
 1 
Expecting the unexpected: the paranoid style of belief updating across species 2 
 3 
Erin J. Reed1,2, Stefan Uddenberg3, Christoph D. Mathys4,5, Jane R. Taylor6, Stephanie M. Groman6, and Philip 4 
R. Corlett6* 5 
 6 
1Interdepartmental Neuroscience Program, Yale School of Medicine, New Haven, CT, USA. 2Yale MD-PhD 7 
Program, Yale School of Medicine, New Haven, CT, USA. 3Department of Psychology, Princeton University, 8 
Princeton, NJ, USA. 4Scuola Internazionale Superiore di Studi Avanzati (SISSA), Trieste, Italy. 5Translational 9 
Neuromodeling Unit (TNU), Institute for Biomedical Engineering, University of Zurich and ETH Zurich, Zurich, 10 
Switzerland. 6Department of Psychiatry, Connecticut Mental Health Center, Yale University, New Haven, CT, 11 
USA. *email: philip.corlett@yale.edu 12 
 13 
Keywords: paranoia, reversal-learning, unexpected uncertainty, hierarchical Gaussian filter, 14 
methamphetamine, delusions, computational psychiatry  15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 
 48 
 49 
 50 
  51 
 52 
  53 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 25, 2020. ; https://doi.org/10.1101/2020.02.24.963298doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.24.963298


Paranoia & Belief Updating 

 2

Abstract  54 

 55 

Paranoia is the belief that harm is intended by others. It may arise from selective pressures to infer and avoid 56 
social threats, particularly in ambiguous or changing circumstances. We propose that uncertainty may be 57 
sufficient to elicit learning differences in paranoid individuals, without social threat. We used reversal learning 58 
behaviour and computational modelling to estimate belief updating across individuals with and without mental 59 
illness, online participants, and rats exposed to chronic methamphetamine, an elicitor of paranoia in humans. 60 
Paranoia is associated with a strong but immutable prior on volatility, accompanied by elevated sensitivity to 61 
perceived changes in the task environment. Methamphetamine exposure in rats recapitulates this impaired 62 
uncertainty-driven belief updating and rigid anticipation of a volatile environment. Our work provides evidence 63 
of fundamental, domain-general learning differences in paranoid individuals. This paradigm enables further 64 
assessment of the interplay between uncertainty and belief-updating across individuals and species.  65 
 66 
  67 
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      Paranoia is excessive concern that harm will occur due to deliberate actions of others1. It manifests along a 68 

continuum of increasing severity2-5. Fleeting paranoid thoughts prevail in the general population6. A survey of 69 

over 7,000 individuals found that nearly 20% believed people were against them at times in the past year; 70 

approximately 8% felt people had intentionally acted to harm them4. At a national level, paranoia may fuel 71 

divisive ideological intolerance. Historian Richard Hofstadter famously described catastrophizing, context 72 

insensitive political discourse as the ‘paranoid style’: 73 

“The paranoid spokesman sees the fate of conspiracy in apocalyptic terms—he traffics in the birth 74 

and death of whole worlds, whole political orders, whole systems of human values. He is always 75 

manning the barricades of civilization. He constantly lives at a turning point.”7  76 

 77 

At its most severe, paranoia manifests as rigid beliefs known as delusions of persecution. These delusions 78 

occur frequently in psychotic illness, including nearly 90% of first episode patients8. However, paranoid beliefs 79 

are common across psychiatric and neurologic disorders, such as anxiety9, depression10, epilepsy11, and 80 

Alzheimer’s disease12. Psychostimulants elicit severe paranoid states. Methamphetamine evoked new 81 

paranoid ideation in nearly half of 274 respondents, particularly after repeated exposure (86%) or escalating 82 

dose (68%)13. Of those who became paranoid, the majority engaged in evasive defence strategies (hiding or 83 

fleeing), but 37% obtained weapons, and 15% attacked others. There is a clear need to better manage 84 

paranoia, and to understand and address its broader societal impact.  85 

 86 

Paranoia has thus far defied explanation in mechanistic terms, either at the levels of behaviour or brain 87 

function. Obvious links with fear processing and social cognition, including sophisticated Game Theory driven 88 

approaches (such as the Dictator Game14,15) have largely re-described the phenomenon — people who are 89 

paranoid self-report difficulties with trust. Those difficulties are recapitulated in laboratory tasks that require 90 

trust16. However, large-scale online work with inter-personal, Game Theory motivated tasks has shown that 91 

paranoia is not driven by personal threat per se, but by negative social representations of others14,15. We and 92 

others have argued that such reputations are learned17,18, via the same fundamental learning mechanisms19 93 

that stimulate non-social learning in non-human species20. We hypothesize that domain-general learning 94 

differences, particularly in the processing of uncertainty, underlie paranoia.   95 

 96 

     In prior work, we have shown that prediction errors, mismatches between expectation and experience that 97 

drive learning in non-human species21, contribute to the formation of causal beliefs and delusions in 98 

humans22,23. However, delusion maintenance, which we conceive of as impaired belief updating, has yet to be 99 

related definitively to specific learning mechanisms. Higher order beliefs or expectations about the noisiness of 100 

the environment may constrain whether we update beliefs or dismiss surprises as probabilistic anomalies. 101 

Expected uncertainty, also described as risk, provides one such constraint: the perceived probabilistic 102 

variability in an environment24. The higher the expected uncertainty, the less surprising an atypical outcome 103 
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may be, and the less compelling it is for driving belief updates. Unexpected uncertainty, in contrast, describes 104 

perceived change in the underlying statistics of the environment25-27. This perception promotes new learning 105 

and revision of past beliefs24,28. Hofstadter’s description of ‘paranoid style’ evokes the concept of unexpected 106 

uncertainty — i.e., living ‘constantly…at a turning point.’7 Excessive unexpected uncertainty is consistent with 107 

evolutionary theories attributing paranoia to the need to flexibly categorize or re-categorize social threats16. On 108 

the other hand, persecutory delusions are resistant to belief updating by definition, and even subclinical 109 

paranoia has been associated with reduced sensitivity to meaningful information in a task environment29.  110 

     To address this seeming paradox – excessive and deficient belief updating in paranoia – we behaviourally 111 

and computationally dissected learning mechanisms in settings of expected and unexpected uncertainty. Given 112 

our premise that paranoid learning arises from domain-general mechanisms, we invited participants to 113 

complete a non-social, three-option probabilistic learning task. Participants learn and update reward 114 

associations in response to perceived probabilistic variability of outcomes, anticipated but temporally uncertain 115 

exchange of reward probabilities between options (reversal events), and unanticipated changes in the 116 

underlying probabilities themselves (context change). This task challenges participants to update beliefs about 117 

the value of each option and the volatility of the task environment. The Hierarchical Gaussian Filter (HGF)30,31, 118 

a generative model of Bayesian belief, allows us to infer parameters governing learning rates from expected 119 

and unexpected variation in the task environment, initial beliefs (i.e., priors) for task volatility, and readiness to 120 

learn about changes in the task volatility itself. Beliefs concerning the values of each option update according 121 

to prediction errors weighted by belief precision; volatility prediction errors drive updates at higher levels of 122 

belief (i.e., beliefs about context). We examined the behavioural and computational correlates of paranoia both 123 

in-person and in a large online sample, spanning patients and healthy controls with varying degrees of 124 

paranoia. We also undertook a pre-clinical replication in rodents exposed chronically to saline or 125 

methamphetamine32. We predicted that paranoia-related learning differences would be particularly prominent 126 

in settings of contextual change. We observed elevated sensitivity to unexpected uncertainty resulting in 127 

excessive revision of option-outcome associations, accompanied by elevated volatility priors and deficient 128 

learning about contextual change (metavolatility). 129 

 130 

Results 131 

 132 

     We analysed belief updating across three reversal-learning experiments (Fig. 1): an in laboratory pilot of 133 

patients and healthy controls, stratified by stable, paranoid personality trait (Experiment 1); four online task 134 

variants administered to participants via the Amazon Mechanical Turk (MTurk) marketplace (Experiment 2); 135 

and a re-analysis of data from rats on chronic, escalating doses of methamphetamine, a translational model of 136 

paranoia (Experiment 3)32.    137 

 138 

 139 
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 140 

 141 
Experiment 1. First, we explored trans-diagnostic associations between paranoia and performance on a 142 

reversal-learning paradigm. Participants (n=32) with and without psychiatric diagnoses (anxiety, depression, 143 

bipolar disorder, schizophrenia, and schizoaffective disorder) completed questionnaire versions of the 144 

Structured Clinical Interview for DSM-IV Axis II Personality Disorders (SCID-II) screening assessment33, Beck’s 145 

Anxiety Inventory (BAI)34, Beck’s Depression Inventory (BDI)35, and demographic assessments (Table 1). 146 

Approximately two-thirds of participants endorsed three or fewer items on the SCID-II paranoid personality 147 

subscale (median=1 item). Participants who endorsed four or more items were classified as high paranoia 148 

(n=11), consistent with the diagnostic threshold for paranoid personality disorder. Low paranoia (n=21) and 149 

high paranoia groups did not differ significantly by age, nor were there significant group associations with 150 

gender, educational attainment, ethnicity, or race, although a larger percentage of paranoid participants 151 
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identified as racial minorities or “not specified” (Table 1). Diagnostic category (i.e., healthy control, mood 152 

disorder, or schizophrenia spectrum) was significantly associated with paranoia group membership, χ2 (2, 153 

n=32)=12.329, P=0.002, Cramer’s V=0.621, as was psychiatric medication usage, χ2 (1, n=32)=9.871, 154 

P=0.003, Cramer’s V=0.555. These differences were due largely to the higher proportion of healthy controls in 155 

the low paranoia group. SCID-II paranoia scores correlated with symptoms of anxiety and depression (BAI: 156 

Pearson’s r=0.611, P=0.0002, 95% Confidence Interval (CI)=[0.315,0.906]; BDI: Pearson’s r=0.564, P=0.001, 157 

CI=[0.257, 0.872]). As expected, paranoia, BAI, and BDI scores were significantly elevated in the high 158 

paranoia group relative to low paranoia controls (Table 1; paranoia: mean difference (MD)=0.536, 159 

CI=[0.455,0.618], t(30)=13.476, P=2.92E-14, Hedges’ g=5.016; BAI: MD=0.585, CI=[0.239, 0.931], 160 

t(30)=3.453, P=0.002, Hedges’ g=1.285, MD=-0.585; BDI: MD=0.427, CI=[0.078, 0.775], t(11.854)=2.67, 161 

P=0.021, Hedges’ g=1.255). 162 

 163 

     Participants completed a three-option reversal-learning task in which they chose between three decks of 164 

cards with hidden reward probabilities (Fig. 1 a and b). They selected a deck on each turn and received 165 

positive or negative feedback (+100 or -50 points, respectively). They were instructed to find the best deck with 166 

the caveat that this deck may change. Undisclosed to participants, reward probabilities switched among decks 167 

after selection of the highest probability option in nine out of ten consecutive trials (“reversal events”). Reward 168 

probability context changed from 90%, 50%, and 10% chance of reward to 80%, 40%, and 20% between the 169 

first and second halves of the task (“contingency context change”; block 1=80 trials, 90-50-10%; block 2=80 170 

trials, 80-40-20%). High paranoia subjects achieved fewer reversals (MD=-2.31, CI=[-4.504, -0.111,], t(30)=-171 

2.145, P=0.04, Hedges’ g=0.798), but total points earned did not significantly differ (Table 1).  172 

 173 

Experiment 2. We replicated the effects of paranoia on reversal-learning in a larger online sample. We also 174 

tested alternative task versions to control for the contingency context change (Fig. 1c). Version 1 (n=45 low 175 

paranoia, 20 high paranoia) provided a constant contingency context of 90-50-10% reward probabilities; 176 

version 2 (n=69 low paranoia, 18 high paranoia) provided a constant context of 80-40-20%; version 3 (n=56 177 

low paranoia, 16 high paranoia) replicated Experiment 1 with a context change from 90-50-10% to 80-40-20%; 178 

version 4 (n=64 low paranoia, 19 high paranoia) provided the reverse context change, 80-40-20% to 90-50-179 

10%. Demographic and mental health questionnaire responses did not differ significantly across task versions 180 

(Table 2). Total points and reversals achieved suggest variations in task difficulty (Table 2, version effects: 181 

points earned, F(3)=232.88, P=4.16E-18, ηp
2=0.245; reversals achieved, F(3)=4.329, P=0.005, ηp

2=0.042), but 182 

there was no significant association between task version and attrition rate (52.7%, 52.9%, 54.6%, and 53.1% 183 

attrition, respectively; χ2(3)=0.167, P=0.983, Cramer’s V=0.015). 184 

 185 

     Across task versions, high paranoia participants endorsed higher BAI and BDI scores (n=73 high paranoia, 186 

234 low paranoia; BAI: F(1)=38.752, P=1.63E-09, ηp
2=0.115; BDI: F(1)=74.528, P=3.62E-16, ηp

2=0.20; Table 187 
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2). Both correlated with paranoia (BAI: Pearson’s r=0.450, P=1.09E-16, CI=[0.348, 0.55]; BDI: Pearson’s 188 

r=0.543, P=6.26E-25, CI=[0.448, 0.638]). Trial-by-trial reaction time did not differ significantly between low and 189 

high paranoia (Table 2), but high paranoia participants earned fewer total points (F(1)=6.175, P=0.014, 190 

ηp
2=0.020) and achieved fewer reversals (F(1)=5.762, p=0.017, ηp

2=0.019; Table 2). Deck choice 191 

perseveration after negative feedback (lose-stay behaviour) did not significantly differ by paranoia group, but 192 

choice switching after positive feedback (win-switch behaviour) was elevated in high paranoia (block 1: 193 

F(1)=7.117, P=0.008, ηp
2=0.023; block 2: F(1)=9.918, P=0.002, ηp

2=0.032; Table 2). 194 

 195 

Experiment 3. To translate across species, we performed a new analysis of published data from rats exposed 196 

to chronic methamphetamine32. Rats chose between three operant chamber noseports with differing 197 

probabilities of sucrose reward (70%, 30%, and 10%; Fig.1 d and e). Contingencies switched between the 70% 198 

and 10% noseports after selection of the highest reinforced option in 21 out of 30 consecutive trials (Fig. 1e). 199 

Rats were tested for 26 within-session reversal blocks (Pre-Rx, n=10 per group), administered saline or 200 

methamphetamine according to a 23-day schedule mimicking the escalating doses and frequencies of chronic 201 

human methamphetamine users32, and tested once per week for four weeks following completion of the drug 202 

regimen (Post-Rx; n=10 saline, 7 methamphetamine)32. Relative to rats exposed to saline, those rats exposed 203 

to methamphetamine exhibited increased win-switch behaviour and perseveration after negative feedback32. 204 

  205 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 25, 2020. ; https://doi.org/10.1101/2020.02.24.963298doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.24.963298


Paranoia & Belief Updating 

 8

 206 

 207 
Computational modelling. We employed hierarchical Gaussian filter (HGF) modelling to compare belief 208 

updating across individuals with low and high paranoia, as well as across human participants and rats exposed 209 

to methamphetamine (Table 3). We paired a three-level perceptual model with a softmax decision model 210 

dependent upon third level volatility (Fig. 2a). We inverted the model from subject data (trial-by-trial choices 211 

and feedback) to estimate parameters for each individual (Fig. 2b). Level 1 (x1) characterizes trial-by-trial 212 

perception of task feedback (win or loss in humans, reward or no reward in rats), Level 2 (x2) distinguishes 213 

stimulus-outcome associations (deck or noseport values), and Level 3 (x3) renders perception of the overall 214 

reward contingency context (i.e., volatility or variance of the deck or noseport values). Belief trajectories were 215 

unique to each subject due to the probabilistic, performance-dependent nature of the task, but we estimated 216 

initial beliefs (priors) for x2 and x3 (μ2
0 and μ3

0, respectively). We also estimated ω2, the contribution of tonic 217 
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(expected) volatility on learning stimulus-outcome associations, and κ, the coupling or impact of phasic 218 

(unexpected) volatility (x3) on the x2 belief trajectory. In the setting of our tasks, these two parameters best 219 

capture the effects of expected and unexpected uncertainty in updating stimulus-outcome associations. Higher 220 

coupling (κ) implies faster belief updating in response to perceived change at the level above, whereas lower 221 

or more negative values suggest slower updating. Diminished ω2 indicates more rigid beliefs about the 222 

underlying risk or probability of each option. The third parameter, ω3, characterizes perception of ‘metavolatility,’ 223 

the tonic volatility of the volatility itself (i.e., how stable the changes in underlying contingencies of the decks 224 

might be)36. The lower ω3 is, the slower a subject is to update beliefs about contextual volatility.  225 

 226 

     Priors did not differ between groups at x2 (Supplementary Table 1) but paranoid individuals and rats 227 

exposed to methamphetamine exhibited elevated μ3
0, an initial perception of higher contingency context 228 

volatility (Fig. 2b, blue). In Experiment 1, we observed an interaction between task block and paranoia group 229 

(F(1)=5.344, P=0.028, ηp
2=0.151; Table 1). μ3

0 differed between high and low paranoia in both blocks (block 1, 230 

F(1)=4.232, P=0.048, ηp
2=0.124, MD=0.658, CI=[0.005,1.312]; block 2, F(1)=7.497, P=0.010, ηp

2=0.20, 231 

MD=1.598, CI=[0.406, 2.789]), but only low paranoia subjects significantly updated their priors between block 1 232 

and block 2 (F(30)=39.841, P=5.85E-07, ηp
2=0.570, MD=1.504, CI=[1.017, 1.99]). In Experiment 2, the 233 

analogous task design (version 3) demonstrated significant effects of block (F(1)=64.652, P=1.54E-11, 234 

ηp
2=0.480, MD=1.303, CI=[0.980,1.627]) and paranoia (F(1)=6.366, P=0.014, ηp

2=0.083, MD=0.909, 235 

CI=[0.191, 1.628]; Table 1). Rats showed a similar effect following methamphetamine exposure with a 236 

significant time (Pre-Rx, Post-Rx) by treatment (methamphetamine, saline) interaction (F(1)=5.159, P=0.038, 237 

ηp
2=0.256; pre versus post methamphetamine effect: F(15)=12.186, P=0.003, MD=1.265, CI=[-0.493, 2.037]; 238 

Pre-Rx mean [standard error]= -1.25 [0.56] saline, -0.77 [0.80] methamphetamine; Post-Rx: m=-0.69 [0.74] 239 

saline, 0.58 [0.73] methamphetamine). Random effects meta-analyses confirmed significant cross-experiment 240 

replication of elevated μ3
0 in human participants with paranoia (in laboratory and online version 3; MDMETA= 241 

1.110, CI=[0.927, 1.292], zMETA=11.929 , p=8.356E-33) and across humans with paranoia and rats exposed to 242 

methamphetamine (MDMETA=2.090, CI=[0.123, 4.056], zMETA=2.083, p=0.037). 243 

 244 

     Paranoid participants and methamphetamine exposed rats updated stimulus-outcome associations more 245 

strongly in response to perceived phasic volatility (e.g., correctly or incorrectly inferred reversals; Fig. 2b). κ 246 

showed significant paranoia group and block effects across the in laboratory experiment and online version 3 247 

(Table 1; paranoia effects, in laboratory: F(1)=7.599, P=0.010, ηp
2=0.202, MD=0.081, CI=[0.021, 0.140]; online 248 

version 3: F(1)=13.521, P=0.0005, ηp
2=0.162, MD=0.068, CI=[0.031-0.104];  MDMETA = 0.079, CI=[0.063, 249 

0.095],  zMETA=9.502 p=2.067E-21); see Supplementary Table 1 for block effects). κ increased from baseline in 250 

rats on methamphetamine, yielding significant effects of treatment (F(1)=13.356, P=0.002, ηp
2=0.471, 251 

MD=0.045, CI=[0.019, 0.072]) and time (F(1)=9.132, P=0.009, ηp
2=0.378, MD=0.041, CI=[0.012, 0.069]); 252 
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however, the interaction between time and treatment did not reach statistical significance (Supplementary 253 

Table 1; Pre-Rx m=0.499 [0.015] saline, 0.523 [0.040] methamphetamine; Post-Rx: m=0.518 [0.053] saline, 254 

0.585 [0.029] methamphetamine). Replication of group effects was significant across all three experiments 255 

(MDMETA=2.063, CI=[0.341, 3.785],  zMETA=2.348, p=0.019). 256 

 257 

     Tonic volatility and metavolatility (ω2, ω3) were decreased in paranoid participants and rats exposed to 258 

methamphetamine (Fig. 2b). In laboratory and online (version 3), paranoid individuals were slower to update 259 

stimulus-outcome associations in response to expected stochastic variance within the contingency context 260 

(Table 1; ω2 paranoia effect, in laboratory: F(1)=4.186, P=0.050, ηp
2=0.122, MD=-1.188, CI=[-2.375, -0.002]; 261 

online version 3: F(1)=8.7, P=0.004, ηp
2=0.111, MD=-0.993, CI=[-1.665, -0.322]; MDMETA=-1.154 , CI=[-1.455, -262 

0.853],  zMETA=-7.521, p=5.450E-14). The effects of methamphetamine exposure in rats were consistent 263 

(MDMETA=-1.992 , CI=[-3.318, -0.665],  zMETA=-2.943, p=0.003) yet more striking, with a strongly negative ω2 264 

accounting for the more pronounced lose-stay behaviour in rats (time by treatment interaction, F(1)=18.454, 265 

P=0.001, ηp
2=0.552; pre versus post methamphetamine: F(1)=42.242, P=1.0E-532, ηp

2=0.738, MD=-1.604, 266 

CI=[-2.130, -1.078]; Pre-Rx m=0.198 [0.33] saline, -0.036 [0.42] methamphetamine; Post-Rx: m=-0.023 [0.56] 267 

saline, -1.640 [0.71] methamphetamine). Metavolatility (ω3) was similarly lower across paranoia and 268 

methamphetamine exposed groups (in laboratory, online version 3, and rats: MDMETA=-1.155, CI=[-2.139, -269 

0.171],  zMETA=-2.3, p=0.021), suggesting resistance to updating beliefs about the overall contingency context. 270 

In laboratory, we observed a block by paranoia group interaction (Table 1, F(1)=6.948, P=0.010, ηp
2=0.188). 271 

Post-hoc tests differentiated first and second blocks for the low paranoia group only (F(1)=26.640, P=1.5E-5, 272 

ηp
2=0.470, MD=-0.876, CI=[-1.222, -0.529]). The paranoia effect did not reach statistical significance for online 273 

version 3 (block effect only, F(1)=14.932, P=0.0002, ηp
2=0.176, MD=-0.692, CI=[-1.050, -0.335]; 274 

Supplementary Table 1), but meta-analytic random effects analysis confirms a significant paranoia group 275 

difference (in laboratory and online version 3: MDMETA=-0.341, CI=[-0.522, -0.159],  zMETA=-3.68, p=0.0002). 276 

Methamphetamine exposure decreased ω3 in rats (time by treatment interaction, (F(1)=9.058, P=0.009, 277 

ηp
2=0.376; pre versus post methamphetamine: F(1)=30.668, P=5.7E-5, ηp

2=0.672, MD=-1.210, CI=[-1.676, -278 

0.745]; Pre-Rx m=-0.692 [0.44] saline, -0.607 [0.51] methamphetamine; Post-Rx: m=-1.044 [0.44] saline, -279 

1.817 [0.32] methamphetamine). 280 

 281 

We applied False Discovery Rate (FDR) corrections for modelling parameters. κ group effects survived 282 

corrections within each experiment (Supplementary Table 2). In addition to κ, μ3
0 survived for experiment 1; μ3

0 283 

and ω2 survived in online version 3; and μ3
0, ω2, and ω3 survived in experiment 3 as group effects. Such 284 

correction is not yet standard practice with this modelling approach36-38 but we believe it should be, and when 285 

effects survive correction we should increase our confidence in them. 286 

 287 
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Paranoia effects across task versions. To examine the relationship between contingency context change 288 

and paranoia within our HGF parameters, we performed split-plot, repeated measures ANOVAs across all four 289 

task versions (Experiment 2; paranoia group and task version between subject factors). Paranoia group effects 290 

were specific to versions of the task in which we explicitly manipulated uncertainty via context change (Fig. 3, 291 

Supplementary Table 2). Specifically, we observed paranoia by version interactions for κ (F(3)=4.178, 292 

P=0.006, ηp
2=0.040) and ω2 (F(3)=2.809, P=0.040, ηp

2=0.027; Table 2). Post-hoc tests confirmed that 293 

significant paranoia group effects were restricted to version 3 (κ: F(1)=12.230, P=0.001, ηp
2=0.039, MD=0.068, 294 

CI=[0.03,0.106]; ω2: F(1)=8.734, P=0.003, ηp
2=0.028, MD=-0.993, CI=[-1.655, -0.332]) and a trend for version 4 295 

(ω2: F(1)=2.909, P=0.089, ηp
2=0.010, MD=-0.528, CI=[-1.138, 0.081], Fig. 3a). μ3

0 also exhibited a paranoia by 296 

version trend (Table 2, F(3)=2.329, P=0.075, ηp
2=0.023), largely driven by version 3 (F(1)=6.206, P=0.013, 297 

ηp
2=0.020, MD=0.909, CI=[0.191, 1.628]; Fig. 3a). There were no significant paranoia effects or interactions for 298 

ω3 (Supplementary Table 2).   299 

  300 
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 301 

 302 
Covariate analyses. We completed three ANCOVAs for each HGF parameter derived from Experiment 2: 303 

demographics (age, gender, ethnicity, and race); mental health factors (medication usage, diagnostic category, 304 

BAI score, and BDI score); and metrics and correlates of global cognitive ability (educational attainment, 305 

income, and cognitive reflection; Supplementary Tables 3 and 4). For κ, our metric of unexpected uncertainty, 306 

the paranoia by version interaction remained robust across all three ANCOVAs (demographics: F(3)=3.753, 307 

P=0.011, ηp
2=0.037; mental health: F(3)=4.417, P=0.005, ηp

2=0.049; cognitive: F(3)=4.304, P=0.005 308 

ηp
2=0.043). The paranoia by version trend of μ3

0 diminished with inclusion of demographic, mental health, and 309 

cognitive covariates (demographic: F(3)=1.997, P=0.119, ηp
2=0.020; mental health: F(3)=1.942, P=0.123, 310 

ηp
2=0.022; cognitive: F(3)=2.193, P=0.089, ηp

2=0.022). The paranoia by version interaction for ω2 was robust to 311 

mental health and cognitive factors (F(3)=3.617, P=0.014, ηp
2=0.041; F(3)=3.017, P=0.030, ηp

2=0.030). A 312 

paranoia group effect and paranoia by version trend remained with inclusion of demographics (ω2 , paranoia 313 

effect: F(1)=4.275, P=0.040, ηp
2=0.014; interaction: F(3)=2.507, P=0.059, ηp

2=0.025). 314 

 315 
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Multiple regression. We examined the effects of paranoia, anxiety, and depression on κ within the online 316 

version 3 dataset by multiple regression analysis. A significant regression equation was found (F(3,68)=3.681, 317 

p=0.016), with an R2 of 0.140 (Supplementary Fig.1). Participants’ predicted κ equalled 0.486 + 0.062 318 

(PARANOIA)+0.012 (BDI) -0.006 (BAI). Paranoia was a significant predictor of κ (β=0.343, t=2.470, p=0.016, 319 

CI=[0.012, 0.113]) but depression and anxiety were not (BDI: β=0.086, t=0.423, p=0.674, CI=[-0.043, 0.066]; 320 

BAI: β=-0.043, t=-0.218, p=0.828, CI=[-0.063, 0.050]). Examination of correlation plots for κ (Supplementary 321 

Fig. 2) revealed a much stronger relationship when analyses were restricted to individuals with paranoia scores 322 

greater than 0 (i.e., endorsement of at least one item); among participants who denied all questionnaire items, 323 

a minority (seven out of 33) exhibited elevated κ. To account for the possibility that some individuals with 324 

severe paranoia may avoid disclosing sensitive information, we performed additional analyses of participants 325 

who endorsed one or more paranoia item. The correlation between paranoia and κ in the first block of the task 326 

increases from r=0.3, p=0.011, CI=[0.074, 0.497] (all participants, n=72) to r=0.588, p=8.0E-5, CI=[0.335, 327 

0.762] (participants with paranoia > 0, n=39). In this subset, a significant regression equation was also found 328 

(F(3,35)=6.322, p=0.002), with an R2 of 0.351 (Supplementary Fig.1). Participants’ predicted κ was equal to 329 

0.432 + 0.150 (PARANOIA)+0.013 (BDI) -0.004 (BAI). Paranoia was a significant predictor of κ (β=0.538, 330 

t=2.983, p=0.005, CI=[0.048, 0.252]) but depression and anxiety were not (BDI: β=0.111, t=0.494, p=0.624, 331 

CI=[-0.041, 0.067]; BAI: β=-0.035, t=-0.163, p=0.872, CI=[-0.057, 0.049]). 332 

 333 

Behaviour and simulations. Win-switching was the prominent behavioural feature of both paranoid 334 

participants and rats exposed to methamphetamine (Table 1, Table 2,32). Collapsed across blocks and task 335 

versions, our Experiment 2 data demonstrated a main effect of paranoia group (Fig. 3b; F(1)=9.207, P=0.003, 336 

ηp
2=0.030, MD=0.059, CI=[0.021, 0.097]; version trend: F(3)=2.263 P=0.081, ηp

2=0.022; low paranoia: m=0.06 337 

[0.01], high paranoia: m=0.12 [0.02]). To elucidate whether this behaviour was stochastic or predictable (e.g., 338 

switching back to a previously rewarding option), we calculated U-values39, a metric of behavioural variability 339 

employed by behavioural ecologists (increasingly an inspiration for human behavioural analysis40), particularly 340 

with regards to predator-prey relationships41. When a predator is approaching a prey animal, the prey’s best 341 

course of action is to behave randomly, or in a protean fashion, in order to evade capture41. The more protean 342 

or stochastic the behaviour, the closer to the U-value is to 1. Across task blocks, paranoid participants 343 

exhibited elevated choice stochasticity (paranoia by version interaction, F(3)=3.438, P=0.017, ηp
2=0.033; Table 344 

2). Post-hoc tests indicate that this stochasticity was specific to versions with contingency context change, 345 

suggesting a relationship to unexpected uncertainty (Fig. 3b; version 3, F(1)=17.585, P=3.6E-5, ηp
2=0.056, 346 

MD=0.071, CI=[0.038, 0.104]; version 4, F(1)=6.397, P=0.012, ηp
2=0.021, MD=0.039, CI=[0.009, 0.07]).  347 

  348 
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 349 

 350 
     To test the propriety of our model, we simulated data for each subject in online version 3 and determined 351 

whether or not key behavioural effects (Fig. 4a, Table 1, Supplementary Table 5) were present. Using 352 

individually estimated HGF parameters to generate ten simulations per participant, we recapitulated both 353 

elevated win-switch behaviour (paranoia effect, F(1)=15.394, P=2.01E-4, ηp
2=0.180, MD=0.186, CI=[0.091, 354 

0.28]) and choice stochasticity (U-value; paranoia effect, F(1)=13.362, P=0.0005, ηp
2=0.160, MD=0.065, 355 

CI=[0.030, 0.101]) in simulated paranoid participants (Fig. 4b; simulated win-switch rate, low paranoia: m=0.24 356 

[0.02], high paranoia: m=0.43 [0.04]; simulated U-value, low paranoia: m=0.851 [0.008], high paranoia: 357 

m=0.916 [0.016]). Neither real nor simulated data showed any significant relationship between lose-stay 358 

behaviour and paranoia (Table 1, Table 2, Supplementary Table 5). To demonstrate the effects of parameters 359 

on task performance, we performed additional simulations in which we doubled or halved a single parameter at 360 

a time from the baseline average of low paranoia participants. These results confirmed the impact of κ, ω2, and 361 

ω3 on win-shift behaviour (Supplementary Fig. 3). Parameter recovery revealed significant correlations for κ 362 

and ω2 between original subject parameters and those estimated from simulations (Supplementary Fig. 4; ω: 363 
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r=0.702, p=2.52E-11, CI=[0.557, 0.805]; κ: r=0.305, p=0.011, CI=[0.072, 0.506]).  Higher level parameters (ω3, 364 

μ3
0) were less consistently recovered, as noted in previous publications42.  365 

 366 

Clustering analysis. Given the apparent similarity in effects of paranoia and methamphetamine in humans 367 

and rats, respectively (Fig. 2b), we formally tested for latent structure in our data using two-step cluster 368 

analysis43. This approach automatically determines the optimal number of clusters. We analysed μ3
0, κ, ω2, and 369 

ω3 estimates derived from the first block of experiment 1 and online version 3 (pre-context change data, 370 

because rats do not experience a context shift) with Post-Rx rat data. We identified two clusters with good 371 

cohesion and separation (average silhouette coefficient=0.7; cluster size ratio=2.46; Fig. 5a). All parameters 372 

contributed to clustering; κ contributed most strongly (Fig. 5b).  Relative to the overall distribution, Cluster 1 373 

was characterized by high κ and μ3
0, and decreased ω2 and ω3. Cluster 2 parameters fell close to the overall 374 

distribution median, with κ and μ3
0 scores lower than Cluster 1, ω2 and ω3 higher (Fig. 5a). Cluster 1 375 

membership was significantly associated with high paranoia and methamphetamine exposure, χ2(1, 376 

n=121)=29.447, P=5.75E-8, Cramer’s V=0.493 (Fig. 5c). Notably, no participants in the low paranoia group 377 

with paranoia scores above zero were ascribed Cluster 1 membership. The cluster solution was robust to 378 

validation by split-half analysis, removal of the rat subjects, and removal of human participants (Supplementary 379 

Fig. 5).  380 

 381 
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 382 
Discussion 383 

 384 

We have shown that inferential learning differs in paranoid individuals according to a specific pattern of 385 

beliefs about contextual volatility and response to uncertainty. During probabilistic reversal-learning with three 386 

options, paranoid individuals and rats chronically exposed to methamphetamine have higher initial 387 

expectations of task volatility (μ3
0). In other words, they start the task anticipating more changes in stimulus-388 

outcome associations. These same subjects respond more strongly to perceived volatility in updating stimulus-389 

outcome associations (κ). This coincides with decreased ω2, reflecting more stable beliefs about the underlying 390 

probability values themselves. Consequently, inferred contextual volatility manifests in excessive perception of 391 

reversal events, increasing behavioural switching.  392 

 393 

We replicated an elevated prior on environmental volatility (μ3
0) and higher sensitivity to this volatility (κ) 394 

previously observed in HGF analyses of 2-choice probabilistic reversal-learning in medicated and unmedicated 395 

patients with schizophrenia44. Unlike prior work, we assessed the trans-diagnostic symptom of paranoia across 396 

the continuum of health and illness, provided three choice options to differentiate stochastic switching from 397 

perseverative returns, and explicitly manipulated unexpected uncertainty across task versions. The version that 398 

shifts from an easier to discern contingency context to a more difficult context was associated with paranoia 399 

group differences in μ3
0, κ, and ω2. Furthermore, this context change elicited decreases in metavolatility 400 

learning (ω3) among low paranoia controls relative to their first block baseline, rendering them more similar to 401 

high paranoia participants. Paranoid individuals behave as if that the world is always more volatile, demanding 402 

continual updating of associations. Low paranoia individuals behave similarly under more difficult, uncertain 403 

conditions. Although our domain-general paradigm lacks any sizable, tangible threat, uncertainty itself may be 404 

aversive45, threatening the brain’s ability to make clear predictions about future states and actions.   405 

 406 

Unexpected uncertainty, the perception of change in the probabilities of the environment — particularly 407 

“unsignaled context switches”25 — is thought to promote abandonment of old associations and new learning. 408 

Our analysis of covariates warrants specific focus on κ, the sensitivity to unexpected uncertainty. Other 409 

parameter-paranoia associations did not endure after controlling for demographic factors (age, gender, 410 
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ethnicity, and race). These factors are strong predictors of paranoia46-48. It is notable too that κ was the most 411 

powerful discriminator of the two clusters of human and animal participants. However, the rodent data are less 412 

impacted by concerns about covariates, and there, the other parameters (prior on volatility, expected 413 

uncertainty, meta-volatility) were all changed by methamphetamine. We conclude that κ is the parameter most 414 

robustly associated with paranoia.  415 

 416 

Multiple neurobiological manipulations may induce win-switching behaviour. Lesions of the mediodorsal 417 

thalamus in non-human primates49 or neurons projecting from the amygdala to orbitofrontal cortex in rats50 418 

engender win-switching. The human hippocampus appears to be sensitive to volatility during belief learning, as 419 

are the anterior cingulate cortex and insula27. However, unexpected uncertainty, and the κ parameter of the 420 

HGF in particular51, are thought to be signalled via the locus coeruleus and noradrenaline (i.e., neural gain)25-28. 421 

This mechanism is thought to coordinate rapid shifts in cortical networks through patterns of widespread 422 

norepinephrine release, modulating exploratory versus exploitative behaviours (i.e., switching and staying)52-55 423 

and responding to stress56-58, unexpected uncertainty25,27 and subliminal fear cues59 to coordinate fight-or-flight 424 

responses58. In fact, visual fear stimuli presented below the threshold of conscious perception activate the 425 

locus coeruleus, amygdala, and fronto-temporal orienting regions, suggesting a neural ‘alarm’ system for rapid 426 

threat detection59. The dual role of the locus coeruleus in recognizing and responding to threats as well as 427 

unexpected uncertainty suggests that dysfunction could produce both paranoia and the inferential 428 

abnormalities we observed. Methamphetamine may induce similar dysfunction. Acute moderate doses 429 

increase pre-synaptic catecholamine release, particularly noradrenaline60, and induce exploratory locomotive 430 

effects modulated through adrenoceptors on dopamine neurons61. Unlike acute binge paradigms, the schedule 431 

of methamphetamine administration completed by the rats in these analyses preserves methamphetamine-432 

induced locomotor hyperactivity32,62. 433 

 434 

Perturbations of noradrenergic gain impede new learning while appearing falsely to enhance behavioural 435 

flexibility. In rats, excessive release of noradrenaline from the locus coeruleus into the anterior cingulate cortex 436 

drives disengagement from model-consistent performance in a three-option counter prediction task28. This 437 

manipulation includes stochastic switching and insensitivity to feedback or context change— a type of 438 

behavioural “flexibility” that is ultimately inflexible. Our data suggest that in paranoia, increased gain under 439 

uncertainty may similarly shunt away incoming information, leaving only reflexive, habitual responses.  440 

Although participants engage in choice switching— in an increasingly stochastic fashion— our cluster analyses 441 

show that excessive κ is associated with diminished metavolatility learning, rendering these subjects less 442 

flexible in updating context beliefs. In this fashion, excessive switching behaviour may be indicative of fixed 443 

higher-level beliefs.  444 

  445 
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  Disengagement from model-congruent behaviour has been observed in paranoia and psychosis63,64. 446 

Evolutionarily, departure from predictable, rational modes of behaviour might offer an adaptive mechanism for 447 

escape from intractable threat. As a protean defence mechanism, behavioural stochasticity impedes predators’ 448 

abilities to create accurate, actionable countermeasures41,65,66. If driven by excessive noradrenergic gain, 449 

protean defence may represent an extreme state along a heavily conserved, continuous common mechanism 450 

underlying vigilance and false alarms67-69, arousal-linked attentional biases and selective processing (i.e., 451 

focusing on narrow, most salient features versus broader context70; attending to and learning from 452 

predisposition-conforming features55), and behavioural and cognitive flexibility in response to unexpected 453 

uncertainty and Bayesian surprise (i.e., prediction error)53,54,71. We hypothesize that individuals with stable, 454 

trait-level paranoia, rather than having specific deficits in inferring others’ reputations16,  exhibit disturbances 455 

across the domains of behavioural flexibility and stochasticity, false alarms and attentional bias, and inferential 456 

response to unexpected uncertainty. Our data suggest that that these perturbations exist outside of social 457 

settings and may be elicited in nonhuman models. We propose that protean defence and its attendant 458 

behavioural stochasticity might be one useful translational marker of paranoia. 459 

   460 

We conclude that this model provides a robust tool for computational dissection of learning mechanisms 461 

across species. Social interactions play a rich and undeniable role, but translational, domain-general 462 

approaches may ultimately facilitate biological insights into paranoia, psychosis and delusions72,73. Whilst we 463 

contend that our task is relatively free of social features (certainly compared to others15), the possibility remains 464 

that the elevated U-values in our participants are reflective of attempts (and perhaps failures) to predict our 465 

intentions as experimenters. Indeed, this is a possibility raised previously with regards to simple conditioned 466 

behaviours in experimental animals. Even during Pavlovian conditioning, animals may attempt to infer a 467 

generative model of the task environment, which might, ultimately, include the experimenter arranging the 468 

contingencies74,75. It is possible that all instances of human cognitive testing involve an element of inference by 469 

the participant with regards to the intentions of the experimenter, whether or not the task at hand is explicitly 470 

social, and indeed, all cognitive functions may be aimed at or modulated by such inferences76.  471 

 472 

In summary, a strong belief in the volatility of the world necessitates hypervigilance and a facility with 473 

change. However, in paranoia, that belief (in the volatility of the world) is itself resistant to change, making it 474 

difficult to reassure, teach, or change the minds of people who are paranoid. They remain "on guard" even 475 

under stable conditions. Whether promoting recovery from paranoia-associated illness77 or interpersonal 476 

collaboration, our domain-general approach reaffirms the merit of trying to establish stable, predictable 477 

environments. We note with interest the apparent relationship between conspiratorial ideation and societal 478 

crisis situations (terrorist attacks, plane crashes, natural disasters or war) throughout history, with peaks 479 

around the great fire of Rome (AD 64), the industrial revolution, the beginning of the cold war, 9/11, and 480 

contemporary financial crises78. Perhaps these broader trends are a macrocosmic version of the unexpected 481 
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uncertainty manipulation that drove promiscuous switching behaviour in our task, particularly in high paranoia 482 

participants. Rather than proving adaptive, their behaviour ultimately increases the noise of their task 483 

experience with sampling of sub-optimal options and exposure to misleading positive feedback. In today’s 484 

world of escalating uncertainty and volatilty – particularly environmental climate change – our findings suggest 485 

that the paranoid style of inference may prove particularly maladaptive for coordinating collaboratve solutions.   486 

 487 

Methods 488 

 489 

     Experiments were conducted at Yale University and the Connecticut Mental Health Center (New Haven, 490 

CT) in strict accordance with Yale University’s Human Investigation Committee and Institutional Animal Care 491 

and Use Committee. Informed consent was provided by all research participants. 492 

 493 

Experiment 1. English-speaking participants aged 18 to 65 (n=34) were recruited from the greater New Haven 494 

area through public fliers and mental health provider referrals. Exclusion criteria included history of cognitive or 495 

neurologic disorder (e.g., dementia), intellectual impairment, or epilepsy; current substance dependence or 496 

intoxication; cognition-impairing medications or doses (e.g. opiates, high dose benzodiazepines); history of 497 

special education; and colour blindness. Participants were classified as healthy controls (n=18), schizophrenia 498 

spectrum patients (schizophrenia or schizoaffective disorder; n=8), and mood disorder patients (depression, 499 

bipolar disorder, generalized anxiety disorder, post-traumatic stress disorder; n=8) on the basis of clinician 500 

referrals and/or self-report. Participants were compensated $10 for enrolment with an additional $10 upon 501 

completion. Two healthy controls were excluded from analyses due to failure to complete the questionnaires 502 

and suspected substance use, respectively. 503 

 504 

Experiment 2. 332 participants were recruited online via Amazon Mechanical Turk (MTurk). The study 505 

advertisement was accessible to MTurk workers with a 90% or higher HIT approval rate located within the 506 

United States. To discourage bot submissions and verify human participation, we required participants to 507 

answer open-ended free response questions; submit unique, separate completion codes for the behavioural 508 

task and questionnaires; and enter MTurk IDs into specific boxes within the questionnaires. All submissions 509 

were reviewed for completion code accuracy, completeness of responses (i.e., declining no more than 30% of 510 

questionnaire items), quality of free response items (e.g., length, appropriate grammar and content), and use 511 

of virtual private servers (VPS) to submit multiple responses and/or conceal non-US locations (Dennis VPS 512 

paper, 2018). Upon approval, workers were compensated $6. Those who scored in the top 25% on the card 513 

game (reversal-learning task) earned a $2 bonus. We rejected or excluded 19 submissions that geolocation 514 

services (https://www.iplocation.net/) identified as originating outside of the United States or from suspected 515 

server farms, 4 submissions for failure to manually enter MTurk ID codes, and 2 submissions for insufficient 516 
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questionnaire completion. Submissions with grossly incorrect completion codes were rejected without further 517 

review.  518 

 519 

Experiment 3. Subject information, behavioural data acquisition, and behavioural analyses were described 520 

previously 32. Long Evans rats (Charles River; n=20) ranged from 7 to 9 weeks of age. Rats were exposed to 521 

escalating doses and frequency of saline (n=10) or methamphetamine (n=10, 3 withdrawn during dosing), 522 

imitating patterns of human methamphetamine users62,79. Prior to dosing (Pre-Rx), rats completed 26 within-523 

session reversal sessions, including up to 8 reversals per session. Post-dosing (Post-Rx), rats completed one 524 

test session per week for four weeks. Computational model parameters were estimated from each session and 525 

averaged across treatment conditions to yield one Pre-Rx and Post-Rx set of parameters per rat.  526 

 527 

Behavioural task. Participants completed a 3-option probabilistic reversal-learning paradigm. Three decks of 528 

cards were displayed on a computer monitor for 160 trials. Participants selected a deck on each trial by 529 

pressing the predesignated key. We advised participants that each deck contained winning and losing cards 530 

(+100 and -50 points), but in different amounts. We also stated that the best deck may change. Participants 531 

were instructed to find the best deck and earn as many points as possible. Probabilities switched between 532 

decks when the highest probability deck was selected in 9 out of 10 consecutive trials (performance-dependent 533 

reversal). Every 40 trials the participant was provided a break, following which probabilities automatically 534 

reassigned (performance-independent reversal).  535 

 536 

     In Experiment 1, the task was presented via Eprime® 2.0 software (Psychology Software Tools, 537 

Sharpsburg, PA). Participants were limited to a 3-second response window, after which the trial would time out 538 

and record a null response. A fixation cross appeared during variable inter-trial intervals (jittering). Task pacing 539 

remained independent of response time. In block 1 (trials 1-80) the reward probabilities (contingency context) 540 

of the three decks were 90%, 50%, and 10% (90-50-10%). Without cue or warning, the context changed to 541 

80%, 40%, and 20% (80-40-20%) upon initiation of block 2 (trials 81-160).  542 

 543 

     In Experiment 2, the task was administered via web browser link from the MTurk marketplace. We changed 544 

the task timing to self-paced and eliminated null trials and inter-trial jittering. A progress tracker was provided 545 

every 40 trials. Workers were randomly assigned to one of four task versions. Version 1 had a constant 546 

contingency context of 90-50-10%. Version 4 maintained a constant context of 80-40-2. Version 3 replicated 547 

the 90-50-10% (block 1) to 80-40-20% (block 2) context change of Experiment 1. Version 4 presented the 548 

reversed context change, 80-40-20% (block 1) to 90-50-10% (block 2). We analysed attrition rates across the 549 

four versions.  550 

 551 
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Questionnaires. Following task completion, questionnaires were administered via the Qualtrics® survey 552 

platform (Qualtrics Labs, Inc., Provo, UT). Items included demographic information (age, gender, educational 553 

attainment, ethnicity, and race) and mental health questions (past or present diagnosis, medication use, 554 

Structured Clinical Interview for DSM-IV Axis II Personality Disorders (SCID-II)33, Beck’s Anxiety Inventory 555 

(BAI)34, Beck’s Depression Inventory (BDI)35. We removed the single suicidality question from the BDI for 556 

Experiment 2. Experiment 2 included additional items: income, three cognitive reflection questions 557 

(Supplementary Table 4), and three free response items (‘What do you think the card game was testing?’, ‘Did 558 

you use any particular strategy or strategies? If yes, please describe’, and ‘Did you find yourself switching 559 

strategies over the course of the game?’). We quantified trait-level paranoia using the paranoid personality 560 

subscale of the SCID-II, and we included an ideas of reference item from the schizotypy subscale (‘When you 561 

are out in public and see people talking, do you often feel that they are talking about you?’) This item, along 562 

with other SCID-II items, has previously been included as a metric of paranoia in the general population5,80. 563 

Participants who endorsed 4 or more paranoid personality items (i.e., the cut-off for the top third identified in 564 

Experiment 1) were classified as ‘high paranoia.’ Each participant’s SCID-II, BAI, and BDI scores were 565 

normalized by total scale items answered. Distributions of SCID-II scores are shown in Supplementary Fig. 6. 566 

Response rates were higher than 90% for all questionnaire items and scales (Supplementary Table 6). 567 

 568 

Behavioural analysis. We analysed tendencies to choose alternative decks after positive feedback (win-569 

switch) and select the same deck after negative feedback (lose-stay). Win-switch rates were calculated as the 570 

number of trials in which the participant switched after positive feedback divided by the number of trials in 571 

which they received positive feedback. Lose-stay rates were calculated as number of trials in which a 572 

participant persisted after negative feedback divided by total negative feedback trials. In Experiment 1, we 573 

excluded post-null trials from these analyses. To further characterize switching behaviour, we calculated U-574 

values, a measure of choice stochasticity:  575 

 �−����� � �Σ���

β ����α�� 
 α
�

����β�
                         (1) 576 

where β is the number of possible choice options (i.e., card decks or noseports) and α equals the relative 577 

frequency of choice option � 39. To avoid any choice counterbalancing effects across reversals, choice 578 

frequencies were determined by the underlying probabilities of the decks rather than their physical attributes 579 

(e.g., deck position or colour). Additional behavioural analyses included trials to first reversal, trials to post-580 

reversal recovery, and trials to post-reversal switch. The latter two were restricted to the first reversal in the first 581 

block. Trials post-reversal were counted from the first-negative feedback trial following the true reversal event. 582 

Recovery was defined as switching to the best deck and staying for at least one additional trial.   583 

 584 

Computational modelling and simulations. We utilized the freely available HGF toolbox v5.3.1 585 

(https://translationalneuromodeling.github.io/tapas/) in MATLAB and Statistics Toolbox Release 2016a 586 

(MathWorks ®, Natick, MA)30,31. The HGF employs an “observing the observer” framework consisting of a 587 
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perceptual model (a generative model of the agent’s inferences about the task environment) and a decision 588 

model that reconciles the agent’s actions. HGF parameter values are inferred from observed agent decisions 589 

and trial-by-trial feedback (i.e., win or loss outcomes) through variational model inversion30,31. Our model 590 

schema consisted of a 3-level HGF multi-arm bandit configuration for binary outcomes, paired with the 591 

softmax-mu03 decision model. The softmax mu03 model tests the hypothesis that beliefs about environmental 592 

volatility dynamically influence behaviour. The inverse decision temperature (β) is set to the inverse volatility 593 

estimate exp (−μ3
(k)) where k denotes the current trial, permitting simultaneous estimation of μ0, κ and ω. We 594 

inspected each subject’s x1, x2, and x3 trajectories and optimized the default perceptual model configuration file 595 

by changing the second level κ prior mean from log(1) to log(0.6). The first level κ remained fixed at log(1). 596 

Third level trajectory were regularized by use of the autoregressive HGF configuration option.  597 

 598 

     Perceptual parameters were estimated separately for blocks 1 and 2, with block 1 μ2
0 and μ3

0 comprising the 599 

μ2 and μ3 prior means in block 2. To evaluate the validity of our model, we subsequently simulated participant 600 

choices using trial-by-trial outcome data and estimated perceptual parameters from online version 3 601 

participants. We performed ten simulations per subject and calculated win-shift rates, U-values, and lose-stay 602 

rates to compare with our actual data. Code for parameter estimation and simulations are detailed in the 603 

Supplementary Methods. 604 

 605 

Statistics.  Unless otherwise specified, statistical analyses and effect size calculations were performed in IBM 606 

SPSS Statistics, Version 25 (IBM Corp., Armonk, NY), with an alpha of 0.05.  Box-plots were created with the 607 

web tool BoxPlotR81. Model parameters were corrected for multiple comparisons using the Benjamini 608 

Hochberg (False Discovery Rate) method. Bonferroni corrections were largely consistent (Supplementary 609 

Table 2) 610 

 611 

     To compare questionnaire item means between two groups (Table 1, low versus high paranoia), we 612 

conducted independent samples t-tests. To compare questionnaire item means across paranoia groups and 613 

task versions (Table 2, fixed factors), we employed univariate analyses. Associations between characteristic 614 

frequencies and subject group or task version were evaluated by Chi-Square Exact tests (two groups) or 615 

Monte Carlo tests (more than 2 groups). Pearson correlations established the associations between paranoia 616 

and BDI scores, BAI scores, win-switch rates, and κ. We selected two-tailed p-values where applicable and 617 

assumed normality. Multiple regressions were conducted with κ estimates from the first task block (dependent 618 

variable) and paranoia, BAI, and BDI scores from online version 3. 619 

 620 

     To compare HGF parameter estimates and behavioural patterns (win-switch, U-value, lose-stay) across 621 

block, paranoia group (Experiment 1, Experiment 2 version 3), and/or task version (Experiment 2), we 622 

employed repeated measures and split-plot ANOVAs (i.e., block designated within-subject factor, paranoia 623 
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group and task version as between subject). We similarly evaluated Experiment 3 parameter estimates for 624 

treatment by time interactions. For Experiment 2, we performed ANCOVAs for μ3
0, κ, ω2, and ω3 to evaluate 625 

three sets of covariates: (1) demographics (age, gender, ethnicity, and race); (2) mental health factors 626 

(medication usage, diagnostic category, BAI score, and BDI score); (3) and metrics and correlates of global 627 

cognitive function (educational attainment, income, and cognitive reflection). Unless otherwise stated, post-hoc 628 

tests were conducted as least significant difference (LSD)-corrected estimated marginal means.  629 

 630 

    Meta-analyses were conducted using random effects models with the R Metafor package82. Mean 631 

differences were assessed for low versus high paranoia groups in the in laboratory experiment and online 632 

version 3. Standardized mean differences (methamphetamine or high paranoia versus saline or low paranoia) 633 

were employed to account for the differences in task design between animal and human studies.  634 

 635 

     The 2-step clustering analysis approach was selected to automatically determine optimal cluster count and 636 

cluster group assignment. Clustering variables included paranoia-relevant parameter estimates (μ3
0, κ, ω2, and 637 

ω3) from Experiment 1 (block 1); online, version 3 (block 1), and rats (Post-Rx) as continuous variables with a 638 

Log-likelihood distance measure, maximum cluster count of 15, and Schwarz’s Bayesian Criterion (BIC) 639 

clustering criterion. We validated our clustering solution by sorting the data into two halves and running 640 

separate cluster analyses. We also compared cluster solutions derived exclusively from rat data versus human 641 

data. A Chi-Square test determined the significance of the association between cluster membership and group 642 

(methamphetamine/high paranoia versus saline/low paranoia).  643 

 644 

Data availability 645 

Data are available on ModelDB83 (http://modeldb.yale.edu/258631) with accession code p2c8q74m. Figures 2, 646 
3, 4, and 5 and Supplemental Figures 1 and 2 have associated raw data. 647 

 648 

Code availability 649 

Code for the HGF toolbox v5.3.1 is freely available at  https://translationalneuromodeling.github.io/tapas/. 650 
Additional instructions are provided in the Supplementary Information. Task code is available by request. 651 
 652 
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879 
Fig. 1. Probabilistic reversal learning task. a, Human paradigm: participants choose between three decks of 880 

cards with different, unknown probabilities of reward and loss. b, Reward contingency schedule for in 881 

laboratory experiment. On trial 81, the probability context shifts from 90%, 50%, and 10% (dark grey) to 80%, 882 

40%, and 20% without warning (light grey). c, Reward contingency schedules for online experiment. d, Rat 883 

paradigm: subjects choose between three noseports with different probabilities of sucrose pellet reward. e, 884 

Reward contingency schedule for rat experiment32.  885 
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886 
Fig. 2. Hierarchical Gaussian Filter (HGF) model parameters. a, 3-level HGF perceptual model (blue) with a 887 

softmax decision model (green). Level 1 (x1): trial-by-trial perception of win or loss feedback. Level 2 (x2): 888 

stimulus-outcome associations (e.g., deck values).  Level 3 (x3): perception of the overall reward contingency 889 

context. The impact of phasic volatility upon x2 is captured by κ (i.e., coupling). Tonic volatility modulates x3 and 890 

x2 via ω3 and ω2, respectively. μ3
0 is the initial value of the third level volatility belief. b, Parameters replicate 891 

across high paranoia groups (orange) in the in laboratory experiment (n=21 low paranoia, 11 high paranoia); 892 

analogous online task (version 3, n=56 low paranoia, 16 high paranoia); and rats exposed to chronic, 893 

escalating methamphetamine (n=10 per group Pre-Rx; n=10 saline, 7 methamphetamine Post-Rx). Centre 894 

lines depict medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the 895 

interquartile range from the 25th and 75th percentiles, outliers are represented by dots; crosses represent 896 

sample means; data points are plotted as open circles. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 897 
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898 
Fig. 3. Paranoia effects across task versions. a, HGF parameters.  μ3

0, κ, and ω2 show version 3 specific 899 

trends and effects of paranoia group membership (Experiment 2, collapsed across task versions). b, 900 

Behaviour. Paranoid participants switched between decks more frequently after positive feedback, across all 901 

task versions and blocks (paranoia group effect; n=234 low paranoia, 73 high paranoia). In versions 3 and 4 902 

only, paranoid participants showed higher U-values, suggesting increasingly stochastic switching rather than 903 

perseverative returns to a previously rewarding option. Centre lines show the medians; box limits indicate the 904 

25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, 905 

outliers are represented by dots; crosses represent sample means; data points are plotted as open circles. P-906 

values correspond to estimated marginal means: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 907 

 908 

 909 
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910 
Fig. 4. Behavioural data and simulations. a, Behavioural switching patterns replicate across in laboratory 911 

and online version 3 experiments. Perseveration after negative feedback (lose-stay behaviour) did not 912 

significantly differ between paranoia groups or task block. b, Simulated data generated from HGF perceptual 913 

parameters (version 3) replicates win-switch and U-value behaviours (win-switch paranoia effect; U-value 914 

paranoia effect; rates and U-values averaged across ten simulations per subject). Centre lines show the 915 

medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range 916 

from the 25th and 75th percentiles, outliers are represented by dots; crosses represent sample means; data 917 

points are plotted as open circles; n=21 low paranoia, 11 high paranoia (in laboratory); n=56 low paranoia, 16 918 

high paranoia (online, version 3); *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 919 

 920 

 921 
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   922 
Fig. 5. Cluster analysis of HGF parameters. Two-step cluster analysis of model parameters across rat and 923 

human data sets (rat, post-Rx; in laboratory and online version 3, block 1). Automated clustering yielded an 924 

optimal two clusters with good cohesion and separation (average silhouette coefficient=0.7; cluster size 925 

ratio=2.46). a, Parameter density plots for overall distributions (light pink) and cluster-specific distributions 926 

(red). Box-plots of overall median, 25th quartile, and 75th quartile are aligned below each plot (pink), with cluster 927 

medians and quartiles superimposed (red).  Relative to the overall distribution, Cluster 1 (n=35) medians are 928 

elevated for μ3
0 and κ, decreased for ω2 and ω3. Cluster 2 (n=86) falls within each overall distribution. b, 929 

Predictor importance of included parameters. c, Distribution of cluster identities within groups (low paranoia: 930 

n=77; high paranoia: n=27; rat-saline: n=10; rat-methamphetamine: n=7). Cluster 1 membership is significantly 931 

associated with paranoia and methamphetamine groups (χ2(1, n=121)=29.447, P=5.75E-8).  932 
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 933 
     Columns display means [standard error] or percentage of participants within the described category, test-statistics, and p-values.  934 
        †Independent samples t-test: t-value (df). Two-tailed P-values reported. 935 
     ‡Chi square coefficient (df). 936 
     §Fisher’s exact test, exact significance (2-sided). 937 
     ¶Equal variances not assumed. 938 
     #Not significant (Bonferonni correction). 939 
        ††Data presented in Fig. 4; repeated measures ANOVA, paranoia group trend or effect: F(df), P; estimated marginal means and standard error. 940 
        ‡‡Data presented in Fig. 2; repeated measures ANOVA, F(df), P. In laboratory: paranoia x block interactions for ω3,  μ3

0; paranoia group effects for κ, ω2.  Version 3: paranoia group effects reported. See Supplementary Table 1 for complete ANOVA.     941 
      results. 942 
 943 

  944 

Table�1.�In�laboratory�vs.�online�version�3� � �� �� �� ��

�
In�laboratory� � Online�version�3�

��
Low�paranoia�

(n=21)�

High�paranoia�

(n=11)�

Statistic� p-value� � Low�paranoia�

(n=56)�

High�paranoia�

(n=16)�

Statistic� p-value�

Demographics
   

Age�(years)� 36.0�[3.2]� 38.9�[3.9]� -0.531�(27)†� 0.6� � 38.6�[1.6]� 32.9�[1.7]� 2.441�(41.842)†� 0.019
¶


Gender� � 0.006�(1)‡� 1
§
� � � .780�(1)‡� 0.410�

%�Female� 71.4%� 72.7%� n/a� n/a� � 50.0%� 62.5%� n/a� n/a�

%�Male� 28.6%� 27.3%� n/a� n/a� � 50.0%� 37.5%� n/a� n/a�

%�Other�or�not�specified� 0%� 0%� n/a� n/a� � 0%� 0%� n/a� n/a�

Education� � 4.972�(6)‡� 0.638
§
� � � 5.351�(6)‡� 0.549

§
�

%�High�school�degree�or�equivalent�� 19.0%� 45.5%� n/a� n/a� � 16.1%� 6.3%� n/a� n/a�

%�Some�college�or�university,�no�degree� 14.3%� 0%� n/a� n/a� � 17.9%� 25.0%� n/a� n/a�

%�Associate�degree�� 9.5%� 9.1%� n/a� n/a� � 12.5%� 12.5%� n/a� n/a�

%�Bachelor's�degree�� 23.8%� 27.3%� n/a� n/a� � 35.7%� 56.3%� n/a� n/a�

%�Master's�degree�� 9.5%� 0%� n/a� n/a� � 14.3%� 0%� n/a� n/a�

%�Doctorate�or�professional�degree��� 4.8%� 0%� n/a� n/a� � 1.8%� 0%� n/a� n/a�

%�Completed�some�postgraduate� 0%� 0%� n/a� n/a� � 1.8%� 0%� n/a� n/a�

%�Other�/�not�specified� 19.0%� 18.2%� n/a� n/a� � 0%� 0%� n/a� n/a�

Ethnicity� � .134�(1)‡� 1
§
� � � .117�(1)‡� 1

§
�

%�Hispanic,�Latino,�or�Spanish�origin� 23.8%� 18.2%� n/a� n/a� � 8.9%� 6.3%� n/a� n/a�

%�Not�of�Hispanic,�Latino,�or�Spanish�origin� 76.2%� 81.8%� n/a� n/a� � 91.1%� 93.8%� n/a� n/a�

Race� � 6.250�(4)‡� 0.186
§
� � � 5.368�(4)‡� 0.229

§
�

%�White� 61.9%� 36.4%� n/a� n/a� � 85.7%� 75.0%� n/a� n/a�

%�Black�or�African�American� 19.0%� 36.4%� n/a� n/a� � 0%� 12.5%� n/a� n/a�

%�Asian� 14.3%� 9.1%� n/a� n/a� � 3.6%� 6.3%� n/a� n/a�

%�American�Indian�or�Alaska�Native� 4.8%� 0%� n/a� n/a� � 1.8%� 6.3%� n/a� n/a�

%�Multiracial� 0%� 0%� n/a� n/a� � 3.6%� 0%� n/a� n/a�

%�Other�/�not�specified� 0%� 18.2%� n/a� n/a� � 5.4%� 0%� n/a� n/a�

Mentalhealth    
Psychiatric�diagnosis� � 12.329�(2)‡� 0.002

§
   7.850�(3)‡� 0.039

§


%�No�psychiatric�diagnosis� 71.4%� 9.1%� adj.�residuals� 0.004 � 71.4%� 50.0%� adj.�residuals� 0.465�

%�Schizophrenia�spectrum� 19.0%� 36.4%� adj.�residuals� 0.546� � 0%� 6.3%� adj.�residuals� 0.307�

%�Mood�disorder� 9.5%� 54.5%� adj.�residuals� 0.020
#
� � 21.4%� 43.8%� adj.�residuals� 0.356�

%�Not�specified� 0%� 0%� adj.�residuals� n/a� � 7.1%� 0%� adj.�residuals� 0.751�

%�Medicated� 23.8%� 81.8%� 9.871�(1)‡� 0.003
§
 � 7.1%� 31.3%� 8.730�(2)‡� 0.023

§


Beck's�Anxiety�Inventory�� 0.27�[0.08]� 0.85�[0.17]� -3.453�(30)†� 0.002 � 0.24�[0.04]� 0.90�[0.20]� -3.303�(16.179)†� 0.004
¶


Beck's�Depression�Inventory� 0.23�[0.05]� 0.66�[0.15]� -2.67�(11.854)†� 0.021
¶
 � 0.25�[0.04]� 1.03�[0.19]� -3.951�(16.659)†� 0.001

¶


SCID�Paranoia�Personality�Score� 0.09�[0.02]� 0.63�[0.04]� -13.476�(30)†� 2.92E-14 � 0.1�[0.02]� 0.72�[0.04]� -16.551�(70)†� 6.712E-26

Reversallearningperformance       
Total�points�earned� 7061.9�[286.9]� 6290.9�[372.2]� 1.608�(30)†� 0.118� � 7533.0�[143.8]� 6503.1�[340.6]� 3.177�(70)†� 0.002

Total�reversals�achieved� 4.8�[0.7]� 2.5�[0.8]� 2.145�(30)†� 0.04 � 6.3�[0.3]� 4.9�[0.8]� 1.758�(20.14)†� 0.094
¶
�

%�Achieving�reversals�� 90.5%� 72.7%� 1.407�(1)‡� 0.327
§
� � 100%� 87.5%� 7.200�(1)‡� 0.047

§


Trials�to�switch� 1.68�[0.22]� 1.43�[0.20]� 0.671�(24)†� 0.509� � 2.1�[0.2]� 2.6�[0.6]� -1.088�(64)†� 0.280�

Trials�to�recovery� 3.75�[0.51]� 4�[0.93]� -0.285�(21)†� 0.779� � 2.9�[0.3]� 4.9�[0.8]� -2.694�(60)†� 0.009

Win-switch�rate,�block�1�(90-50-10)� 0.08�[0.03]� 0.24�[0.09]� -1.742�(12.379)†� 0.106
¶
� � 0.04�[0.01]� 0.13�[0.05]� -1.906�(15.762)†� 0.075

¶
�

Win-switch�rate,�block�2�(80-40-20)� 0.07�[0.04]� 0.21�[0.1]� -1.601�(30)†� 0.12� � 0.02�[0.01]� 0.12�[0.05]� -2.02�(15.915)†� 0.061
¶
�

Lose-stay�rate,�block�1�(90-50-10)� 0.19�[0.03]� 0.13�[0.06]� 0.919�(30)†� 0.365� � 0.30�[0.03]� 0.39�[0.06]� -1.425�(70)†� 0.158�

Lose-stay�rate,�block�2�(80-40-20)� 0.26�[0.05]� 0.12�[0.05]� 1.817�(30)†� 0.079� � 0.33�[0.03]� 0.37�[0.06]� -0.554�(70)†� 0.581�

Null�trials� 8.5�[2.8]� 10.4�[3.7]� -0.391�(30)†� 0.699� � n/a� n/a� n/a� n/a�

�� �� �� �� �� � �� �� �� ��
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 945 
Version columns display means [standard error] or percentage of participants within the described category.  946 
††Univariate analysis, F(df). 947 
‡Exact test, chi-square coefficient (df). 948 
§ Exact significance (2-sided). 949 
||Monte Carlo significance (2-sided). 950 
  ‡‡Data presented in Fig. 3; repeated measures ANOVA, F(df), P. Mean values collapsed across blocks.   951 

952 

P-value Statistic P-value

0.075 2.62�(3)†† 0.051

0.503§ n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

0.4§ n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

0.981§ n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

0.071§ n/a n/a

0.069§ n/a n/a

n/a n/a n/a

n/a n/a n/a

0.084§ n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

0.361§ n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

0.121§ n/a n/a

1.63E-09 2.58�(3)†† 0.054

3.62E-16 1.09�(3)†† 0.354

4.81E-91 2.02�(3)†† 0.111

0.0135 2.26�(3)†† 0.082

0.017 1.10�(3)†† 0.349

0.058§ n/a n/a

0.008 1.15�(3)†† 0.329

0.002 1.17�(3)†† 0.32

0.177 0.75�(3)†† 0.521

0.674 0.83�(3)†† 0.476

0.689 1.73�(3)†† 0.161

0.167 1.95�(3)†† 0.122

2.42E-08 15.28�(1) 0.0001 3.44�(3) 0.017

0.105 0.50�(1) 0.481 1.01�(3) 0.391

0.075 45.08�(1) 0.108 2.33�(3) 0.075

0.002 3.60�(1) 0.059 4.18�(3) 0.006

0.007 4.44�(1) 0.036 2.81�(3) 0.044.16�(3)ω2 1.102�[0.177] 1.017�[0.265] 0.330�[0.143] 0.590�[0.280] 1.246�[0.158] 0.252�[0.296] 0.603�[0.148] 0.074�[0.272]

κ 0.480�[0.010] 0.490�[0.015] 0.528�[0.008] 0.503�[0.016] 0.470�[0.009] 0.538�[0.017] 0.525�[0.009] 0.543�[0.016]

13.61�(3)

ω3

∝3
0 -1.001�[0.19] -0.721�[0.29] -0.402�[0.16] -0.804�[0.30] -1.089�[0.17] -0.180�[0.32] -0.401��[0.16] -0.067�[0.30] 2.32�(3)

U-value‡‡� 0.798�[0.009] 0.81�[0.01] 0.868�[0.007] 0.871�[0.01] 0.824�[0.008] 0.894�[0.02] 0.837�[0.007] 0.877�[0.01]

Table�2.�Online�experiment

5.06�(3)

Model�parameters‡‡

2.06�(3)-0.993�[0.18]-0.912�[0.10]-0.898�[0.19]-0.663�[0.10]-0.821�[0.18]-1.04�[0.93]-0.736�[0.17]-0.537�[0.12]

Reaction�time,�block�2�

0.16�(1)††0.4990.79�(3)††530�[130.2]557.2�[108.2]442.1�[59.5]448�[60.1]365.6�[26.4]548.1�[77.8]

555.9�[121.2]391.7�[52.3]331.4�[22.9]465.3�[61.6]494.3�[88.6]370.7�[23.3] 1.92�(1)††0.7570.39�(3)††504.1�[82.7]385.4�[29.2]

789.3�[282.7]433.6�[28.8]Reaction�time,�block�1�

0.18�(1)††0.0622.47�(3)††0.33�[0.06]0.29�[0.03]0.37�[0.06]0.33�[0.03]0.32�[0.05]0.4�[0.03]0.23�[0.05]0.28�[0.03]Lose-stay�rate,�block�2�(80-40-20)

1.83�(1)††0.6410.56�(3)††0.34�[0.04]0.32�[0.03]Lose-stay�rate,�block�1�(90-50-10)

9.92�(1)††0.1052.07�(3)††0.15�[0.05]0.06�[0.02]0.12�[0.05]0.02�[0.01]0.05�[0.04]0.04�[0.01]

0.39�[0.06]0.3�[0.03]0.34�[0.04]0.37�[0.03]0.34�[0.05]0.27�[0.03]

0.08�[0.03]0.05�[0.02]Win-switch�rate,�block�2�(80-40-20)

7.12�(1)††0.0792.28�(3)††0.21�[0.06]0.1�[0.03]0.13�[0.05]0.04�[0.01]0.11�[0.05]0.07�[0.01]0.09�[0.04]0.09�[0.03]Win-switch�rate,�block�1�(90-50-10)

4.40�(1)‡0.598§2.26�(3)‡94.7%96.9%%�Achieving�reversals�

5.76�(1)††0.0054.33�(3)††4.8�[0.6]5.9�[0.3]4.9�[0.8]6.3�[0.3]5.7�[0.5]5.5�[0.3]

87.5%100.0%94.4%98.6%100.0%100.0%

6266.7�[288.0]6045.7�[135.7]8372.5�[405.2]8656.7�[182.9]Total�points�earned

Reversal�learning�performance

6.5�[0.5]7.2�[0.3]Total�reversals�achieved

6.18�(1)††4.16E-1832.29�(3)††6510.5�[403.6]7171.1�[175.6]6503.1�[340.6]7533.0�[143.8]

0.1�[0.02]0.61�[0.03]0.11�[0.02]0.67�[0.04]0.11�[0.02]SCID�Paranoia�Personality�Score 879.38�(1)††0.2761.30�(3)††0.65�[0.03]0.11�[0.02]0.72�[0.04]
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Fig. 1. Probabilistic reversal learning task. a, Human paradigm: participants choose between three ecks of 

cards with different, unknown probabilities of reward and loss. b, Reward contingency schedule for in 

laboratory experiment. On trial 81, the probability context shifts from 90%, 50%, and 10% (dark grey) to 80%, 

40%, and 20% without warning (light grey). c, Reward contingency schedules for online experiment. d, Rat 

paradigm: subjects choose between three noseports with different probabilities of sucrose pellet reward. e, 
Reward contingency schedule for rat experiment39.  
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Fig. 2. Hierarchical Gaussian Filter (HGF) model parameters. a, 3-level HGF perceptual model (blue) with a 

softmax decision model (green). Level 1 (x1) corresponds to trial-by-trial perception of win or loss feedback. 

Level 2 (x2) represents stimulus-outcome associations (e.g., deck values).  Level 3 (x3) models perception of 

the overall reward contingency context. The impact of phasic volatility upon x2 is captured by k, the coupling 

parameter. Tonic volatility modulates x3 and x2 via w3 and w2, respectively. µ3
0 is the initial value of the third 

level volatility belief. b, Estimated parameters replicate across high paranoia groups (orange) in the in 

laboratory experiment (n=21 low paranoia, 11 high paranoia); analogous online task (version 3, n=56 low 

paranoia, 16 high paranoia); and rats exposed to chronic, escalating methamphetamine (n=10 per group Pre-

Rx; n=10 saline, 7 methamphetamine Post-Rx). Error bars denote standard error (SEM); *p ≤ 0.05, **p ≤ 0.01, 

***p ≤ 0.001. 
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Fig. 3. Paranoia effects across task versions. a, HGF parameters µ3

0, k, and w2 show version 3 specific 

trends and effects of paranoia group membership (Experiment 2, n=234 low paranoia, 73 high paranoia, 

collapsed across task versions). b, Behaviourally, paranoid participants switched between decks more 

frequently after positive feedback, across all task versions and blocks (paranoia group effect; version trend, 

p=0.081). In versions 3 and 4 only, paranoid participants showed higher U-values, suggesting increasingly 

stochastic switching rather than perseverative returns to a previously rewarding option. Error bars denote 

standard error (SEM); *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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Fig. 4. Behavioural data and simulations. a, Behavioural switching patterns replicate across in laboratory 

and online version 3 experiments (win-switch: in laboratory paranoia group trend, p=0.068; version 3 paranoia 

effect; U-value: in laboratory paranoia group trend, p=0.079; version 3 paranoia effect). Perseveration after 

negative feedback (lose-stay behaviour) did not significantly differ between paranoia groups or task block. b, 
Simulated data generated from HGF perceptual parameters (version 3) replicates win-switch and U-value 

behaviours (win-switch paranoia effect; U-value paranoia effect). Ten simulations were performed per subject. 

Rates and U-values were averaged across simulations. Error bars denote standard error (SEM); n=21 low 

paranoia, 11 high paranoia (in laboratory); n=56 low paranoia, 16 high paranoia (online, version 3); *p ≤ 0.05, 

**p ≤ 0.01, ***p ≤ 0.001. 
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Fig. 5. Cluster analysis of HGF parameters. Two-step cluster analysis of model parameters across rat and 

human data sets (rat, post-Rx; in laboratory and online version 3, block 1). Automated clustering yielded an 

optimal two clusters with good cohesion and separation (average silhouette coefficient=0.7; cluster size 

ratio=2.46). a, Parameter density plots for overall distributions (light pink) and cluster-specific distributions 

(red). Box-plots of overall median, 25th quartile, and 75th quartile are aligned below each plot (pink), with cluster 

medians and quartiles superimposed (red).  Relative to the overall distribution, Cluster 1 (n=35) medians are 

elevated for µ3
0 and k, decreased for w2 and w3. Cluster 2 (n=86) falls within each overall distribution. b, 

Predictor importance of included parameters. c, Distribution of cluster identities within groups (low paranoia: 

n=77; high paranoia: n=27; rat-saline: n=10; rat-methamphetamine: n=7). Cluster 1 membership is significantly 

associated with paranoia and methamphetamine groups (c2(1, n=121)=29.447, p=5.75E-8).  
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 Supplementary Fig. 1. Parameter effects on simulated task performance. We simulated behaviour from low paranoia 
participants (online Version 3, n=54) to evaluate the effects of 𝛋, 𝛍3

0, 𝛚2, and 𝛚3 on win-shift and lose-stay rates. 
Estimated perceptual parameters were averaged across subjects to create a single set of baseline parameters. Additional 
parameter sets were created by doubling or halving one parameter at a time (e.g., 2 𝛋 or 0.5 𝛋), while the others were held 
constant (n.b., 2	𝛚2 violated model assumptions and was excluded from analysis). We also included the average parameter 
values of rats exposed to methamphetamine (Meth). Ten simulations were run per subject for each condition (i.e., 
parameter set). Win-shift and lose-stay rates were calculated, then averaged across simulations and subjects. Rates from 
each condition were divided by the baseline condition rate to generate relative win-shift and lose-stay rates. We compared 
relative rates for each condition to the baseline (relative rate of 1; paired t-tests, Bonferroni-corrected p-values). Baseline 
parameters were positive for 𝛋 and 𝛚2, and negative for 𝛍3

0 and 𝛚3. Consequently, the doubled (2x) condition makes 𝛍3
0 

and 𝛚3 more negative (lower). (n=54). Error bars denote standard error (SEM); *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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Supplementary Fig. 2. Cluster validation.  We replicated our 2-cluster solution (Fig. 4) by independently running two-
step cluster analyses on separate halves of the data (Split-half 1, Split-half 2), removing the rat data and running the 
human data only (No Rat), and running the rat data alone (Rat Only). In each condition, we identified two clusters with 
good cohesion and separation (Split-half 1, n=19 cluster 1, 42 cluster 2: silhouette coefficient = 0.6; Split-half 2, n = 17 
cluster 1, 43 cluster 2: silhouette coefficient = 0.7; No Rat, n=26 cluster 1, 78 cluster 2: silhouette coefficient = 0.7; Rat 
Only, n=6 cluster 1, 11 cluster 2: silhouette coefficient = 0.7). All variables showed predictor importance above 0.2 with 
some variation in order of importance (Split-half 1, 𝛚2 >	𝛋 > 𝛚3 >	𝛍3

0; Split-half 2, 𝛋 >	𝛚2 >	𝛚3 >	𝛍3
0; No Rat, 𝛋 >	𝛚2 >	

𝛚3 >	𝛍3
0; Rat Only, 𝛍3

0 >	𝛚2 >	𝛚3 >	𝛋). Predictor importance was weighted more evenly across variables in the Rat Only 
condition; all variables showed predictor importance above  
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