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awareness during attentional
blinks in macaques and humans

Koji Chinen,1 Akira Kawabata,1 Hitoshi Tanaka,1 and Yutaka Komura1,2,*
SUMMARY

Even when we attend to successive visual events, we often cannot notice an event occurring during a
certain temporal window. Such an inaccessible time for visual awareness is known as "attentional blink"
(AB). Whether AB is a phenomenon unique to humans or exists also in other animals is unclear. Using a
dual-task paradigm shared between macaques and humans, we here demonstrate a nonhuman primate
model of AB. Although macaques also showed behavioral signatures of AB, their AB effect lasted longer
than that of humans. Tomap the relation betweenmacaque and humanABs,we introduced a timewarping
analysis. The analysis revealed a formal structure behind the interspecies difference of AB; the temporal
window of macaque AB was scaled from that of human AB. The present study opens the door to
combining the approaches of neuroscience, psychophysics, and theoretical models to further identify a
scale-invariant biological substrate of visual awareness.

INTRODUCTION

When peoplemust report two visual targets presented in a rapid serial presentation, the ability to identify the second target is impaired if it is

presented within several hundreds of milliseconds from the first target. This phenomenon is known as attentional blink (AB),1–4 which has pro-

vided an important opportunity to study the temporal (in)accessibility to visual awareness in humans.5,6 However, it has been difficult to eluci-

date whether AB also occurs in nonhuman animals. The first reason is that most studies testing perceptual behaviors of animals have relied on

single reports.7,8 The second reason is that the previous AB studies in humans have often used characters such as numbers and letters,1–4

which are unsuitable for an animal’s task. In this study, we replaced a sequence of characters with simple shapes and developed a dual-

task paradigm applicable to both macaques and humans (STAR Methods). Such a shared experimental design for macaques and humans

enables us to test the existence of AB in macaques and to directly compare the psychometric functions from both primate species.

In the previous human studies, various types of AB modifications have been reported, depending on individual experimental9,10 and clin-

ical conditions11–13 including neurological andmental disorders. However, a quantitative method for evaluating the ABmodifications has not

been established. This is because the psychometric function of AB shows an asymmetric U-shaped curve, which it is difficult to parametrize

based on a theoretical framework. AB is often explained by a two-stage theory of perception, where the early stage of parallel sensory pro-

cessing is followed by the late stage of serial processing under limited attentional resources.1–6 Both the first target (T1) and the second target

(T2) can be processed at the early stage; however, while the T1 process is percolated at the late stage, the T2 process is prevented from the

late stage, leading to unawareness of T2. In order to characterize AB modifications quantitatively, we incorporated the two-stage model to a

time warpingmethod.14–16 This method is useful for comparing two temporal sequences; the difference can be quantified by a warping func-

tion which transforms one sequence to fit another sequence. Using time warping modeling, the present study succeeded in formulating the

relation between ABs of macaques and humans.
RESULTS

Attentional blink exists in macaques

We first conducted experiments on two macaques. In the experimental paradigm, the stimulus sequence contained two targets and masks.

The first target (T1) was a sinusoidal grating with horizontal or vertical orientation, and the second target (T2) was a white disk, which was

followed by two masks (Figure 1A). The task condition is an important variable in AB; the present study included a single task and a dual

task. The single task required subjects only to detect T2. The dual task required subjects to discriminate the orientation of T1 in addition

to detecting T2 (Figure 1B). The stimulus onset asynchrony (SOA) between T1 and T2, another critical variable in AB, was set to a range

from 50 to 850 ms. To clarify the extent to which attention to T1 influences T2 detection, we compared the correct ratio of a subject’s
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Figure 1. Shared paradigm for testing attentional blink in macaques and humans

(A) Stimulus sequence in the dual task. In each trial, two targets were briefly presented. A horizontal or vertical grating (T1) was presented at the center of the

display. Awhite disk (T2) was flashed at the left parafoveal location in one-half of all trials, followed by twomasks. In the other one-half of trials, T2was absent. Both

macaques and humans performed either the single or dual task, per block: the single task only for T2 detection, or the dual task both for T1 orientation

discrimination and T2 detection. The colored fixation cross at the beginning of the trial signaled to subjects which task was to be performed: blue for the

single task or red for the dual task. The stimulus onset asynchrony between T1 and T2 (i.e., the T1–T2 SOA) varied from 50 to 850 ms on a trial-by-trial basis.

For the clarity of illustration, the sizes of T1, T2 and mask stimuli are shown larger than their actual sizes (See STAR Methods).

(B) Stimulus-response associations for macaques. During the Q2 period for T2 detection, macaques had to continue to grip the bar if T2 was absent and release

the bar and re-grip it if T2 was present. During the Q1 period for T1 discrimination, macaques were required to touch the upper-left bar if T1 was horizontal or the

upper-right bar if T1 was vertical. In the single task, macaques were given a liquid reward after they correctly performed T2 detection. In the dual task, macaques

were given a reward only if they correctly performed both T2 detection and T1 discrimination. In the case of the human experiments, the participants reported T1

and T2 by clicks on a PC mouse instead of bar responses.
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performance for T2 (T2 accuracy) in the single and dual tasks. In accordance with previous studies of AB in humans,1–4 T2 accuracy in the dual

task was evaluated by the ratio of the correct T2 performance conditional on correct T1 performance. The T2 accuracy of the dual task for both

macaques exhibited U-shaped patterns as a function of the T1–T2 SOA (Figures 2A and S1, see also Figure S2 for the signal detection theory

measures), as typically observed in previous studies on humans’ AB.1–4 To examine which SOAs significantly differed in T2 accuracy between

the single and dual task, we performed t-tests with Bonferroni corrections. The results revealed significantly lower T2 accuracy in the dual task

than in the single task for 50–700 ms of SOA (p < 0.01; see Table S1 for statistics). In the classical studies of human AB, incorrect ratios of T2

detection were often reported to be reduced when T2 was presented immediately after T1. This phenomenon is known as lag-1 sparing,17,18

but is not always necessary for evidence of AB. To statistically examine the existence of lag-1 sparing in macaques, we compared the T2
A B

Figure 2. Attentional blink in macaques and humans

(A and B) The means of T2 accuracy in macaques (A) and humans (B). Blue and red lines are the results of single- and dual-task conditions, respectively. Error bars

represent 95% confidence intervals of mean. Horizontal bars at the top of the x axis indicate SOAs at which significant differences were obtained between both

task conditions (p < 0.05, t-tests with the Bonferroni method). See also Figures S1 and S2, Tables S1 and S2.
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Figure 3. Scheme of time warping analysis

The AB window was defined as the sequence of differences in T2 accuracy between single- and dual-task conditions as a function of the T1–T2 SOA (top row). We

used theABwindow of humans as a template and transformed the template by the four warping functions (middle row). Each time warpingmodel predicts the AB

window in macaques (bottom row). The first column depicts shifting the template (shift model), the second column depicts scaling the template (scaling model),

the third column depicts scaling and shifting the template (mixed model), and the fourth column depicts nonuniformly stretching or compressing the template

using the DTW algorithm (nonlinear model).
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accuracy at the shortest SOA (50ms) and that at the SOAwith the lowest accuracy (300ms). t-Tests revealed that the accuracy was higher when

the SOA was 50 ms than when it was 300 ms (t(83) = 2.40, p = 0.019, d = 0.51), indicating lag-1 sparing.

For a direct comparison betweenmacaque and human ABs, we conducted experiments on human subjects using the same task and same

trial sequence as those used for macaques (Figure 1). The results showed that the T2 accuracy for the dual task exhibited a U-shaped pattern

(Figure 2B, see Figure S2 for the signal detection theorymeasures). t-Tests with Bonferroni corrections revealed significantly lower T2 accuracy

in the dual task than in the single task for 50–450 ms of SOA (p < 0.05; see Table S2 for statistics). To examine the presence of lag-1 sparing,

t-tests were performedon the shortest SOA (50ms) and the SOAwith the lowest T2 accuracy (150ms). The results showed that the accuracy for

50 ms was significantly higher (t(15) = 4.68, p < 0.001, d = 0.84), indicating lag-1 sparing.

Thus, we used a shared dual-task paradigm for both primate species and obtained robust evidence that AB exists inmacaques as well as in

humans.

Time warping analysis for mapping the relation between attentional blinks of the two species

The macaque AB was not exactly the same as the human AB. For example, the SOA with the lowest T2 accuracy in the dual task and the last

SOA with a significant difference between single and dual tasks were longer in macaques than in humans. We next assessed interspecies

differences of AB more systematically. A time warping analysis14–16 was applied to an AB window defined as the sequence of differences

in T2 accuracy between single and dual tasks as a function of the T1–T2 SOA. Figure 3 shows a scheme for the analysis that transforms a tem-

plate (human AB window) along the time axis (T1–T2 SOA) by a warping function to fit another time sequence (macaque AB window). We

focused on four models: three warps based on the AB theory and one dynamic warp outside of the theory.

On the basis of the two-stage theory,1–6 the temporal window of AB reflects the processing at the late stage. Accordingly, the shift model,

which alters the intercept of the warping function, accounts for latency to the prevention from the late stage. The scaling model, which alters

the slope of the warping function, accounts for the processing speed in the late stage. The mixed model with shift and scaling accounts for

both the latency and speed of the late stage. The fourth model uses the dynamic time warping (DTW) algorithm,14,16 which compresses and

stretches a template irrespective of AB theory.

The model parameters such as the shift magnitude and scale factor were determined to minimize the residual error between the warping

result (warped humanABwindow) and the observeddata (macaqueABwindow) at all SOAs (STARMethods). To evaluatemodel performance

in terms of how well eachmodel can predict the observed data and avoid overfitting, leave-one-out cross-validation (LOOCV) was employed.

Figure 4A shows a comparison of root-mean-squared errors (RMSEs) determined by LOOCV for the four models. The results show that the

interspecies difference of AB was explained best by the scaling model (Figures 4B and S3). We also applied the scaling model to individual

human ABs and found that the scale factor computed from every human participant was lower than that computed from each of the two ma-

caques (Figure 4C). This finding confirms that the interspecies difference of AB was distinct from the individual differences within human ABs.
iScience 26, 108208, November 17, 2023 3
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Figure 4. Modeling results on interspecies difference in attentional blink

(A) Comparison of root-mean-square errors (RMSEs) by leave-one-out cross-validation (LOOCV) for the four models. The hatched bar indicates the smallest

RMSE.

(B) The warping result in the scaling model. A dashed line indicates the AB window in humans (template). A solid line indicates the predicted AB window in

macaques (warping result). Circles and triangles represent the observed data of macaque 1 and macaque 2, respectively.

(C) Comparison of estimated parameters frommacaques (orange) and humans (gray) in the scalingmodel. Each point is the scale factor for eachmacaque or each

human participant. The error bar for humans represents 95% confidence interval of mean. See also Figures S3 and S4.
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DISCUSSION

We first established a nonhuman primate model of rigorous AB using a dual-task paradigm shared in macaques and humans (Figure 1).

A previous study indirectly suggested an AB in macaques using a delayed-match-to-sample (DMS) task.8 However, whether the observed

behaviors indicated a true AB is questionable. The key feature of AB is that subjects are often unaware of the second target (T2) only

when they attend to the first target (T1) in rapid successive visual events. The aforementioned previous study8 did not verify the key feature

of AB because, in the DMS task, which of sample (T1) or test (T2) stimuli themacaques failed to recognize was unclear. By contrast, the current

study for macaques ensures the key feature of AB because we set the single-task condition as a control to clarify that attention to T1 induces a

deficit of T2 detection in the dual task. As a result, we found that the macaques exhibited a U-shaped psychometric function, similar to the

function observed in human AB (Figure 2).

We also observed a difference in the temporal window of AB between macaques and humans, which suggests that temporal

processing in AB changed during primate evolution. Time warping analysis14–16 quantified such an interspecies difference and revealed

the temporal structure. As shown in Figures 3, 4A, and 4B, an interspecies difference was explained well by the scaling model. Although

the mixed model with shift and scaling achieved almost equal performance, the scaling-only model was sufficient. In relation to a two-stage

account for AB,1–6 the scaling model indicates that the change between macaque and human ABs occurred only at the late stage. We

also modeled a dynamic time warp because the interspecies difference can potentially be explained outside of AB theory. Although

the dynamic time warp enables an elastic change of the template, the model performance became worse than the scaling model. Collec-

tively, scaling is the best and most parsimonious model: the temporal window of macaque AB was linearly stretched from that of

human AB. There is another possibility that the scale factor might be related to the T1 task performance of each subject. However, we

did not observe such relations between the scale factor and T1 accuracy for each macaque and human (Figures 4C and S4). These results

indicate that the interspecies difference in AB window likely reflects an evolutionary change in the processing speed in the late stage of

perception.

Time warping modeling,14–16 which has rarely been used in psychology and cognitive science, would enable us to achieve an organized

view for diverse ABmodifications. Moreover, nonlinear modeling using the dynamic timewarping (DTW) algorithm can potentially capture an

unknown structure from a time series in an unsupervised manner.14,16 Thus, the current scheme based on time warping can be widely appli-

cable to the data even outside of AB studies, leading to new knowledge of relations betweenpsychometric functions obtained under different

conditions.

In the case of our experimental results, the factor computed from the scalingmodel indicates that the processing speed at the late stage is

approximately 1.7 times slower in macaques than in humans (Figure 4C). These results contrast with those of previous studies on sensory

evoked potentials,19,20 where the response latencies of the early phase were longer in humans than inmacaques. The early sensory responses

within 150 ms have been considered to reflect pre-attentive, unconscious processing,21 whereas a late evoked potential is likely related to

conscious awareness including AB.21–23 Our results also contrast with those related to another example of invisibility due to forward and back-

ward masking,24,25 where the time course of the masking effects in macaques and humans was found to be approximately the same. Many

theories propose that forward and backward masking are based on the sensory process at lower levels,26,27 whereas AB is induced by the

cognitive process at higher levels.28,29 The AB duration is assumed to depend on the speed of the later stage, in which visual information

is routed to conscious awareness. A recent study estimated the duration of AB in human infants using an eye-tracking paradigm and found

that the AB duration shortened across ages.30 The authors claimed that the acceleration of information processing during infancy is largely

due to cortical myelination.30 In the current study, both the macaques and humans are adults, and their myelinations are mature.31–33 Thus,

these results suggest that the efficiency of the late processing stage increases not only with development but also with primate evolution. This
4 iScience 26, 108208, November 17, 2023
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view is consistent with several studies indicating that AB is involved in the higher-order brain areas such as the parietal and frontal areas,22,34,35

which expand with development and evolution.36,37

The reverse side of the temporal scaling between macaque and human ABs suggests that a scale-invariant mechanism in AB is inherited

through primate evolution. We observed that both species showed AB only in the dual-task condition, not in the single-task condition, indi-

cating a common biological constraint for visual awareness. Several studies have shown the cortical bases of AB in humans using functional

magnetic resonance imaging (fMRI), electro- andmagneto-encephalography (EEG/MEG) techniques.22,34,35,38–40 However, the neural circuits

or dynamics that determine the AB at fine spatial and temporal resolution remain unclear. Moreover, theoretical studies have proposed that

subcortical regions such as the thalamus and brainstem are also involved in AB.5,41,42 Given the advanced technologies of neuroscience that

can be applied to animals in combination with theory and psychophysics, our nonhumanprimateABmodelmight be pivotal in gaining amore

granular understanding of the biological mechanisms for visual awareness, especially the temporal aspects.43–45

Limitations of the study

First, the current results show that an inaccessible time to visual awarenesswas longer inmacaques than in humans. However, the same finding

cannot be generalized for perceptual awareness because an animal model of AB for the other sensory modalities (e.g., auditory AB) has not

been established. Second, the limited sample size hinders the generalizability of our findings. Specifically, whether the influence of sex,

gender, or both on attentional blink exists needs to be tested in future experiments with larger sample size and sex/gender-balanced sam-

pling. Finally, on the basis of the previous EEG studies in human AB, which have indicated that especially P3b, the late evoked potential, is

involved in visual AB,22 the interspecies difference in our study suggests that the latency and/or duration of late evoked potentials such as the

P3b component might be longer in macaques than in humans, even though the latency of early evoked potentials is shorter in macaques, as

shown by Itoh et al.19 However, this possibility could not be explored in our behavioral experiments. We would like to clarify this issue by

taking a neurophysiological approach to the non-human primate model of AB in a future study.
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� All original codes have been deposited at Mendeley Data and are publicly available as the date of publication. DOI is listed in the key

resources table.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable

request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Macaque subjects

Two healthy adult macaques at 9-11 years of age (Macaca fuscata, one male (macaque 1) and one female (macaque 2), weighing 5-8 kg) were

used in the experiment. During the experiment, the animals showed no signs of any infections and immunological diseases. Therefore, we did

not administer any drugs to them formedication.We used the naı̈vemacaqueswith no history of any other experiments. Prior to this study, the

animals were not involved in any other research or non-research procedures. We minimized the number of macaques used due to the ethics

and data similarity. Each macaque was housed in an individual stainless-steel cage with environmental enrichment and provided with access

to uncontaminated water and food. The housing area wasmaintained at 24�CG 4�C, 50%G 20% relative humidity, and with a 12 h:12 h light/

dark cycle. The cages and housing area were regularly cleaned and sanitized. Considering nutritional balance, the macaques were fed certi-

fied primate diets (PS-A, Oriental Yeast Co., Ltd.) and supplemented with fresh fruits and vegetables. We conducted husbandry trainings to

keep themacaques healthy. Body weight and water intake weremeasured daily to ensure their health conditions. The experiments were con-

ducted during the light cycle. Details of procedures used in the present study are similar to those previously described.50,51 During the exper-

imental sessions, the macaques were seated in a primate chair and their heads were immobilized with the head holder, thereby allowing the

macaques to face the CRT display squarely. The head holder was implanted into the macaques under anesthesia and sterile surgical
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conditions. All experimental procedures in macaques were approved by the Animal Research Committee at the Graduate School of Human

and Environmental Studies, Kyoto University, and performed following the NIH Guide for the Care and Use of Laboratory Animals.

Human participants

Sixteen Japanese adults (five females; minimum = 19 years, maximum = 33 years, mean = 24.3G 4.6) participated in the experiment. All had

normal or corrected-to-normal visual acuity. The sample size was decided on the basis of the previous studies of attentional blink.2,3 Partic-

ipants received a full explanation and signed an informed consent form to participate in the experiment. During the experiment, participants

performed the task in a dark room with their heads immobile by a chin-rest. Because the experiment was conceptualized as within-subjects

design, all participants completed all conditions. All procedures in humans were performed following the principles of the Declaration of Hel-

sinki and approved by the Human Studies Committee of the Graduate School of Human and Environmental Studies at Kyoto University. The

influence of sex, gender, or both on the data was not specifically tested in this study.

METHOD DETAILS

Apparatus

For macaques, under the control of REX (a QNX-based real-time experiment management system) stimuli were presented by ViSaGe (Cam-

bridge Research Systems) on a CRT display (21-inch; 1024 3 768 pixel resolution; refresh rate 100 Hz). For humans, stimulus creation and

experimental control were performed in MATLAB R2006a (Math Works) using Psychtoolbox,46 and stimuli were presented on a CRT display

(21-inch, 1024 3 768 pixel resolution; Refresh rate 100 Hz). Each display was gamma-corrected using a colorimeter (ColorCAL MKII, Cam-

bridge Research Systems) andwas placed 57 cm from the observers. The eye position of themacaqueswasmonitored using iRecHS2 software

with an infrared high-frame-rate digital camera (FLIR, GS3-U3-32S4M-C).

Stimuli

Throughout the experiment, each stimulus was presented on a uniformgray background (15 cdm�2). Each trial consisted of a rapid sequential

visual presentation (RSVP) with two embedded targets (T1 and T2) and masks following T2: The first target (T1) was a sinusoidal grating with

horizontal or vertical orientation (spatial frequency 2.0 cpd; contrast 100%; size 2.0 � 3 2.0 �); the second target (T2) was a white disk (50 cdm�2;

diameter 1.0–1.2� and 0.8–1.2� for macaques and humans, respectively). The mask stimulus was a mosaic pattern of 6 3 6 grids, with 18

random grids per mask consisting of white (50 cd m�2) and the remaining 18 grids the same gray (15 cd m�2) as the background, with one

side the same size as the T2 diameter.

Each trial began with a colored gazing cross (task cue: 5 cdm�2; 0.5 � 3 0.5 �) presented in the center of the display for 300 ms; the color of

the task cue (blue or red) depended on the task condition performed by the subject. After the task cue, the color of the gazing cross changed

to white (50 cd m�2) and continued to be presented in the center of the display during the subsequent stimulus presentation. Following the

fixation period of 400–700 ms, T1 appeared at the center of the display for 50 ms. Intervening a variable lag after T1 onset (T1–T2 SOA; 17

points [50:50:850 ms] for macaques, and 9 points [50:100:850 ms] for humans), T2 and two masks were presented for 20 ms each, separated

by a blank interval of 80 ms at a left parafoveal location on the display (�6.5� % x % �3.5�, �1.0� % y % 1.0�) for neurophysiological inves-
tigations in our future study. T2 was presented in one-half of all the trials, and the size and position of T2 were adjusted for each participant

(see design and procedure section); the position was determined with a jitter of G1.0� vertically and horizontally for each trial. After a 500–

800 ms delay after the second mask presentation, the central gaze cross changed to the blue response cue (5 cd m�2; diameter 0.5�) cueing
the T2 report (Q2). In the single-task condition, in which only T2 detectionwas required, the trial ended at this point. In the dual-task condition,

in which T1 identification in addition to T2 detection was required, the color of the response cue changed to red as a cue for the T1 reporting

(Q1) after Q2.

Design and procedure

Macaques

Each trial was initiated by the macaque gripping the center bar (home bar) and looking at the gazing cross. While the stimulus sequence was

presented, the macaque had to keep looking at the gazing cross, Q2, or Q1. If the macaque blinked or looked outside the 3� square of the

center of the display (fixation break), the ongoing trial was terminated at that point and the next trial began after the intertrial interval, without

any reward.

The macaques performed two types of tasks—a single-task condition and a dua-task condition—and each condition was divided by

blocks. In the single task, the macaques were required to detect T2 presented in one-half of all the trials; if T2 was present, the macaques

were required to release and then re-grip the home bar within 750 ms in Q2. In the dual task, the macaques were required to detect T2 while

determining whether T1 was a horizontal or vertical grating; after reporting the presence of T2, as in the single-task condition, the macaques

had to touch the upper-left bar if T1 was a horizontal grating or the upper-right bar if it was a vertical grating within 850 ms in Q1. For ma-

caques, correct responseswere rewardedwith a drop of water or juice after answeringQ2 in the single task or after answering bothQ2 andQ1

in the dual task. In the dual task, reward size wasmore than twice asmuch as in the single task tomotivate themacaques. The intertrial interval

was 1500–2000 ms. In total, we collected 68885 trials (23849 trials in the single-task condition and 45036 trials in the dual-task condition) from

the two macaques in 355 experimental sessions (169 sessions for macaque 1 and 186 sessions for macaque 2).
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Humans

The task for each trial was the same as for the macaques. In reporting the T2 presence, participants were required to click on the circle with a

diameter of 4� presented at the bottomof the display within 1500ms inQ2. In reporting the T1 orientation, two circles, each with a diameter of

4�, on both the left and right at the top of the display were presented during the Q1 period and participants were instructed to click on the

upper-left circle if T1 was horizontal and on the upper-right circle if it was vertical within 2000 ms in Q1. Participants were instructed to look at

the gazing cross in the center of the display while the stimuli were presented. The intertrial interval was 1000–1500 ms. Each participant

completed multiple practice blocks consisting of 20 trials per block for both the single and dual tasks prior to the start of the experiment.

During the first practice block, the experimenter provided verbal feedback on the correctness of the target report. During the practice block,

the size and position of the T2were adjusted so that each participant’s T2 detection accuracy for long SOAs (500–850ms) in the single task was

greater than 95%; this parameter was fixed in a subsequent experiment. The single- and dual-task conditions were conducted in separate

blocks. Each block consisted of 144 trials, with three blocks for the single task and six blocks for the dual task. During the single task, partic-

ipants were instructed to only perform T2 detection, with no attention to T1. No feedback was given to human participants during the exper-

iment blocks. Between each block, participants were given a self-paced break.
QUANTIFICATION AND STATISTICAL ANALYSIS

The analyses in this study were performed using Python (version 3.11.1). For statistical tests and estimations of effect size, R47 (version 4.2.1)

with the pwr48 library was used. For all t-tests, a two-tailed test was used.Multiple comparisons were corrected by the Bonferroni method with

an a-level of .05. In the dual-task condition, only trials in which subjects responded correctly to the T1 discrimination were included in the

analysis. On the basis of signal detection theory,52,53 we also computed sensitivity (d’) and bias (c) for the T2 task performance.
Time warping analysis

To capture a commonality and difference betweenmacaque and humanABs systematically, we introduced a timewarpingmethod.14–16 First,

we defined an AB window as the sequence of difference in T2 accuracy between the single and dual tasks as a function of the T1–T2 SOA.

Second, we used the AB window of humans as a template (ftemplate) and transformed the template by each of the warping functions to match

the AB window of macaques. In this modelling except for the nonlinear model (see below), the model parameters were determined to mini-

mize the residual error between thewarping result (warped template of humanABwindow: fresult ) and observeddata (macaqueABwindow) at

all SOAs using scipy.optimize.fmin.49 The each warping result (fresult ) was derived from following equations.

fresultðxÞ = ftemplateðx � DxÞ shift
fresultðxÞ = ftemplate

�
x

cx

�
scaling
fresultðxÞ = ftemplate

�
x

cx
� Dx

�
shift + scaling
fresultðxÞ = ftemplateðNðxÞÞ nonlinear

Here, x is the T1-T2 SOA and Dx (shift magnitude) and cx (scale factor) are parameters for warping. The N function in the nonlinear model is

defined by the warping path (W�) in the Dynamic Time Warping (DTW) algorithm.14,16

The DTW changes the shape of the time axes so that the two time series are as similar as possible. In our case, two time series are the AB

window of humans (ftemplate) and the AB windowmean of macaques (fdata). We performed the DTWwith linear interpolation to the AB window

of humans to align the number of SOAs with those of macaques. To obtainW�, the DTW begins by definingW , which is the sequence of two

components (wdata;wtemplate).WðkÞ (k = 1;2;.;K ) is the pair of SOAs that indicates which the SOAof template (wtemplateðkÞ) warps towhich the

SOA of the observed data (wdataðkÞ):

WðkÞ =
�
wdataðkÞ;wtemplateðkÞ

�
with
wdataðkÞ and wtemplateðkÞ˛ f50;100;.;850g:

W is under the following constraints:

Wð1Þ =
�
wdatað1Þ;wtemplateð1Þ

�
= ð50;50Þ;
WðKÞ =
�
wdataðKÞ;wtemplateðKÞ

�
= ð850;850Þ;
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Wðk + 1Þ =

8<
:

�
wdataðkÞ;wtemplateðkÞ+ 50

�
;�

wdataðkÞ+ 50;wtemplateðkÞ+ 50
�
;

or
�
wdataðkÞ+ 50;wtemplateðkÞ

�
:

Therefore,W is an arbitrary path drawing the upward-sloping graph (see the graph of nonlinear warping function in Figure 3). To find the

warping path which best transforms the template (ftemplate) to the observed data (fdata), we calculated the difference between two functions as

follows:

dðWÞ = d
�
wdata;wtemplate

�

=
XK
k = 1

��fdataðwdataðkÞÞ � ftemplate

�
wtemplateðkÞ

���:

W� is the path which minimizes the difference:

W � = argmin
W

dðWÞ:

Now, nonlinear warping function NðxÞ is defined by using W�ðkÞ = ðw�
dataðkÞ;w�

templateðkÞÞ:

NðxÞ = w�
template

�
k;w�

dataðkÞ = x
�
:

If multiple SOAs of the template corresponded to an SOAof the observed data, we used the average of the ABwindows of the template at

those SOAs.

Third, we evaluated model performance by leave-one-out cross-validation (LOOCV). In the LOOCV, one of the data from either macaque

in an SOAwas first removed (test data) and the remaining data (training set) were used to estimate the parameters (Dx; cxÞ or the warping path

(W�). Based on the estimation, we quantified the model performance by the squared error between the model prediction and test data. This

process was repeated for all possible combinations, and the root-mean-squared error (RMSE) was calculated for each model. Finally, the

model with the lowest RMSE by LOOCV was selected as the best model describing the relationship between macaque and human ABs.
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