
IntroductionIntroduction
Variability has served as a window into the determinants of skill 
acquisition and performance. Typically, skill improvement is accompanied 
by a decrease in variability in an outcome measure. In this study we test 
the hypothesis that during skill improvement variability is not necessarily 
reduced but rather channeled into dimensions that do not affect the 
result/outcome of the task. 
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Experiment 1Experiment 1

1) Subjects are sensitive to their internal noise and find solutions on 
the manifold with the highest probability of success; i.e., they show 
sensitivity to error-tolerant dimensions in execution space.

2) Subjects find successful solutions but do not show preference for 
the most tolerance/least sensitive solutions.

Results

Distance Error over time, Distribution of Execution  of all subjects

Execution Space: A two-dimensional space that contains all combinations 
of execution variables. 

Result Space: A space formed by solutions with different levels of 
success defined by the distance to the target.

Solution Manifold: A space formed by different combinations of execution 
variables that lead to the perfect result.

Task with Redundancy
Result vs. Execution Variables

ConclusionsConclusions
1) Subjects channel their variability rather than simply 

reduce it. Both experiments provide support for 
hypothesis 1, highlighting that subjects make use of 
the redundancy of the task. 

2) The results did not support the hypothesis that 
velocity-dependent variability may constrain their 
performance.

N-Cost and T-Cost are primary contributors to 
performance improvement over practice, C Cost does 
not contribute much due to the vertically oriented 
solution manifold.

N-Cost shows faster improvement rate than that of T-
Cost , but stays at higher level even after long practice.

Hypotheses

Distance error decreased over trials. Execution variables were 
distributed with a concentration on across error-tolerant solutions 
(Hypothesis 1). 

Confidence Ellipses : 1) Center : the mean 
of release angle and velocity; 2) 
Orientation : the orientation of eigenvectors 
corresponding to the largest eigenvalue of 
the covariance matrix; 3) Magnitude : 
square root of eigenvalue.

Sets of trials aligned with the 
direction of solution manifold; 
most subjects showed sensitivity 
to error-tolerant dimension 
(angular dimension). 

Experiment 2Experiment 2

Hypotheses

1) Subjects show sensitivity to error-tolerant dimensions in 
execution space.

3) Subjects are sensitive to velocity-dependent variability and 
find solutions with the minimum variability in execution space. 

TNC-Cost Calculation

Distance error decreased over trials. Subjects showed variability 
in task-irrelevant direction (Hypothesis 1) but were not sensitive to 
possible velocity-dependent variability (Hypothesis 3). 

Each subject 
showed sensitivity 
to error-tolerant 
dimension 
(Hypothesis 1).

Results gave no 
support for 
Hypothesis 3. 

Distribution of Execution of Individual Subjects

No difference between 
Hypothesis 1 and the data          
(p = 0.18, t test). 

Significant difference between 
Hypothesis 2 and the data          
(p < 0.0001). 

Hypothesis 1 and 3 
and the data:

No difference 
between Hypothesis 1 
and data (p = 0.84, 
Wilcoxon signed rank 
test). Significant 
difference between 
Hypothesis 3 and 
data (p =0.002).

Task

Subjects performed a throwing 
movement in a virtual 
environment by using a 
manipulandum to hit the target. 

Angle and velocity at the 
moment of release fully 
determined the error measured 
by the minimum distance from 
the target. The task is 
redundant.

TNC-Cost Calculation

Error in performance of a redundant task is decomposed into 
three components: two goal-dependent components: tolerance
(T-Cost ) and covariation (C-Cost ), and one stochastic 
component called reduction of noise (N-Cost )

N-Cost remains at a high level 
due to redundancy that can 
tolerate execution noise. This 
is counter to the common 
expectation that noise is 
reduced.

C-Cost decreases significantly 
indicates subjects’ sensitivity 
to angle dimension.
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Aim of This Study:

1) To explore variability in its relation between execution and result space. 

2) To test whether subjects strive to minimize variability in the result but 
maximize variability in the execution.

9 subjects performed 3 sessions each with 180 trials.

Results

Distribution of Execution of each Subject

Experimental Setup

Work Space & Solution Manifold

m = 1, n = 2

10 trials = 1 block

9 subjects performed 5 
sessions each with 180 trials.

Solution Manifold

10 trials = 1 block

60 trials = 1 block

60 trials = 1 block


