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Rapid Feedback Responses Arise
From Precomputed Gains

David W. Franklin
Technical University of Munich

To reach for an object, the sensorimotor control system must estimate the location
of both the hand and object. Using this information along with the configuration
of the limb, the sensorimotor control system can determine the appropriate set
of motor commands that will bring the hand to the target. This is true regardless
of whether the movement is a full reaching movement to the target or simply a
corrective response to a shift in the object’s location. While movement initiation
takes 150 ms (from a visual signal to muscle activity; Pascual-Leone et al., 1992),
movement correction to shifts in the target, hand position or background take 100
ms (to muscle activity; Franklin and Wolpert, 2008; Pruszynski et al., 2010; Franklin
et al., 2014), a difference of 50 ms.

In this issue, Smeets and colleagues argue that the difference in the latency
between initiating a movement and initiating a corrective response to a visual pertur-
bation is due to the absence of the detection stage suggested by Donders (Donders,
1969). Specifically, they suggest that rapid visuomotor responses to shifts in the
target location do not require the sensorimotor control system to detect the shift,
whereas initiating a movement requires detection of a change in the environment
before the movement can be initiated. While not all movements need to be made
to a change in the environment, a movement is usually initiated to either a change
in the world, a decision process leading to the movement, or both, all requiring
further processing time. While broadly consistent with the viewpoint of Smeets and
colleagues, I suggest that these differences in latencies may arise from differences
between having to compute feedback gains before the start of a movement and uti-
lizing prespecified feedback gains as would normally occur within in a movement.

The proposal that these rapid corrective responses do not require a specific
change detection stage is broadly consistent with the theory of optimal feedback
control (Todorov and Jordan, 2002; Scott, 2004; Todorov, 2004; Guigon et al.,
2007). Optimal feedback control (OFC) suggests that the process of motor control
involves the prior calculation of a series of feedback gains to produce a movement
for which the expected loss (or cost) is minimized. Specifically, OFC finds the
optimal feedback control law that, subject to the noise and task demands, minimizes
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a cost function compromised by accuracy and energetics. As the feedback gains
are optimized to minimize cost, they will only correct for task-relevant errors. This
means that the errors can continue to build up in dimensions of the movement that
are irrelevant, but will be rapidly corrected in dimensions that contribute to task
success. Indeed, large differences in the visuomotor feedback gains have been seen
between task-relevant and task-irrelevant conditions (Franklin and Wolpert, 2008;
Kanill et al., 2011; Franklin et al., 2014). More critically, these feedback gains act
continuously throughout the movement, with time varying patterns throughout the
movement (Liu and Todorov, 2007; Dimitriou et al., 2013) (see similar patterns of
responses in Oostwoud Wijdenes et al., 2011). This is particularly relevant as, if the
feedback gains are operating continuously, they operate regardless of a disturbance
in the hand or target. That is they do not require a specific change detection stage just
as suggested by Smeets and colleagues. Moreover, we would expect these feedback
responses to operate even if the visual disturbance was within the natural variability
of movements, as shown for stretch reflex responses (Crevecoeur et al., 2012).

Smeets and colleagues outlined two distinct findings in terms of the response
times to shifts in the visual environment. For most of the studies a rapid response
occurred (<150 ms) (Brenner and Smeets, 2003; Saunders and Knill, 2004; Saijo
et al., 2005) whereas for a few studies the responses were much later (>200ms)
(Boulinguez and Nougier, 1999). They explain the late response as a result of
experiments in which the same target is not simply moved, but that one target is
extinguished while another one is illuminated in a darkened room. In these studies
they suggest the subjects need to detect the new target, as the original target may
still be visible. The extensive delay in the response may not simply be a problem
of requiring detection of the new target, but if the original target remains visible at
all, then the sensorimotor control system may keep the feedback gains set to the
original target. In this case, the corrective response to the disturbance may occur
only at a voluntary latency, possibly involving a different neural circuit. Alternately,
if the original target remains visible (either through visual persistence or through
scattered light), the feedback gain may initially be set relative to the original target,
only slowly shifting to the newly illuminated target. This could then use the same
neural circuitry but may explain a delay in the response. While many studies have
shown similar patterns of responses for both target perturbations and cursor per-
turbations, a recent study has suggested that they have different neural pathways,
as the target corrective responses are influenced by attentional demands, whereas
the cursor responses are independent of attention, instead relying on a visuomotor
binding mechanism (Reichenbach et al., 2014). Together these two mechanisms are
used to associate the appropriate visual information to the hand or the target and
limit feedback responses to distractors. This linking of specific visual information
with the target or hand may also explain the delay in shifting these gains to a newly
visible target, as additional mechanisms (attention or visuomotor binding) would
be necessary to shift the feedback to the appropriate target.

It has been shown that these rapid visuomotor feedback responses are insensi-
tive to the number of possible responses (Reynolds and Day, 2012) unlike volun-
tary movements in which the reaction time varies with the number of alternative
movements (Hick, 1952). Despite the fact that the required feedback responses are
almost never known in advance—the perturbations or errors could occur in any
direction and with any extent the response time of the corrections is consistently
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faster than the simple response time of a known target where the motor plan can
be prepared ahead of time. This rapid response and absence of choice-dependent
response time has been suggested to indicate a direct subcortical pathway through
the superior coliculus (Reynolds and Day, 2012). However, this does not necessarily
indicate a subcortical pathway, but rather that the sensorimotor control system has
prepared the feedback gains ahead of time. In this case the sensorimotor control
system simply unveils, in real time, the feedback gains for the movement. The few
exceptions would involve conditions in which the prepared feedback gains do not
correct optimally for the imposed changes (e.g., combined cursor perturbation and
task change (Dimitriou et al., 2013) or rotations of grasp points (Voudouris et al.,
2013). In these conditions the initial feedback response is still rapid but not neces-
sarily appropriate for the task. Instead the later response, (~160ms; Voudouris et
al., 2013) shows the appropriate task-relevant correction. This extra computational
time may arise from recomputation of the feedback gains. These later modified
feedback gains behave similarly to model predictive control (Lee, 2011) in which
the feedback gains are continually recomputed as the movement progresses (Dimi-
triou et al., 2013). However the extra temporal delay in expressing the recomputed
gains for more complex errors or task-changes suggests that this recomputation
takes more time than that allowed for the fastest visuomotor feedback responses.

My suggestion that the absence of a response selection—delay relationship
indicates preprepared feedback gains does not necessarily argue against a subcortical
pathway as proposed (Reynolds and Day, 2012). However, the onset time of long
latency stretch reflex responses do not follow Hicks law (Pruszynski et al., 2008)
and have been shown to have a cortical component (Pruszynski et al., 2011). If
the rapid visuomotor responses either contain a cortical component (or are cortical
in nature), this could explain the extensive evidence that such responses exhibit
complex patterns of task-dependent modulation (Franklin et al., 2008; Knill et al.,
2011; Franklin et al., 2012; 2014). Importantly, it has been shown that only the
long latency stretch reflex responses provide the appropriate responses depending
on the limb dynamics (Kurtzer et al., 2008; 2009) and that this specific component
is cortical in nature (Pruszynski et al., 2011). Unlike stretch reflexes, in which the
proprioception arises from the stretched muscles and often (but not always) signals
the appropriate corrective response, visuomotor responses have no labeled lines that
might suggest the appropriate combination of muscles for the responses. Instead
the sensorimotor control system must combine the visual signal about required
correction in retinal space with information about the intrinsic configuration of
the effector. As the sensory information about the current limb configuration is
delayed and would produce inappropriate corrective movements to the target (Miall
et al., 2007), the rapid visuomotor corrective responses must combine the sensory
information with predictive state estimation (for a review see Franklin and Wolpert,
2011) to compensate for the neuro-mechanical properties of the limb (Gritsenko et
al., 2009). If this rapid visuomotor response is due to a dedicated subcortical path-
way, then it must also receive connections from cortical and cerebellar structures
that respectively provide task-dependent and limb configuration dependent (state
estimation) information for the appropriate corrections.

One important characteristic of these rapid visuomotor responses is that
the feedback gain appears to be zero when the arm is stationary or performing a
relatively isometric task. To examine the time course of the visuomotor gains to
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perturbations of the visual hand position, Dimitriou et al., (Dimitriou et al., 2013)
applied perturbations at seven different points throughout the movement. When
the perturbation occurred at the end of the movement, the response magnitude
was initially close to zero—increasing primarily after 230 ms (see Figure 2 of
Dimitriou et al., 2013). A similar finding (unpublished) was found in a stationary
bimanual bar manipulation task as described in (Dimitriou et al., 2012). When no
movement is occurring, the responses, if present, occur at greater than 230 ms. Thus
these responses are distinct from those of saccades, (which can be elicited at any
moment in time) in that they only exist during movements. This suggests that they
require either a descending signal allowing them to take place (e.g., uninhibition)
or require a process that sets up their appropriate gain for the task.

Smeets and colleagues have suggested that the rapid visuomotor feedback
responses are rapid compared with simple reaction time tasks because they lack
the change detection phase of Donders (Donders, 1969). I suggest that the reason
that this detection phase is unnecessary is that the sensorimotor control system has,
before the movement, set up the appropriate feedback gains to act throughout the
movement. Moreover, it has done so through prior binding of the visual signal of
the cursor or target through visuomotor binding or attention respectively (Reichen-
bach et al., 2014) to limit the effects of distractors. The current evidence for the
modulation and control of these visuomotor responses suggests a control process
similar to optimal feedback control.
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