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Distractor: no response needed
Active: 50% of uncued dots
Monitoring: 6% of uncued dots

Event: no response needed
Active: 50% of cued dots
Monitoring: 94% of cued dots

Target: press button to prevent collision!
Active: 50% of cued dots
Monitoring: 6% of cued dots

Figure 1. The multiple-object monitoring (MOM) task and types of information decoded. (A) At the start of a
block, the relevant colour is cued (here, green; distractors in red). Over the on-task period (~30 min per task
condition), multiple dots entered from either direction, each moving along a visible individual trajectory towards
the middle object. Only attended dots that failed to deflect along the trajectories at the deflection point required
a response (Target: bottom right display). Participants did not need to press the button for the unattended dot
(Distractor: top right display) or the dots that kept moving on the trajectories (Event: middle right panel). Each dot
took ~1226 ms from appearance to deflection. (B) Direction of approach information (left display: left vs. right as
indicated by dashed and solid lines, respectively) and distance to object information (right display). Note the blue
dashed lines and orange arrows were not present in the actual display. d1, d2, etc. denote the ‘distance units’
used to train the classifier for the key distance to object information. A demo of the task can be found here
[https://osf.io/5aw8v/].
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Figure 2. Behavioural performance on the MOM task. The percentage of miss trials (A), and correct reaction times (B), as a function of block. Thick lines
show the average across participants (shading 95% confidence intervals) for Active (blue) and Monitoring (red) conditions. Each block lasted for 110 s
and had either 16 (Active) or 2 (Monitoring) targets out of 32 cued-colour and 32 non-cued colour dots. Bayes factors (BF) are shown in the bottom

section of each graph: Filled circles show moderate/strong evidence for either hypothesis and empty circles indicate insufficient evidence when
evaluating the contrast between Active and Monitoring conditions.

Karimi-Rouzbahani et al. eLife 2021;10:e60563. DOI: https://doi.org/10.7554/eLife.60563

30f 22


https://doi.org/10.7554/eLife.60563

e Llfe Research article

A
7ot 18 .§ ; 7oF! 8 8! 2! e Early
s |6 3 s |5 8l BlmmLat
g | 5| ; g [i© & wmmeE
%65] ! Qi Active 565! Q! ‘Active
® L VA iAttended © H ' \Unattended
3 T I W anl 3 [ ' '
260 ¢ 260 ' '
& |1 v ® ; :
=) ! o H
£55F £ 55
g |4 3
8 5ol bt g
& 50 8§50
I I . H 1 H 1
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
. . o i . .
70} 19 St £ wmmEarly 70418 S __g:—Early
z |6 g S mmlate g | g S immLate
< = = =
785 i 8 3 iMonitoring 765 E 8 E iMonitoring
g 1 i iAttended g H 1 iUnattended
g 60f i | 1 g 60f 1 1 1
o} 1 , | ® H 1
2 | . = H |
£551 £565F |
g ol ': el Bl '
e Sl 1
1 ' H 1
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
i i Time (ms
1018 | Main eﬁeft of Attention BF>3 (ms)
w mol:..r.,, 0500 \77‘\»% 0 1/3<BF<3
®BF<1/3
10718 -
N 102 | Main eff.ec‘t'of Targe‘t Freq. o BF>3
s 10| e e 2555
10~
2 Main effect of Time on Task
" 100 | | I, ®BF>3
0 13<BF<3
® 11(?‘2M : o Trestoont ST e BF< i3
102[ I‘nter. Target Fl"eq. & Time on Task e BF>3
0 ° ° 13<BF<3
[ 11(?2[-‘1“”“%” oo o il
0 500 1000 1500 2000 2500 3000
Time (ms)
B
= . ‘c
70 g: mmFEarly ;é 70 :_%
= O ~ mmlate /18 )
g - A5 2 '%
=65 H - a .65 a
2} | | Fa) |
o f . g Z
© 1 © 1
Zs5 P 25 :
'§ Active ! g Active !
i i
S sotEtic e onenss Attended _ Zsofmi-ceee oo Unattended,
| 1 :
1 1 H H
. 1 | .
15 10 5 1 15 10 5 1
70 15 70 o m=Early I8
- 1g - 2\ 1 F
S g £ | © 5
>.65 Q365 1 0
Q 1 (%) ' 1
& I & ' H
g 60 3 360 ] 5
© 1 © 1
= 1 1 2 H
£ 55 1 I £55 I
B | Monitoring ! B !
8 | Attended __; 3 H
o R - &% '
1 1 H
. 1 | .
15 10 5 1 15 .10 5 1
Distance (a.u.
Main effect of Attention ...........(..)......
107 BF >3 RN
& 10°E‘ | ‘ 0 01/<BF<3 NN N &S é}”’ >
1090 | M L eBF<13 Time to Deflection (ms)
" 102 | Main effect of Target Freq. | oBF>3
o 10° ©1/3<BF<3
104[...‘. XXkl ..o".‘ o BF<15
102 Main e‘ffect of '.I'ime on Task e BF>3
L | ee®e %o, |
G e
S ° BF <
N 102 Inter1 Targe: Freg. & Time on Task o BF>3
0 o 0 13<BF<3
m:ﬂioco‘- .."'.'.'oo\-BF<1/3
15 10 5 1 Distance (a.u.)
O PO DS Timeto
,\’3’ ,\QQ P P LD ™ peflection (ms)
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Figure 3. Impact of different conditions and their interactions on information on correct trials (all trials except
those in which a target was missed or there was a false alarm). (A) Decoding of direction of approach information

Figure 3 continued on next page
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Figure 3 continued

(less task-relevant) and (B) decoding of distance to object information (most task-relevant). Left two columns:
Attended dots; Right two columns: Unattended ('distractor’) dots. Thick lines show the average across participants
(shading 95% confidence intervals). Horizontal dashed line refers to theoretical chance-level decoding (50%).
Vertical dashed lines indicate critical times in the trial. Bottom panels: Bayesian evidence for main effects and
interactions, Bayes factors (BF): Filled circles show moderate/strong evidence for either hypothesis and empty
circles indicate insufficient evidence. Main effects and interactions of conditions calculated using BF ANOVA
analysis. Cyan, purple, green, and red dots indicate the main effects of Attention, Target frequency, Time on Task,
and the interaction between Target frequency and Time on Task, respectively. The results of BF analysis (i.e., the
main effects of the three conditions and their interactions) are from the same three-way ANOVA analysis and are
therefore identical for attended and unattended panels. Early = data from the first five blocks (~10 min). Late =
data from the last five blocks (~10 min). Note the different scales of the BF panels, and the down-sampling, for
clearer illustration.
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Figure 3—figure supplement 1. Impact of different conditions in the direction of approach and distance to
object information coding and their Bayesian evidence for difference from chance. Two left graphs: Attended

Figure 3—figure supplement 1 continued on next page
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Figure 3—figure supplement 1 continued

dots; Two right graphs: Unattended (‘'distractor’) dots. (A) Decoding of direction of approach information (less
task-relevant). (B) Decoding of distance to object information (most task-relevant). Thick lines show the average
across participants (shading 95% confidence intervals). The horizontal dashed lines refer to chance-level decoding.
Vertical dashed lines indicate critical times in the trial. Bayes factors (BF) are shown in the bottom section of each
graph: Filled circles show moderate/strong evidence for either hypothesis and empty circles indicate insufficient
evidence. They show the results of BF analysis when evaluating the difference of the decoding values from chance
as explained in Materials and methods. Early = data from the first five blocks (~10 min). Late = data from the last
five blocks (~10 min). Note the different scales of the BF panels, and the down-sampling, for clearer illustration.
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Figure 3—figure supplement 2 continued on next page

Neuroscience

Figure 3—figure supplement 2. Impact of different conditions and their interactions on information processing
on correct trials (all trials except those in which a target was missed or there was a false alarm) without and with
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Figure 3—figure supplement 2 continued

standard eye-artefact removal. Left and right panels show the results without (repeated from Figure 3) and with
eye-standard eye-artefact removal, respectively. (A) Decoding of direction of approach information (less task-
relevant) and (B) decoding of distance to object information (most task-relevant). Left two columns: Attended dots;
Right two columns: Unattended ('distractor’) dots. Thick lines show the average across participants (shading 95%
confidence intervals). Horizontal dashed line refers to theoretical chance-level decoding (50%). Vertical dashed
lines indicate critical times in the trial. Bottom panels: Bayesian evidence for main effects and interactions, Bayes
factors (BF): Filled circles show moderate/strong evidence for either hypothesis and empty circles indicate
insufficient evidence. Main effects and interactions of conditions calculated using BF ANOVA analysis. Cyan,
purple, green, and red dots indicate the main effects of Attention, Target frequency, Time on Task, and the
interaction between Target frequency and Time on Task, respectively. The results of BF analysis (i.e., the main
effects of the three conditions and their interactions) are from the same three-way ANOVA analysis and are
therefore identical for attended and unattended panels. Early = data from the first five blocks (~10 min). Late =
data from the last five blocks (~10 min). Note the different scales of the BF panels, and the down-sampling, for
clearer illustration.
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Time on task main effect 0.1074 0.1176 0.1280 0.1571
Attention main effect 4.8¢® 0.7436 3.4170 0.1660
Target Freq. main effect 0.1100 0.1254 0.1345 0.1104
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Figure 3—figure supplement 3. The statistical relationship between the proportion of eye-related measures and Target Frequency, Attention, and
Time on the task factors. (A) Eye-related measures. The error bars show 95% confidence interval around the mean across participants. (B) Bayes factor
evidence for the main effects and interactions between factors and eye-related measures.
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Figure 4. Relationship between informational connectivity and Attention, Target Frequency, Time on Task, and the behavioural outcome of the trial (i.
e., correct vs. miss). (A) Calculation of connectivity using Spearman’s rank correlation between RDMs obtained from the peri-frontal and peri-occipital
sensors as indicated by coloured boxes, respectively. RDMs include decoding accuracies obtained from testing the 105 classifiers trained to
discriminate different distance to object categories. (B) Connectivity values for the eight different conditions of the task and the results of three-way
Bayes factor ANOVA with factors Time on Task (Early, Late), Attention (Attended, Unattended), and Target Frequency (Active, Monitoring), using only
correct trials. (C) Connectivity values for the Active and Monitoring, Early and Late blocks of each task for correct and miss trials (attended condition
only), and the result of Bayes factor ANOVA with factors Target Frequency (Active, Monitoring), Time on Task (Early, Late), and behavioural outcome
(correct, miss) as inputs. Number of trials are equalised across conditions in B and C separately. Bars show the average across participants (error bars
95% confidence intervals). Bold fonts indicate moderate or strong evidence for either the effect or the null hypothesis.
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Figure 5. Decoding of information on correct vs miss trials. (A) Decoding of direction of approach information (less task-relevant). (B) Decoding of
distance to object information (most task-relevant). The horizontal dashed lines refer to theoretical chance-level decoding. Left panels: Decoding using

Figure 5 continued on next page
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correct trials; Right panels: Decoding using miss trials. In both right and left panels, the classifiers were trained on correct trials and tested on (left out)
correct and all miss trials, respectively. Thick lines show the average across participants (shading 95% confidence intervals). Vertical dashed lines
indicate critical events in the trial. Bayes factors (BF) are shown in the bottom section of each graph: Filled circles show moderate/strong evidence for
either hypothesis and empty circles indicate insufficient evidence. They show the results of BF analysis when evaluating the difference of the decoding
values from chance for Active (blue) and Monitoring (red) conditions separately, the comparison of the two conditions (green), and the comparison of
correct and miss trials (black). Note that for the comparison of correct and miss trials, Active and Monitoring conditions were averaged separately. Note
the different scales of the BF panels, and down-sampling, for clearer illustration.
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Figure 5—figure supplement 1. Distribution of decoding accuracies for every individual correct and miss trial in the Active and Monitoring conditions
for all 21 subjects. A and B show the data for correct and miss trials, respectively. The percentages show the percentage of trials for which there was

Figure 5—figure supplement 1 continued on next page
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Figure 5—figure supplement 1 continued

Neuroscience

strong (BF >10) evidence for above-chance decoding in Active and Monitoring conditions. (C) Difference between the decoding accuracies in the
correct (A) and miss (B) trials as evaluated using Cohen's d.

Karimi-Rouzbahani et al. eLife 2021;10:e60563. DOI: https://doi.org/10.7554/eLife.60563 16 of 22


https://doi.org/10.7554/eLife.60563

e Llfe Research article

A
- Correct trials
o r ()}
3\’32 é ! % | = Active
2y ks i $ E—Monitoring
7o 2 |
g 65 °)
gGO i .
5% L
SR & SRR T [
0 500 1000 1500 2000 2500 3000
22 Active
1'?00 -o<:-'""‘“““"!"”...”'.lo%oo
o t +—2%20es00—
10.22 1 . P PP
1022 Monitoring
@ 100 .C-I-O““““ooo“!"““"“' 000
o + t 0020808000
10.22 1 . — doo . .l .
10%F 4 Active vs. Monltc‘)rlng
10_2 1 . M Wl . .
0 500 1000 1500 2000 2500 3000
Time (ms)
B
- Correct trials
K80 3 f _ 1 S
g?O — Active ' D
865 ===Monitoring ! e
® 60 :
£ 55 !
. :r
3 e e e e o
15 10 5 1
43 Active
w 10 100 0600006060 060 0 0 0 o0,
o 100 o :
10-43 M 1,
43 Monitoring
10 100000000000 00 o0
IE-'S 100 o—o—ol 1
10-43...'.... ...... |
102 Active vs. Monitoring
LL 0 °e°® °, *00’.0%e
m 102 ) °: :
JoRp——l
AL D | S I

SIS INIRNER RSN
O FL PSS ®

Time to deflection (ms)

False alarm trials

80y
s — Active
=75 | .
| | ===Monitoring
®© 70 |
% 65
E’GO
= 55
8 50
8 . L I ‘
0 500 1000 1500 2000 2500 3000
22 Active
10°°F 1 1 1 ®*BF>3
R 100 fosesncesansooneesn®®®®agesaseecccoocco— o 1/3 < BF <3
10.22 1 " P | " al " e BF<1/3
Monitori
1022 | | oni orlngI “BE>3
o 100 foso2tessssscosooopensetescopocoececcoso— o 1/3 < BF <3
10_22 1 " P | " al " e BF<1/3
10%F Active \I/s. Monit'(l)ring e BF>3
o 1/3<BF<3
2 b1 . N .l . .. ®*BF<1/3
10 Correct vs. Fal larm trial
102F 4 (.) eC s.I a.seaal\ als e BF>3
% 5% o 1/3<BF<3
10_2 1 . M W . .. ®*BF<1/3
0 500 1000 1500 2000 2500 3000
Time (ms)
- False alarm trials
280 35, IS
2751 & 8
© 70 | = Active ©
=] 1 [m)]
gesp

=—=Monitoring i

O PO O
S P PP

v’)
2%
k%)

°* BF>3
o 1/3<BF<3
® BF <1/3
* BF>3
o 1/3<BF<3
® BF<1/3
, Active vs. Monitoring | *BF>3
o t 2 oo + o 1/3<BF <3
e Y, e BFe
Correct vs. False alarm trials e BF>3
oole e eeeeeeeeeeeee o 13<BF<3
M P 1, e BF<1/3
15 10 5 1 Distance (a.u.)

Time to

deflection (ms)

Neuroscience

Figure 5—figure supplement 2. Decoding of information on correct vs false alarm trials. (A) Decoding of direction of approach information (less task-
relevant). (B) Decoding of distance to object information (most task-relevant). The horizontal dashed lines refer to theoretical chance-level decoding.

Figure 5—figure supplement 2 continued on next page
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Figure 5—figure supplement 2 continued
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Left panels: Decoding using correct trials; Right panels: Decoding using false alarm trials. In both right and left panels, the classifiers were trained on
correct trials and tested on (left out) correct and all false alarm trials, respectively. Thick lines show the average across participants (shading 95%
confidence intervals). Vertical dashed lines indicate critical events in the trial. Bayes factors (BF) are shown in the bottom section of each graph: Filled
circles show moderate/strong evidence for either hypothesis and empty circles indicate insufficient evidence. They show the results of BF analysis when
evaluating the difference of the decoding values from chance for Active (blue) and Monitoring (red) conditions separately, the comparison of the two
conditions (green) and the comparison of correct and false alarm trials (black). Note that for the comparison of correct and miss trials, Active and
Monitoring conditions were averaged separately. Note the different scales of the BF panels, and the down-sampling, for clearer illustration.
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Figure 6. Prediction of behavioural outcome (correct vs miss) trial-by-trial using decoding of distance to object information. (A) Sample classifiers’
accuracies (correct or incorrect classification of current distance as indicated by colours) for a miss (left panel; average accuracy = 43% when the dot
reached the deflection point) and a correct trial (right panel; average accuracy = 67% at the deflection point). The classifiers were trained on the data
from correct trials and tested on the data from correct and miss trials. For the miss trials, around half the classifiers categorised the dot's distance
incorrectly by the time it reached the deflection point. (B) Accumulation of classifiers’ accuracies over decreasing dot distances/time to deflection. This
shows stronger information coding of the crucial distance to object information on the correct trials over miss trials. A variable threshold used in (C) is
shown as a green dashed line. (C) Prediction of behavioural outcome as a function of threshold and distance using a second-level behavioural outcome
classification. Results show highest prediction accuracies on the participant set at around the threshold of 1.55D under the decoding level for correct
validation trials, increasing at closer distances. (D) Accuracy of predicting behavioural outcome for the left-out participant using the threshold obtained
Figure 6 continued on next page
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Figure 6 continued

Neuroscience

from all the other participants as function of distance/time from the deflection point. Results showed successful (~=70%) prediction of behavioural
outcome of the trial as early as 80 ms after stimulus appearance. Thick lines and shading refer to average and one standard deviation around the mean
across participants, respectively. Bayes factors (BF) are shown in the bottom section of each graph: Filled circles show moderate/strong evidence for
either hypothesis and empty circles indicate insufficient evidence (black dots under B and D).
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Figure 6—figure supplement 1. Accuracy of predicting behavioural outcome of trials in the early (first 5) vs late (last 5) blocks of trials before eye-blink
removal. Left column shows the result for the early and right shows the result for the late blocks. (A) Result of classifier accumulation of decoding

Figure 6—figure supplement 1 continued on next page
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Figure 6—figure supplement 1 continued

accuracy. (B) Prediction accuracy and (C) same results (as in B) overlapping on the same plot with Bayes factor (BF) analysis of the difference. The details
of this figure are identical to Figure 6B and D. BF in A and C show the evidence for and against the alternative of difference between the curves and
the BFs in B reflect the evidence for and against the alternative for difference from chance.
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