
1 

  

 

Page 1 of 33 

 

 

Mistaking opposition for autonomy: 1 

psychophysical studies on detecting 2 

choice bias  3 

Ashild Kummen1, Patrick Haggard1, Gwydion Williams1, Lucie Charles1  4 

 5 

1 Institute of Cognitive Neuroscience, University College London, Alexandra House, 17 Queen 6 
Square, London WC1N 3AZ, UK 7 

 8 

Corresponding author: 9 

Lucie Charles  10 

Institute of Cognitive Neuroscience, University College London, Alexandra House, 17 Queen 11 
Square, London WC1N 3AZ, UK;  12 

Email: l.charles@ucl.ac.uk 13 

  14 



2 

  

 

Page 2 of 33 

 

 

ABSTRACT (200 WORDS LIMIT) 15 

Do people know when they act freely and autonomously versus when their actions are 16 
influenced? While the human aspiration to freedom is widespread, little research has 17 
investigated how people perceive whether their choices are biased. Here, we explored how 18 
actions congruent or incongruent with suggestions are perceived as influenced or free. Across 19 
three experiments, participants saw directional stimuli cueing left or right manual responses. 20 
They were instructed to follow the cue’s suggestion, oppose it, or ignore it entirely to make a 21 
‘free’ choice. We found that we could bias participants’ ‘free responses’ towards adherence or 22 
opposition, by making one instruction more frequent than the other. Strikingly, participants 23 
consistently reported feeling less influenced by cues to which they responded incongruently, 24 
even when response habits effectively biased them towards such opposition behaviour. This 25 
effect was so compelling that cues that were frequently presented with the Oppose instruction 26 
became systematically judged as having less influence on behaviour, artificially increasing the 27 
sense of freedom of choice. Taken together, these findings demonstrate that acting contrarian 28 
distorts the perception of autonomy. Crucially, we demonstrate the existence of a novel illusion 29 
of freedom evoked by trained opposition.  Our results have important implications for 30 
understanding mechanisms of persuasion. 31 

 32 

 33 

 34 

Keywords: Decision-making, Metacognition, Freedom of choice, Cognitive Control, 35 
Psychophysics  36 
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1 INTRODUCTION (621) 37 

How much do we know about the true reasons for our choices, and about the causes of our 38 
decisions? Can we truly estimate if our choices are influenced by external factors? 39 

Research in psychology has long demonstrated the limits of our voluntary control over our 40 
decisions: choices can be swayed by factors beyond our control, and beyond our awareness. 41 
For example, we may struggle to ignore sensory inputs even when we know these are 42 
irrelevant for the decision, and try to ignore them. This is true when visual attention is captured 43 
by distractors that present similarities with the target information like in the Eriksen Flanker 44 
Task, [1,2] and its variants [3,4] or when a target stimulus is preceded by a non-conscious 45 
prime, affecting response latency and choice [5]. 46 
 47 
Decisions are not only influenced by current information, but also by previous stimulation and 48 
previous responses. Learned stimulus-response associations influence future performance 49 
[6,7], and simple response repetition also biases current choices [8,9]. This influence of past 50 
behaviour continues even when it becomes irrelevant or unrewarding, and can only be 51 
overcome through additional cognitive control resources  [10,11].This is illustrated in task 52 
switching paradigms in which participants frequently stick with the response they performed 53 
on the previous trial rather than use the response mapping required for the present trial [12].  54 

While the mechanisms of unwanted influence on choice behaviour have been well documented 55 
[13] and formally modelled [14], it remains unclear whether people are able to detect when 56 
their choices are biased by such influences. Research in social psychology suggests that 57 
people are mostly unaware of the underlying drivers of their decisions [15,16]. Even when 58 
participants are conscious of using biased strategies in their decisions, feelings of objectivity 59 
prevail [17]. Equally, one might feel that extraneous influences are present even when they 60 
are not – as during “thought insertion” in psychosis [18]. In other words, introspective access 61 
to our own decision-making process may be limited.  62 

Although “decision priming” has attracted wide scientific interest, few studies have investigated 63 
the subjective experience of external influence on decisions. When participants were shown 64 
ambiguous random dot kinematograms (RDK) and asked to respond ‘freely’, their actions were 65 
unsurprisingly influenced by small fluctuations in motion energy [19].  Strikingly, however, they 66 
reported stronger experiences of autonomy when they opposed the stimulus, than when they 67 
followed it [22].  68 

In the present study, we have systematically investigated the link between opposition and 69 
subjective freedom. Across three experiments, we presented participants with random-dot 70 
kinematogram stimuli in which the majority of dots moved either leftward or rightward. Each 71 
display was accompanied by one of three instructions: respond congruently to the direction of 72 
the motion (Adhere condition), respond incongruently to it (Oppose condition), or make a free 73 
choice independent of the visual display (Detach condition). Thus, we could measure both the 74 
extent to which participants successfully ignored stimulus information (by quantifying the 75 
objective statistical relation between stimuli and response), and also their ability to introspect 76 
this stimulus-independence (by obtaining ratings of subjective freedom of choice). 77 
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We then used a structured series of experimental manipulations to investigate the cognitive 78 
basis underlying the sense of acting freely. In experiment 1, we presented participants more 79 
frequently with one instruction (Adhere or Oppose) than the other, to test if a learned response 80 
strategy would bias free choices. In experiment 2, we more specifically associated one 81 
direction of motion (left or right RDK stimuli) with one instruction (Adhere or Oppose) to test 82 
how using repeatedly one stimulus-response association would affect the perceived influence 83 
of that stimulus on behaviour. Finally in experiment 3, we increased the proportions of one 84 
direction of motion to test how the repetition of one visual cue would affect how participants 85 
perceived their freedom of choice when responding to it.   86 
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2 METHOD (2151) 87 

2.1 EXPERIMENT 1 88 

2.1.1 Participants 89 

62 participants with normal or corrected-to-normal vision and no history of psychiatric of 90 
neurological illness were recruited. Sample size was based on a previous study [19] to detect 91 
an influence of signal fluctuations on free choice with 80% power at α = .05 (two-tailed t-test 92 
for d = 0.74; required sample of at least 30 participants per group). The study was approved 93 
by the UCL Research Ethics Committee and participants were compensated £12. Two 94 
participants were excluded: Testing was interrupted for one participant as they failed to detect 95 
motion direction during training. One participant used one end of the freedom of choice scale 96 
in more than 98% of the trials and was therefore excluded from analysis. This left 60 97 
participants (43 female; mean age 22.63 ± 3.17 years ranging from 20 to 30), randomly 98 
assigned to 30 in Adhere Group and 30 in Oppose Group. 99 

2.1.2 Stimuli 100 

Participants were presented with a series of random dot kinematograms (RDK) moving either 101 
to the left or to the right (see Stimuli in Supplementary Methods). The proportion of the dots 102 
moving in the same direction representing the motion coherence was adjusted by a Staircase 103 
Procedure to reach 71% coherence (see Staircase Procedure in Supplementary Methods). At 104 
a random time during stimulus presentation, the dots changed colour (red, green, or blue; 105 
matched for luminance and contrast) providing the instruction on how to respond in that 106 
particular trial. On (1) Adhere trials, participants were to respond congruently with the direction 107 
of the motion they perceived in the stimulus; on (2) Oppose trials, participants were to respond 108 
with the response key on the opposite side to the perceived motion direction; on (3) Detach 109 
trials, participants were to choose freely which response key to press, while trying to ensure 110 
that their choice was not influenced by the direction of dot motion. In those trials, participants 111 
were told not to use a set response strategy, such as responding always with the same key 112 
press or alternating between key presses, but try to act randomly. 113 

2.1.3 Design & Procedure  114 

In this experiment, one group of participants received the instruction to adhere (i.e. respond 115 
congruently to the motion direction) in most trials (Adhere group) while a second group 116 
received the instruction to oppose (i.e. respond incongruently) in most trials (Oppose group).  117 
This design allowed us to test whether a habitual response strategy would influence: (1) the 118 
objective ability to detach from the stimuli when given a free choice (objective FoC), and (2) 119 
the subjective feeling of acting freely (subjective FoC).  120 

Protocol. The experiment followed a mixed design with group as the between-subjects 121 
variable (Adhere Group, Oppose Group), and instruction condition (Adhere, Oppose, Detach) 122 
as the within-subject variable. The main experiment consisted of 7 blocks of 57 trials, totalling 123 
to 378 trials of interest (excludes high coherence trials). For the majority Adhere Group, this 124 
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was split so that 50% were Adhere trials, 16.7% Oppose, and 33.3% Detach. For the majority 125 
Oppose Group: 50% of trials were Oppose trials, 16.7% Adhere, and 33.3% Detach (see 126 
Figure 1). The experimental session lasted 80-90 minutes and was divided in two parts; the 127 
staircase procedure, and the main experiment. 128 

Trial procedure. In the main experiment, participants started each trial with a fixation cross, 129 
before the stimulus was presented for 2500ms (see Figure 1A & B). At a random time-point 130 
between 100ms and 2388ms, the dots changed colour to indicate the instruction for this trial 131 
(see Figure 1C). Association between colours and instructions were counterbalanced across 132 
participants. After the stimulus disappeared, participants had 1500ms to respond with a left-133 
arrow and right-arrow keypress using their right hand (see Figure 1C).  134 

Following the response, participants were required to estimate how much their response 135 
choice was guided by the dot-motion, reporting their subjective experience of being more or 136 
less influenced by the stimulus (Figure 1E). To do so, a scale was presented for 3000ms and 137 
participants could move the slider with the '<' and '>’ keys. The starting position of the slider 138 
was set at a random position on each trial. One end of the scale (counterbalanced across 139 
participants) indicated absolute independence of the stimulus (‘I decided what to do myself, 140 
completely independently of what I saw on the screen”), while the other indicated complete 141 
dependent on the stimulus (“My response was determined entirely by what I saw on the 142 
screen”). Participants were instructed to use the entire range of the scale rather than only the 143 
extreme values and that their response should be guided by how they came up with their 144 
response on that given trials rather than the instruction.  145 

2.1.4 Data Analysis 146 

Trials in which no response was given were excluded (Adhere: M = 4.20% of trials, SD = 5.65%; 147 
Oppose: M = 5.08%, SD = 5.16%; Detach: M = 6.60%, SD = 6.88%). Each response was 148 
classified as congruent or incongruent with the stimulus direction (response mode factor).  The 149 
mean proportion of motion congruent responses was calculated for each participant and each 150 
instruction. A repeated measure ANOVA was used to estimate the effects of group (between-151 
participant factor) and instruction (within-participant factor) on the proportion of motion-152 
congruent responses for instructed trials (i.e., Adhere and Oppose trials). A separate ANOVA 153 
was run for the Detach trials to estimate the effect of group (between-participant factor) on the 154 
proportion of motion congruent responses. Mean subjective FoC ratings were calculated for 155 
each combination of participant, instruction, and response mode. A repeated measure ANOVA 156 
was used to estimate the effect of group (between-participant factor), instruction and response 157 
mode (within-participant factor) on the reported freedom of choice in instructed trials. (Adhere 158 
and Oppose trials). Follow-up t-tests (two-tailed, unless specified otherwise) were used to 159 
compare ratings in error and correct trials for each instruction. A separate repeated measure 160 
ANOVA was run on the subjective FoC ratings in the Detach condition to estimate the effect 161 
of group (between-participant factor) and response mode (within-participant factor) on the 162 
reported freedom of choice. 163 

 164 
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2.2 EXPERIMENT 2 165 

2.2.1 Participants 166 

39 participants were recruited. Sample size was determined by a-priori power analysis based 167 
on the subjective FoC observed in experiment 3 (conducted prior to experiment 2), an effect 168 
size of d = 0.29 requiring N=37 to achieve 80% power, with alpha 0.05 (two-tailed t-test). One 169 
participant was excluded as they confused instructions. This left 38 participants (28 females; 170 
mean age 22.24 ± 2.94 years ranging from 18 to 30; all right-handed). Participants were 171 
randomly assigned to a group (20 for majority left motor responses;18 for majority right motor 172 
responses).  173 

2.2.2 Design, Stimuli, & Procedure  174 

Experiment 2 used a similar design than experiment 1 but that each stimulus direction was 175 
now associated more frequently with one instruction. Importantly, this also meant that 176 
participant used more frequently one motor response than the other (Figure 1). We therefore 177 
also included a second type of detach trial where the stimulus did not have any obvious motion 178 
direction (motion-neutral’) to estimate the effect of purely motoric response repetition on the 179 
ability to detach. 180 

The experiment followed a mixed design with group (majority left responses, majority right 181 
responses) as the between-subjects variable and instruction (Adhere, Oppose, Detach) as the 182 
within- subject variables. The stimuli and procedure for experiment 2 were identical to that of 183 
experiment 1, except for the modifications in the proportion of trials: In 469 trials, 59.7% of 184 
trials were instructed (half Adhere, half Oppose). Among instructed trials, the proportion of 185 
leftward and rightward stimuli differed between instructions. On Adhere trials, 75% of stimuli 186 
were in a direction congruent to the most frequent response of the group (e.g. rightward for 187 
the “majority right responses” group), whilst the remaining 25% were in the other direction. On 188 
Oppose trials, 75% of stimuli were in the incongruent direction to the most frequent response 189 
of the group (e.g. leftward for the “majority right responses” group), and 25% in the congruent 190 
direction (see Figure 1).  191 

The remaining trials (40.3%) corresponded to the Detach instruction. Among the Detach trials, 192 
a third were moving leftward, a third moving rightward, and a third were motion-neutral where 193 
the motion coherence was set to 0% and all dots moved at random. These trials were added 194 
to investigate whether the repeated motor response would influence free choices in the 195 
absence of visual stimulation.  196 

At the end of the experiment, participants were asked to estimate the overall proportion of right 197 
responses they had made (see Bias Awareness in Supplementary Results). 198 

2.2.3 Data Analysis 199 

Data analysis followed the same methods as for experiment 1. We separated trials according 200 
to whether the stimuli were frequently adhered, or frequently opposed. Trials in which no 201 
response were given were excluded (Adhere: M = 3.36%, SD = 3.14%; Oppose: M = 3.20%, 202 
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SD = 3.70%; motion-present Detach: M = 5.33%, SD = 4.05%; motion-neutral Detach: M = 203 
4.64%, SD = 3.84%). Mean proportions of motion congruent responses and mean subjective 204 
freedom of choice ratings were calculated per participant, split by instruction, stimulus-205 
response association, and response mode and analysed using repeated measures ANOVAs 206 
(group as a between subject variable, and instruction, stimulus-response association, and 207 
response mode as within subject variables), similarly to Experiment 1. On motion-neutral 208 
detach trials, we tested whether small fluctuations in motion energy would influence response 209 
choice using reverse correlation (see Reverse Correlation Analysis in Supplementary 210 
Methods). Responses were classified by whether they were congruent or incongruent to the 211 
motion direction fluctuation and analysed following the same procedure as motion-present 212 
trials. 213 

2.3 EXPERIMENT 3 214 

2.3.1 Participants 215 

42 participants were tested using similar procedures to experiment 1 and 2 (sample size 216 
indicated to achieve power of 80% for two- tailed t-test with effect size d = 0.55 from experiment 217 
1). Five participants were excluded. Two failed to see the dot motion direction during training, 218 
one used one end of the scale in more that 98% of trials or two had ceiling accuracy in 219 
instructed trials for rare stimulus direction, making it impossible to compare accuracy across 220 
response modes. This left 37 participants (24 females; mean age 24.35 ± 2.94 ranging from 221 
18 to 30, all but five right-handed) allocated randomly to each group (20 participants: majority 222 
leftward stimuli; 17 majority rightward stimuli). 223 

2.3.2 Design, Stimuli, & Procedure 224 

To understand how repetition vs salience of stimuli may influence the ability to detach, the 225 
previous design was modified so that now one motion direction (leftward or rightward) was 226 
seen more frequently than the other. This allowed us to compare trials where a frequent 227 
stimulus was presented and trials where a rare stimulus was presented.  228 

The experiment followed a mixed design with group (majority left-direction stimuli, majority 229 
right-direction stimuli) as the between-subjects factor, and instruction condition (Adhere, 230 
Oppose, Detach) and stimulus frequency (frequent stimulus, rare stimulus) as the within- 231 
subjects factors. 232 

Stimuli and procedure were identical to those of experiment 1 and 2. The main modification 233 
was that 75% of all trials (except motion-neutral trials) had stimuli moving in the frequent 234 
direction (determined by participant’s group), whilst the other 25% moved in the other direction 235 
(rare stimulus). A total of seven blocks with 60 trials of interest (excluding high coherence trials) 236 
was presented, giving a total of 420 trials of interest. In each block, 36 trials (60%) were 237 
instructed (half Adhere, half Oppose). The remaining 24 (40%) were detach trials; of which six 238 
(25%) were motion-neutral and 18 (75%) motion-present.  239 

At the end of the experiment, participants were asked to estimate the proportion of leftward 240 
versus rightward stimuli (see Bias Awareness in Supplementary Results, for the findings). 241 
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2.3.3 Data Analysis 242 

Trials with no response were excluded from the analysis (Adhere: M = 8.34%, SD = 10.38%; 243 
Oppose: M = 8.71%, SD = 10.91%; motion-present Detach: M = 10.56%, SD = 14.35%; 244 
motion-neutral Detach: M = 10.94%, SD = 16.45%). Mean proportion of motion congruent 245 
responses and mean subjective freedom of choice ratings were calculated per participant, split 246 
by instruction, stimulus frequency, and response mode and analysed using repeated measures 247 
ANOVAs (group as a between subject variable, and instruction, stimulus frequency, and 248 
response mode as within subject variables), similarly to Experiment 1&2. Motion-neutral 249 
detach trials were analysed following the same procedure as Experiment 2. 250 

2.3.4 Data Analysis across experiments 251 

In an exploratory analysis, we tested whether participants who more strongly used one 252 
response strategy in detach trial (for instance adhering more to the stimulus direction) would 253 
also report lower subjective freedom when using that same strategy in detach trials. To do so, 254 
we computed the difference in proportion of each participant’s congruent and incongruent 255 
responses in the detach condition and tested whether a linear relationship was present with 256 
the difference in subjective freedom ratings between pro and incongruent in a regression 257 
model. To maximize power, we pooled the data across all experiments. We also performed 258 
the same regression in the specific parts of our design that most encouraged opposition during 259 
detachment (Oppose Group of experiment 1, frequently opposed stimuli condition of 260 
experiment 2, and frequent stimuli condition of experiment 3).  261 

  262 
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3 RESULTS 263 

3.1 IMPACT OF DOMINANT INSTRUCTION ON FREEDOM OF CHOICE (EXPERIMENT 264 
1) 265 

 266 

Figure 1. Experimental procedure (top) and design (bottom) of experiments 1-3. (Top) 267 
Following a fixation cross (A), the stimulus was presented for 2500ms (B). At a random 268 
timepoint during stimulation, the dots changed colour to indicate the instruction for that trial 269 
(Adhere, Oppose, or Detach; C). After giving their response (D), participants were asked to 270 
report their subjective feeling of freedom (E). (Bottom) Experiment 1 manipulated the 271 
frequency of instructions between groups so that one group were required to adhere more than 272 
to oppose (example highlighted by bold outline), while the other were required to oppose more 273 
than to adhere. Experiment 2 manipulated the total frequency of one response (example of 274 
Left motor-response group highlighted by bold-outline) by arranging for one stimulus direction 275 
to be preferentially associated with Adhere trials (frequently adhered) and the other stimulus 276 
direction with Oppose trials (frequently opposed). Experiment 3 manipulated the stimulus 277 
frequency so that each group saw more of one stimulus direction than the other (example of 278 
Left stimulus group highlighted by bold-outline).  279 

Response accuracy was not affected by instruction frequency (Figure 2A) [F(1, 58) = 2.77, p 280 
= .102, η!" = .046] or by group [F(1, 58) = 0.59, p = .447, η!" = .010]. However, participants 281 
responded faster on Adhere than Oppose trials [F(1, 58) = 7.32, p = .009, η!" = .112], as well 282 
as when they responded correctly compared to when they made an error [F(1, 58) = 66.25, p 283 
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< .001, η!"  = .533]. When they were instructed to detach from the stimulus (Figure 2B), 284 
participants in the Adhere group made more congruent responses on detach trials than 285 
participants in the Oppose group [t(58) = 2.44, p = .018, d = 0.63, two-tailed]. Considering each 286 
instruction separately, we observed non-significant trends for participants in the Oppose Group 287 
to make more incongruent responses (M = 46.74%, SD = 9.06%; t(29) = -1.97, p = .06, d = -288 
0.36, two-tailed) while participants in the Adhere Group tended to respond congruently in 53.49% 289 
of detach trials (M = 53.49%, SD = 12.12%, t(29) = 1.58, p = .13, d = 0.29, two-tailed). Taken 290 
together, these results suggest that the dominant instruction affected detach trials and habitual 291 
response strategies continued to prevail even when attempting to detach. 292 

  293 

Figure 2. Results of Experiment 1. A. Mean proportion of correct responses on instructed trials 294 
(Adhere, green; Oppose, red). B. Proportion of motion congruent responses on Detach trials 295 
(blue) split by group (Adhere Group, Oppose Group). Error bars show standard error of the 296 
mean. C. Mean subjective freedom of choice ratings split by group (Adhere Group, Oppose 297 
Group), instruction (Adhere, Oppose, Detach), and response (congruent vs incongruent 298 
response; green and red lines respectively), for each stimulus motion direction.  Ratings range 299 
from feeling completely influenced (left) to completely free (right). For instructed trials (Adhere: 300 
vertical green bars; Oppose: vertical red bars) matching bar and line colours (Adhere trials: 301 
green bars on green lines; Oppose trials: red bars on red lines) correspond to correct 302 
responses while bars on opposite colour lines (Adhere trials: green bars on red lines; Oppose 303 
trials: red bars on green lines) correspond to errors. Box width reflect +/- 1 standard error 304 
across participants.. 305 

We next considered how participants in each group rated their freedom of choice in instructed 306 
and free-choice trials. On instructed trials (Adhere and Oppose), participants reported feeling 307 
freer on trials where they were instructed to oppose the motion of the stimulus than when 308 
instructed to adhere to it [Figure 2C; main effect of instruction; F(1, 58) = 11.43, p = .001, η!" 309 
= .165]. Moreover, they also reported feeling freer when making an error (e.g. incongruent 310 
responses for Adhere trials depicted by green bars on red lines on Figure 2C and congruent 311 
responses for Oppose trials depicted by red bars on green lines on Figure 2C) than when 312 
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making an accurate response [interaction between instruction and response mode; F(1, 58) = 313 
88.42, p < .001, η!" = .604; Adhere instruction, Correct vs Error :  t(59) = -7.09, p < .001, d = -314 
0.92; Oppose instruction,  Correct vs Error :  t(59) = -8.06, p < .001, d = -1.04]. Participants 315 
may have paid less attention to the stimulus when they made an error than when responding 316 
correctly.  An unseen or unattended stimulus cannot strongly influence behaviour. Thus, 317 
stronger sense of freedom suggests that participants used the subjective scale appropriately. 318 

Turning to detach trials, we found that when making a response incongruent with the mean 319 
stimulus-motion direction, participants felt significantly freer (i.e., more detached from the 320 
stimulus) than when making a response congruent with the motion direction [Figure 2C; main 321 
effect of response mode; F(1, 58) = 18.12, p < .001, η!" = .238]. Importantly, this was the case 322 
in the Adhere Group [t(29) = 2.68, p = .012, d = 0.49] but also in the Oppose Group [t(29) = 323 
3.32, p = .002, d = 0.61], and the effect did not differ significantly between the groups [F(1, 58) 324 
= 0.37, p = .54].  Since the Oppose group made incongruent responses more frequently than 325 
the Adhere, this suggests that opposition was associated with increased sense of freedom, 326 
irrespective of whether opposition was the most frequent behaviour or not. In other words, 327 
acting contrarian was always associated with an increased sense of freedom, even when 328 
opposition was the dominant response tendency. 329 

 330 

3.2 IMPACT OF LEARNED STIMULUS-RESPONSE ASSOCIATION ON FREEDOM OF 331 
CHOICE (EXPERIMENT 2) 332 

While we showed that participants’ objective ability to detach was partially compromised by 333 
following repeatedly one instruction over the other, we wondered whether this persistence 334 
effect would also be observed when one specific stimulus-response association was repeated, 335 
as opposed to one instruction. This was assessed in Experiment 2. 336 

In instructed trials, we found that participants were more accurate in the condition 337 
corresponding to the trained stimulus-response association (Figure 3A). As in the first 338 
experiment, participants were also faster on Adhere than on Oppose trials [F(1, 36) = 4.38, p 339 
= .044, η!" = .108], and faster for correct than incorrect responses [F(1, 36) = 39.53, p < .001, 340 
η!"  = .523]. When required to detach, (Figure 3B), we found that participants responded 341 
differently to stimuli that they had been trained to adhere and those they had been trained to 342 
oppose [t(37) = 2.56, p = .015, d = 0.42, two-tailed]: Participants tended to respond more 343 
congruently to frequently adhered stimuli [M = 54.56%, SD = 10.68%, t(37) = 1.69, p = .050, d 344 
= 0.27, one-tailed] and to respond more incongruently to stimuli they were trained to oppose 345 
[M = 45.57%, SD = 10.36%, t(37) = 2.64, p = .006, d = 0.43, one-tailed]. This result therefore 346 
replicated and extended those of Experiment 1, showing that training with one particular 347 
stimulus-response association continued to influence response strategy when required to 348 
detach. No effect of motor bias was observed in the motion-neutral trials [proportion of frequent 349 
responses compared to chance level on motion-neutral detach trials; t(37) = 0.66, p = .510, d 350 
= 0.11] and no further differences were observed when considering if the motion energy 351 
fluctuations favoured the frequently adhered or frequently opposed stimulus direction [Figure 352 
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3C; t(37) = 0.65, p = .520, d = 0.10], suggesting that purely motor repetition in itself did not 353 
affect the ability to detach. 354 

  355 

Figure 3. Results of Experiment 2. Accuracy for instructed trials (A) and percentage of 356 
motion congruent responses for motion-present Detach trials (B)  and motion-neutral Detach 357 
trials (C) split by stimulus-response association (frequently adhered, frequently opposed). (D) 358 
Mean ratings of subjective ratings of freedom of choice split by stimulus-response association 359 
(frequently adhered, frequently opposed). Same legend as Figure 2. 360 

Considering the ratings of freedom of choice (Figure 3D), we found that participants reported 361 
greater detachment on Oppose than on Adhere trials [F(1, 36) = 5.13, p = .030, η!" =.125], and 362 
when making an error (e.g. incongruent responses for Adhere trials depicted by green bars on 363 
red lines on Figure 3C or a congruent response for Oppose trials depicted by red bars on green 364 
lines on Figure 3C; interaction between response mode and instruction: F(1, 36) = 33.83, p 365 
< .001, η!" = .484; Adhere instruction, Correct vs Error t(37) = -4.26, p < .001, d = -0.69; Oppose 366 
instruction,  Correct vs Error :  t(37) = -2.9, p = .006, d = -0.47) replicating the results of our 367 
previous experiment. In detach trials (Figure 3D, blue bars), participants again reported they 368 
felt freer making a motion incongruent than a motion congruent response [F(1, 36) = 12.55, p 369 
= 001, η!" = .258], confirming that opposition was always associated with an increased sense 370 
of freedom. Interestingly however, we also found an unexpected effect of previous opposition 371 
in detach trials: participants reported they felt more free when responding to a frequently-372 
opposed stimulus compared to a frequently adhered stimulus [Main effect of stimulus-response 373 
association; F(1, 36) = 4.34, p = .044, η!" = .108]. This was true regardless of the response 374 
made on the current trial [F < 1]. Hence, when attempting to detach, frequently-opposed stimuli 375 
became associated in themselves with an increased sense of autonomy, irrespective of 376 
whether participants actually opposed them on a given trial or not.   377 
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Interestingly, no effect of stimulus-response association or motor bias was observed on ratings 378 
of freedom in the motion-neutral detach trials (Figure 3D, purple, all F < 1) suggesting that 379 
motor novelty vs. motor repetition did not itself influence subjective freedom. 380 

3.3 IMPACT OF STIMULUS FREQUENCY ON FREEDOM OF CHOICE (EXPERIMENT 3) 381 

We observed that participants reported feeling freer when presented with a stimulus they had 382 
frequently opposed in the past, compared to one frequently adhered to, regardless of their 383 
response to it. We then tested whether stimulus frequency itself impacted freedom of choice. 384 

Stimulus frequency did not significantly affect response accuracy in instructed trials Figure 4A, 385 
although a trend was observed towards participants performing better for frequent stimuli [F(1, 386 
35) = 3.25, p = .08, η!" = .085]. As previously observed, participants responded more rapidly 387 
on Adhere trials compared to Oppose trials [F(1, 35) = 6.88, p = .013, η!" = .164].  Accurate 388 
responses were again associated with faster response times than inaccurate responses [F(1, 389 
35) = 41.81, p < .001, η!" = .544]. 390 

In motion-present detach trials (Figure 4B, blue bars), no effect of stimulus frequency was 391 
observed on the proportion of motion congruent responses [frequent stimulus vs rare: t(36) = 392 
1.08, p = .290, d = 0.18; frequent stimulus vs chance level: t(36) = 1.18, p = .250, d = 0.19; 393 
rare stimulus vs chance level: t(36) = 0.48, p = .640, d = 0.08], suggesting participants were 394 
equally likely to oppose dot-motion as they were to adhere to it, irrespective of whether the 395 
motion direction had been seen frequently or not. No further effects were observed on motion-396 
neutral trials (Figure 4C), indicating participants had no response bias in the absence of a clear 397 
visual cue.  398 

 399 

Figure 4. Results of Experiment 3. Accuracy for instructed trials (A) and percentage of 400 
motion congruent responses for motion-present Detach trials (B)  and motion-neutral Detach 401 
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trials (C) split by stimulus frequency (frequent, rare). (D) Mean ratings of subjective ratings of 402 
freedom of choice split by by stimulus frequency (frequent, rare). Same legend as Figure 2. 403 

As in our two previous experiments, we observed that freedom was rated higher on Oppose 404 
than Adhere trials [Figure 4D; F(1, 35) = 10.29, p = .003, η!" = .227] and when making an error 405 
than when responding correctly [F(1, 35) = 33.88, p < .001, η!"  = .492; Adhere instruction, 406 
Correct vs Error t(36) = -4.6, p < .001, d = -0.76, d = -0.69; Oppose instruction,  Correct vs 407 
Error :  t(36) = -3.6, p < .001, d = -0.59]. Further, in detach trials, we replicated the findings of 408 
experiment 1 and 2 that participants reported feeling more free when making a response 409 
incongruent to the stimulus direction (Figure 4D, blue bars), compared to a congruent response 410 
[F(1, 35) = 14.35, p < .001, η!"  = .291]. Interestingly, we observed an interaction between 411 
stimulus frequency and response mode [F(1,35) = 16.85, p < .001, η!" = .325], showing that 412 
participants reported feeling more free when making an incongruent response to a rare 413 
stimulus, compared to a frequent stimulus [t(36) = 3.01, p = .005, d = 0.50]. This suggested 414 
that the sense of freedom was increased when opposing a rare occurrence. No further effects 415 
were observed in motion-neutral detach trials. 416 

3.4 EXPLORING CORRELATIONS BETWEEN SUBJECTIVE AND OBJECTIVE 417 
FREEDOM OF CHOICE 418 

Finally, we tested whether participants who more strongly tended to adhere to the stimulus 419 
would also experience higher subjective freedom when opposing. Pooling data across all 420 
experiments, we found that this was indeed the case (Figure 5, regression slope = -19.62, beta 421 
= 5.31, R2 = .19, t(133) = 5.53, p < .001; see Table S3 in Supplementary Materials). 422 
Interestingly, the intercept of this regression relation showed that, even when participants 423 
objectively detached, tending neither to oppose nor adhere, there remained a strong and 424 
significant tendency to rate incongruent responses as subjectively freer (beta = 5.32, t(133) = 425 
7.06, p < .001, d = 1.22).  426 

Performing the same regression in the specific parts of our design that most encouraged 427 
opposition during detachment (Oppose Group of experiment 1, frequently opposed stimuli 428 
condition of experiment 2, and frequent stimuli condition of experiment) however, revealed no 429 
significant correlation between the degree of detachment and the subjective sense of freedom 430 
for congruent versus incongruent responses (dataset with majority Oppose behaviour: p 431 
= .130). This suggests that this effect might be more strongly associated with adherence 432 
strategy. However, the intercept of the regressions remained significantly different from 0 (b = 433 
5.41, t(102) = 4.43, p < .001, d = 0.87), suggesting that even when participants showed an 434 
objective tendency to oppose the stimulus, they still experienced greater freedom when 435 
opposing. Taken together, these results show that both habitual and contrarian behaviour 436 
modulated the sense of freedom of choice, independently of each other. 437 
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 438 

Figure 5. Difference in subjective freedom of choice (FoC) to incongruent minus congruent 439 
responses on motion-present detach trials according to the difference in proportion of 440 
incongruent minus congruent responses on motion-present detach trials. Each data-point 441 
represent one participant, pooling together all participants from all three experiments. 442 

  443 
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4 DISCUSSION (1358) 444 

 How do we know whether we are acting freely, or are influenced in our choices? And 445 
is our introspection of influence accurately reflecting our learned biases? In the present study, 446 
we tested how the tendency to respond congruently or incongruently to suggestion affected 447 
the sense of acting autonomously. To do so, we showed participants stimuli that primed a left 448 
or a right response and asked them to make a manual choice by either adhering to the direction 449 
suggested, opposing it, or detaching entirely from the visual stimulation to make a choice free 450 
from external influence. Crucially, we manipulated the stimulus and response distributions so 451 
that participants 1/ had to follow one set of instructions more frequently (experiment 1), 2/ had 452 
to respond to one stimulus with one response more frequently (experiment 2), or 3/ were 453 
exposed to one stimulus direction more frequently (experiment 3). This systematic set of 454 
designs allowed us to test how repeated association between a stimulus and a response could 455 
bias free decisions, and also how it could alter the subjective experience of acting freely. 456 

 Experiment 1 and 2 revealed that participants’ ability to make free choices in the detach 457 
condition, was strongly compromised by implicitly learned stimulus-response associations. In 458 
Experiment 1, we observed that when participants were required to detach from the stimulus 459 
and attempted not to be influenced by it, they failed to do so. Instead, they tended to act in 460 
accordance with the instruction that they had been trained with the most frequently. This meant 461 
that stimulus-response mappings that were formed through repetition persisted in free choice. 462 
In experiment 2, participants were predominantly trained to make stimulus-congruent 463 
responses to some stimuli, while predominantly opposing others. Participants’ free choices 464 
tended to perseverate in using the trained stimulus-response mappings. The ability to act 465 
autonomously and independently of a stimulus was therefore reduced if one had previously 466 
learned to make a particular response to that stimulus.  467 

Such findings are in broad agreement with the classical concept of conditioned or 468 
habitual responding [21], as well as literature on task-switch costs. Only a few studies 469 
investigated how free choices themselves are impacted by previous experience of SR 470 
associations [22]. Our study shows that task history profoundly constrains the capacity for truly 471 
autonomous action. We show here that even when people try to ignore current stimulus 472 
content, their previous experiences strongly shape their behaviour. Importantly, persistence of 473 
SR mappings has also been found in subliminal priming paradigms [23], suggesting that it 474 
might operate independently of conscious processes of action selection [24]. Thus, the 475 
‘positive priming effect’, in which participants tend to respond congruently to a subliminal prime 476 
[25–27] or be positively entrained by a non-conscious stimulus [28] could be reversed if the 477 
participants had been trained with the incongruent stimulus-response mapping [23]. Similarly, 478 
it has been observed that increasing the proportion of instructed trials strengthens the positive 479 
priming effect on free choices [29,30].  480 

Our findings extend those results to free choices in the presence of supraliminal stimuli 481 
[31–34]. To act freely in the present study meant detaching from stimulus information. 482 
Participants however showed only a limited ability to dissociate from previously trained 483 
strategies. Crucially, we show that these are not merely effects of visual repetition alone, nor 484 
of motor priming alone. Thus, future free choices were influenced by the repeated association 485 
of one stimulus with a response, but not by patterns of stimulation alone, or by patterns of 486 
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responding alone [35]. This finding suggests that volition and habit represent two dissociable, 487 
competing and mutually-exclusive routes to action [36] and that true detachment may be 488 
difficult to achieve once task habits are present, requiring effortful cognitive control to 489 
overcome habit-induced response conflicts [11]. Further research will be needed to understand 490 
the mechanisms of such effect and whether it is caused by occasional lapses in voluntary 491 
control, like the lapses of attention that cause errors in flanker tasks [11] or whether it 492 
corresponds to a more sustained “response priming” effect [23]. 493 

 Importantly, our results bring new lights on whether participants are able to introspect 494 
the factors that influenced their choices. Crucially, we found that across all three experiments 495 
responding incongruently to the stimulus was associated with an increased subjective sense 496 
of acting freely and independently from the stimulus, compared to responses that followed the 497 
stimulus. Interestingly, this association between opposition and perceived autonomy was 498 
present irrespective of how much the stimulus in fact influenced participants’ choices. In 499 
particular, whether participants more frequently followed the cued response, or more frequently 500 
opposed it, they always rated their choice as more autonomous when opposing the action 501 
suggested by the current circumstances. Indeed, even those participants who tended 502 
statistically to oppose the stimulus direction when required to detach nevertheless felt freer 503 
when they made incongruent responses on detach trials than when they made a congruent 504 
response (Experiment 1). This result was confirmed further by combining the conditions in 505 
each of the three experiments in which participants tended to make more opposing responses.  506 

Inhibitory control therefore distorts the introspection of one’s own choices: opposition 507 
increases the feeling of acting freely. A pooled regression further showed that this relation 508 
between opposition and subjective freedom was present even when controlling for participants’ 509 
dominant response tendency, and for the time they took to make a choice. These findings 510 
replicate and extend previous results on the sense of autonomy and freedom [19]. Importantly, 511 
we demonstrate here that while free choices can be biased by experimental manipulation, the 512 
subjective bias caused by inhibitory control persists despite those manipulations. Thus, the 513 
subjective sense of autonomy seems to be driven largely by signals monitoring local conflict 514 
related to the external world, and processes that overcome those conflicts. Indeed, participants 515 
already rated being less influenced by the stimulus when they followed the Oppose instruction 516 
than when they were instructed to Adhere. The effect may recall the feeling of resisting external 517 
social influence, as when dissenting from the majority opinion [37] or disobeying norms such 518 
as traffic laws [43] [44,45]. The sense of thrill that accompanies rebellion or resistance to 519 
external influence, might be due to the metacognitive bias that makes acting contrarian feel 520 
like autonomy and freedom. As such, our findings might provide empirical evidence and 521 
potential cognitive mechanisms underlying social psychology phenomenon such as reactance 522 
[39,40]. Our results suggest that contrarian behaviours that aim to restore or boost subjective 523 
autonomy might actually stem from an underlying metacognitive bias in introspecting one’s 524 
own decisions.   525 

One interesting, and to our knowledge novel, result of this study concerns how 526 
participants linked an external stimulus to the feeling of acting freely. When participants 527 
learned by repeated experience to make stimulus-incongruent responses, they appeared to 528 
start associating that stimulus with an increased sense of freedom. Importantly, this effect was 529 
present irrespective of whether participants indeed acted independently from that stimulus or 530 
not on a specific trial (experiment 2). This finding shows that the sense of freedom that arose 531 
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from opposing the influence of an external stimulus stuck to that stimulus, so that the stimulus 532 
itself becomes associated with acting freely. This result is striking because the experience of 533 
not being influenced was paradoxically evoked by the mere exposure to a visual cue. Such 534 
findings resonate with the literature on instrumental conditioning where a stimulus can become 535 
associated with a particular emotional [21] or cognitive response [41]. Our result could be 536 
interpreted as a novel illusion of autonomy, arising from people’s limited ability to introspect 537 
the reasons for their choices [19]. This result raises the interesting possibility that the sense of 538 
autonomy can be increased artificially by training, since an illusory feeling of freedom could be 539 
induced by exposure to things that we have been told to reject. Such findings could shed new 540 
light on social effects such as irrational belief in conspiracy theories or extreme political 541 
radicalization. Indeed, a cognitive bias which conflates opposition and freedom could explain 542 
why people might feel autonomous when they are led into rebellions or manipulated into acting 543 
contrarian. More research will be needed to determine how our findings can be generalised to 544 
contexts of autonomous choice outside the laboratory, and how artificially generated feeling of 545 
freedom might influence behaviour. 546 

547 
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5 SUPPLEMENTARY MATERIALS 688 

5.1 SUPPLEMENTARY METHOD 689 

5.1.1 Stimuli 690 

The dots were shown for a single frame before being replotted three frames later. When 691 
replotted, a subset of the dots were offset from their previous location to produce apparent 692 
coherent motion in one direction (to the right or to the left), whilst others where offset and 693 
plotted randomly (see [42]). 694 

Each block of trials also included three high coherence trials (coherence set to 65%, one for 695 
each instruction type) to ensure that participants could follow instructions accurately in Adhere, 696 
Oppose, and Detach trials according to the colour change. 697 

5.1.2 Staircase Procedure 698 

To account for individual differences in sensitivity to dot motion, the motion coherence of the 699 
RDK stimuli was predetermined using a 2-down-1-up staircase procedure (Levitt’, 1971). To 700 
do so, participants started the experiment with a block of 150 trials in which they were 701 
instructed to disregard all colour changes and to place their focus on detecting the direction of 702 
dot movement. The coherence level was adjusted starting at a motion coherence of 40% and 703 
after 12 initial trials, the motion coherence changed by a set amount in such a way that two 704 
consecutive correct guesses lowered the coherence, and a single error increased the 705 
coherence. The step size started at 6% and halved every time the participant made two 706 
consecutive errors (until the minimum step-size of 1.5%). The estimate of the appropriate 707 
motion coherence was obtained by averaging the coherence over the last 40 trials. This 708 
coherence level was used in the rest of the experiment. 709 

5.1.3 Block Design 710 

Experiment 1. The combination of orientation (left and right) and instruction type (Adhere, 711 
Oppose, Detach) generated 6 possible outcomes (i.e. orientation left to adhere; orientation 712 
right to adhere, etc) as an experimental trial in each group. Due to the between-subjects design, 713 
each group was assigned more Adhere trials than Oppose trials, or more Oppose trials than 714 
Adhere trials, whilst the proportion of Detach trials remained the same. Hence, Adhere Group 715 
had 50% Adhere trials and 17% Oppose trials (33% detach trials), whilst Oppose Group had 716 
17% Adhere trials, 50% Oppose trials (and 33% Detach trials). Each block consisted of 54 717 
trials consisting of the proportions mentioned above. This left a total of 378 trials of interest 718 
over 7 blocks. Additionally, each block of trials included 3 high coherence trials.  719 

Experiment 2. The mixed experimental design was so that each group was assigned to either 720 
group majority left responses, or group majority right responses. Hence, the combination of 721 
orientation (left and right) and instruction type (Adhere, Oppose, Detach) was altered so that 722 
there was more Adhere for one direction, and more Oppose for the other direction. Using group 723 
left as an example, the Adhere trials (30% of all trials) consisted of 75% left-direction stimuli, 724 
and 25% right-direction stimuli. On Oppose trials (30% of all trials), 75% was right-direction 725 
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stimuli and 25% left-direction stimuli. The percentage of Detach trials was 40%, of which 75% 726 
were motion-present at 25% motion-neutral. For each group, there was a total of 67 randomly 727 
arranged experimental trials of interest per block (and a total of 469 trials of interest over 7 728 
blocks) following the proportions mentioned above. Additionally, each block of trials included 729 
3 high coherence trials. 730 

Experiment 3. Again, the mixed experimental design was so that participants were assigned 731 
to see either left-ward stimulus frequently, or right-ward. Hence, the combination of orientation 732 
(left, right) and instruction type (Adhere, Oppose, Detach) was so that there was more of one 733 
direction than the other across all three instruction types. Overall, 75% of all trials was one 734 
direction (e.g. leftward for group majority left), and 25% the other (e.g. rightward for group 735 
majority right. 30% of trials were Adhere, 30% were Oppose, 27% Detach (two thirds motion-736 
present at one third motion-neutral). For each group, there was a total of 60 randomly arranged 737 
experimental trials of interest per block (and a total of 420 trials of interest over 7 blocks) 738 
following the proportions mentioned above. Additionally, each block of trials included 3 high 739 
coherence trials. 740 

5.1.4 Reverse correlation analysis on motion-neutral detach trials 741 

On motion-neutral detach trials, small fluctuations in motion energy could still momentarily 742 
favour one direction over the other, even though overall motion energy was balanced across 743 
directions. The time-course of the motion energy for each trial was retrieved by applying 744 
spatiotemporal motion filters to dot position over time so to compute a time-course of motion 745 
direction for each trial [19,43,44]. The net motion energy value was calculated by subtracting 746 
the amount of rightward motion from leftward motion on each timeframe of stimulus 747 
presentation. These values were then standardized against the mean motion energy and 748 
standard deviation of all other motion-neutral detach trials to give a zero mean and unit of 749 
standard deviation. Thus, motion energy values now reflected fluctuations in motion direction 750 
around the mean coherence level. We then reverse correlated the normalized values so that 751 
positive values related to fluctuations favouring the frequently adhered direction (Experiment 752 
2) or the frequent direction (Experiment 3), whilst negative values reflected fluctuations 753 
favouring the frequently opposed direction (Experiment 2) or the rare direction (Experiment 3). 754 
The sum across time (area under curve, AUC) was computed. We then divided trials according 755 
to whether responses were classified by whether they were congruent or incongruent to the 756 
direction of this fluctuation. 757 

5.2 SUPPLEMENTARY RESULTS 758 

5.2.1 Bias awareness 759 

 Experiment 2. All participants were asked to estimate the proportion of right responses 760 
across all trials of the experiment on a scale from 0 (only left responses) to 100 (only right 761 
responses). An estimate of 50 would reflect 50/50 left and right responses. A one-sample t-762 
test was performed for each group, comparing the estimated perceptual bias to chance level 763 
(50%). Both descriptive statistics and t-test comparisons are reported in Table S1. The null 764 
effect for both groups meant that participants did not feel they responded more of one button 765 
than the other, and hence were not aware of our response bias manipulation.  766 
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Table S1 

Bias Awareness: Means and Standard Deviation for Estimated Proportion of Right Responses 
(by group), and T-test Comparison to Chance Level (50%) 
Group  M SD t df p d 
Group Majority Left Responses  48.80% 17.21% 0.31 19 .760 0.07 
Group Majority Right Responses 52.33% 19.39% 0.51 17 .620 0.12 

 767 

 Experiment 3. All participants were asked to estimate the proportion of right-direction 768 
trials on a scale from 0 (all left-direction trials) to 100 (all right-direction trials). A one-sample t-769 
test was performed for each group, comparing the estimated perceptual bias to chance level 770 
(50%). Both descriptive statistics and t-test comparisons are reported in Table S2. The null 771 
effect for group majority leftward stimuli suggest that participants did not feel they saw either 772 
direction more than the other, and hence were not aware of our stimulus frequency 773 
manipulation. However, group majority rightward stimuli reported significantly more right-774 
direction trials than left-direction trials, suggesting an awareness of the stimulus frequency 775 
manipulation 776 

Table S2 

Bias Awareness: Means and Standard Deviation for Estimated Proportion of Right-direction 
Trials (by group), and T-test Comparison to Chance Level (50%) 
Group  M SD t df p d 
Group Majority Leftward Stimuli 48.70% 19.99% 0.291 19 .770 0.07 
Group Majority Rightward Stimuli 59.29% 13.95% 2.75 16 .014 0.67 

 777 

5.2.2 Reaction Time on Detach Trials 778 

 Experiment 1. There was no main effect of response mode for reaction time on detach 779 
trials responses [F(1, 58) = 2.21, p = .142, η!" = .000], reflecting that a congruent response was 780 
no easier made than an incongruent response. There was also no main effect of group [F(1, 781 
58) = 0.01, p = .906, η!" = .000], or an interaction between group and response mode [F(1, 58) 782 
= 0.12, p = .730], suggesting that being trained for one strategy (Adhere Group vs Oppose 783 
Group) does not influence the ease at which participants go with or against that strategy on 784 
detach trials as measured in reaction time.  785 
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 786 

Figure S1. Mean reaction time in milliseconds on Experiment 1 split by instruction (Adhere, 787 
Oppose, Detach), group (Adhere Group, Oppose Group), and response mode (congruent 788 
responses, white bars; incongruent responses, grey bars). 789 

 790 

Experiment 2. On motion-present detach trials, there was no difference in the reaction time 791 
between a congruent and an incongruent  response [main effect response mode; F(1, 36) = 792 
1.70, p = .201, η!" = .045]. There was also no main effect of stimulus-response association [F(1, 793 
36) = 0.04, p = .846, η!" = .001], or an interaction between stimulus-response association and 794 
response mode [F(1, 36) = 1.28, p = .266, η!" = .034]. This suggests that being trained for one 795 
strategy at one particular stimulus does not influence the ease at which participants go with or 796 
against that strategy on detach trials as measured in reaction time.  797 

The results on motion-neutral detach trials were similar to that of motion-present detach trials, 798 
with no main effect of response mode [F(1, 36) = 0.73, p = .398, η!" = .019] stimulus-response 799 
association [F(1, 36) = 0.23, p = .634, η!" = .006], or interaction between response mode and 800 
stimulus-response association [F(1, 36) = 2.50, p = .122, η!"  = .063]. This suggests that 801 
regardless of fluctuations in motion energy favouring one direction over the other, or whether 802 
a motor response is one made frequently or rarely over past trials, there is no difference in the 803 
ease at which participants make such a response on detach trials. 804 
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 805 

Figure S2. Mean reaction time in milliseconds on Experiment 2 split by instruction (Adhere, 806 
Oppose, Detach), stimulus-response association (frequently adhered, frequently opposed), 807 
and response mode (congruent responses, white bars; incongruent responses, grey bars).  808 

 809 

Experiment 3. Again, there was no difference in the reaction time on detach trials between a 810 
congruent and an incongruent  response [main effect response mode; F(1, 35) = 0.39, p = .538, 811 
η!" = .011]. There was also no main effect of stimulus frequency [F(1, 35) = 0.81, p = .373, η!" 812 
= .023]. This suggests that seeing one stimulus direction more often than the other does not 813 
influence the ease at which one can detach from that stimulus as reflected in reaction times. 814 
There was, however, a 3-way interaction with group, response mode, and stimulus frequency, 815 
which is reported and discussed in Supplementary Results. 816 

Motion-neutral detach trials also had no difference in reaction time between response modes 817 
[F(1, 35) = 0.07, p = .788, η!" = .002] or stimulus frequency [F(1, 36) = 0.16, p = .691, η!" = .005]. 818 
Hence, all detach trials suggested that the frequency at which a cue is presented does not 819 
influence the ability to detach from that cue as measured in reaction time. 820 
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821 
Figure S3. Mean reaction time in milliseconds split by instruction (Adhere, Oppose, Detach), 822 
stimulus frequency (frequent, rare), and response mode (congruent responses, white bars; 823 
incongruent responses, grey bars).  824 

 825 

5.3 GROUP DIFFERENCES ON EXPERIMENT 2 AND 3 826 

Experiment 2. The same was true for experiment 2, where participants were assigned to press 827 
either more of the right button than the left, or more of the left button than the right. Whether 828 
making more of a right or left button press influenced the ability to detach or subjective rating 829 
of detachment was not of interest to our hypotheses. We did however observe group-830 
dependent findings for accuracy on instructed trials [interaction group and stimulus-response 831 
association: F(1, 36) = 7.91, p = .008], as well as proportion of motion congruent responses 832 
on detach trials [interaction group and motion coherence: F(1, 36) = 4.16, p = .049]. 833 

The group differences observed were perhaps due to a population-based preference for 834 
making one motor response over the other, which interacted with our response frequency 835 
manipulations.  836 

Experiment 3. For experiment 3, participants were assigned to either see mostly leftward 837 
stimuli, or mostly rightward stimuli. We were interested in the ability to detach and subjective 838 
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introspection of detachment from the stimulus, and how it differed between a frequent and a 839 
rare stimulus. Group differences in our statistical analyses, reflecting that seeing a lot of right- 840 
ward motion compared to left-ward motion influenced subjective and objective FoC, were not 841 
of interest in regard to our hypotheses. However, we observed group difference in on instructed 842 
trials for subjective rating of freedom [interaction group, instruction, and stimulus frequency: 843 
F(1, 36) = 5.03, p =.031], as well as accuracy [interaction group and stimulus frequency: F(1, 844 
36) = 7.29, p = .011].  845 

The group differences observed were likely due to increased or decreased sensitivity to one 846 
motion over the other. Previous research has indicated that subjects that have English or 847 
another left-to right reading language have a higher sensitivity for leftward motion (Morikawa 848 
& McBeath, 1991), but more research is needed to determine the cause of our group effects.  849 

5.4 REGRESSION 850 

Table S3 851 

Regressing difference in subjective freedom of choice from incongruent to pro responses with 852 
motion consistency and difference in reaction time (RT) as predictors. Datapoints are 853 
combined across experiments. 854 

 b  t df p 
Adhere Group, frequently adhered 
stimuli, rare stimuli combined     

Intercept 6.57 6.17 102 .000 

Motion Consistency*  -9.87 2.73 102 .008 

RT difference pro 0.02 2.25 102 .026 

Oppose Group, frequently opposed 
stimuli, frequent stimuli combined     

Intercept 5.41 4.28 102 .000 

Motion Consistency*  -13.36 2.54 102 .130 

RT difference incong-cong -0.01 0.81 102 .420 

Note. Motion consistency measured as proportion of incongruent responses minus the 855 
proportion of congruent responses on detach trials.  856 
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 857 

 858 

Figure S4. Difference in subjective freedom of choice (FoC) to incongruent minus congruent 859 
responses on motion-present detach trials correlated with difference in proportion of 860 
incongruent minus congruent responses on motion-present detach trials. This is split by each 861 
experiment, and the experiment-specific main manipulation (Adhere Group vs Oppose Group 862 
on Experiment 1; frequently adhered vs frequently opposed stimuli on Experiment 2; frequent 863 
vs rare stimuli on Experiment 3) 864 

 865 
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