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Figure S1. Data selection, sustained-attention value task learning, and behavioral simulations. 
Related to Figures 1 & 2.  
 
(A) Histogram of experimental session number in learning phase 1.  
 
(B) Histogram of experimental session number in learning phase 2 (with respect to last session number in 
phase 2).  
 
(C) Histogram of experimental session number in phase 3.  
 
(D) Histogram of the maximum session number per animal.  
 
(E) Fraction of trials containing a signal plotted against reward probability. Every data point is a unique 
session. We excluded 455 sessions with a reward probability smaller than 0.15, thereby excluding 4 
animals.  
 
(F) As E, but for fraction of trials on which the animal licked (responded) on the y-axis.  
 
(G) Histogram of number of sessions per animal (after excluding sessions in panel E,F). We excluded 22 
additional animals with fewer than 5 remaining sessions. 
 
(H) Top: Bias (Methods) across experimental sessions in learning phases 1 and 2 (Methods); session 
numbers are with respect to the last session in phase 2. Rows 2-4: same as top row, but for sensitivity, RT 
and reward probability (Methods). Shading, 68% confidence interval across animals (N=88, n=4473 
sessions). In phase 1, the signal was 6 dB louder than the noise, several free-reward trials (not contingent 
on response) were administered, and reward magnitude was constant (5 μL) throughout the session. During 
this phase, mice learned to respond (lick) to harvest rewards: within just three sessions their bias changed 
from quite conservative (positive bias values) to slightly liberal (negative bias values). Sensitivity also 
increased across the first few sessions. In phase 2, we introduced the block-based shifts in task utility and 
trained the mice until they reached a performance threshold (Methods). Sensitivity gradually increased 
during phase 2. 
 
(I) As H, but for phase 3 (main task). Dashed lines, exponential fit (Methods). Shading, 68% confidence 
interval across animals (N=88, n=4473 sessions). In phase 3, acoustic signal and noise stimuli were of 
equal loudness and the small number of classical conditioning trials were removed. By this time, mice were 
sufficiently experienced with the task to maintain engagement. However, since they could no longer rely on 
the small loudness difference between signal and noise sounds, their sensitivity dropped to near zero at 
the beginning of phase 3.  
 
(J) As I, but for the mean across high and low utility blocks. Re-learning the, time-varying and now purely 
feature-based, signal detection was perceptually difficult, as intended, as indicated by the shallow 
learning curves for sensitivity and reward probability. 
 
(K) As I, but for the difference between the high and low utility blocks.  
 



(L) From left to right: simulation of bias, sensitivity, RT and reward probability as a function of Poisson lick 
rate (Methods). Vertical green line indicates the optimal lick rate (maximum reward probability) when lick 
rate during noise and signal are the same. Note that the optimal average lick rate will differ in conditions 
when the signal is discriminated from the noise. The max achievable random P(reward), when licking at the 
optimal random rate, is 0.231. 



 



Figure S2. Behavioral control analyses, part 1. Related to Figure 2. 
 
(A) Bias, sensitivity, RT and reward probability across high and low utility blocks within an experimental 
session, locked to first hit in block.  
 
(B) As A, but separately after previous hits (solid lines) and no-hits (dashed lines).  
 
(C) A, but after collapsing across previous hits and no-hits, and collapsed across blocks of the same task 
utility.  
 
(D) Bias, sensitivity, RT and reward probability across high and low utility blocks within an experimental 
session, collapsed across *all* trials within a block. Stats, 2-way repeated measures ANOVA (factors task 
utility [high vs. low] and time-on-task [early, middle, late]). Main effects task utility are as follows: bias, F1,87 
= 747.0, p < 0.001; sensitivity, F1, 87 = 17.7, p < 0.001; RT, F1, 87 = 612.9, p < 0.001; reward probability, F1, 

87 = 12.5, p = 0.001. 
 
(E) As D, but when controlling for time-on-task. The white circles are the average of the two adjacent blocks 
of the same task utility. Main effects task utility are as follows: bias, F1,87 = 498.5, p < 0.001; sensitivity, F1, 

87 = 26.8, p < 0.001; RT, F1, 87 = 365.1, p < 0.001; reward probability, F1, 87 = 15.3, p < 0.001. 
 
(F) As D, but when additionally stratifying on previous hit (Methods). Main effects previous hit are as follows: 
bias, F1,87 = 733.7, p < 0.001; sensitivity, F1, 87 = 34.0, p < 0.001; RT, F1, 87 = 184.2, p < 0.001; reward 
probability, F1, 87 = 55.1, p < 0.001. Main effects task utility are as follows: bias, F1,87 = 770.2, p < 0.001; 
sensitivity, F1, 87 = 21.9, p < 0.001; RT, F1, 87 = 667.0, p < 0.001; reward probability, F1, 87 = 1.8, p = 0.179.  
 
All panels: shading or error bars, 68% confidence interval across animals (N=88; n=1983 sessions). 
 



 



Figure S3. Behavioral control analyses, part 2. Related to Figures 2 & 3. 

Due to the temporal structure of the task, it is possible that mice could learn to match their lick times to the 
temporal statistics of signal occurrence to harvest at least some reward, rather than attend to the temporal 
coherence per se. We ruled out such a timing-based strategy, using a separate cohort of mice (N=10; 
n=142 sessions) in a psychometric variant of the task in which signal coherence was varied randomly from 
trial to trial, in addition to the block-based utility manipulation. Further supporting feature-based attention, 
rather than a temporal strategy, empirical sensitivity (panel B) and reward probability (panel C) were 
substantially higher than those predicted with random licking (Figure S1L) and signal start-time sorted 
survival functions for hits deviated strongly from the time-matched false-alarm survival functions (panel D). 
 
(A) Example spectrograms of strong (left) and weak (right) signals (Methods). Signal coherence was 
degraded by manipulating the percentage of tones in each chord that moved coherently through time-
frequency space. This manipulation is analogous to reducing spatial motion coherence in visual random-
dot motion tasks 105.   
 
(B) Sensitivity across three difficulty bins and separately during high and low task utility. Stats, 2-way 
repeated measures ANOVA (factors task utility [high vs. low] and signal strength (coherence) bin [weak, 
medium, strong]); main effect task utility: F1,9 = 4.8, p = 0.056; main effect signal strength: F2,18 = 29.7, p < 
0.001; interaction effect: F2,18 = 1.7, p = 0.201. Error bars, 68% confidence interval across animals (N=10, 
n=142 sessions).  
 
(C) As B, but for reward probability. Main effect task utility: F1,9 = 17.8, p = 0.002; main effect signal strength: 
F2,18 = 8.0, p = 0.003; interaction effect: F2,18 = 2.0, p = 0.162.  
 
(D) Probability of survival (Kaplan-Meier estimator) stratified into groups with different ranges of noise 
duration, separately for low and high task utility and separately for noise and signal epochs. The Kaplan-
Meier estimator is a non-parametric statistic used to estimate the ‘survival’ of not-licking. There is a steeper 
decline of p(survival) during high versus low task utility, corresponding to a more liberal bias. A steeper 
decline of p(survival) during signal versus noise epochs, corresponds to an overall positive sensitivity (d’). 
Critically, the signal-related decline in of p(survival) is more pronounced during high versus low task utility, 
corresponding to a higher sensitivity. 
 
(E) Overall sensitivity (collapsed across task utility) plotted against overall bias (collapsed across task 
utility). Every data point is a unique session. 
 
(F) Change in sensitivity between utility blocks plotted against overall sensitivity (collapsed across task 
utility). Every data point is a unique session. 
 
(G) Reward rate (Methods) collapsed across trials within each block. Stats, 2-way repeated measures 
ANOVA (factors task utility [high vs. low] and time-on-task [1, 2, 3]); main effect task utility: F1,87 = 1519.3, 
p < 0.001; main effect time-on-task: F2,174 = 1.9, p = 0.155; interaction effect: F2,174 = 0.7, p = 0.519.  
 
(H) As G, but for miss probability (Methods). Main effect task utility: F1,87 = 985.2, p < 0.001; main effect 
time-on-task: F2,174 = 177.1, p < 0.001; interaction effect: F2,174 = 1.5, p = 0.228. 
 



(I) As G, but for false alarm probability (Methods). Main effect task utility: F1,87 = 714.5, p < 0.001; main 
effect time-on-task: F2,174 = 188.2, p < 0.001; interaction effect: F2,174 = 4.2, p = 0.016. 
 
(J) As G, but for false alarm rate (Methods). Main effect task utility: F1,87 = 439.0, p < 0.001; main effect 
time-on-task: F2,174 = 86.6, p < 0.001; interaction effect: F2,174 = 17.9, p < 0.001. 
 
(K) As G, but for hit rate (Methods). Main effect task utility: F1,87 = 538.1, p < 0.001; main effect time-on-
task: F2,174 = 139.4, p < 0.001; interaction effect: F2,174 = 0.7, p = 0.512. 
 
(L) As main Figure 2D,H, but only for 82.8% of sessions without catch trials (Methods). Main effects task 
utility are as follows: sensitivity, F1,69 = 31.9, p < 0.001; reward probability, F1, 69 = 6.2, p = 0.015.  
 
(M) As main Figure 2D,H, but only for 17.2% of sessions with catch trials (Methods). Main effects task utility 
are as follows: sensitivity, F1,43 = 6.6, p = 0.013; reward probability, F1, 43 = 29.0, p < 0.001. 
 



 



Figure S4. Optimal performance occurs at intermediate levels of pupil-linked arousal. Related to 
Figure 4. 
 
(A) Left: Pupil size across time on hit trials, separately for high and low task utility. Left, locked to licks; right, 
locked to next trial’s onset. Middle, as left, but on false alarm trials. Right: As left, but for miss trials. Left, 
locked to trial offset (end of 3-s signal sound).  
 
(B) Histogram of pre-trial walking velocity (across all animals and experimental sessions; Methods). Red 
line, cutoff for defining walking.  
 
(C) Histogram of pre-trial pupil size (across all animals and experimental sessions), separately for still and 
walking trials.  
 
(D) Relationship between pre-trial pupil size and hit rate (irrespective of task utility; Methods). A 1st order 
(linear) fit was not superior to a constant fit (F1,12 = 0.1, p = 0.717) and a 2nd order (quadratic) fit was superior 
to the 1st order fit (F1,12 = 6.5, p = 0.026; sequential polynomial regression; Methods). Asterisk, walking trials 
(Methods). 
 
(E) As D, but for false alarm rate. 1st order fit: F1,12 = 0.2, p = 0.690; 2nd order fit: F1,12 = 7.9, p = 0.016. 
 
(F) As Figure main 4A-D, but separately for fewer or more than 25 trials after the first hit in each block.  
 
(G) As main Figure 4A-D, but separately for the first 20 sessions of the main task, or for session numbers 
greater than 30. In this analysis, we only considered the first 50 sessions of 34 animals with at least 50 
sessions worth of data in the main task. 
 
(H,I) As main Figure 4F,G, but for a model with one additional predictor: previous walk. 
 
(J) As main Figure 4A-D, but separately for high and low task utility. 
 
(K) As main Figure 4A-D, but for pre-trial pupil size measures without having regressed out effects of time-
on-task and previous hit (Methods). Stats (sequential polynomial regression; Methods) are as follows. Bias: 
1st order fit: F1,12 = 13.2, p = 0.003; 2nd order fit: F1,12 = 8.0, p = 0.016. Sensitivity: 1st order fit: F1,12 = 4.4, p 
= 0.058; 2nd order fit: F1,12 = 3.0, p = 0.111. RT: 1st order fit: F1,12 = 5.1, p = 0.043; 2nd order fit: F1,12 = 7.5, p 
= 0.018. Reward probability: 1st order fit: F1,12 = 1.3, p = 0.268; 2nd order fit: F1,12 = 7.3, p = 0.019. 
 
All panels: shading or error bars, 68% confidence interval across animals (N=88, n=1983 sessions). 
 

 
 

 



 
 
 
 



Figure S5. Mice regulate their pupil-linked arousal towards optimality when task utility is high. 
Related to Figure 5. 
 
(A) Pre-trial pupil size (time-on-task and previous hit regressed out; Methods) across low and high utility 
blocks within an experimental session.  
 
(B) As A, but locked to first hit in block and after averaging over previous hits  and no-hits (same logic as 
in Figure S2C).  
 
(C) As A, but collapsed across trials within a block. Stats, 2-way repeated measures ANOVA (factors task 
utility [high vs. low] and time-on-task [early, middle, late]); main effect task utility: F1,87 = 35.5, p < 0.001; 
main effect time-on-task: F2,174 = 1.7, p = 0.187; interaction effect: F2,174 = 1.0, p = 0.376. 
 
(D) As main Figure 5F, but for pre-trial pupil size as mediator. 
 
(E-H) As A-D, but for walk probability. Main effect task utility: F1,87 = 58.5, p < 0.001; main effect time-on-
task: F2,174 = 0.3, p = 0.710; interaction effect: F2,174 = 3.3, p = 0.039.  
 
(I) Probability density function of pupil-linked arousal states, and walk probability, separately for high and 
low task utility. The difference between high and low task utility is reported in main Figure 5C. 
 
(J) Coefficients from logistic regression of block-wise task utility [high vs. low] on pre-trial pupil size or on 
absolute distance from optimal pre-trial pupil size (Methods). 
 
(K) As B, distance of pupil size from the optimal level (Methods). 
 
(L) As main Figure 5D, but without modeling walking trials in a separate state bin. 
 
(M) As main Figure 5F, but only for trials mice did not walk. 
 
(N-Q) As A-D but for pre-trial pupil size without having regressed out time-on-task and previous hit 
(Methods). Main effect task utility: F1,87 = 43.4, p < 0.001; main effect time-on-task: F2,174 = 37.1, p < 0.001; 
interaction effect: F2,174 = 3.3, p = 0.282. 
 
(R) As I, but for pre-trial pupil size without having regressed out time-on-task and previous hit (Methods). 
 
(S) As main Figure 5C, but for pre-trial pupil size without having regressed out time-on-task and previous 
hit (Methods). 
 
All panels: shading or error bars, 68% confidence interval across animals (N=88, n=1983 sessions). Panels 
D,H,L,M,Q: stats, Wilcoxon signed-rank test; ***, p < 0.001. 
 



 
 

 
 

 
 
 
 
 



 
Figure S6. Accumulation-to-bound model fits of alternative models. Related to Figure 6. 
 
(A) RT distribution for correct responses (hits; left) and incorrect responses (false alarms; right) in the low 
and high utility blocks. Black line, fit of Model 1 (with varying bound height and fixed leak; Methods).  
 
(B) Model-predicted bias (left), sensitivity (middle) and reward probability (right) in the low and high utility 
blocks plotted against the empirical estimates. Dashed line, identity line. 
 
(C,D) As A,B, but for Model 2 (with varying bound height and fixed drift bias; Methods). 
 
(E,F) As A,B, but for Model 3 (without signal neglect probability; Methods). 
 
(G,H) As A,B, but for Model 4 (with fixed signal neglect probability; Methods). 
 
(I,J) As A,B, but for Model 5 (without drift bias; Methods). 
 
(K,L) As A,B, but for Model 6 (with fixed drift bias; Methods). 
 
All panels: pooled data across animals (N=88) and sessions (n=1983). 
 

 

 

 

 



 



Figure S7. Task utility and pupil-linked arousal impact intersecting aspects of the decision 
computation. Related to Figure 7. 
 
(A) Fitted non-decision time estimates (kernel density estimate of 100 bootstrapped replicates) separately 
per block number. Main effect task utility (fraction of bootstrapped parameter estimates in the low utility 
blocks higher than in the high utility blocks): p = 0.32. Main effect time-on-task (fraction of bootstrapped 
parameter estimates in the first two blocks higher than in the last two blocks): p = 0.41.  
 
(B) As A, but for leak. Main effect task utility: p < 0.01. Main effect time-on-task: p < 0.01  
 
(C) As A, but for drift bias. Main effect task utility: p < 0.01. Main effect time-on-task: p < 0.01.  
 
(D) As A, but for drift rate. Main effect task utility: p < 0.01. Main effect time-on-task: p = 0.46.  
 
(E) As A, but for signal neglect probability. Main effect task utility: p < 0.01. Main effect time-on-task: p < 
0.01.  
 
(F-J) As main Figure 7F-J, but separately for high and low task utility. 
 
(K) Fitted non-decision estimates (100 bootstrapped replicates) separately per arousal state (same pupil 
size defined bins as in Figure 4A-D, but without having regressed out effects of time-on-task and previous 
hit; irrespective of task utility; Methods). A 1st order (linear) fit was superior to a constant fit (F1,12 = 118.8, 
p < 0.001) and a 2nd order (quadratic) fit was not superior to the 1st order fit (F1,12 = 2.3, p = 0.154; sequential 
polynomial regression; Methods). Asterisk, walking trials (Methods).  
 
(L) As K, but for leak. 1st order fit: F1,12 = 5.9, p = 0.032; 2nd order fit: F1,12 = 3.3, p = 0.093.  
 
(M) As K, but for drift bias. 1st order fit: F1,12 ~ 0.0, p = 0.870; 2nd order fit: F1,12 = 1.3, p = 0.269.  
 
(N) As K, but for drift rate. 1st order fit: F1,12 = 0.6, p = 0.469; 2nd order fit: F1,12 = 3.8, p = 0.076.  
 
(O) As K, but for signal neglect probability. 1st order fit: F1,12 = 1.2, p = 0.290; 2nd order fit: F1,12 = 7.9, p = 
0.016. 
 
(P-T) As 7F-J, but separately for high and low task utility.  
 
(U-Z) Parameter estimates from alternative models (Methods), separately for high and low task utility. 
 
All panels: pooled data across animals (N=88) and sessions (n=1983). 


