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Background
• The discrepancy between the expected and actual sensory consequences of a
motor command, termed the sensory prediction error (SPE), is the primary error
signal driving sensorimotor adaptation. In standard adaptation studies, SPE and
task performance are confounded: As learning proceeds, performance improves
and SPE becomes smaller.
• Various methods have been introduced to unconfound SPE and task performance
(e.g., Mazzoni & Krakauer 2006; Taylor & Ivry, 2011). Here we extend prior work
from our lab (Morehead et al., 2014) using a procedure in which SPE is irrelevant
to task performance and remains invariant across the learning block. This
procedure allows us to explore constraints on adaptation from SPE.

Methods

Experiment 1 – Adaptation varies with size of
clamped feedback for small errors

Modeling
Data present challenges to a “standard” linear state space model (SSM):

𝒙𝒙𝒏𝒏+𝟏𝟏 = 𝑨𝑨𝒙𝒙𝒏𝒏 + 𝑩𝑩𝒆𝒆𝒏𝒏

(𝟏𝟏)

• x: the state of the learner/motor command; A: memory term; B: learning rate (proportion of error,
e, that is corrected for on each trial)
Clamp fitted B

Participants
demonstrate
sign-dependent
adaptation to clamps as small as 1°.
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Consistent with our previous clamp experiment,
adaptation functions are similar for taskirrelevant clamps > 6°.
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A = 0.95; B values taken from fits of E1 data.

Tradeoff between learning and forgetting.

Left: Standard SSM with fixed memory term predicts different asymptotes. Fitted B decreases with
increasing error size (Fine & Thoroughman 2006; Wei & Kording 2009; Marko et al. 2012).
Right: Fitting clamp data requires learning rate AND memory to depend on error size.

Proportional Error Correction to Capacity (PECC) Model

We propose a new formulation of the SSM. Similar to the standard SSM, the PECC Model assumes
that the state at time n+1, xn+1, depends linearly on xn.:

Aftereffects (hand angle during 1st post-clamp no
feedback cycle) observed for all groups
(p<<0.0001) except for 0°. Significant effect of
error size (p<0.007); no correlation between error
and aftereffect sizes (r=0.04, p=0.71).

Task-irrelevant visual clamp:

Figure adapted from Morehead et al. 2014. (Top)
Different clamp offsets used in between-subjects
design experiment. (Bottom) Similar adaptation
functions observed over large range of error sizes.

• Quick center-out reaches to target appearing in
one of 8 positions (45° apart)
• Feedback given by a cursor that moves in
temporally correlated manner with the hand
movement.
• Cursor trajectory is invariant (spatially
uncorrelated) with respect to the hand position.
• Participants fully informed of the clamped
feedback; Instructed to “always aim to the target
and ignore the cursor.”
• Kinematic data are sampled from a digitizing
tablet (Intuos4 XL) at 225 Hz with a monitor
refresh rate of 144 Hz.

Experiment 1

𝒙𝒙𝒏𝒏+𝟏𝟏 = 𝑨𝑨 𝒆𝒆 𝒙𝒙𝒏𝒏 + 𝑩𝑩 𝒆𝒆 𝒆𝒆𝒏𝒏 (𝟑𝟑)

6°/10°/15°/45°
groups overlap
3.5°
1.75°

𝑩𝑩 𝒆𝒆 𝒆𝒆
𝑲𝑲

𝟏𝟏 − 𝑷𝑷 𝒆𝒆 +
𝑩𝑩 𝒆𝒆 𝒆𝒆 = 𝑷𝑷 𝒆𝒆 𝑲𝑲

= 𝟏𝟏 →

𝑩𝑩 𝒆𝒆 𝒆𝒆
𝑲𝑲

= 𝟏𝟏 − (𝟏𝟏 − 𝑷𝑷 𝒆𝒆 ) →

4. Eq.3 can now be rewritten as follows:

which is the PECC model (eq.2).

Questions for Future Research

No Feedback
Feedback

“Ignore the cursor and try to slice through the target with your hand.”

No Feedback
Washout

Baseline
10 cycles

Clamped Feedback
160 cycles

Post-clamp
10 cycles

No FB

3. Replacing A(e) with (1-P(e)):

𝒙𝒙𝒏𝒏+𝟏𝟏 = 𝟏𝟏 − 𝑷𝑷 𝒆𝒆 𝒙𝒙𝒏𝒏 + 𝑷𝑷 𝒆𝒆 𝑲𝑲

*Movement cycle = 8 reaches (1/target)

No FB

2. As n approaches infinity: 𝒙𝒙𝒏𝒏+𝟏𝟏 = 𝒙𝒙𝒏𝒏 = 𝑲𝑲 where K is defined as the asymptote. Substituting K into
𝑩𝑩 𝒆𝒆 𝒆𝒆
Eq. 3: 𝑲𝑲 = 𝑨𝑨 𝒆𝒆 𝑲𝑲 + 𝑩𝑩 𝒆𝒆 𝒆𝒆 → 𝑨𝑨 𝒆𝒆 + 𝑲𝑲 = 𝟏𝟏

1°

Experiment 2
No FB

𝒂𝒂
𝑷𝑷 𝑬𝑬 =
∗ 𝒃𝒃 + 𝑪𝑪
−𝑬𝑬
𝟏𝟏 + 𝒆𝒆

1. As shown above, both A and B in SSM will depend on e, that is, 𝑨𝑨 = 𝑨𝑨(𝒆𝒆) and 𝑩𝑩 = 𝑩𝑩(𝒆𝒆).
Therefore, SSM (Eq. 1) can be rewritten:

Experiment 2: Clamp angles of 1.75°
and 15° (10 participants/group)

Baseline Clamped Feedback Post-clamp
10 cycles*
10 cycles
40 cycles

Major differences between PECC model and standard SSM:
• Correction is a proportion, P(e), of K, a constant
representing maximum plasticity (signed value depending
on direction of error).
• P(e) modeled as sigmoid to account for the scaling of
adaptation rates for errors up to ~6°, as well as the
saturation of adaptation rates for clamped feedback > 6°.
• Common asymptote requires that learning and memory
terms sum to 1, thus allowing these terms to be expressed
with single parameter, P(e).

(𝟐𝟐)

Achieving common asymptote with SSM results in PECC Model

Experiment 1: Clamp angles of
0°,1°,1.75°,3.5°,6°,10°, and 45° (12
participants/group)

No Feedback
Washout

No Feedback
Feedback

Exp. 2 – Convergence of adaptation functions for
small and large errors with extended exposure

• Clamp phase of experiment included 4x’s as many cycles as used in E1. Inter-reach
interval reduced to 2.3 s (compared to ~4 s in E1).
• 1.75° and 15° groups reached similar final magnitudes of adaptation (p=0.67).
• Reducing inter-reach interval resulted in greater overall adaptation compared to E1 and
faster adaptation for 15° group

Task Structure
“Ignore the cursor
and try to slice
through the target
with your hand.”

Early adaptation rates (mean change in hand
angle during first 5 cycles) increased up to the 6°
group (p<0.0001).

𝒙𝒙𝒏𝒏+𝟏𝟏 = 𝟏𝟏 − 𝑷𝑷 𝒆𝒆 𝒙𝒙𝒏𝒏 + 𝑷𝑷 𝒆𝒆 𝑲𝑲

Key features of sensorimotor adaptation revealed by task-irrelevant clamps:

1. Early adaptation rates scale with error size only over a small range (error ≤ 6°)
2. Early adaptation rates are saturated for error sizes over a large range (6° < error ≤ 95°)
3. Overall magnitude of adaptation is independent of error size and shares similar value over a
wide range

1. Coupling of retention and error correction?
Inverse relationship implies that large errors are associated with low retention, small errors with high
retention, similar to two-rate models of adaptation where rate of learning and rate of forgetting are
positively correlated (Smith, Ghazizadeh & Shadmehr 2006).
2. Constraints on the total capacity of adaptation?
Could reflect dynamic interaction of different sensory cues (e.g., visual SPE and proprioception), limits
on retuning of sensorimotor basis functions, or other factors.
3. Predictions of PECC for forgetting?
Potential relationship between error sizes during adaptation and stability of motor memory.

