory aim on progressive 
practice, we found that practicing with progressive difficulty 
did not have any beneficial effects (and in some measures 
even had slightly worse performance) relative to the groups 
that practiced with constant difficulty.

Effect of task difficulty on performance

Because error percentages were generally low for all groups 
and fairly constant, movement time was treated as the pri-
mary performance variable. Changing task difficulty had 
anticipated effects: movement times in the narrow track were 
longer relative to the wide track, indicating a speed–accu-
racy tradeoff (Fitts 1954). Even though original version of 
the Fitts’ law task was developed for discrete point-to-point 
movements, other versions for path-based control have been 
developed (Accot and Zhai 1997). Such a tradeoff between 
movement time and accuracy (imposed by the track width) 
has been attributed to signal-dependent noise (Harris and 
Wolpert 1998; Schmidt et al. 1979). However, with prac-
tice, participants were able to complete the task faster, which 
is consistent with the idea that learning results in reduced 
motor variability (Darling and Cooke 1987; Georgopoulos 
et al. 1981; Gottlieb et al. 1988; Huber et al. 2016; Shmu-
elof et al. 2012).

Effect of task difficulty on movement variability

However, because this task was redundant, we could fur-
ther examine how participants changed their performance 
with learning. First, we observed that the task-space vari-
ability was constrained mainly by the track width and did 
not change with learning, which is consistent with the idea 
that participants did not reduce their task-space variability 

any more than what was required to do the task. When we 
examined the null space variability, however, there was 
no effect of task difficulty; instead, the main change was 
simply an overall reduction with practice in all groups. In 
other words, as participants learned to move faster through 
the same track, their hand paths from trial-to-trial became 
more consistent, leading to a reduction in the amount of 
null space variability (even though the cursor variability 
was unaffected). These results are somewhat contradictory 
to the predictions of a two stage learning model (Latash 
2010). In this model, the first stage of learning, which 
is more pronounced for tasks with higher task difficulty, 
should lead to strengthening of motor synergies (i.e., a rel-
ative preservation of the null space variability), followed 
by an optimization process (where null space variability 
may be decreased). Instead, we found that regardless of 
task difficulty, there was almost a steady reduction in null 
space variability during learning.

A simple explanation for these results is that our manip-
ulation of task difficulty was simply not large enough—
i.e., the wide and narrow groups did not differ sufficiently 
enough in task difficulty to create significant differences 
in the null space variability. However, we think that this 
explanation is unlikely, because the effect of task difficulty 
is clearly seen in the movement time; the narrow group 
almost took twice as long as the wide group throughout 
the entire practice duration.

This raises the question—what is the purpose of reduc-
ing null space variability with learning if it has no effect 
on task performance? There are two possibilities—first, 
the previous literature on the learning of redundant tasks 
has argued that reductions in null space variability could 
be a reflection of learning the metric properties of the task 
space (Mosier et al. 2005) or the learning of an inverse 
map from cursor coordinates to hand coordinates (Liu 
et al. 2010; Ranganathan et al. 2013). Second, because 
the task here focused on reduction of variability, the 
reduction in individual hand variability (and, therefore, 
null space variability) could also be due to use-dependent 
or ‘model-free’ learning—in other words, repetition of 
successful movements (Diedrichsen et al. 2010; Shmu-
elof et al. 2012). This is also consistent with evidence that 
high amounts of null space variability may impair this 
use-dependent learning mechanism and affect subsequent 
learning, even if it does not affect immediate performance 
(Cardis et al. 2017; Ranganathan and Newell 2013). While 
the current study was not designed to address the mecha-
nisms of how this variability was reduced with learning—
i.e., reduction in motor noise vs. increased error correction 
gains (Hasson et al. 2016), the results show that null space 
variability, although having no effect on performance, is 
also tightly controlled with learning.
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Control of task and null space variability

Interestingly, when considering performance at a single 
timepoint (i.e., ignoring the learning aspect), the task and 
null space variability showed patterns both within- and 
across participants, that were consistent with an optimal 
feedback control framework (Todorov and Jordan 2002). 
At the within-participant level, when we examined task 
variability along the track, task-space variability was higher 
in the middle of the track compared to the start and end. 
However, when we examined the null space variability, we 
found an increasing trend throughout the path from start to 
finish, consistent with other evidence in static force produc-
tion tasks (Shim et al. 2004). This is also consistent with the 
optimal feedback control, because the system had nothing to 
gain by ‘correcting’ null space deviations (since they would 
be wasted effort), and therefore, the variability simply accu-
mulated throughout the path.

At the between-participant level, we also found that while 
the task-space variability showed the typical speed–accuracy 
tradeoff (i.e., shorter movement times associated with higher 
task-space variability), the null space variability showed a 
qualitatively different pattern, where faster movement times 
generally resulted in lower null space variability, particu-
larly early in learning. These results are also consistent with 
optimal feedback control (Todorov and Jordan 2002)—as 
participants went faster, there was less time for feedback-
based compensation between the two hands, and therefore, 
participants would have had to be more consistent with both 
hands (i.e., use less null space variability) to still be success-
ful at the task.

Effect of progressive practice

Finally, we examined the progressive group to investigate if 
changing task difficulty had any beneficial transfer effects 
(Day 1956). We observed no benefits to gradually increas-
ing task difficulty level relative to the groups that practiced 
with constant track width. In both post-tests, the progressive 
group did not outperform the group that had practiced on 
the constant track width (narrow or wide). In the post-test 
narrow condition, we in fact observed a higher null and task-
space variability in the progressive group, indicating that 
the progressive group had a carry-over effect of practicing 
with wider track widths, and, therefore, had slightly higher 
overall variability. In general, the results support a “specific-
ity” account of learning (Baker et al. 1950; Bachman 1961; 
Henry 1958; Woodworth and Thorndike 1901), where the 
best performance was obtained by direct practice on the to-
be-learned condition.

There are a number of important caveats that need to 
be addressed. First, from a task paradigm perspective, in 
our task, participants were required to maintain task-space 

variability, but were free to select movement time. There is 
some evidence that instructions have an effect on the use of 
redundancy—for example, in well-learned reaching move-
ments, participants required to maintain the same movement 
time across task difficulty show changes in the use of null 
space variability (Tseng et al. 2003); however, this effect 
seems to disappear if participants self-select the movement 
time (Greve et al. 2015). Because our task was more novel, 
we expected to see if the non-significant differences found 
in Greve et al. were due to ‘ceiling’ effects of using a well-
learned behavior, but surprisingly, even in this novel task, 
we did not see differences in null space variability. Second, 
the mean position of the track was never changed during 
the experiment, which meant that participants really did not 
have to explore during learning; instead, they only needed 
to reduce the movement time while maintaining the task 
variability. Although this argues against the use of null space 
variability as a buffer to avoid increased task-space vari-
ability (Todorov and Jordan 2002), this lack of exploration 
could have also resulted in decreased null space variability. 
Therefore, it is plausible that learning in this task mainly 
involved the ‘second stage of learning’ (Latash 2010) (i.e., 
where null space variability is decreased in favor of an opti-
mization process). While this is outside the scope of the 
current study, introducing task variations to enhance motor 
exploration (such as manipulating the position of the chan-
nel, or the contribution of the hands to the shared cursor) 
may be ways to examine if the null space variability is criti-
cal to exploration.

In summary, we found that task difficulty did not have any 
differential effects on the use of null space variability. Null 
space variability decreased with practice, even as movement 
times got faster. These results suggest that in tasks involving 
the reduction of variability, the nervous system may use null 
space variability early on in learning but rely on the strategy 
of reducing overall variability regardless of task difficulty.

Acknowledgements  This material is based upon work supported by the 
National Science Foundation under Grants nos. 1703735 and 1823889.

References

Accot J, Zhai S (1997) Beyond Fitts’ law: models for trajectory-based 
HCI tasks. In: Proceedings of the ACM SIGCHI conference on 
human factors in computing systems. ACM, New York, pp 295–
302. https​://doi.org/10.1145/25854​9.25876​0

Bachman JC (1961) Specificity vs. generality in learning and per-
forming two large muscle motor tasks. Res Q Am Assoc Health 
Phys Educ Recreat 32:3–11. https​://doi.org/10.1080/10671​
188.1961.10762​064

Baker KE, Wylie RC, Gagné RM (1950) Transfer of training to a motor 
skill as a function of variation in rate of response. J Exp Psychol 
40(6):721. https​://doi.org/10.1037/h0062​547

Bernstein NA (1967) The coordination and regulation of movements. 
Pergamon Press, Oxford

https://doi.org/10.1145/258549.258760
https://doi.org/10.1080/10671188.1961.10762064
https://doi.org/10.1080/10671188.1961.10762064
https://doi.org/10.1037/h0062547


1055Experimental Brain Research (2019) 237:1045–1055	

1 3

Cardis M, Casadio M, Ranganathan R (2017) High variability impairs 
motor learning regardless of whether it affects task performance. 
J Neurophysiol 119:39–48. https​://doi.org/10.1152/jn.00158​.2017

Cusumano JP, Cesari P (2006) Body-goal variability mapping in an 
aiming task. Biol Cybern 94:367–379. https​://doi.org/10.1007/
s0042​2-006-0052-1

Darling W, Cooke J (1987) Changes in the variability of movement 
trajectories with practice. J Mot Behav 19:291–309. https​://doi.
org/10.1080/00222​895.1987.10735​414

Day R (1956) Relative task difficulty and transfer of training in skilled 
performance. Psychol Bull 53:160. https​://doi.org/10.1037/h0043​
305

Diedrichsen J (2007) Optimal task-dependent changes of bimanual 
feedback control and adaptation. Curr Biol 17:1675–1679. https​
://doi.org/10.1016/j.cub.2007.08.051

Diedrichsen J, White O, Newman D, Lally N (2010) Use-dependent 
and error-based learning of motor behaviors. J Neurosci 30:5159–
5166. https​://doi.org/10.1523/JNEUR​OSCI.5406-09.2010

Domkin D, Laczko J, Jaric S, Johansson H, Latash ML (2002) Struc-
ture of joint variability in bimanual pointing tasks. Exp Brain Res 
143:11–23. https​://doi.org/10.1007/s0022​1-001-0944-1

Fitts PM (1954) The information capacity of the human motor system 
in controlling the amplitude of movement. J Exp Psychol 47:381. 
https​://doi.org/10.1037/h0055​392

Georgopoulos AP, Kalaska JF, Massey JT (1981) Spatial trajectories 
and reaction times of aimed movements: effects of practice, uncer-
tainty, and change in target location. J Neurophysiol 46(4):725–
743. https​://doi.org/10.1152/jn.1981.46.4.725

Gottlieb G, Corcos D, Jaric S, Agacrwal G (1988) Practice improves 
even the simplest movements. Exp Brain Res 73:436–440. https​
://doi.org/10.1007/BF002​48235​

Greve C, Hortobàgyi T, Bongers RM (2015) Physical demand but not 
dexterity is associated with motor flexibility during rapid reaching 
in healthy young adults. PLoS One 10(5):e0127017. https​://doi.
org/10.1371/journ​al.pone.01270​17

Harris CM, Wolpert DM (1998) Signal-dependent noise determines 
motor planning. Nature 394:780. https​://doi.org/10.1038/29528​

Hasson CJ, Zhang Z, Abe MO, Sternad D (2016) Neuromotor noise 
is malleable by amplifying perceived errors. PLoS Comput Biol 
12:e1005044. https​://doi.org/10.1371/journ​al.pcbi.10050​44

Henry FM (1958) Specificity vs generality in learning motor skills. 
Proc Coll Phys Educ Assoc 61:126–128

Huber ME, Kuznetsov N, Sternad D (2016) Persistence of reduced neu-
romotor noise in long-term motor skill learning. J Neurophysiol 
116:2922–2935. https​://doi.org/10.1152/jn.00263​.2016

Latash ML (2010) Stages in learning motor synergies: a view based 
on the equilibrium-point hypothesis. Hum Mov Sci 29:642–654. 
https​://doi.org/10.1016/j.humov​.2009.11.002

Latash ML (2012) The bliss (not the problem) of motor abundance 
(not redundancy). Exp Brain Res 217:1–5. https​://doi.org/10.1007/
s0022​1-012-3000-4

Liu X, Scheidt RA (2008) Contributions of online visual feedback 
to the learning and generalization of novel finger coordination 
patterns. J Neurophysiol 99:2546–2557. https​://doi.org/10.1152/
jn.01044​.2007

Liu X, Mosier KM, Mussa-Ivaldi FA, Casadio M, Scheidt RA (2010) 
Reorganization of finger coordination patterns during adaptation 
to rotation and scaling of a newly learned sensorimotor trans-
formation. J Neurophysiol 105:454–473. https​://doi.org/10.1152/
jn.00247​.2010

Mosier KM, Scheidt RA, Acosta S, Mussa-Ivaldi FA (2005) Remap-
ping hand movements in a novel geometrical environment. J 

Neurophysiol 94:4362–4372. https​://doi.org/10.1152/jn.00380​
.2005

Müller H, Sternad D (2004) Decomposition of variability in the execu-
tion of goal-oriented tasks: three components of skill improve-
ment. J Exp Psychol Hum Percept Perform 30:212. https​://doi.
org/10.1037/0096-1523.30.1.212

Ranganathan R, Newell KM (2010) Influence of motor learning on 
utilizing path redundancy. Neurosci Lett 469:416–420. https​://
doi.org/10.1016/j.neule​t.2009.12.041

Ranganathan R, Newell KM (2013) Changing up the routine: inter-
vention-induced variability in motor learning. Exerc Sport Sci 
Rev 41:64–70. https​://doi.org/10.1097/JES.0b013​e3182​59beb​5

Ranganathan R, Adewuyi A, Mussa-Ivaldi FA (2013) Learning 
to be lazy: exploiting redundancy in a novel task to minimize 
movement-related effort. J Neurosci 33:2754–2760. https​://doi.
org/10.1523/JNEUR​OSCI.1553-12.2013

Rosenblatt NJ, Hurt CP, Latash ML, Grabiner MD (2014) An appar-
ent contradiction: increasing variability to achieve greater preci-
sion? Exp. Brain Res 232:403–413. https​://doi.org/10.1007/s0022​
1-013-3748-1

Schmidt RA, Zelaznik H, Hawkins B, Frank JS, Quinn JT Jr 
(1979) Motor-output variability: a theory for the accu-
racy of rapid motor acts. Psychol Rev 86:415. https​://doi.
org/10.1037/0033-295X.86.5.415

Scholz JP, Schöner G (1999) The uncontrolled manifold concept: 
identifying control variables for a functional task. Exp Brain Res 
126:289–306. https​://doi.org/10.1007/s0022​10050​738

Shim JK, Lay BS, Zatsiorsky VM, Latash ML (2004) Age-related 
changes in finger coordination in static prehension tasks. J Appl 
Physiol 97:213–224. https​://doi.org/10.1152/jappl​physi​ol.00045​
.2004

Shmuelof L, Krakauer JW, Mazzoni P (2012) How is a motor skill 
learned? Change and invariance at the levels of task success 
and trajectory control. J Neurophysiol 108:578–594. https​://doi.
org/10.1152/jn.00856​.2011

Todorov E, Jordan MI (2002) Optimal feedback control as a theory of 
motor coordination. Nat Neurosci 5:1226. https​://doi.org/10.1038/
nn963​

Tseng YW, Scholz JP, Schöner G, Hotchkiss L (2003) Effect of accu-
racy constraint on joint coordination during pointing movements. 
Exp Brain Res 149(3):276–288. https​://doi.org/10.1007/s0022​
1-002-1357-5

Turvey MT, Fitch HL, Tuller B (1982) The Bernstein perspective: I. 
The problem of degrees of freedom and context-conditioned vari-
ability. In: Kelso JAS (ed) Human motor behavior: an introduc-
tion. Erlbaum, Hillsdale, NJ, pp 239–251

Woodworth RS, Thorndike E (1901) The influence of improvement in 
one mental function upon the efficiency of other functions. (I). 
Psychol Rev 8:247. https​://doi.org/10.1037/h0074​898

Wu Y-H, Latash ML (2014) The effects of practice on coordination. 
Exerc Sport Sci Rev 42:37. https​://doi.org/10.1249/JES.00000​
00000​00000​2

Zhang W, Scholz JP, Zatsiorsky VM, Latash ML (2008) What do syn-
ergies do? Effects of secondary constraints on multidigit synergies 
in accurate force-production tasks. J Neurophysiol 99:500–513. 
https​://doi.org/10.1152/jn.01029​.2007

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1152/jn.00158.2017
https://doi.org/10.1007/s00422-006-0052-1
https://doi.org/10.1007/s00422-006-0052-1
https://doi.org/10.1080/00222895.1987.10735414
https://doi.org/10.1080/00222895.1987.10735414
https://doi.org/10.1037/h0043305
https://doi.org/10.1037/h0043305
https://doi.org/10.1016/j.cub.2007.08.051
https://doi.org/10.1016/j.cub.2007.08.051
https://doi.org/10.1523/JNEUROSCI.5406-09.2010
https://doi.org/10.1007/s00221-001-0944-1
https://doi.org/10.1037/h0055392
https://doi.org/10.1152/jn.1981.46.4.725
https://doi.org/10.1007/BF00248235
https://doi.org/10.1007/BF00248235
https://doi.org/10.1371/journal.pone.0127017
https://doi.org/10.1371/journal.pone.0127017
https://doi.org/10.1038/29528
https://doi.org/10.1371/journal.pcbi.1005044
https://doi.org/10.1152/jn.00263.2016
https://doi.org/10.1016/j.humov.2009.11.002
https://doi.org/10.1007/s00221-012-3000-4
https://doi.org/10.1007/s00221-012-3000-4
https://doi.org/10.1152/jn.01044.2007
https://doi.org/10.1152/jn.01044.2007
https://doi.org/10.1152/jn.00247.2010
https://doi.org/10.1152/jn.00247.2010
https://doi.org/10.1152/jn.00380.2005
https://doi.org/10.1152/jn.00380.2005
https://doi.org/10.1037/0096-1523.30.1.212
https://doi.org/10.1037/0096-1523.30.1.212
https://doi.org/10.1016/j.neulet.2009.12.041
https://doi.org/10.1016/j.neulet.2009.12.041
https://doi.org/10.1097/JES.0b013e318259beb5
https://doi.org/10.1523/JNEUROSCI.1553-12.2013
https://doi.org/10.1523/JNEUROSCI.1553-12.2013
https://doi.org/10.1007/s00221-013-3748-1
https://doi.org/10.1007/s00221-013-3748-1
https://doi.org/10.1037/0033-295X.86.5.415
https://doi.org/10.1037/0033-295X.86.5.415
https://doi.org/10.1007/s002210050738
https://doi.org/10.1152/japplphysiol.00045.2004
https://doi.org/10.1152/japplphysiol.00045.2004
https://doi.org/10.1152/jn.00856.2011
https://doi.org/10.1152/jn.00856.2011
https://doi.org/10.1038/nn963
https://doi.org/10.1038/nn963
https://doi.org/10.1007/s00221-002-1357-5
https://doi.org/10.1007/s00221-002-1357-5
https://doi.org/10.1037/h0074898
https://doi.org/10.1249/JES.0000000000000002
https://doi.org/10.1249/JES.0000000000000002
https://doi.org/10.1152/jn.01029.2007

	Differential control of task and null space variability in response to changes in task difficulty when learning a bimanual steering task
	Abstract
	Introduction
	Methods
	Participants
	Apparatus
	Task description
	Cursor mapping
	Procedures
	Experimental protocol

	Data analysis
	Movement time
	Error percentage
	Task and null space variability

	Statistical analysis
	Analysis of practice blocks
	Analysis of post-tests

	Results
	Movement time
	Practice
	Post-tests

	Error percentage
	Practice
	Post-tests

	Task-space variability
	Practice
	Post-tests

	Null space variability
	Practice
	Post-tests

	Variabilities as a function of movement time

	Discussion
	Effect of task difficulty on performance
	Effect of task difficulty on movement variability
	Control of task and null space variability
	Effect of progressive practice

	Acknowledgements 
	References


