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Abstract
Integrating noisy sensory evidence over time is an es-
sential feature of perception, and of perceptual decision-
making. While ideal observer analyses have guided our
understanding of its algorithmic and neural basis, be-
havior often deviates from optimality by being biased to-
wards early evidence. Conflicting theories have been pro-
posed to explain such a primacy effect. Algorithmic level
theories include the integration of evidence only until an
internal bound is reached, and a confirmation bias due to
approximate hierarchical inference. Biophysical theories
on Marr’s implementation level include neural adaptation
and attractor dynamics. Here, we tested these different
hypotheses by measuring the strength of the primacy ef-
fect in a visual discrimination task across a range of time
scales from total stimulus durations of 416ms to 1667ms,
and for a range of evidence frame durations from 17ms
to 83ms. We find the primacy effect to be invariant with
respect to stimulus time, but not physical time. Further-
more, a lower influence of early evidence frames when
they are very short argues against neural adaptation. To-
gether, our results favor an algorithmic explanation as
proposed by approximate hierarchical inference.
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Introduction: Temporal biases are widely observed in per-
ceptual decision-making tasks, ranging from the overweight-
ing of early evidence (“primacy effect”, e.g. (Nienborg & Cum-
ming, 2009; Kiani, Hanks, & Shadlen, 2008; Yates, Park,
Katz, Pillow, & Huk, 2017; Lange, Chattoraj, Beck, Yates,
& Haefner, 2021)) to the overweighting of recent evidence
(“recency effect”, e.g. (Drugowitsch, Wyart, Devauchelle, &
Koechlin, 2016; Glaze, Filipowicz, Kable, Balasubramanian,
& Gold, 2018)) even in tasks when the optimal strategy de-
mands an equal weighting of all evidence frames (Bogacz,
Brown, Moehlis, Holmes, & Cohen, 2006; Gold & Shadlen,
2007). While compelling explanations exist for the recency ef-
fect in terms of expected nonstationarities in the environment
(Glaze et al., 2018), and a simple forgetting due to accumulat-
ing internal noise, the cause for the observed primacy effects
is far less clear. Broadly, the four previously proposed mod-
els can be classified into biophysical and algorithmic models.
Under biophysical models we include those that explain pri-
macy as the result of neural adaptation, i.e. a decrease in

tuning gain over time within a trial (Yates et al., 2017), and
those that explain it as the result of attractor dynamics in a
decision area with a fixed time constant (Wang, 2002). One
algorithmic explanation that has been proposed suggests that
later evidence is given less weight on average across trials
since internal evidence accumulation stops and later evidence
is ignored, when a certain bound is reached, even when the
stimulus duration is fixed (Kiani et al., 2008). Alternatively, it
has been proposed that the primacy effect is the consequence
of a perceptual confirmation bias: when performing hierarchi-
cal approximate inference the brain’s top-down expectations
influence lower sensory representations which in turn update
task-related beliefs (Lange et al., 2021).

Predictions: Importantly, these hypotheses differ in their
predictions about how the primacy effect should scale with
stimulus duration. Most simply, models that rely on fixed bio-
physical processes predict a bias that is a function of physical
time (e.g. a decaying exponential), regardless of the dura-
tion of the stimulus, while algorithmic models predict a bias
that is a function of “computational time”, e.g. the number of
the stimulus frame presented, not physical time. Similarly, the
primacy effect predicted by neural adaptation should be inde-
pendent of the duration of individual stimulus frames, strictly
decreasing over the course of physical time in agreement with
the time course of neural gain.

Experimental design & analysis: Here, we present new
data, collected during two experiments involving 10 human
observers each. In both experiments, observers had to report
the perceive orientation of bandpass-filtered Gaussian noise,
presented in a sequence of stimulus frames (Fig. 1A). All
tasks, and task-related stimuli, were identical except for the
duration of each frame, and their number within a trial (Fig.
1B). In the first experiment, we compared the effect of three
different frame durations while keeping the total number of
frames constant. In the second experiment, we compared
the effect of three different numbers of frames while keeping
the total stimulus duration constant. We collected 60h worth of
psychophysical data (10 observers for each of 2 experiment,
3 sessions per observer). We quantified the weight given
to each evidence frame using logistic regression using two
kinds of regularization: (1) using a cross-validated smooth-
ness constraint (Fig. 2A+C), and (2) using a two-parameter
function (pdf of a Γ−distribution, Fig. 2B+D) that yielded the
same qualitative results. Our central comparison consists in
the agreement between the three weight profiles when plotted



Low Sensory, 
High Category

High Sensory, 
Low Category

LSHC, 
over 

confidence

HSLC, 
under 

confidence
chance 

performance

perfect 
performance

Sensory information (SI)

Ca
te

go
ry

 in
fo

rm
at

io
n 

(C
I)primacy

recency
optimal

0

1

Number of stimulus 
frames

Te
m

po
ra

l W
eig

ht
s C

xf

ef

LSHC

likelihood 
weak due to 

noisy 
stimulus

strong 
feedback 

from decision 
area to 

sensory area

C

xf

ef

HSLC

strong 
likelihood


due to clear 
stimulus

weak 
feedback 

from decision 
area to 

sensory area

C: decision making area
xf: sensory area
ef: evidence from stimulus

…

200ms 
cue 83 ms 10th frame

100ms noise 
frame

LSHC : Each stimulus is noisy but all frames have same category

or          ?

report majority 

by key press

 
feed
back

1 sec

1 sec

report 

confidence


1: low, 
2:medium, 

3:high

or          ?

report majority 

by key press

 
feed
back

1 sec

1 sec

report 

confidence


1: low, 
2:medium, 

3:high

…

200ms 
cue 83 ms 10th frame

100ms noise 

frame

HSLC : Each stimulus is clear but categories change from frame to frame

D

E

A B C

threshold 

performance

200 ms

cue

16 or 42 or 83 or 
166ms

5th or 10th 
 or 25th 
 frame

100 ms noise 
frame

Low Sensory, 
High Category

High Sensory, 
Low Category

LSHC, 
over 

confidence

HSLC, 
under 

confidence
chance 

performance

perfect 
performance

Sensory information (SI)

Ca
te

go
ry

 in
fo

rm
at

io
n 

(C
I)primacy

recency
optimal

0

1

Number of stimulus 
frames

Te
m

po
ra

l W
eig

ht
s C

xf

ef

LSHC

likelihood 
weak due to 

noisy 
stimulus

strong 
feedback 

from decision 
area to 

sensory area

C

xf

ef

HSLC

strong 
likelihood


due to clear 
stimulus

weak 
feedback 

from decision 
area to 

sensory area

C: decision making area
xf: sensory area
ef: evidence from stimulus

…

200ms 
cue 83 ms 10th frame

100ms noise 
frame

LSHC : Each stimulus is noisy but all frames have same category

or          ?

report majority 

by key press

 
feed
back

1 sec

1 sec

report 

confidence


1: low, 
2:medium, 

3:high

or          ?

report majority 

by key press

 
feed
back

1 sec

1 sec

report 

confidence


1: low, 
2:medium, 

3:high

…

200ms 
cue 83 ms 10th frame

100ms noise 

frame

HSLC : Each stimulus is clear but categories change from frame to frame

D

E

A B C

threshold 

performance

A

C

Evidence 
variable

Decision 
variable

<latexit sha1_base64="CnWBcvhvwNGEJRbxndVITq+3H1c=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeiz24rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcm/ntJ1Sax/LBTBL0IzqUPOSMGis1av1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjrZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxXvuuI2rsrVuzyOApzCGVyABzdQhXuoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBlzeMyw==</latexit>

C

Sensory 
variable

<latexit sha1_base64="IpfNuuOTbb/tuNHAu2O2BPdjF4A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0gP2wX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH0BkjcY=</latexit>ef

<latexit sha1_base64="FdNAOBbEsaRvoEK4LLtQ7xg1K+Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+qFvXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AFdVo3Z</latexit>xf

<latexit sha1_base64="UfMpMkGoVe0RWJ0yh56+d0KVUNg=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKosdgLh4jmAckS5id9CZDZmfXmVkhxPyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkAiujet+Oyura+sbm7mt/PbO7t5+4eCwoeNUMayzWMSqFVCNgkusG24EthKFNAoENoNhdeo3H1FpHst7M0rQj2hf8pAzaqzUSkrVJ+x6Z91C0S27M5Bl4mWkCBlq3cJXpxezNEJpmKBatz03Mf6YKsOZwEm+k2pMKBvSPrYtlTRC7Y9n907IqVV6JIyVLWnITP09MaaR1qMosJ0RNQO96E3F/7x2asJrf8xlkhqUbL4oTAUxMZk+T3pcITNiZAllittbCRtQRZmxEeVtCN7iy8ukcV72Lsvu3UWxcpPFkYNjOIESeHAFFbiFGtSBgYBneIU358F5cd6dj3nripPNHMEfOJ8/9v6PQw==</latexit>

p(C|e1)

<latexit sha1_base64="clNckcB76ieyHV17bv/GC9sdf+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0gH2vX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/ABjZE=</latexit>e1

<latexit sha1_base64="AtJtjzw5Di51mrbGp6Uv55+E150=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+p5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AENAo2k</latexit>x1
<latexit sha1_base64="ZXSuBGkmMKn4rpnM6x5dT2R25j4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindRce/Oy7XrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEOho2l</latexit>x2

<latexit sha1_base64="zdjFDrp6zGnttYIVrnGjqCyx0kU=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQQcpuUfRY7MVjBfsB7bJk02kbms2GJCuUtX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCyVn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0nikKTxjxWnZBo4ExA0zDDoSMVkCjk0A7H9ZnffgSlWSwezESCH5GhYANGibFST5brTxB4FxBUz4Niya24c+BV4mWkhDI0guJXrx/TJAJhKCdadz1XGj8lyjDKYVroJRokoWMyhK6lgkSg/XR+8xSfWaWPB7GyJQyeq78nUhJpPYlC2xkRM9LL3kz8z+smZnDjp0zIxICgi0WDhGMT41kAuM8UUMMnlhCqmL0V0xFRhBobU8GG4C2/vEpa1Yp3VXHvL0u12yyOPDpBp6iMPHSNaugONVATUSTRM3pFb07ivDjvzseiNedkM8foD5zPH06GkI0=</latexit>

p(C|e1, e2)

<latexit sha1_base64="uUgtDby+2602i4d/dA6ymd1Wpr4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0gP1av1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1W3fuLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP/GFjZI=</latexit>e2

<latexit sha1_base64="oPc8T9FnEO43qvUi9pQWrRAB+jg=">AAACBnicbZDLSsNAFIYn9VbrLepShGARKtSQFEWXxUJxWcFeoA1hMj1ph04uzEyEErty46u4caGIW5/BnW/jtM1Cqz8M8/Gfc5g5vxczKqRlfWm5peWV1bX8emFjc2t7R9/da4ko4QSaJGIR73hYAKMhNCWVDDoxBxx4DNreqDatt++ACxqFt3IcgxPgQUh9SrBUlqsfxqXaPbh2GdxK2VRSkNZP7Ym66yeuXrRMaybjL9gZFFGmhqt/9voRSQIIJWFYiK5txdJJMZeUMJgUeomAGJMRHkBXYYgDEE46W2NiHCunb/gRVyeUxsz9OZHiQIhx4KnOAMuhWKxNzf9q3UT6l05KwziREJL5Q37CDBkZ00yMPuVAJBsrwIRT9VeDDDHHRKrkCioEe3Hlv9CqmPa5ad2cFatXWRx5dICOUAnZ6AJV0TVqoCYi6AE9oRf0qj1qz9qb9j5vzWnZzD76Je3jG6nAlg4=</latexit>

p(C|e1, e2, ...., eF�1, eF )

<latexit sha1_base64="2wH8vOTfKaiqRQx8t8QiyY+1GRM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8VjC20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6WV1bX1jfJmZWt7Z3evun/wqJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/VbT6g0T+SDGacYxHQgecQZNVbysZffTnrVmlt3ZyDLxCtIDQo0e9Wvbj9hWYzSMEG17nhuaoKcKsOZwEmlm2lMKRvRAXYslTRGHeSzYyfkxCp9EiXKljRkpv6eyGms9TgObWdMzVAvelPxP6+TmegqyLlMM4OSzRdFmSAmIdPPSZ8rZEaMLaFMcXsrYUOqKDM2n4oNwVt8eZk8ntW9i7p7f15rXBdxlOEIjuEUPLiEBtxBE3xgwOEZXuHNkc6L8+58zFtLTjFzCH/gfP4A1GmOsg==</latexit>eF

<latexit sha1_base64="IOm4XCdTYA1Z67LqkUdQge8Fcz0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8VTFtoQ9lst+3SzSbsTsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QMHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4ajm6nffOTaiFg94DjhQUQHSvQFo2gl/6mb3U665YpbdWcgy8TLSQVy1Lvlr04vZmnEFTJJjWl7boJBRjUKJvmk1EkNTygb0QFvW6poxE2QzY6dkBOr9Eg/1rYUkpn6eyKjkTHjKLSdEcWhWfSm4n9eO8X+VZAJlaTIFZsv6qeSYEymn5Oe0JyhHFtCmRb2VsKGVFOGNp+SDcFbfHmZNM6q3kXVvT+v1K7zOIpwBMdwCh5cQg3uoA4+MBDwDK/w5ijnxXl3PuatBSefOYQ/cD5/APGBjsU=</latexit>xF

….

<latexit sha1_base64="oPc8T9FnEO43qvUi9pQWrRAB+jg=">AAACBnicbZDLSsNAFIYn9VbrLepShGARKtSQFEWXxUJxWcFeoA1hMj1ph04uzEyEErty46u4caGIW5/BnW/jtM1Cqz8M8/Gfc5g5vxczKqRlfWm5peWV1bX8emFjc2t7R9/da4ko4QSaJGIR73hYAKMhNCWVDDoxBxx4DNreqDatt++ACxqFt3IcgxPgQUh9SrBUlqsfxqXaPbh2GdxK2VRSkNZP7Ym66yeuXrRMaybjL9gZFFGmhqt/9voRSQIIJWFYiK5txdJJMZeUMJgUeomAGJMRHkBXYYgDEE46W2NiHCunb/gRVyeUxsz9OZHiQIhx4KnOAMuhWKxNzf9q3UT6l05KwziREJL5Q37CDBkZ00yMPuVAJBsrwIRT9VeDDDHHRKrkCioEe3Hlv9CqmPa5ad2cFatXWRx5dICOUAnZ6AJV0TVqoCYi6AE9oRf0qj1qz9qb9j5vzWnZzD76Je3jG6nAlg4=</latexit>

p(C|e1, e2, ...., eF�1, eF )….

B

Same number of frames

Same total stimulus/
trial duration

Low Sensory, 
High Category

High Sensory, 
Low Category

LSHC, 
over 

confidence

HSLC, 
under 

confidence
chance 

performance

perfect 
performance

Sensory information (SI)

Ca
te

go
ry

 in
fo

rm
at

io
n 

(C
I)primacy

recency
optimal

0

1

Number of stimulus 
frames

Te
m

po
ra

l W
eig

ht
s C

xf

ef

LSHC

likelihood 
weak due to 

noisy 
stimulus

strong 
feedback 

from decision 
area to 

sensory area

C

xf

ef

HSLC

strong 
likelihood


due to clear 
stimulus

weak 
feedback 

from decision 
area to 

sensory area

C: decision making area
xf: sensory area
ef: evidence from stimulus

…

200ms 
cue 83 ms 10th frame

100ms noise 
frame

LSHC : Each stimulus is noisy but all frames have same category

or          ?

report majority 

by key press

 
feed
back

1 sec

1 sec

report 

confidence


1: low, 
2:medium, 

3:high

or          ?

report majority 

by key press

 
feed
back

1 sec

1 sec

report 

confidence


1: low, 
2:medium, 

3:high

…

200ms 
cue 83 ms 10th frame

100ms noise 

frame

HSLC : Each stimulus is clear but categories change from frame to frame

D

E

A B C

threshold 

performance

200 ms

cue

16 or 42 or 83 or 
166ms

5th or 10th 
 or 25th 
 frame

100 ms noise 
frame

Low Sensory, 
High Category

High Sensory, 
Low Category

LSHC, 
over 

confidence

HSLC, 
under 

confidence
chance 

performance

perfect 
performance

Sensory information (SI)

Ca
te

go
ry

 in
fo

rm
at

io
n 

(C
I)primacy

recency
optimal

0

1

Number of stimulus 
frames

Te
m

po
ra

l W
eig

ht
s C

xf

ef

LSHC

likelihood 
weak due to 

noisy 
stimulus

strong 
feedback 

from decision 
area to 

sensory area

C

xf

ef

HSLC

strong 
likelihood


due to clear 
stimulus

weak 
feedback 

from decision 
area to 

sensory area

C: decision making area
xf: sensory area
ef: evidence from stimulus

…

200ms 
cue 83 ms 10th frame

100ms noise 
frame

LSHC : Each stimulus is noisy but all frames have same category

or          ?

report majority 

by key press

 
feed
back

1 sec

1 sec

report 

confidence


1: low, 
2:medium, 

3:high

or          ?

report majority 

by key press

 
feed
back

1 sec

1 sec

report 

confidence


1: low, 
2:medium, 

3:high

…

200ms 
cue 83 ms 10th frame

100ms noise 

frame

HSLC : Each stimulus is clear but categories change from frame to frame

D

E

A B C

threshold 

performance

A

C

Evidence 
variable

Decision 
variable

<latexit sha1_base64="CnWBcvhvwNGEJRbxndVITq+3H1c=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeiz24rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcm/ntJ1Sax/LBTBL0IzqUPOSMGis1av1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjrZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxXvuuI2rsrVuzyOApzCGVyABzdQhXuoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBlzeMyw==</latexit>

C

Sensory 
variable

<latexit sha1_base64="IpfNuuOTbb/tuNHAu2O2BPdjF4A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0gP2wX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH0BkjcY=</latexit>ef

<latexit sha1_base64="FdNAOBbEsaRvoEK4LLtQ7xg1K+Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+qFvXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AFdVo3Z</latexit>xf

<latexit sha1_base64="UfMpMkGoVe0RWJ0yh56+d0KVUNg=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKosdgLh4jmAckS5id9CZDZmfXmVkhxPyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkAiujet+Oyura+sbm7mt/PbO7t5+4eCwoeNUMayzWMSqFVCNgkusG24EthKFNAoENoNhdeo3H1FpHst7M0rQj2hf8pAzaqzUSkrVJ+x6Z91C0S27M5Bl4mWkCBlq3cJXpxezNEJpmKBatz03Mf6YKsOZwEm+k2pMKBvSPrYtlTRC7Y9n907IqVV6JIyVLWnITP09MaaR1qMosJ0RNQO96E3F/7x2asJrf8xlkhqUbL4oTAUxMZk+T3pcITNiZAllittbCRtQRZmxEeVtCN7iy8ukcV72Lsvu3UWxcpPFkYNjOIESeHAFFbiFGtSBgYBneIU358F5cd6dj3nripPNHMEfOJ8/9v6PQw==</latexit>

p(C|e1)

<latexit sha1_base64="clNckcB76ieyHV17bv/GC9sdf+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0gH2vX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/ABjZE=</latexit>e1

<latexit sha1_base64="AtJtjzw5Di51mrbGp6Uv55+E150=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+p5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AENAo2k</latexit>x1
<latexit sha1_base64="ZXSuBGkmMKn4rpnM6x5dT2R25j4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindRce/Oy7XrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEOho2l</latexit>x2

<latexit sha1_base64="zdjFDrp6zGnttYIVrnGjqCyx0kU=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQQcpuUfRY7MVjBfsB7bJk02kbms2GJCuUtX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCyVn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0nikKTxjxWnZBo4ExA0zDDoSMVkCjk0A7H9ZnffgSlWSwezESCH5GhYANGibFST5brTxB4FxBUz4Niya24c+BV4mWkhDI0guJXrx/TJAJhKCdadz1XGj8lyjDKYVroJRokoWMyhK6lgkSg/XR+8xSfWaWPB7GyJQyeq78nUhJpPYlC2xkRM9LL3kz8z+smZnDjp0zIxICgi0WDhGMT41kAuM8UUMMnlhCqmL0V0xFRhBobU8GG4C2/vEpa1Yp3VXHvL0u12yyOPDpBp6iMPHSNaugONVATUSTRM3pFb07ivDjvzseiNedkM8foD5zPH06GkI0=</latexit>

p(C|e1, e2)

<latexit sha1_base64="uUgtDby+2602i4d/dA6ymd1Wpr4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0gP1av1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1W3fuLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP/GFjZI=</latexit>e2

<latexit sha1_base64="oPc8T9FnEO43qvUi9pQWrRAB+jg=">AAACBnicbZDLSsNAFIYn9VbrLepShGARKtSQFEWXxUJxWcFeoA1hMj1ph04uzEyEErty46u4caGIW5/BnW/jtM1Cqz8M8/Gfc5g5vxczKqRlfWm5peWV1bX8emFjc2t7R9/da4ko4QSaJGIR73hYAKMhNCWVDDoxBxx4DNreqDatt++ACxqFt3IcgxPgQUh9SrBUlqsfxqXaPbh2GdxK2VRSkNZP7Ym66yeuXrRMaybjL9gZFFGmhqt/9voRSQIIJWFYiK5txdJJMZeUMJgUeomAGJMRHkBXYYgDEE46W2NiHCunb/gRVyeUxsz9OZHiQIhx4KnOAMuhWKxNzf9q3UT6l05KwziREJL5Q37CDBkZ00yMPuVAJBsrwIRT9VeDDDHHRKrkCioEe3Hlv9CqmPa5ad2cFatXWRx5dICOUAnZ6AJV0TVqoCYi6AE9oRf0qj1qz9qb9j5vzWnZzD76Je3jG6nAlg4=</latexit>

p(C|e1, e2, ...., eF�1, eF )

<latexit sha1_base64="2wH8vOTfKaiqRQx8t8QiyY+1GRM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8VjC20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6WV1bX1jfJmZWt7Z3evun/wqJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/VbT6g0T+SDGacYxHQgecQZNVbysZffTnrVmlt3ZyDLxCtIDQo0e9Wvbj9hWYzSMEG17nhuaoKcKsOZwEmlm2lMKRvRAXYslTRGHeSzYyfkxCp9EiXKljRkpv6eyGms9TgObWdMzVAvelPxP6+TmegqyLlMM4OSzRdFmSAmIdPPSZ8rZEaMLaFMcXsrYUOqKDM2n4oNwVt8eZk8ntW9i7p7f15rXBdxlOEIjuEUPLiEBtxBE3xgwOEZXuHNkc6L8+58zFtLTjFzCH/gfP4A1GmOsg==</latexit>eF

<latexit sha1_base64="IOm4XCdTYA1Z67LqkUdQge8Fcz0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8VTFtoQ9lst+3SzSbsTsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QMHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4ajm6nffOTaiFg94DjhQUQHSvQFo2gl/6mb3U665YpbdWcgy8TLSQVy1Lvlr04vZmnEFTJJjWl7boJBRjUKJvmk1EkNTygb0QFvW6poxE2QzY6dkBOr9Eg/1rYUkpn6eyKjkTHjKLSdEcWhWfSm4n9eO8X+VZAJlaTIFZsv6qeSYEymn5Oe0JyhHFtCmRb2VsKGVFOGNp+SDcFbfHmZNM6q3kXVvT+v1K7zOIpwBMdwCh5cQg3uoA4+MBDwDK/w5ijnxXl3PuatBSefOYQ/cD5/APGBjsU=</latexit>xF

….

<latexit sha1_base64="oPc8T9FnEO43qvUi9pQWrRAB+jg=">AAACBnicbZDLSsNAFIYn9VbrLepShGARKtSQFEWXxUJxWcFeoA1hMj1ph04uzEyEErty46u4caGIW5/BnW/jtM1Cqz8M8/Gfc5g5vxczKqRlfWm5peWV1bX8emFjc2t7R9/da4ko4QSaJGIR73hYAKMhNCWVDDoxBxx4DNreqDatt++ACxqFt3IcgxPgQUh9SrBUlqsfxqXaPbh2GdxK2VRSkNZP7Ym66yeuXrRMaybjL9gZFFGmhqt/9voRSQIIJWFYiK5txdJJMZeUMJgUeomAGJMRHkBXYYgDEE46W2NiHCunb/gRVyeUxsz9OZHiQIhx4KnOAMuhWKxNzf9q3UT6l05KwziREJL5Q37CDBkZ00yMPuVAJBsrwIRT9VeDDDHHRKrkCioEe3Hlv9CqmPa5ad2cFatXWRx5dICOUAnZ6AJV0TVqoCYi6AE9oRf0qj1qz9qb9j5vzWnZzD76Je3jG6nAlg4=</latexit>

p(C|e1, e2, ...., eF�1, eF )….

B

Same number of frames

Same total stimulus/
trial duration

Figure 1: A: Evidence integration task B: Experimental design
to test properties of perceptual confirmation bias

as a function of evidence frames (“algorithmic time”, top row
in Fig. 2) vs their agreement when plotted as a function of
physical time (bottom row in Fig. 2).

Empirical results: First, we find that the perceptual primacy
effect is remarkably robust across different time scales from
stimulus durations of 416ms to 1667ms, and across evidence
frame durations from 16.7ms to 167ms. This underlines that
it is a robust empirical phenomenon that is important to ex-
plain for any theory of perceptual decision-making. Second,
we find that the results from our first experiment clearly favor
an algorithmic explanation of the primacy effect: the strength
of the primacy effect agrees between conditions as a function
of stimulus frame (Fig. 2A,B top) much better than as a func-
tion of physical time (Fig. 2A,B bottom). Third, these results
are confirmed by our second experiment for frame durations of
42ms and 83ms. For the shortest frame duration of 17ms, the
results are more complicated: better agreeing with the 42ms
weight profile when aligned by physical time which may be
explained by the temporal extend of neural receptive fields (a
biophysical feature) playing a larger role in the integration of
evidence across multiple evidence frames.

Conclusions: Overall, our results suggest that the primacy
effect is best understood as a suboptimality arising on the
algorithmic level describing how the brain accumulates evi-
dence over time, and not as the consequence of biophysical
constraints, e.g. how evidence accumulation is implemented
by attractor dynamics within or across cortical areas. While

algorithmic models, too, are of course implemented as a bio-
physical system in the brain, our results demonstrate that
the corresponding implementation adapts to the time scale
present in the inputs, e.g. increasing integration time con-
stants as needed to account for longer evidence frames. Fi-
nally, our finding of a robust primacy effect even on the scale
of a few 100ms indicates that this suboptimality is an integral
part of perceptual decision-making on time scales relevant for
natural behavior, and not a side-effect of artificially prolonged
stimulus durations in the lab.
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Figure 2: A-B: Compares data in experiments (1) (2) (3) A: Logistic regression based PK compared for trials with fixed number
of stimulus frames (top: plotted against stimulus frame number, bottom: plotted against physical time in a trial B: Gamma pdf fit
PKs (top and bottom same as A) C-D: Same as A-B but compares data in experiments (2) (4) (5)
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