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This thesis describes an investigation of the characteristics of online movement 

corrections that humans make in response to changes in target position. Online 

corrections are a vital part of our ability to interact with the world and unraveling 

the characteristics of these corrections adds to our understanding of how we move 

in dynamic surroundings. In Chapter 2, a systematic analysis of different methods to 

determine the response latency indicates that the extrapolation method applied to 

averaged movements most reliably determines the latency. Chapter 3 shows that the 

latency of movement corrections is very short and independent of how much time there 

remains to correct. Despite their fast initiation, the movement adjustments show a 

remarkable level of sophistication. This sophistication is demonstrated by adjustments 

that consider information on the current state of the actor, such as the time left to execute 

the correction (Chapter 3). Adjustments also depend on information on the current state 

of the surroundings, such as the distance and direction to the target (Chapter 4) and 

the apparent motion caused by the target jump (Chapter 5). In addition to within-trial 

information on the actor and his or her surroundings, Chapter 6 shows that information 

on target perturbations in previous trials influences the planning of future movements. 

However, the perturbation dynamics that can be learnt implicitly seem to be limited. 

Without explicit knowledge of the order of the perturbations it would not seem possible 

to learn a simple two-element sequence, even if one makes movement adjustments that 

conform to the sequence.

 The paragraphs below relate the findings of the different chapters in light of 

the examined behavioral parameters. The implications of these findings for existing 

motor control frameworks is addressed and a possible direction for future research 

is presented. The epilogue ends with a recapitulation of the characteristics of online 

movement corrections.

Fast responses

 Chapters 3 and 4 showed that the response latency was independent of the 

timing and the direction of the correction, which may indicate that the initiation of 

movement adjustments is highly automatic and involuntary. This is supported by studies 
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that showed that the response latency is independent of the conscious perception of a 

target jump (Gritsenko et al., 2009) and that the initial direction of a correction cannot 

be changed by intention (Day & Lyon, 2000) or movement experience in an environment 

mirroring the visual feedback of the hand (Gritsenko & Kalaska, 2010). If the response 

latency indeed ensues from a highly automatic system, one might expect that it is constant 

for various experimental manipulations. However, the studies described in this thesis 

report a considerable range of response latencies. In Chapter 5 the fastest corrections 

took only 89 ms in the gap condition whereas in Chapter 4 the slowest corrections took 

153 ms in response to target jumps against the movement direction. Although it may 

not be reasonable to directly compare latencies between different chapters, because 

they were measured in different experiments and result from slightly different analysis 

parameters, the longer latencies for responses to target jumps against the movement 

direction might be caused by muscle excitation characteristics (Chapter 4). Moreover, 

the results in Chapter 5 suggest that the decrease in response latency if the target is 

temporarily absent at the time of the position change might be due to the gap effect. 

Therefore, although fast corrections are most likely generated by a highly automated 

system, their latency is not unchangeable but susceptible to multiple factors.

 Besides factors like muscle excitation characteristics and the gap effect, 

differences in analyses between the studies may have played a role in the variation of 

latencies between studies. The experimental chapters in this thesis determined the 

response latency with the extrapolation method applied to averaged acceleration data, 

in accordance with the results from Chapter 2. It should be emphasized that, when 

applied to averaged data, this method tends to report the shortest latency in the set of 

trials and not the average. This might be one of the explanations for the extremely fast 

responses that are reported in this thesis (kinematic latencies smaller than 100 ms).

 There are two aspects that were varied in the application of the extrapolation 

method to determine the latency between the studies. The first is the condition that is 

used as a reference to compute the difference in acceleration. The main movement was 

always in horizontal direction. If the target was only displaced vertically, the difference 

between movements towards targets jumping up and down was used (Chapter 3 and 
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5). If the target was displaced vertically and horizontally, the movement towards the 

stationary target was used as a reference (Chapter 4). Chapter 4 showed that there is 

no difference in latency for responses to targets jumping up and down. This legitimizes 

the combination of corrections for targets jumping up and down in a single measure 

when analyzing response latency. The second aspect that varied between the studies 

in this thesis was the percentages used for the extrapolation method: 45% and 70% in 

Chapters 3 and 5, and 20% and 80% in Chapter 4. With regard to the percentages used, 

there is a trade-off between aiming for percentages far apart to decrease the influence 

of noise and percentages not too close to zero or hundred, because these points are 

outside the part of the response that is assumed to be linear. The best choice for the 

percentages depends on the size and the variability of the response. Minor alterations 

in the application of the extrapolation method may also contribute to the variability in 

the reported latencies.

Sophisticated responses: intensity, duration and accuracy

 This thesis demonstrates that the kinematic characteristics of fast online 

movement corrections are fine-tuned to the circumstances of the surroundings, rather 

than being fixed like the response latency. Movement corrections were studied in terms 

of intensity, movement duration and endpoint accuracy. These parameters are closely 

related to each other and their extents have been shown to vary depending upon various 

circumstances. In particular, the response intensity increases if the size of the required 

correction increases and the movement duration does not (Gritsenko et al., 2009; 

Shabbott & Sainburg, 2009). The size of the correction is determined by the magnitude 

of the perturbation and the completeness of the correction. The response intensity also 

increases if movements are faster and the size of the correction is comparable (Chapter 

3, Liu & Todorov, 2007).

 The effects of different target perturbations on endpoint accuracy were 

consistent throughout the studies. Subjects showed almost complete or perfect 

corrections in all cases. Even in the conditions that resulted in the largest endpoint 

errors (i.e., double-step perturbations at 100 ms or 300 ms after trial start) subjects on 
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average still corrected for respectively 87% and 92% of the perturbation (Chapter 3). 

These percentages were also high in the conditions that resulted in the largest endpoint 

errors in response to distance and direction perturbations: 94% (Chapter 4), and in the 

gap and step conditions: 93% and 95% respectively (Chapter 5). In Chapter 6, no exact 

endpoint errors are reported, but additional analyses show that subjects on average 

corrected for 100%, 96%, and 98% of the 9 cm, 11 cm and 15 cm target jumps. Subjects 

overcorrected for the targets that jumped 5 cm in the second experiment in Chapter 6 

(103%). It is probable that the almost complete correction percentages in all studies 

are related to the task that was presented to the subjects. They were instructed to move 

as accurately and as quickly as possible to the target, but they only received a reward, 

i.e. points, if they succeeded in hitting the target. If they moved very fast but missed the 

target, they did not receive points.

 How did subjects achieve this high endpoint accuracy in fast online corrections? 

The findings in this thesis indicate that this achievement resulted from an interplay 

between adjustments in response intensity and adjustments in response duration, 

dependent on the geometric properties of the target displacement. Chapter 3 and 6 

showed that orthogonal perturbations result in corrections that have a similar duration 

as control movements and an adjusted response intensity. While in Chapter 4, downward 

target jumps result in larger response intensity adjustments and shorter movement 

durations than upward target jumps. In Chapter 5, perpendicular step perturbations 

result in a longer movement duration than control movements. Differences in analyses 

between the studies could explain why the same perturbation seems to result in different 

response intensity and movement duration adjustments. The response intensity was 

determined through the difference between responses to targets jumping up and targets 

jumping down for Chapters 3 and 5. To be consistent in the analysis, the movement 

duration was determined for the set of corrections up and down. However, separate 

analyses of these responses showed that movements towards targets that jumped 

downwards are 11 ms faster than movements to targets that jumped upwards (Chapter 

4). Additional analyses revealed that in Chapter 6 movement duration was the same 

for targets that jumped upwards and downwards, but in Chapters 3 and 5 movements 
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towards targets that jumped downwards were 8 ms and 10 ms faster than movements to 

target that jumped upwards, as in Chapter 4. This suggests that movement adjustments 

perpendicular to the main movement direction influenced the movement duration. The 

asymmetry in response intensity for orthogonal corrections found in Chapter 4 may 

indicate that the contribution to the response intensity of responses to targets that 

jumped downwards might also be larger than that of responses to targets that jumped 

upwards in Chapters 3 and 5.

 Besides the geometric properties of the target displacement, there are other 

fundamental factors that seem to affect the intensity of the correction. Modulations of 

response intensity have been reported in response to different task instructions (Day 

& Lyon, 2000). The intensity might also be influenced by the probability of a target 

jump. For perturbations of the visual representation of the hand, it has been shown 

that the modulation of the response intensity depends upon the relevance of the 

perturbation (Franklin & Wolpert, 2008) and upon the uncertainty of the dynamics of 

the environment (Franklin, Wolpert, & Franklin, 2012). In the experimental designs in 

this thesis, the probability of a target jump was very high: 8/12  in Chapter 5, 12/14  in 

Chapter 3, 8/9  in Chapter 4 and 1 in the double-step blocks in Chapter 6. Franklin and 

Wolpert (2008) showed that if the visual information about the position of the hand 

is irrelevant for performing the task, subjects decreased the intensity with which they 

responded to visual perturbations. Chapter 6 suggests that a similar process may have 

been at play to influence the response intensity of adjustments in response to target 

jumps. Subjects who learnt the sequence moved directly towards the predicted target 

position (Chapter 6). This eliminated the need for online corrections in response to the 

target jump and their response intensity decreased as a result. An experiment with the 

same target jump in every trial demonstrated complete anticipation of the jump (Bock 

et al., 2008).

 Where subjects anticipated the jump if it was predictably present in every trial, 

they preferred a strategy that enabled rapid, sophisticated corrections if it was uncertain 

whether the target would jump, and also if the target quickly jumped back to its initial 

position (Chapter 3). Comparable behavior was observed while intercepting moving 
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objects in a task that was in several aspects similar to hitting jumping targets (Brenner 

& Smeets, 1997). Research showed that if the hand was at the position where the ball 

would pass when the ball was released, the hand first moved away from this position in 

accordance with the visual lateral acceleration of the ball, and then moved back to that 

position (Dessing, Peper, Bullock, & Beek, 2005; Montagne, Laurent, Durey, & Bootsma, 

1999). Possibly this behavior is related to the other trials in the set, for which position 

adjustments were required to hit or intercept the target. Thus when the target jump 

was predictable, subjects could learn to anticipate the jump and adjust the intensity 

in response to the jump accordingly, but if subjects could not predict the configuration 

of the jumps, they responded with a high intensity to unexpected target positions. 

Therefore, both online information and experience-based information influence the 

execution of online movement adjustments.

Motor control

 Apart from target perturbations, a movement towards a target can also be 

disrupted by means of a mechanical perturbation of the hand or a perturbation of 

the visual representation of the hand. A target perturbation 5 cm to the right and a 

perturbation of the (visual representation of the) hand 5 cm to the left result in the 

same new global configuration of target and hand. Exactly the same adjustment to the 

trajectory of the hand can correct for all these perturbations. But is this also what is 

happening? The perturbations clearly affect different sources of sensory information. 

Target or hand representation perturbations result in a change of visual information, 

while a perturbation of the hand also results in a change in afferent information of 

the hand. Responses to mechanical perturbations are tuned to task instructions and 

characteristics of the environment within 50-100 ms after the perturbation (Pruszynski 

& Scott, 2012). Even when the target position is perturbed only 100 ms before a 

mechanical perturbation, subjects show a direction dependent response (Mutha 

et al., 2008). In contrast to corrections for target position displacements without a 

mechanical perturbation, this response does not seem to be tuned to the size of the 

target displacement. Triple-step perturbations of the visual representation of the hand, 
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like triple-step target perturbations (Chapter 3), evoke responses with latencies that 

are independent of the timing of the perturbation and an intensity that depends upon 

the perturbation size (Brière & Proteau, 2011). However, a direct comparison of the 

responses to target perturbations with the responses to perturbations of the visual 

representation of the hand revealed that they are not exactly the same (Brenner & 

Smeets, 2003). Instead, it has been suggested that the two different perturbations evoke 

partly independent responses that are combined at a later stage (Franklin, Reichenbach, 

Diedrichsen, & Franklin). However, the response intensity changes over the course of a 

movement both for responses to a visual perturbation of the hand (Dimitriou, Wolpert, & 

Franklin, 2013) and for responses to target perturbations (Chapter 3). Thus behavioral 

research results suggest analogies between corrective responses to perturbations of 

the surroundings and perturbations of the subject. The common denominator seems to 

be a rapid and involuntary initiation of a sophisticated response. Whether this means 

that these responses are partly controlled by the same mechanism remains an open 

question for future research.

 In Chapter 2 the minimum jerk trajectory control model (Flash & Henis, 1991) 

was used to simulate movements and movement adjustments. Chapter 3 shows that the 

intensity of the movement adjustment in response to perturbations at different times 

during the movement is congruent with predictions of the minimum jerk model. But 

the difference in response intensity between the step and the gap condition in Chapter 

5 can only partly be explained by minimum jerk trajectories that differ in movement 

time. Moreover, the minimum jerk model does not describe the asymmetry in response 

intensities to targets that jumped up and down (Chapter 4). Thus the minimum jerk 

model cannot accurately describe all movement adjustments. This makes it unlikely that 

movement trajectories are only controlled in terms of minimum jerk. A discussion of 

whether equilibrium point control and optimal control theory can accurately describe 

the observed behavior is beyond the scope of this thesis.

Future direction

 The work presented in this thesis suggests that both online and experience-based 
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information about the target jump influence the intensity of movement adjustments. A 

question that now arises is how these two sources of information, which are processed 

along different time scales, are combined. One may examine whether a learnt target 

jump configuration presented at a different time during the trial results in the same or 

in different response intensities. If the response intensity is determined by the jump 

predictability over trials, it should not change when the same jump configuration is 

presented at another time during the trial. However, if the response intensity is mainly 

determined by online information, the intensity will change for jumps of the same 

configuration presented at a different time. To test this, one could present subjects with 

a target that jumps away from its position and back to this position after a short period 

of time (triple-step configuration Chapter 3). The proposed experiment starts with a 

control block that determines the response intensity to random target jumps at different 

moments in time. Next, a block with the same triple-step configuration in every trial 

tests whether subjects can learn to reduce their response intensity when corrections 

are not necessary. If subjects learn to anticipate that the target always jumps back to 

its initial position in the second block by decreasing the intensity of the response to 

the jump, they encounter the same target jump configuration for most of the trials in 

the last block. However, in some catch trials in this last block they encounter the same 

target jump configuration that is presented at a different moment in time during the 

trial to test whether this influences their response intensity.

In conclusion

 The perturbation of the position of a target causes very fast and highly automated 

initiation of a movement correction in humans that is realized by the interplay between 

response intensity and movement duration modifications, depending upon online 

information and on one’s expectations based on previous trials.

 To revisit the example of the sushi on the conveyer belt: a belt that suddenly 

stops automatically causes very fast initiation of a movement correction in the human 

reaching for the sushi. How the correction is accomplished depends on current 
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information about the hand and the plate, and experience from earlier movements to 

plates on the belt.


