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Incentives Boost Model-based Control Across a Range of Severity on 
Several Psychiatric Constructs 

 
Supplemental Information 

 

Participants 

Participants agreed to participate in a two-day study and were excluded from the second day for 

random responses or demonstrated non-adherence. They were 77.9% White/Caucasian, 6.1% 

Asian or Asian American, 0.5% Native American or Other, 9.4% African American or Black, and 

6.1% Hispanic or Latino. Household income was 16.6% less than $20,000, 30.1% $20,000-

$40,000, 23.6% $40,000-$60,000, 15.3% $60,000-$80,000, and 14.4% greater than $80,000. It 

has been shown that asking a commitment question can improve participant honesty (1), 

therefore we asked participants “It is important to us that you answer questions honestly. Will you 

answer the questions honestly?”.  

On day one, participants completed a progressive-adaptive version of Raven’s 

progressive matrices IQ test (2), the novel two-step paradigm, and 9 clinical scales in randomized 

order. On day two, participants completed an additional behavioral task and 10 additional clinical 

scales in randomized order. The adaptive IQ test is comprised of five questions, progressing 

easier with incorrect responses. Therefore, decreasing IQ indicates random responding or non-

adherence and these participants were excluded from analyses (N = 67). Participants were 

excluded for repeating the study or timing out on > 20% of task trials (N = 30). Lastly, subjects 

were excluded for non-estimable parameters in the computational model (N = 2) and drug or 

alcohol intoxication at the time of study completion (N = 3).  The final sample varied slightly in 

size due to missing observations between N = 810 to N = 839. 

Gaussian Random Walk 

One alien planet reward distribution was initialized randomly between 0 and 4 points and the other 

between 5 and 9 points. The reward distributions for both planets drifted between 0 and 9 
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according to a Gaussian random walk with a standard deviation of 2. Each participant received a 

new randomly generated reward distribution.    

 
Computational Model 
 
We modeled the two-step task using a reinforcement learning model that captures the mixture of 

model-based and model-free control exhibited by humans (3–5). The model free algorithm is 

SARSA(𝜆𝜆) (6), which updates the state-action pair (s,a) at step i and trial t in the following manner: 

 

𝑄𝑄𝑀𝑀𝑀𝑀(𝑠𝑠, 𝑎𝑎)  ←  𝑄𝑄𝑀𝑀𝑀𝑀(𝑠𝑠, 𝑎𝑎) + 𝛼𝛼𝛿𝛿𝑖𝑖,𝑡𝑡𝑒𝑒𝑖𝑖,𝑡𝑡(𝑠𝑠, 𝑎𝑎) 
 

where the prediction error is defined as: 

 

𝛿𝛿𝑖𝑖,𝑡𝑡 = 𝑟𝑟𝑖𝑖,𝑡𝑡 + 𝑄𝑄𝑀𝑀𝑀𝑀(𝑠𝑠𝑖𝑖+1,𝑡𝑡, 𝑎𝑎𝑖𝑖+1,𝑡𝑡) − 𝑄𝑄𝑀𝑀𝑀𝑀(𝑠𝑠𝑖𝑖,𝑡𝑡, 𝑎𝑎𝑖𝑖,𝑡𝑡). 
 

The learning rate a captures the rate at which an individual incorporates reward feedback (i.e. 

low a leads to slow incorporation and high a leads to quick incorporation) and 𝑒𝑒𝑖𝑖,𝑡𝑡(𝑠𝑠, 𝑎𝑎) is an 

eligibility trace updated in the following way: 

 

𝑒𝑒𝑖𝑖,𝑡𝑡(𝑠𝑠, 𝑎𝑎)  ←  𝑒𝑒𝑖𝑖−1,𝑡𝑡(𝑠𝑠𝑖𝑖,𝑡𝑡, 𝑎𝑎𝑖𝑖,𝑡𝑡) + 1. 
 

The eligibility trace allows step 1 values to be partially updated following step 2 outcomes.  Note 

that we could substitute this point estimation scheme with a Bayesian updating scheme, such as 

the hierarchical Gaussian filter (7) or a Kalman filter (8), though this would not affect the 

conclusions of our paper and therefore we opted for the simpler point estimation scheme. 
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The model-based strategy uses a learned transition function to compute values, rather 

than retrieving them from a cache: 

 

𝑄𝑄𝑀𝑀𝑀𝑀(𝑠𝑠𝐴𝐴, 𝑎𝑎𝑗𝑗) = 𝑃𝑃(𝑠𝑠𝐵𝐵|𝑎𝑎𝑗𝑗) 𝑄𝑄𝑀𝑀𝑀𝑀 (𝑠𝑠𝐵𝐵) + 𝑃𝑃(𝑠𝑠𝐶𝐶|𝑎𝑎𝑗𝑗) 𝑄𝑄𝑀𝑀𝑀𝑀(𝑠𝑠𝐶𝐶)  
 

where 𝑃𝑃(𝑠𝑠𝐵𝐵|𝑎𝑎𝑗𝑗) is the probability of transitioning to state SB  after choosing action aj, and 

𝑄𝑄𝑀𝑀𝑀𝑀 (𝑠𝑠𝐵𝐵) and 𝑄𝑄𝑀𝑀𝑀𝑀(𝑠𝑠𝐶𝐶) are the immediate reward estimates at the second-step states (note that 

these are not dependent on actions since there is no second-step action. 

The mixture of model-free and model-based control is governed by a weighting parameter 

w: 

 

𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛(𝑠𝑠𝐴𝐴, 𝑎𝑎𝑗𝑗) = 𝑤𝑤𝑄𝑄𝑀𝑀𝑀𝑀(𝑠𝑠𝐴𝐴, 𝑎𝑎𝑗𝑗) + (1 − 𝑤𝑤)𝑄𝑄𝑀𝑀𝑀𝑀(𝑠𝑠𝐴𝐴, 𝑎𝑎𝑗𝑗) 
 
Importantly, w was fit independently for the low stakes and high stakes conditions to allow for 

comparison of model-based control across stakes. Kool and colleagues (3) compared various 

model formulations of the novel two-step and found that the current model outperformed other 

approaches which allowed other parameters to vary (e.g., choice inverse temperature). They 

showed that the change in model-based control due to stakes cannot be completely explained by 

other model parameters. 

Finally, the probability of choosing action a given state s on a trial is an adapted form of 

Luce’s choice rule: 

 

𝑃𝑃(𝑠𝑠𝑖𝑖,𝑡𝑡) = 𝑒𝑒𝑒𝑒𝑒𝑒 (𝛽𝛽[𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛(𝑠𝑠𝑖𝑖,𝑡𝑡,𝑎𝑎)+𝜋𝜋∙𝑟𝑟𝑟𝑟𝑟𝑟(𝑎𝑎)+𝜌𝜌∙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑎𝑎)])
∑ 𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎′  (𝛽𝛽[𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛(𝑠𝑠𝑖𝑖,𝑡𝑡,𝑎𝑎′)+𝜋𝜋∙𝑟𝑟𝑟𝑟𝑟𝑟(𝑎𝑎′)+𝜌𝜌∙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑎𝑎′)])

, 
 

where we have included two parameters to capture additional variance: motor stickiness p and 

stimulus stickiness r (choosing the same stimulus twice independent of its value). b represents 

the inverse temperature parameter that controls choice stochasticity, with lower values promoting 
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exploration and higher values promoting exploitation. Parameters were optimized using maximum 

a posteriori estimation with empirical priors (3, 9). See Kool et al. (2017) for additional details 

concerning task design and computational model-fitting. 
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Supplementary Figure S1: Relationship between self-report measures and model-based 

control; regression lines with credible intervals. Marginal histograms show distribution of data. 

Self-report measure observed min and max on x-axis. 
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Supplementary Figure S2: Relationship between factors and model-based control; regression 

lines with credible intervals. Marginal histograms show distribution of data. Self-report measure 

observed min and max on x-axis. 
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Supplementary Figure S3: Correlation matrix of all constructs. 
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Supplementary Figure S4: Coefficient plots with credible intervals containing 95% of the 

posterior probability density around the mean. A. Each self-report measure entered into a 

separate regression covarying age, IQ, and gender (Figure 3A main text). B. All self-report 

measures entered simultaneously into a single regression. 
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Supplementary Figure S5: Coefficient plots with credible intervals containing 95% of the 

posterior probability density around the mean. A. Each self-report measure entered into a 

separate regression covarying age, IQ, and gender (Figure 3A main text). B. Added inverse 

temperature as a covariate to regression model for each self-report measure. 
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Supplementary Figure S6: Coefficient plots with credible intervals containing 95% of the 

posterior probability density around the mean. A. All factors entered into a single regression 

covarying age, IQ, and gender (Figure 3A main text). B. Added inverse temperature as a covariate 

to regression model. 
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Supplementary Table S1. Exact language from the cited source articles, and abbreviated 
definitions were used for the construct description. Factor loadings from the Gillan et al., 2016 
supplement were used to generate factor scores. Note, Gillan and colleagues reversed scored 
Alcohol Use items: 2, 3, and 8; however, these are not reverse scored on the original measure or 
for our analyses. 

  
Brief descriptions of constructs 

Construct Description 

Obsessive-Compulsivea OCD symptoms (checking, washing, obsessing, mental neutralizing 
ordering, hoarding, doubting) (10) 

Distress Intolerance Capacity to withstand and experience negative psychological states 
(11) 

Positive Urgency Tendency to act rashly or maladaptively in response to positive mood 
states (12) 

Negative Urgency Strong immediate need to avoid negative emotions or physical 
sensations (13) 

Anxiety Sensitivity Tendency to respond fearfully to physiological cues of anxiety (e.g. 
increased heart rate) (14) 

Depressiona Affective (e.g. sad), physiological (e.g. sleep disturbance), and 
psychological (e.g. hopeless) symptoms (15) 

Uncertainty Intolerance Tendency to consider possibility of negative event unacceptable, 
regardless of likelihood (16) 

Emotion Dysregulation Lack of emotional arousal, awareness, understanding, acceptance, and 
perseverance when emotional (17) 

Apathya Lack of motivation not due to diminished consciousness, cognitive 
impairment, or emotional distress (18) 

Disordered Eatinga Dieting, bulimia and food preoccupation, and oral control (19) 

Perseverance (lack of) Difficulty maintaining attention and vulnerability to intrusive and 
interfering information (13) 

Barratt Impulsivenessa Dimensions of impulsivity (attentional, motor, non-planning 
impulsiveness) (20) 

Schizotypya Unusual experiences, cognitive disorganization, introvertive anhedonia, 
and impulsive non-conformity (21) 

Premeditation (lack of) Difficulty considering the long-term consequences of actions (13) 

Trait Anxietya Stable tendency to experience and attend to negative emotions (22) 

Rumination Thinking repetitively and passively about negative emotions, with a 
focus on distress (23) 

Alcohol Usea Hazardous and harmful alcohol consumption, drinking behavior, and 
alcohol related problems (24) 

Sensation Seeking Willingness to take risks (financial, legal, physical) for novel-intense 
experiences (13) 

Social Anxietya Anxiety and avoidance of social situations likely to induce fear of 
evaluation (25) 

 a. scale included in Gillan et al. (2016) 
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Supplementary Table S2. Means and standard deviations all self-report measures. 

  Construct Mean (SD) 
Alcohol Use 4.03  (4.7)  
Anxiety Sensitivity 17.26  (13.57)  
Apathy 32.56  (9.93)  
Barratt Impulsiveness 57.05  (12.36)  
Depression 37.49  (10.48)  
Disordered Eating 56.61  (17.8)  
Distress Intolerance 39.32  (15.79)  
Emotion Dysregulation 86.6  (17.45)  
Negative Urgency 23.98  (7.88)  
Obsessive Compulsive 9.96  (10.81)  
Perseverance (lack of) 18.22  (5.81)  
Positive Urgency 22.52  (8.73)  
Premeditation (lack of) 18.85  (5.42)  
Rumination 42.75  (13.73)  
Schizotypy 12.55  (5.98)  
Sensation Seeking 27.78  (8.56)  
Social Anxiety 43.97  (16.59)  
Trait Anxiety 39.36  (14.54)  
Uncertainty Intolerance 63.74  (23.66)  
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