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Abstract  28 

The occurrence of an error when performing a motor sequence causes an immediate 29 

reduction in speed on subsequent trials, which is referred to as post-error slowing. However, 30 

understanding how post-error slowing changes with practice has been difficult because it 31 

requires extended practice on a novel sequence task. To address this issue, we examined post-32 

error slowing in a novel glove-based typing task that participants performed for 15 33 

consecutive days. Speed and accuracy improved from the early to middle stages of practice, 34 

but did not show any further improvements between middle and late stage of practice. 35 

However, when we analyzed the response to errors, we found that participants decreased both 36 

the magnitude and duration of post-error slowing with practice, even after there were no 37 

detectable improvements in overall task performance. These results indicate that learning not 38 

only improves overall task performance but also modifies the ability to respond to errors.  39 

 40 
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Introduction 47 

Mastering real-world skills such as typing or playing the piano involve a specific type of 48 

motor learning termed sequence learning1, 2, 3, 4. From the viewpoint of task performance, 49 

motor sequence learning has been extensively characterized – learning results in overall 50 

improvements in speed and accuracy5, 6, 7, 8, 9. The underlying neural changes associated with 51 

such learning have also been well documented both in typical controls and in individuals with 52 

motor disorders10, 11. 53 

Although these overall improvements in speed and accuracy are well described, the question 54 

of how participants respond to errors on shorter time scales is less understood. As suggested 55 

by Crump and Logan (2013)12, errors may serve two distinct roles – (i) a prevention role, in 56 

which participants learn from errors to prevent future errors, and (ii) a correction role in 57 

which participants simply respond in a way to fix the error that was made. A critical 58 

distinction between these two roles is based on how participants respond following an error 59 

on shorter time scales – the prevention role is characterized by ‘post-error slowing’ (i.e. an 60 

increase in movement time following an error)13, 14, 15, 16, 17, 18.  61 

A critical question is whether this post-error slowing is modified with learning. Logan and 62 

Crump (2013) suggested that practice would result in a decrease of post-error slowing, 63 

possibly because there is not much to learn from an error at higher skill levels. However, to 64 

date, this evidence has mostly been cross-sectional19, 20, 21, 22, 23, 24, 25, 26. There are two 65 

limitations of such cross-sectional designs: (i) the ability to make causal inferences about the 66 

role of practice is limited, and (ii) measurements of post-error slowing are confounded with 67 

changes in the level of absolute task performance - i.e. because novices are slower than 68 

experts, comparing the ‘amount’ of slowing can be a challenge because of the differences in 69 

baseline performance. 70 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 10, 2020. ; https://doi.org/10.1101/2020.10.09.334169doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.09.334169
http://creativecommons.org/licenses/by-nc-nd/4.0/


To address these limtations, in the current study, we examined post-error slowing in a 71 

longitudinal design using a novel sequence learning task. Participants practiced a glove-based 72 

typing task with relatively high complexity (over 250 5-letter words) for an extended period 73 

(15 days). This unique experimental design allowed us to (i) examine causal effects of 74 

practice on post-error slowing, and (ii) minimize confounds of task performance by 75 

examining changes in post-error slowing after task performance has reached a relative 76 

‘plateau’. Based on the prior literature on post-error slowing, we tested the hypothesis that 77 

post-error slowing decreases with practice21. 78 

Methods 79 

Participants 80 

Eight healthy, right-hand dominant participants (6 males & 2 females, M ± SD: Age: 26.8 ± 81 

2.6 yrs., Height: 163.5 ± 6.0 cm, Weight: 66.8 ± 10.5 kg) volunteered for the study. 82 

Participants had no history of any neuro-motor disorder or trauma to the hand or fingers and 83 

were naïve to the purpose of the experiment. Handedness was determined using Edinburgh 84 

handedness inventory27 and all participants had a handedness score above 90% (score of 90 85 

and above indicates that participants were right hand dominant). All participants provided 86 

written informed consent before participating in the experiment. The institutional ethics 87 

committee of the Indian Institute of Technology Madras approved all the procedures needed 88 

to conduct this study (Approval number: IEC/2016/02/VSK-12/22).  89 

Experimental Setup 90 

Our experimental system was a glove-based typing device (Figure 1a). This system 91 

consisted of a glove with conductive key patches placed approximately at the centre of 92 

each segment in the index, middle, ring and little fingers (3 segments * 4 fingers = 12 93 

keys) and one at the distal end of the thumb. Among these 13 keys, the one on the thumb 94 
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was used as a switch while the 12 on the other fingers were assigned with nine specific 95 

letters, space, backspace and caps lock. These keys were connected to a microcontroller 96 

(Teensy 2.0++) using conductive thread, metallic buttons and cables.  97 

To type a particular key, participants had to touch the corresponding key patch on a finger 98 

with the thumb, which then closed the electrical circuit. A customized program in the 99 

microcontroller detected this event, and the program then sent the ASCII code assigned to 100 

that specific key to the computer through a USB port. For example, when the participant 101 

touched the middle phalanx of the index finger, the letter ‘S’ was typed on the computer 102 

screen, (Figure 1a). Gloves were custom-made to suit the hand dimensions for each 103 

participant. The text from the glove was processed by a customized LabVIEW based 104 

program at 1000 Hz.  105 

Task 106 

The goal of the participants was to type a set of words as fast and as accurately as possible. 107 

Rather than let participants choose their speed (which might not reflect their actual 108 

maximum speed), we selected a ‘game interface’ where we could set the typing speed. This 109 

allowed us to probe the maximum speed of the participants more closely. This interface is 110 

described below. 111 

Training words 112 

Words used in the experiment were 5-letter words picked from a custom dictionary. This 113 

dictionary comprised of 281 words each made up from the nine most frequently used 114 

letters - e, s, o, n, i, t, a, r, h28. These letters were mapped to keys on the glove to form a 115 

‘key-map’(Figure 1b). For all participants, the same key-map was used on all days and 116 

blocks  117 

 118 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 10, 2020. ; https://doi.org/10.1101/2020.10.09.334169doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.09.334169
http://creativecommons.org/licenses/by-nc-nd/4.0/


 119 

Figure 1: Schematic of the experimental setup. (A) Glove based typing device. Participants wore gloves (showed with 120 

dotted lines) such that the tactile switches on the glove faced towards the participants. Key patches (shown as  squares 121 

around the alphabets) were sewn on each finger segment on the gloves. SP, CL, BS denotes “SPACE”, “Caps Lock”, “Back 122 

Space”. Conductive threads sewn on the glove were used to connect the key patches to a button connector, which was used 123 

to interface with the microcontroller. When a key patch was touched with the thumb, a custom-written code in the 124 

microcontroller converted the touch into text. This was shown on the computer monitor. B. Practice interface: Words were 125 

typed in a game environment with words moving from from right to left as participants typed the words. The objective of the 126 

game was to type the words as fast and accurately as possible so that the glider (highlighted in white box) moved from left to 127 

right towards the destination. There was also a speed and accuracy constraint - the glider lost altitude and eventually crashed 128 

if participants did not maintain a particular speed or accuracy.  The words to be typed were shown to the participants in the 129 

top panel of the game. The correctly completed keys and words were highlighted in green, and the words yet to be typed 130 

were shown in white. At the end of each word participants typed “SPACE” to move to the next word. The Caps Lock and 131 

Back Space keys were never used in the current experiment. 132 
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Game Interface 133 

The words typed by participants were displayed in a game interface (Diamond glider game in 134 

Typing Instructor® Platinum 21, Individual software, CA, USA) (Figure 1c). The objective 135 

of the game was to type words quickly and accurately to move a glider from the starting 136 

point to destination without crashing. The glider moved towards the destination as the 137 

participants typed. Words to be typed appeared on the right and moved left on the screen 138 

as the participant typed them. If a correct letter was typed, that letter was highlighted in 139 

green, and the cursor moved to the next letter. If a wrong letter was typed, that letter was 140 

highlighted in red, and the cursor stayed on the same letter, until the correct letter was 141 

typed. An audible beep tone was played when an error occurred. In addition to the words, 142 

participants had to type the SPACE key in between words (For more details see our data 143 

paper28).    144 

Protocol 145 

Participants practiced the experimental task for 15 consecutive days (including weekends) 146 

and data were collected on all days of practice. Each day/session was divided into 12 blocks 147 

of 2 mins each with 30 seconds interval between blocks. Words could repeat within a block 148 

but not between blocks, and words on a given block remained same across all days (i.e.. the 149 

mth Block was composed of the same set of words on all days but the order of word 150 

presentation may change between days; the nth block always had a set of words different from 151 

the mth block, when m≠n). All blocks had 23 words with the exception of the 12th block 152 

which had 28 words.  153 
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Data Analysis 154 

Movement Time 155 

Movement time (MT) was defined as the time taken to reach/press a particular letter after the 156 

release of the previously typed letter, which is computed as the difference between keypress 157 

time of the specific letter and the key release time of the previously typed letter. This value 158 

was averaged across all blocks in a given day of practice. 159 

Errors 160 

Errors were defined as the ratio of the number of letters mistyped to the total letters typed in a 161 

block. This value was averaged across all blocks in a given day of practice.  162 

Post-error slowing 163 

Post-error slowing was assessed using two measures: (i) the magnitude, which refers to the 164 

increase in MT after an error. and (ii) the duration, which refers to the time taken (measured 165 

in keystrokes) for the MT to recover to pre-error levels. To separate “pre-error” vs. “post-166 

error” segments, we first traversed to every error in a block and separated the MT values into 167 

segments before (pre) and after (post) the onset of an error. For each error, we then 168 

determined a ‘recovery point’ by examining the point where the post-error MT was equal or 169 

less than the pre-error MT. 170 

Magnitude 171 

The magnitude of post-error slowing was computed as the absolute difference between the 172 

average of MT values before and after an error. For the ‘pre-error’ segments, the average of 173 

MT values prior to an error was considered until the recovery point of the previous error (or 174 

to the first keystroke if this was the first error). For the ‘post-error’ segments, the average of 175 

MT values after an error was taken until the recovery point of the current error (or to the last 176 

keystroke if this was the last error). Because MT also decreases with practice, we computed 177 
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the magnitude of post-error slowing as a ‘relative change’ by normalizing the change in MT 178 

(the absolute difference between mean values of MT before and after an error) to the mean 179 

values of MT just before an error. Thus, if the magnitude of the post-error slowing reduces, it 180 

indicates a smaller decrease in MT after an error. 181 

Duration 182 

The duration of post-error slowing was computed as the number of keystrokes it took for the 183 

MT value to become less than or equal to pre-error MT values.  Similar to the magnitude 184 

computation, the duration was defined based on the recovery point. Thus, a reduction in the 185 

duration of post-error slowing indicates that MT took less time to recover to pre-error values. 186 

Statistical Analysis 187 

Data from the outcome variables were organized into three stages – the Early-stage consisted 188 

of Days 1, 2, 3; the Middle stage included Days 7, 8, 9, and the Late-stage consisted of Days 189 

13, 14, 15. One-way repeated-measures ANOVA with three levels was used for statistical 190 

analyses on all the outcome variables with Practice stage as a factor (3 levels – Early, Middle, 191 

Late) and participant as a random factor. Corrections for sphericity were performed using the 192 

Huynh-Feldt criterion wherever appropriate. Significant effects were further analyzed using 193 

Tukey’s posthoc test. Effect sizes are reported using partial eta-squared values (ηp
2). 194 

Results 195 

Overall, participants showed improvements in task performance as they practiced the typing 196 

task. This performance improvement was seen as an overall decrease in the movement times 197 

(Figure 2a) and errors (Figure 2b).  198 
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Movement Time 199 

MT reduced with practice (Figure 2c). This observation was supported by one-way repeated 200 

measures ANOVA that showed a reduction in MT due to practice stage (F (1.82, 12.74) = 179.30, 201 

p <0.001, ηp
2=0.96). Post-hoc comparisons showed that MT reduced between early and 202 

middle stages (mean MT: Early- 724 ms, Middle- 404 ms and Late-332 ms.  p < 0.001), but 203 

there was no significant difference between middle and late practice stages (p = 0.16).   204 

 205 

Errors 206 

Errors reduced with practice (Figure 2d). This observation was supported by a one-way 207 

repeated measures ANOVA that showed a reduction of errors due practice stage (F (1.03, 7.21) = 208 

25.47, p<0.001, ηp
2=0.83). Similar to the movement time results, post-hoc comparisons 209 

showed that errors decreased between early and middle stages  (mean errors: Early- 3.9%, 210 

Middle- 0.9%, Late- 0. 6%; p < 0.001), but there was no significant difference between 211 

middle and late practice stages (p = 0.55). 212 
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 213 

Figure 2: Changes in task performance with practice, (A) Movement time and (B) Error percent are shown as a function 
of practice for all the participants. The black line indicates the mean across the participants while the grey lines indicate data 
from individual participants. Each day of practice consisted of 12 blocks. The first three days (36 blocks) were considered as 
the early stage of practice, days 7 to 9 were considered as a middle stage of practice, while the last three days were 
considered as a late stage of practice (C) MT as a function of practice stage for individual participants. Movement time (MT) 
reduced significantly from the early to the middle stage, but there was no significant difference between the middle and late 
stages of Practice (D) Error percent as a function of practice stage for individual participants. Error percent reduced 
significantly from early to late stages of practice. Each line represents a single participant. There was a significant 
improvement from early to the middle, but there was no significant difference between middle and late stages of practice. 

 214 

Post-error slowing 215 

Post-error slowing (i.e. increase in MT following an error) for a single participant can be seen 216 

both in terms of the absolute movement time (Figure 3a) and normalized movement time 217 

(Figure  3b). The post-error slowing showed changes both in magnitude and duration with 218 

practice. 219 

 220 
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 221 

Figure 3: Changes in post-error slowing with practice. (A) Raw data of movement time and occurrence of an error from a 222 

single participant: Raw MT data plotted on three days (day 1, 7 and 13) and split into three phases (pre-error, post-error, and 223 

restoration ). The onset of an error is indicated as a solid red symbol, and the onset of the recovery (i.e. ) is indicated by the 224 

green symbol. (B) Normalized raw data of movement time and occurrence of an error from a single participant. The same 225 

data in panel A is represented as a ‘normalized’ value by dividing each value by theo pre-error value (first value in the 226 

absolute MT graph (section a)) of MT  (C) Change in the magnitude of post-error slowing across all subjects as a function of 227 

practice shows the change in the magnitude of post-error slowing for individual participants. There was a significant 228 

reduction (p < 0.001)  in the magnitude of post-error slowing, between early, middle and late stages of practice. (D) Change 229 

in duration of post-error slowing for individual participants. Once again, there was a significant difference (p < 0.001) 230 

between early, middle and late stages of practice. Each line in  panels C and D represents an individual participant. 231 

 232 

Magnitude 233 

The magnitude of post-error slowing decreased with practice (Figure 3c). This observation 234 

was supported by a one-way repeated measures ANOVA that showed a reduction in 235 

magnitude of post-error slowing due to practice stage (F (2.4, 16.8) = 45.088, p < 0.001, 236 

ηp
2=0.86). Post hoc comparisons showed that early practice stage was different from middle 237 

practice stage (mean magnitude: Early- 0.24%, Middle-0.17%, Late- 0.12%; p < 0.001). 238 

However, there was also a significant reduction in magnitude between middle and late 239 

practice stages (p < 0.001) even though MTs between the middle and late practice were not 240 

significantly different.  241 
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 242 

Duration 243 

The duration of post-error slowing also reduced with practice, as shown in Figure 3d. This 244 

observation was supported by one-way repeated measures ANOVA that showed a reduction 245 

in duration due to practice stage (F (1.1,  7.7) = 36.27, p <0.001, ηp
2=0.83). Post hoc 246 

comparisons showed that early practice stage was different from both middle and late 247 

practice stages (mean duration: E- 36 letters, M-19 letters, L- 9 letters; p < 0.001). However, 248 

once again, there was a significant reduction in duration between middle and late practice 249 

stages (p = 0.002) even though MTs between the middle and late practice were not 250 

significantly different. 251 

 252 

Discussion 253 

The motivation for the present study was to understand the phenomenon of post-error 254 

slowing as a function of practice. We used three key features in our experiment – (a) a 255 

longitudinal design to examine the causal effects of practice, (b) a novel glove-based motor 256 

sequence learning task with high task complexity to examine the early phase of motor 257 

learning, and (c) an extended practice period until task performance reached a relative plateau 258 

to minimize the confounds of comparing post-error slowing at different levels of task 259 

performance. Based on prior work, we hypothesized that changes in the post-error slowing 260 

would decrease with practice, and our results were consistent with this hypothesis.   261 

First, we found expected effects of practice on overall speed and accuracy. Errors reduced 262 

with practice in the early to middle (or late) stage of practice. However, there were relatively 263 

small differences between the middle and late stages of practice suggesting that errors 264 

plateaued  approximately around the middle stage of practice. Similarly, MT reduced from 265 
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early to the late stage of practice and plateaued between middle and late stage of practice. 266 

These results on speed and accuracy in performing novel motor sequence learning tasks are 267 

consistent with the prior work5, 6, 7, 9. 268 

Second, we found effects of practice on post-error slowing, even after task performance had 269 

reached a relative plateau. During the early stage of practice, both magnitude and duration of 270 

post-error slowing was high, indicating that participants slowed down more often to avoid 271 

future errors. However, during later stages of practice, there was a reduction in both the 272 

magnitude and duration of post-error slowing. This reduction in the magnitude and duration 273 

of post-error slowing indicates that the participants reacted to errors with a smaller increase in 274 

speed and regained speed quickly after errors with no major changes in error rates29, 12, 30, 14, 
275 

15. This reduction in post-error slowing was seen even after MT and errors relatively 276 

plateaued during the late stage of practice. These results confirm that the post-error slowing 277 

indeed decreased with practice, and was not confounded by underlying changes in task 278 

performance. 279 

There are two potential theoretical explanations for why post-error slowing decreases with 280 

practice – i.e. why participants become less sensitive to errors. First, as suggested by Logan 281 

and Crump (2009)21, the decrease in post-error slowing may be a consequence of the fact that 282 

there is ‘less to learn’ from an error as participants become more skilled. Responding to 283 

errors can be viewed as a ‘credit assignment’ problem31, 32 where the nervous system has to 284 

estimate the source of these errors. Since errors become less frequent with learning, 285 

participants in the late stage of learning may be more likely to attribute an error to the ‘world’ 286 

rather than their own ‘bodies’, which would explain why the sudden occurrence of an error 287 

does not alter performance dramatically on future trials.  This explanation is consistent with 288 

work in other domains such as dart throwing, where the response to an error on the next trial 289 

is diminished in experts relative to novices33, 25.  290 
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A second explanation for the reduction in post-error slowing is that continued reliance on 291 

‘error prevention’ could disrupt automaticity of performance. Motor learning has been 292 

characterized by a transition from conscious, deliberate performance in the early stages of 293 

practice to more automatic performance in the later stages34. This transition has been 294 

supported in sequence learning by several features such as chunking35, 36  and the ability to 295 

perform dual tasks37, 38, 39. A smaller response to errors could be reflective of the fact that 296 

participants tend to maintain automatic performance and do not switch to a conscious mode 297 

of control. This could a beneficial strategy because there is evidence that switching back to a 298 

conscious control mode could  be detrimental to overall task performance19. 299 

In conclusion, we showed that motor sequence learning not only involves changes in overall 300 

speed and accuracy, but also in how participants respond to errors, both in terms of the 301 

magnitude and duration. Our results suggest that theories of sequence learning not only need 302 

to describe overall improvements in task performance, but also need to account for these 303 

shorter time scale changes in response to errors, and their change with learning.  304 

Understanding these responses to errors may provide greater insight into skilled performance 305 

and could also be exploited to tailor practice schedules based on skill level.  306 
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