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ABSTRACT 35 

The magnitude dimensions of visual stimuli, such as their numerosity, duration, and 36 

size, are intrinsically linked, leading to mutual interactions across them. However, it 37 

remains debated whether such interactions, or “magnitude integration” effects, arise 38 

from perceptual processes that are independent from the task performed, or whether 39 

they arise from high-level decision-making processes. We address this question with 40 

two electroencephalography (EEG) experiments in which participants watched a 41 

series of dot-array stimuli modulated in numerosity, duration, and item size, in two 42 

separate conditions. In the “magnitude task” condition, participants judged either the 43 

numerosity, duration, or size of each stimulus. In the “contrast task” condition, instead, 44 

a separate group of participants performed a contrast oddball task, never attending or 45 

judging the magnitude of the stimuli. The results of the magnitude task first show 46 

robust integration effects across the three dimensions. Then, we compare the neural 47 

responses to magnitude across the two task conditions. This comparison shows very 48 

similar brain responses irrespective of the task, within a series of latency windows 49 

whereby the modulation of response amplitude can predict the behavioral magnitude 50 

integration effect (~150 ms and ~250 ms post-onset for numerosity and size; ~300 ms 51 

post-offset for the effect of duration). To better assess the similarity of brain responses 52 

to magnitude irrespective of the task, we use a cross-condition multivariate decoding 53 

analysis. This analysis demonstrates that brain responses in the magnitude task can 54 

predict the responses in the contrast task, at multiple latencies starting from early 55 

processing stages (~120 ms). These results suggest that magnitude processing and 56 

integration likely involve perceptual processes that are engaged irrespective of the 57 

task, thus independently from decision making, although the effect of duration on other 58 

magnitudes may also involve post-perceptual processes such as working memory. 59 

 60 
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1. INTRODUCTION 69 

Magnitude dimensions such as numerosity, time, and space represent fundamental 70 

properties of the external world, as each of these dimensions provides essential 71 

information to understand and navigate the environment. Indeed, the perception of 72 

magnitudes organize our thoughts and experience by allowing us to appreciate how 73 

many objects are around us, their size and their spatial relations, and the duration and 74 

timing of the external events. While these dimensions are important in their own rights 75 

and studied in separate lines of research, a particularly interesting phenomenon is 76 

their integration and interaction, possibly grounded on their shared computational 77 

structure (e.g., Walsh, 2003). Different magnitude dimensions seem indeed linked in 78 

a way that the perception of one dimension depends on the others, usually leading to 79 

mutual biases. For instance, a large object or a numerous set of items is perceived as 80 

lasting longer in time compared to a smaller object or fewer items (e.g., Xuan et al., 81 

2007). Vice versa, a longer stimulus may appear bigger or more numerous than a 82 

shorter one (e.g., Javadi & Aichelburg, 2012; Lambrechts et al., 2013; Togoli et al., 83 

2021; Togoli et al., 2024). 84 

 85 

These mutual influences across magnitude dimensions – or “magnitude integration” 86 

effects – represent one of the core phenomena characterizing magnitude perception, 87 

and have inspired important theories like the “a theory of magnitude” (ATOM) 88 

framework (Walsh, 2003). According to ATOM, the processing of different magnitudes 89 

culminates in a generalized magnitude system encoding different dimensions with the 90 

same neural code. This in turn would allow the interaction of magnitude information in 91 

the service of perception and behavior. This view has been however challenged by the 92 

idea that biases across magnitudes, and especially space and time, may stem from 93 

the linguistic labels assigned to them, and how we conceptualize these dimensions at 94 

the linguistic rather than perceptual level (“metaphoric theory;” e.g., Casasanto & 95 

Boroditsky, 2008). While evidence has now been accumulated against a purely 96 

linguistic/conceptual view of magnitude integration (Cai & Connell, 2015; Togoli, Bueti, 97 

et al., 2022; Whitaker et al., 2022), other theories have proposed alternative cognitive 98 

mechanisms mediating magnitude interactions, based on working memory 99 

interference (Cai et al., 2018), or response biases (Yates et al., 2012). Namely, 100 

according to these ideas, the interference across magnitudes would occur either 101 

because of different memory traces nudging each other while stored in working 102 
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memory, or because of a bias in the response selection due to the similar response 103 

codes of different magnitudes (i.e., “more” vs. “less”). In both these cases, the 104 

interference would not affect how magnitudes are perceived, but only their memory 105 

traces or the way they are judged. Finally, based on neuroimaging data, it has been 106 

recently proposed (Hendrikx et al., 2024; Tsouli et al., 2022) that the interaction could 107 

arise from the processing of different dimensions in partially overlapping cortical maps, 108 

especially in parietal cortex (e.g., Bueti & Walsh, 2009; Riemer et al., 2016, 2022) but 109 

without involving a common neural code (Fortunato et al., 2023; Harvey et al., 2013, 110 

2015; Hendrikx et al., 2022, 2024; Protopapa et al., 2019).  111 

 112 

At which processing stage magnitude integration arises thus remains debated. Mixed 113 

evidence indeed seems to support both the “low-level,” perceptual interpretation, and 114 

the “high-level” interpretation based on memory and/or decision making. For example, 115 

results from Cai et al. (2018) show that the duration judgements can be biased by the 116 

length of a stimulus only when the length information is provided before the duration 117 

judgment has started, suggesting that the bias occurs as an interference between 118 

memory traces. Furthermore, electroencephalographic (EEG) evidence from Cui et al. 119 

(2022) shows that the interference of length on duration is reflected by event-related 120 

potentials (ERPs) usually associated with working memory (i.e., the P2 and P3b 121 

component). Conversely, other results show that integration effects do not occur every 122 

time two magnitudes are presented, as one would expect for instance from a response 123 

bias, but only when the two dimensions are conveyed by the same stimulus (e.g., a 124 

dot array with a given numerosity flashed to mark the onset and offset of a duration; 125 

Togoli, Bueti, et al., 2022). Instead, when two dimensions like duration and numerosity 126 

are conveyed by different stimuli (i.e., a texture marking the onset and offset of a 127 

duration, flashed on top of a dot array), the effect reverses becoming repulsive (i.e., 128 

the more numerous the stimulus is, the shorter it is perceived to last). This suggests 129 

that magnitude integration effects are not the result of a simple interference between 130 

different types of information, but involve perceptual binding processes. 131 

 132 

To further assess the nature of the magnitude integration phenomenon, here we 133 

compare the neural (EEG) signature of magnitude integration when magnitudes are 134 

actively judged in a task, versus when they are passively watched while attending a 135 

different feature of the stimuli (i.e., contrast). In the first experiment, the participants 136 



 5 

judged either the numerosity, the duration, or the item size of dot-array stimuli against 137 

a reference presented before the start of each block (magnitude task condition). In a 138 

second experiment, a separate group of participants watched a similar stream of dot-139 

array stimuli modulated in numerosity, duration, and item size, but were asked to 140 

attend and respond to the contrast of the stimuli (i.e., contrast oddball detection task; 141 

contrast task condition). Our hypothesis is that if magnitude processing and integration 142 

entail perceptual processes, then similar magnitude-sensitive neural signatures 143 

should be observed irrespective of whether the participants are actively judging 144 

magnitudes or not. Specifically, what we define as perception in this context includes 145 

the stream of processing that starts with early sensory encoding and culminates with 146 

a perceptual representation of a stimulus, before such a representation enters later 147 

post-perceptual stages involving for instance working-memory manipulation (e.g., 148 

comparison between a target stimulus and a memorized reference), decision, and 149 

response selection. According to this, a perceptual effect should involve a bias in the 150 

subjective appearance of a stimulus, and not just in its mnemonic trace when retrieved 151 

to perform a task, and should thus emerge irrespective of whether magnitude 152 

information is subject to working memory and decisional processes or not. Conversely, 153 

if the integration effect hinges upon active manipulation in memory or decision-making, 154 

then brain activity during the magnitude task should show a unique neural signature 155 

not generalizing to the contrast task condition, where the magnitudes are neither 156 

memorized nor judged. In other words, a mnemonic or decisional interference should 157 

show a signature specific to the condition where magnitudes are actively judged. To 158 

test this hypothesis, we first identify a neural signature of magnitude integration in the 159 

magnitude task condition, by assessing the extent to which the brain responses could 160 

predict the integration effect measured behaviorally. We then compare such a neural 161 

signature with brain activity evoked by the different magnitudes in the contrast task 162 

condition. Finally, to achieve a quantitative measure of how similar the brain responses 163 

in the two conditions are, we use a multivariate cross-condition “decoding” analysis. 164 

With this analysis, we thus assess the extent to which magnitude-sensitive brain 165 

responses during the contrast task can be predicted from the data of the magnitude 166 

task condition. If magnitude processing and integration entail similar mechanisms 167 

engaged irrespective of the task, then the brain responses to the magnitudes in the 168 

contrast task condition should be decodable based on the magnitude task data. 169 
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Otherwise, if the task engages specific mechanisms resulting in different patterns of 170 

brain activity, no cross-condition decoding should be observed. 171 

 172 

 173 

2. MATERIALS AND METHODS 174 

2.1 Participants 175 

A total of 51 participants were tested in the study, with 20 participants tested in the 176 

magnitude task condition (13 females; age ± SD = 24.95 ± 4.21) and 31 separate 177 

participants tested in the contrast task condition (19 females; age ± SD = 23.96 ± 3.73). 178 

Two participants were excluded from data analysis in the contrast task condition due 179 

to corrupted EEG data files, leaving 29 participants included in the final analysis. 180 

Subjects were compensated for their participation in the study with 20 Euros. All 181 

participants read and signed a written informed consent form before the start of the 182 

session. All participants had normal or corrected-to-normal vision, and reported no 183 

history of neurological, psychiatric, or developmental disorder. The study was 184 

approved by the ethics committee of the International School for Advanced Studies 185 

(Protocol 10035-III/13), and was designed to be in line with the Declaration of Helsinki. 186 

The sample size tested in the magnitude task condition was determined a priori based 187 

on the expected magnitude integration effect as observed in previous studies from our 188 

group (Togoli, Bueti, et al., 2022; Togoli et al., 2021; Togoli, Fornaciai, et al., 2022). 189 

From these studies we estimated an expected effect size (Cohen’s d) of 0.9. Note that 190 

this measure of effect size more liberally reflects an average estimate of the effect, 191 

rather than the minimum effect size observed in previous studies. We however also 192 

considered a more conservative level of power (90%), in line with previous studies 193 

from our group using similar experimental protocols (e.g., Fornaciai et al., 2023). Thus, 194 

considering a power of 90% and a two-tailed distribution, the power analysis indicated 195 

a total estimated sample size of 16 participants, which we conservatively rounded up 196 

to 20. The sample size of the contrast task condition was instead chosen assuming a 197 

lower expected effect size (d = 0.55; see Fornaciai et al., 2023), reflecting the neural 198 

responses to magnitude as captured by a multivariate decoding analysis. Based on a 199 

one-tailed distribution and a power of 90%, a power analysis estimated a sample size 200 

of 30 participants. Note that the choice of using different distributions (two-tailed or 201 

one-tailed) in the power analyses of the two experimental conditions reflects the 202 
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different underlying assumptions concerning the direction of the effect. Namely, in the 203 

magnitude task condition we considered possible behavioral effects in both the 204 

positive and negative direction (i.e., see DeWind et al., 2015 and Fornaciai et al., 2019 205 

for negative effects between size and numerosity). In the contrast task condition, 206 

instead, the power analysis was based on the predicted results of a multivariate 207 

analysis of EEG data, for which we assumed results in only one direction (i.e., 208 

classification accuracy higher than chance level). 209 

 210 

 211 
FIGURE 1. Experimental procedure. (A) Procedure of the magnitude task condition. 212 

While participants kept their gaze at the center of the screen (on a “X” that served as 213 

fixation cross), a stimulus was presented in each trial. The stimulus was modulated in 214 

numerosity (8-32 dots), duration (100-400 ms), and item size (i.e., the size of each 215 

item in the array; 3-10 pixels). After an interval of 600 ms from the offset of the stimulus, 216 

a cue appeared at the center of the screen indicating which stimulus dimension the 217 

participant had to judge. Namely, the cue could be a “N” (numerosity judgment), a “T” 218 

(i.e., duration judgement), or a “S” (size judgement). The cue remained on the screen 219 
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for 600 ms, after which the fixation cross turned red indicating to provide a response. 220 

The participants were then asked to report whether the magnitude dimension indicated 221 

by the cue was bigger or smaller compared to a reference corresponding to the middle 222 

of the magnitude ranges (presented before the session and before each block of 223 

trials). After providing a response, the next trial started after a variable inter-trial 224 

interval (500 ± 50 ms). (B) Contrast task condition. In the contrast task condition, 225 

participants watched a stream of dot-array stimuli modulated in numerosity (12-24 226 

dots), duration (140-280 ms), and item size (4-8 pixels), while keeping their gaze on a 227 

central fixation cross. To ensure that participants watched the stimuli, they were asked 228 

to detect an occasional oddball stimulus (i.e., a dot array with reduced contrast) 229 

presented on 3.7% of the trials. Each stimulus was separated by a variable inter-230 

stimulus interval of 980 ± 50 ms. Stimuli are not depicted in scale. 231 

 232 

 233 

2.2 Apparatus and stimuli 234 

The stimuli used in both conditions were arrays of black and white dots (50%/50% 235 

proportion), presented on a grey background at 90% of the maximum contrast. The 236 

white dots had a luminance of 88.4 cd/m2, the black dots 0.4 cd/m2, and the grey 237 

background had a luminance of 46.7 cd/m2. The stimuli were generated using the 238 

routines of the Psychophysics Toolbox (v.3; Kleiner M et al., 2007; Pelli, 1997) in 239 

Matlab (r2021b, The Mathworks, Inc.), and presented on a 1920×1080 LCD monitor 240 

running at 120 Hz, which encompassed a visual angle of 48×30 deg from a viewing 241 

distance of 57 cm. The dot-array stimuli were generated online in each trial, with the 242 

dots scattered pseudo-randomly within a circular aperture with a variable radius 243 

spanning from 200 to 400 pixels (4.76 to 9.52 degrees of visual angle; pseudo-244 

randomly determined in each trial). In the magnitude task condition, the dot-array 245 

stimuli could have a numerosity of 8, 12, 16, 24, or 32 dots, a duration of 100, 140, 246 

200, 280, or 400 ms, and item size (i.e., the radius of each item in the array) of 3, 4, 247 

6, 8, or 10 pixels (0.07, 0.09, 0.14, 0.19, and 0.24 degrees of visual angle, 248 

respectively), for a total of 125 unique combinations of the three magnitudes. The 249 

different ranges were designed to be approximately spaced in a Log2 scale. The 250 

reference stimulus that the participants used as a comparison (presented at the 251 

beginning of the session and before each block) had the middle value of the three 252 
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ranges (16 dots, 200 ms, 6 pixels). The stimuli in the contrast task condition had 253 

smaller magnitude ranges to make the modulation of magnitudes subtler and less 254 

obvious, in order better mask the true aim of the experiment. Namely, the stimuli could 255 

have a numerosity of 12, 16, or 24 dots, a duration of 140, 200, or 280 ms, and item 256 

size of 4, 6, or 8 pixels (0.09, 0.14, 0.19 degrees of visual angle, respectively). Again, 257 

these ranges were designed to be approximately spaced in a Log2 scale. In both 258 

conditions, the stimuli were presented at the center of the screen. 259 

 260 

2.3 Procedure 261 

2.3.1 Magnitude task condition. In the task condition, participants performed a 262 

magnitude classification task, with the dimension judged in each trial determined by a 263 

retrospective cue (i.e., presented after the offset of the stimulus). First, participants 264 

watched a reference stimulus representing the middle of the magnitude ranges used 265 

in the experiment and were instructed to remember it and judge the stimuli in the main 266 

sequence based on it. The reference was presented 10 times (randomizing the 267 

positions of the dots) before the start of the session and repeated 5 more time before 268 

the start of each block of trials. In the session, participants were instructed to keep 269 

their gaze on a central fixation point. Each trial started with the presentation of the 270 

fixation cross (a “X” at the center of the screen). After 750 ms, the dot-array stimulus 271 

was presented replacing the fixation cross, and was displayed for 100-400 ms 272 

according to the duration selected in the trial. After an interval of 600 ms from the offset 273 

of the stimulus, the retrospective cue was presented at the center of the screen. The 274 

cue could be either “N,” “T,” or “S,” respectively instructing the participant to judge the 275 

numerosity, duration (i.e., time), or item size of the stimulus. The cue remained on the 276 

screen for 600 ms. After that, the cue was replaced by a red X (fixation cross), 277 

instructing the participant to provide a response. According to the cue, the participant 278 

was asked to indicate whether the stimulus had a higher or lower numerosity, a longer 279 

or shorter duration, or a bigger or smaller item size compared to the reference. The 280 

response was provided by pressing either the down arrow (lower/shorter/smaller) or 281 

the up arrow (higher/longer/bigger) on a standard computer keyboard. After providing 282 

a response, the next trial started after a variable inter-trial interval of 500 ± 50 ms. 283 

Each participant completed a total of 1,250 trials (10 blocks of 125 trials), 284 

corresponding to a total of 10 repetitions of each unique combination of numerosity, 285 
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duration, and dot size (i.e., 5 numerosities ´ 5 durations ´ 5 sizes ´ 10 repetitions). 286 

The three tasks were randomly intermixed within the same blocks. No feedback was 287 

provided to participants about their response. 288 

 289 

2.3.2 Contrast task condition. In the contrast task condition, the participants watched 290 

a series of stimuli modulated in numerosity, duration, and size. Each stimulus was 291 

presented centrally on the screen, and successive stimuli were separated by an inter-292 

stimulus interval of 980 ± 50 ms. In order to make participants attend the stream of 293 

stimuli, they were asked to detect occasional oddball stimuli defined by a reduced 294 

contrast compared to the rest of the stimuli (30% contrast instead of 90%; contrast 295 

oddball detection task). The oddball stimuli represented 3.7% of the total stimuli 296 

presented. Participants were thus instructed to press the space bar on the keyboard 297 

as fast as they could once they detected an oddball stimulus. This occasional simple 298 

detection task was designed to avoid drawing attention to any of the magnitude 299 

dimensions of the stimuli, while encouraging the participants to watch the stimuli. On 300 

average, the detection rates (± SD) of the oddball were 93% ± 1.3%, and the average 301 

reaction time was 313 ± 11 ms. In the contrast task condition, participants completed 302 

a total of 2,160 trials (8 blocks of 270 trials), for a total of 80 repetitions of each 303 

combination of stimulus magnitudes (i.e., 3 numerosities ´ 3 durations ´ 3 sizes ´ 80 304 

repetitions). The higher number of trials tested in the contrast task condition compared 305 

to the task condition was chosen to compensate for the smaller magnitude ranges 306 

used, i.e., in order to ensure that we could measure robust brain responses to the 307 

magnitudes also in this condition. Overall, participants were only instructed to watch 308 

the stream of stimuli and respond to the oddball, and the magnitudes were never 309 

mentioned in the instructions and recruiting materials. 310 

 311 

Note that the stimuli and procedures of the two experimental conditions were partially 312 

different. When designing the experiments, we indeed deemed more important to have 313 

paradigms specifically tailored to each condition rather than using the exact same 314 

procedure, in order to increase the sensitivity of each experiment. Specifically, while a 315 

more extended magnitude range is necessary in the magnitude task condition in order 316 

to assess the behavioral effect of magnitude integration (see Behavioral data analysis 317 

below), such extended range is not necessary for the contrast task condition. In this 318 
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latter condition, we thus preferred to have fewer levels of magnitude and increase the 319 

number of repetitions of each level to increase the signal to noise ratio of the EEG 320 

analysis, and smaller differences across different levels to provide a subtler modulation 321 

of the different dimensions. When it comes to the timing of stimulus presentation, the 322 

magnitude task condition requires the addition of blank intervals between the offset of 323 

the stimulus and the onset of the task cue and the response, to avoid introducing noise 324 

to the brain responses to the stimulus itself. Since those intervals are not needed in 325 

the contrast task condition, we chose a faster presentation rate to avoid having long 326 

blank periods, and to increase the number of trials that we could test during the 327 

experimental session. According to the hypothesis tested in this study (see 328 

Introduction), such differences in the stimuli and the procedure should not affect the 329 

assessment of magnitude processing and integration and the comparison of brain 330 

responses to the magnitudes across the two experimental conditions. 331 

 332 

2.4 Behavioral data analysis 333 

In the magnitude task condition, the magnitude judgement performance and the 334 

integration effect were assessed by first computing the point of subjective equality 335 

(PSE). The PSE reflects the accuracy in the task, and the perceived magnitude of the 336 

stimuli compared to the reference magnitude. Data reflecting each specific task (i.e., 337 

all the trials in which a specific cue was presented) were used to compute the 338 

proportion of “more” (numerosity task), “longer” (duration task), or “bigger” (size task) 339 

responses as a function of both the task-relevant magnitude and the other (interfering) 340 

magnitudes. A psychometric (cumulative Gaussian) function was then fitted to the 341 

distribution of proportion of response, according to the maximum likelihood method 342 

(Watson, 1979). Specifically, within each task, the psychometric function was fitted 343 

separately for each level of each of the other “interfering” magnitudes, in order to 344 

assess the difference in PSE due to the task-irrelevant magnitudes. For example, 345 

when analyzing the performance in the numerosity task, the fit was performed 346 

separately for each level of duration and each level of item size. To account for errors 347 

unrelated to the magnitude of the stimuli and lapses of attention, a finger-error rate 348 

correction of 2.5% (Wichmann & Hill, 2001) was applied. This correction reduces the 349 

asymptotic levels of the fit by a proportion corresponding to the rate, in order to account 350 

for the random errors preventing the proportion of responses to converge to 0% and 351 

100% at the lower and higher end of the range, respectively. The PSE was computed 352 
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as the numerosity/duration/size level corresponding to chance level (50%) responses 353 

(i.e., the median of the psychometric curve). This procedure allowed us to compute 354 

individual measures of PSE for the different combinations of task relevant and 355 

interfering dimensions (e.g., numerosity PSE when duration was 100 ms, 140 ms, 200 356 

ms, 280 ms, and 400 ms, and the same for size, and similarly for the other tasks). 357 

When performing the fit according to a given task-relevant and interfering magnitude, 358 

the other dimension was collapsed. Doing so, each data point in the fitting procedure 359 

represented the average of 25 repetitions of the specific combination of task-relevant 360 

and interfering dimension. Additionally, we assessed the precision in the task in terms 361 

of the Weber fraction (WF). The WF was computed as the ratio between the just 362 

noticeable difference (JND; the slope of the psychometric curve) and the PSE. To 363 

assess the difference in the average WF across the three types of tasks, we used a 364 

one-way repeated measures ANOVA.  365 

 366 

In order to better define the effect of the interfering magnitudes in each task, we then 367 

used the PSE to compute a “magnitude integration effect” index according to the 368 

following formula: 369 

 370 

Magnitude Integration Effect = -1 x ((PSEj - PSEref) / PSEref) x 100; 371 

 372 

Where PSEref correspond to the PSE obtained when the interfering magnitude 373 

considered was the same as the reference, and PSEj to the PSE corresponding to 374 

each other level of the interfering magnitude (either lower or higher than the 375 

reference). The change in sign (-1) was added in order to make the interpretation of 376 

the index easier. Namely, doing so a positive index means that the task-relevant 377 

magnitude is overestimated, while a negative index means that the magnitude is 378 

underestimated. To assess the significance of magnitude integration effects, we 379 

performed a series of linear mixed-effect model tests, assessing the integration biases 380 

on each type of judgement. Namely, we entered the magnitude integration effect as 381 

dependent variable, the ratio of each level of the interfering magnitude with the 382 

reference value and the magnitude itself (i.e., “numerosity,” “duration,” or “size”) as 383 

predictors. The subject, as well as the ratio and magnitude type, were also added as 384 

random effects (Magnitude integration effect ~ Ratio + Magnitude + Ratio x Magnitude 385 

+ (1|subj.) + (1|Ratio) + (1|Magnitude) + (Ratio x Magnitude|subj.)). Interactions found 386 
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between ratio and magnitude were followed up with additional LME tests within each 387 

interfering magnitude dimension. The LME models were chosen in this case (i.e., 388 

instead of ANOVAs) as the ratio is a continuous variable. 389 

 390 

Finally, in order to assess the relationship between ERPs and the behavioral effect, 391 

we computed a measure of DPSE. This measure reflected the difference in PSE 392 

between each level of the interfering dimension and the middle magnitude level 393 

corresponding to the reference. This was done to have a similar measure that can be 394 

related to the neural effect of different magnitudes (see below for more information 395 

about the ERP analysis). All the analyses and statistical tests on behavioral data were 396 

performed in Matlab (version r2021b). 397 

 398 

2.5 Electrophysiological recording and pre-processing 399 

In both the magnitude and contrast task condition, the EEG was recorded throughout 400 

the experimental session. EEG recording was performed by using the Biosemi 401 

ActiveTwo system (at 2048 Hz sampling rate), and a 32-channel cap based on the 10-402 

20 system layout. To better monitor artifacts due to eye blinks and movements, we 403 

recorded the electro-oculogram (EOG) by means of a channel attached below the left 404 

eye of the subject. Since the BioSemi system employs active electrodes, the output 405 

signal had an impedance < 1W. Due to the negligible impedance of the active electrode 406 

system, the signal quality before and during recording was assessed by using the 407 

“electrode offset” measure, that is, the difference in signal amplitude between each 408 

electrode and the control electrode (CMS).  During the recording, we made sure to 409 

keep the electrode offset values as low as possible. Usually, electrode offset values 410 

were kept in the range of ±20 µV, in line with the manufacturer (BioSemi) 411 

recommendations, but occasionally values up to ±30 µV were tolerated due to the 412 

limited time available to complete the procedure. 413 

 414 

The pre-processing of EEG data was performed offline in Matlab (version R2021b), 415 

using the functions of the EEGLAB (Delorme & Makeig, 2004) and ERPlab (Lopez-416 

Calderon & Luck, 2014) toolboxes. In both conditions, the pre-processing involved the 417 

binning and epoching of data according to each unique combination of the different 418 

magnitudes. In the magnitude task condition, the binning was also performed 419 
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separately for the three cues determining the specific task in each trial. Initially, the 420 

preprocessing of the magnitude task condition involved epochs spanning from -300 to 421 

1200 ms around the onset of the stimuli, while the epochs used for the contrast task 422 

condition spanned a smaller range, from -200 to 700 ms, due to the different timing of 423 

the stimuli. During data analysis, we however restricted the epochs of the magnitude 424 

task condition to -200:700 ms, as in contrast task condition. In the case of duration, 425 

ERPs were later re-aligned to the offset of the stimuli. This was done as we expected 426 

an effect of duration only after the presentation of the stimuli had fully unfolded. The 427 

pre-stimulus interval (-300:0 ms in the magnitude task condition, -200:0 in the contrast 428 

task condition) was used for baseline correction, subtracting the average pre-stimulus 429 

activity from the activity at each time point included in the epoch. 430 

 431 

In both conditions, after the epoching, the EEG data was band-pass filtered with cut-432 

offs at 0.1 and 40 Hz. Moreover, to clean up the data as much as possible from artifacts 433 

such as eye movements and blinks, we performed an independent component 434 

analysis (ICA) aimed at removing identifiable artifacts and other potential sources of 435 

systematic noise. After the ICA, we additionally applied a step-like artifact rejection 436 

procedure (provided by the EEGLAB toolbox; Delorme & Makeig, 2004), in order to 437 

exclude trials showing large differences in amplitude likely related to artifactual activity. 438 

This artifact rejection procedure involved an amplitude threshold of 40 μV, a window 439 

of 400 ms, and a step size of 20 ms, based on previous works from our group (e.g., 440 

Fornaciai et al., 2017; Fornaciai & Park, 2020). This was done to further remove any 441 

remaining large artifact from the EEG data after the ICA correction. On average, this 442 

led to the exclusion of 2.26% ± 1.73% of the trials in the magnitude task condition, and 443 

0.6% ± 1.2% in the contrast task condition. Finally, we computed the event-related 444 

potentials (ERPs) by averaging EEG epochs within each bin, and further low-pass 445 

filtered the signal with a 30-Hz cut-off. 446 

 447 

2.6 Event-related potentials analysis  448 

In both conditions, the ERP analysis was performed by considering the average of the 449 

same set of three occipital target channels, selected a priori based on previous studies 450 

(Fornaciai et al., 2017; Fornaciai et al., 2023; Tonoyan et al., 2022). The chosen target 451 

channels were Oz, O1 and O2. These channels indeed showed consistent magnitude-452 

sensitive activity (at least for numerosity and duration) across several previous studies 453 
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(e.g., Park et al., 2016; Fornaciai et al., 2017; Fornaciai & Park, 2018; Fornaciai et al., 454 

2023; Tonoyan et al., 2022), making them an ideal primary target for capturing the 455 

perceptual processing of the different magnitudes tested here.  456 

 457 

First, we plotted the ERPs corresponding to each magnitude and computed the linear 458 

contrast of ERPs. The linear contrast represents the difference in amplitude of brain 459 

responses across the different levels of a given magnitude (e.g., see Park et al., 2016), 460 

and it is computed by multiplying the amplitude at each magnitude level by a specific 461 

weight. The weights of the linear contrast computation for each of the magnitude levels 462 

were [-2 -1 0 1 2] in the magnitude task condition, and [-1 0 1] in the contrast task 463 

condition, based on the number of levels of each magnitude tested in the two 464 

conditions. Moreover, we computed an additional measure of contrast by computing 465 

the difference in ERP amplitude for each level of each magnitude and the two extreme 466 

levels of the other two interfering dimensions. For example, for each level of 467 

numerosity we computed the difference in amplitude between the extreme levels of 468 

duration and size, and so on for the other dimensions. We then averaged this measure 469 

across the different levels of each magnitude. To assess the significance of the 470 

magnitude contrasts, we performed a series of one-sample t-tests against zero. To 471 

control for multiple comparisons, we applied a false discovery rate correction with q = 472 

0.05. Finally, we computed a measure of DERP as the difference in amplitude between 473 

the ERPs corresponding to the middle level of the range (corresponding to the 474 

reference in the magnitude task condition) and each other level of the magnitude 475 

ranges. In the magnitude task condition, the DERP was computed separately 476 

according to the task. Doing so, we thus computed a measure of the effect of 477 

numerosity in the size and duration task, and so on for the other magnitudes. This 478 

measure was computed to have an index of the effect of magnitudes on ERPs similar 479 

to the DPSE computed from the behavioral results, in order to more easily relate the 480 

ERP and behavioral measures of the effect in the analysis of the magnitude task 481 

condition. To assess the significance of the DERP, in the magnitude task we performed 482 

a series of LME tests, entering DERP as the dependent variable, the ratio of each 483 

magnitude level and the middle level as predictor, and the subjects as well as the ratio 484 

as random effects (DERP ~ Ratio + (1|subj) + (1|Ratio) + (Ratio|subj)). In the contrast 485 

task condition, we instead performed a series of paired t-tests (i.e., due to the smaller 486 
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number of levels of each magnitude range). In both cases, the tests were performed 487 

on small 10-ms windows (step = 5 ms) in a sliding-window fashion, and the 488 

significance was corrected with FDR (q = 0.05). Additionally, we considered significant 489 

only clusters of consecutive significant time-points larger than 10 ms (i.e., three 490 

consecutive significant tests or more).  491 

 492 

Only in the magnitude task condition, we further assessed the relationship between 493 

DERP (i.e., neural effect of magnitude) and DPSE (i.e., behavioral effect of magnitude) 494 

via a series of LME tests. In this case, we entered the DPSE as the dependent variable, 495 

and the DERP as the predictor. The subjects as well as the DERP itself were also 496 

added as random effects (DPSE ~ DERP + (1|subj) + (1|DERP) + (DERP|subj)). This 497 

analysis was performed again across a series of 10-ms windows with step = 5 ms. 498 

Finally, the analysis was restricted to the latency windows showing a significant 499 

modulation of DERP by the magnitudes (see above), and we considered statistically 500 

significant only clusters of at least three consecutive significant windows. This analysis 501 

was aimed at assessing the extent to which magnitude-sensitive brain responses can 502 

predict the effect measured behaviorally.  503 

 504 

2.7 Multivariate analysis 505 

We relied on a multivariate approach in order to more directly compare the brain 506 

activity related to magnitude processing across the two conditions. Namely, we 507 

assessed the extent to which training a classifier on the data (DERP) from the 508 

magnitude task condition allows to decode magnitude-sensitive activity in the contrast 509 

task condition. A schematic depiction of the different steps of the analysis is shown in 510 

Fig. 2. The procedure was designed to simulate a leave-two-out, cross-validated 511 

decoding procedure, but with the training and test set composed of data from different 512 

experimental conditions (and hence different groups of participants). The analysis was 513 

performed throughout the epoch, across a series of small time windows (15 ms, with 514 

a step of 5 ms) in order to increase the signal-to-noise ratio. Moreover, the features 515 

(i.e., EEG channels) included in the analysis were selected a priori, considering a 516 

larger set of channels compared to the ERP analysis. Namely, we chose the three 517 

channels previously used in the ERP analysis (O1, Oz, O2), with the addition of two 518 

nearby channels (PO3, PO4), for a total of five occipital and occipito-parietal channels. 519 
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This choice is based on previous studies showing magnitude sensitive activity from 520 

both occipital and occipito-parietal channels (e.g., Park et al., 2016; Fornaciai et al., 521 

2017; Tonoyan et al., 2022). Additionally, the choice of including five channels was 522 

based on our experience with multivariate analyses in previous studies from our group, 523 

in which this number of channels represented a good trade-off between the amount of 524 

features entered into the analysis and the ability of the classifier to generalize the 525 

pattern of brain activity across independent datasets (i.e., avoiding over-fitting; e.g., 526 

Fornaciai et al., 2023). The procedure was performed independently within each time 527 

window (Fig. 2A) and for each magnitude (numerosity, duration, size).  528 

 529 

 530 
FIGURE 2. Multivariate analysis. Schematic depiction of the different main steps of 531 

the multivariate analysis across the two experimental conditions. (A) Selection of the 532 

time window. The analysis was performed iteratively across a series of 15-ms time 533 

windows (5-ms step) throughout the epoch. (B) The data of each individual participant 534 

in the magnitude task condition was sorted according to the magnitude presented, 535 

computing a measure of difference in response amplitude between higher or lower 536 

magnitudes and magnitudes corresponding to the middle value. The data within these 537 

two bins (“higher” and “lower” magnitude) was then averaged to obtain two datapoints 538 

for each participant, for each of the five features (EEG channels) used in the analysis. 539 

(C) The classifier was trained on a dataset including the average data of all the 540 
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participants in the magnitude task condition, leaving out one datapoint for each class 541 

(i.e., training on 19 + 19 observations ´ 5 features). (D) The test dataset, based on the 542 

contrast task condition, was created by considering the same time window as the 543 

training set. (E) Considering the data of a single participant, we then binned higher 544 

and lower magnitudes and computed the difference in response amplitude compared 545 

to the middle magnitude level. Finally, we averaged the data within these two bins. (F) 546 

The classifier was tested on the average data of a single participant, with 1 + 1 547 

observations ´ 5 features. This procedure was then repeated to consider each 548 

possible subset of training data, iteratively leaving out each data point. Finally, the 549 

entire procedure was repeated using data from each of the participants in the contrast 550 

task condition as test dataset, in order to obtain a set of classification accuracies equal 551 

to the sample size of the contrast task condition (N = 29). Note that panels C and F 552 

show an example of training and testing in a 2-dimensional space (i.e., two features, 553 

or EEG channels), while the actual procedure involved a 5-dimensional space based 554 

on the channels included in the analysis, which cannot be represented in the figure. 555 

 556 

Within each time window (Fig. 2A), the first step was to create the training dataset, 557 

based on the data of the magnitude task condition. First, considering the data of a 558 

single participant, we sorted the trials according to the magnitude presented, and 559 

computed the difference between the amplitude relative to lower (8, 12 dots; 100, 140 560 

ms; 3, 4 pixel) and higher (24, 32 dots; 280, 400 ms; 8, 10 pixel) magnitude levels and 561 

the amplitude of the middle magnitude level (16 dots, 200 ms, 6 pixel). Doing so, we 562 

obtained two bins of EEG data corresponding to a “higher” and a “lower” magnitude 563 

(Fig. 2B). We then averaged the data within the two bins to obtain two average data 564 

points for each of the five features included in the analysis. We repeated this step for 565 

each participant, in order to form the training dataset (for a total 20 data points for each 566 

feature and for each class entered into the analysis, equal to the number of participants 567 

in the magnitude task condition). According to the leave-two-out procedure, the 568 

classifier (support vector machine; C = 1) was then trained on a set of 19 + 19 569 

datapoints (“higher” vs. “lower” magnitude, respectively; see Fig. 2C). The second step 570 

was to create the test dataset, based on the data of the contrast task condition. 571 

Considering the same time window (Fig. 2D), we again sorted the trials according to 572 

the magnitude and computed the difference in response amplitude between 573 
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magnitudes either lower (12 dots, 140 ms, 4 pixel) or higher (24 dots, 280 ms, 8 pixel) 574 

than the middle level (16 dots, 200 ms, 6 pixel). Then we computed the average within 575 

these two bins (Fig. 2E), for each of the five features, to create the test dataset. The 576 

classifier was then tested on these two datapoints corresponding to the average data 577 

of a single participant relative to the two classes of the analysis (“higher” and “lower” 578 

magnitude). This resulted in a measure of classification accuracy based on the ability 579 

of the classifier to classify the corresponding magnitude of each of the two datapoints. 580 

These training and testing steps were repeated in order to test all the possible subsets 581 

of the training datapoints (iteratively leaving out each datapoint in the training set), 582 

averaging the resulting classification accuracies. Then, this entire procedure was 583 

repeated for each participant in the contrast task condition, in order to obtain a set of 584 

classification accuracies equal to the number of participants in this condition, and for 585 

each time window throughout the epoch. Overall, each iteration of the analysis, within 586 

each time window and magnitude, was performed on a training dataset including 190 587 

values (38 observations ´ 5 features) and a test dataset including 10 values (2 588 

observations ´ 5 features). 589 

 590 

To test for the significance of the distribution of classification accuracies obtained at 591 

each time window, we used a permutation (sign flipping) procedure. Namely, at each 592 

time window, we subtracted 0.5 from the classification accuracies (i.e., the chance 593 

level), and swapped the sign of half the values. This procedure was repeated 10,000 594 

times taking random splits of the data, and we assessed the number of times that the 595 

classification accuracy of the sign-swapped data was equal or higher than the actual 596 

average classification accuracy observed. The proportion of times in which the 597 

simulated accuracy equaled or exceeded the actual value was considered the p-value 598 

of the test. The alpha level applied to these tests was 0.05. After the tests, we also 599 

applied a threshold of at least three consecutive time windows (i.e., only clusters of at 600 

least three consecutive time windows were considered significant). Note that we chose 601 

to use the contrast task condition data as the testing dataset in order to have a larger 602 

distribution of classification accuracy values to test with permutations, with the 603 

rationale of achieving more robust and stable results. We did not perform the analysis 604 

in the opposite direction (training with the contrast task data and testing with the 605 

magnitude task data) since the two sets of results would be difficult to average. 606 
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Namely, due to the nature of this procedure, analyses in different directions would 607 

results in different distributions of classification accuracy values (29 when testing with 608 

the contrast task data, 20 when testing with the magnitude task data), making it difficult 609 

to combine them. All the analyses and statistical tests involving EEG data were 610 

performed in Matlab (version r2021b). 611 

 612 

 613 

3. RESULTS 614 

In this study we measured the neural (EEG) signature of magnitude processing and 615 

integration with subjects either engaged in actively judging the magnitude of the stimuli 616 

(magnitude task condition), or passively watching the modulation of different 617 

magnitudes while attending the contrast of the stimuli (contrast task condition). Doing 618 

so, we aimed at comparing such signatures to better understand the nature of the 619 

magnitude integration phenomenon. Specifically, if magnitude integration depends on 620 

post-perceptual cognitive processes, we predicted to observe a unique signature of 621 

magnitude processing only when performing a magnitude task. Conversely, if the 622 

integration effect arises from automatic perceptual processes, then similar signatures 623 

of magnitude processing should be observed in both the magnitude task and the 624 

contrast task. 625 

 626 

3.1 Magnitude task condition 627 

In the magnitude task condition, participants performed a magnitude classification task 628 

of the numerosity, duration, and item size of dot-array stimuli. Which dimension to 629 

judge was indicated to the participants via a retrospective cue (in a trial-by-trial 630 

fashion), thus forcing them to attend the stimulus as a whole rather than focusing on 631 

a single dimension. The procedure of the task condition is depicted in Fig. 1A. 632 
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 633 
FIGURE 3. Behavioral effects of magnitude integration. (A) Magnitude integration 634 

effects of duration and size on numerosity judgements. The values of the two 635 

interfering dimensions are reported on the upper and lower x axes. (B) Magnitude 636 

integration effects on duration judgements. (C) Magnitude integration effect on size 637 

judgements. The data points are slightly jittered for the ease of visualization. (D) 638 

Average Weber fraction in the three tasks. Error bars are SEM. (E-J) Plots showing 639 

the individual measures of the magnitude integration effect across the group, as a 640 

function of the ratio between each level of magnitude and the middle level. (E) Plot of 641 

individual effects relative to the effect of duration in the numerosity task. (F) Effect of 642 

size in the numerosity task. (G) Effect of numerosity in the duration task. (H) Effect of 643 

size in the duration task. (I) Effect of numerosity in the size task. (J) Effect of duration 644 

in the size task. Note that the scale of the y axis in each plot is different, in order to 645 

better display the variability of the effect in different conditions. The light blue diamonds 646 

show the average, which corresponds to the datapoints plotted in panels A-C. 647 

 648 
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First, we assessed the behavioral effects of magnitude integration, which are shown 649 

in Fig. 3A-C. To assess the mutual biases across the different dimensions, we first 650 

computed the point of subjective equality (PSE; see Behavioral data analysis) as a 651 

measure of accuracy in the task. Then, we computed a magnitude integration effect 652 

index based on the difference in PSE caused by each level of the interfering 653 

magnitudes compared to the reference magnitudes (i.e., the middle levels of 654 

numerosity, duration, and size). To assess the significance of magnitude integration, 655 

we performed a series of linear mixed-effect (LME) regression models within each type 656 

of task. In the model, we entered the magnitude integration effects as the dependent 657 

variable, the ratio of each interfering magnitude level with the reference level, and the 658 

magnitude itself (e.g., “duration” and “size” in the numerosity task), as predictors, and 659 

the subjects as well as the ratio and magnitude type as the random effects. The ratio 660 

(instead of the magnitude value) was chosen as a predictor to test the effect of both 661 

interfering dimensions on each type of judgment within the same test. 662 

 663 

In the numerosity task (Fig. 3A), we observed robust effects of both duration and size, 664 

although in opposite directions. While duration had a congruent effect (i.e., the longer 665 

the duration, the higher the perceived numerosity), size had an opposite, repulsive 666 

effect: the bigger the size of the dots, the lower the perceived numerosity. The LME 667 

test (adjusted-R2 = 0.68) indeed showed a significant interaction between ratio and 668 

magnitude (b = 20.96, t = 5.81, p < 0.001). This interaction was followed up with 669 

simpler LME tests considering each interfering dimension separately. The results of 670 

these additional tests showed that both duration (adj-R2 = 0.64, b = 5.47, t = 2.64, p = 671 

0.009) and size (adj-R2 = 0.71, b = -15.49, t = -4.69, p < 0.001) induced significant 672 

biases on numerosity judgements. In the duration task (Fig. 3B), we observed again a 673 

significant interaction between ratio and magnitude (adj-R2 = 0.53, b = -12.02, t = -674 

2.57, p = 0.011), this time suggesting that size had a stronger influence on duration 675 

compared to the effect of numerosity on duration. Two follow-up LME tests however 676 

showed significant congruent biases induced by both numerosity (adj-R2 = 0.44, b = 677 

7.28, t = 2.42, p = 0.017) and size (adj-R2 = 0.51, b = 19.29, t = 4.57, p < 0.001). 678 

Finally, looking at Fig. 3C it is clear that size was the magnitude most resistant to 679 

biases from other dimensions. Although weaker, the LME test (adj-R2 = 0.66) showed 680 

a significant main effect of ratio (b = 4.45, t = 3.08, p = 0.002), no main effect of 681 

magnitude (b = -1.07, t = -0.32, p = 0.75), and no interaction (b = 0.12, t = 0.07, p = 682 
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0.94). Fig. 3E-J shows the individual measures of the magnitude integration effect 683 

across the group, with each panel corresponding to each effect in each task. As shown 684 

by the figure, the strength of the effect varies between different participants, but its 685 

direction (i.e., overestimation for increasing magnitude, except for the effect of size on 686 

numerosity) is consistent across the majority of participants (the directionality is not 687 

shown in the figure for the ease of visualization). For instance, the effect of numerosity 688 

on either duration or size worked consistently on 75%-85% of the participants 689 

(respectively). The effect of duration had a consistent (positive) direction in 80% and 690 

75% of participants, respectively in the numerosity and size task. Finally, the effect of 691 

size on numerosity and duration worked consistently (either in the negative or positive 692 

direction) in 90% and 75% of the participants, respectively. Overall, the behavioral 693 

results of the classification task thus showed robust and systematic mutual biases 694 

across all the dimensions tested, albeit with some partial asymmetries. 695 

 696 

To assess the participants’ precision in the task, we considered the Weber fraction 697 

(WF; computed as the ratio of the just noticeable difference and the PSE), which is 698 

shown in Fig. 3D. On average, size showed the lowest WF (0.18 ± 0.08), suggesting 699 

the highest precision in the task, followed by numerosity (0.24 ± 0.10), and finally 700 

duration (0.52 ± 0.32), which was the most difficult dimension to judge. A one-way 701 

repeated measure ANOVA (with factor “task”) confirmed that the WFs across the three 702 

types of task are significantly different (F(2,38) = 18.59, p < 0.001), in line with previous 703 

studies (Fornaciai et al., 2023). 704 

 705 
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 706 
FIGURE 4. Event-related potentials (ERPs) evoked by each magnitude in the two 707 

experimental conditions. Panels A-C: data from the magnitude task condition. 708 

Panels D-F: data from the contrast task condition. (A) ERPs evoked by the stimulus 709 

numerosity in the magnitude task condition. (B) ERPs evoked by the stimulus duration 710 

in the magnitude task condition. (C) ERPs evoked by item size in the magnitude task 711 

condition. (D) ERPs evoked by the stimulus numerosity in the contrast task condition. 712 

(E) ERPs evoked by the stimulus duration in the contrast task condition. (F) ERPs 713 

evoked by item size in the contrast task condition. In all panels, the green wave 714 

indicates the linear contrast of the ERPs. Note that while numerosity and size ERPs 715 

were time-locked to the onset of the stimuli, ERPs corresponding to duration were re-716 

aligned to the offset. The zero in panel B and E thus indicates the offset of the stimuli. 717 

The vertical dashed line indicates the onset or offset of the stimuli. The horizontal 718 

dashed line indicates the zero of the amplitude scale. All the ERPs are the average of 719 

signals from channels Oz, O1, and O2. The shaded area around the green contrast 720 

wave represents the SEM. 721 

 722 
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 723 

After assessing the behavioral effects, we went on and addressed the neural signature 724 

of magnitude integration. First, we plotted the event-related potentials (ERPs) evoked 725 

by the different levels of each magnitude, irrespective of the task performed. This was 726 

done to get an initial idea of how the different magnitude dimensions modulated the 727 

brain responses to the stimuli. This is particularly important in the case of duration, 728 

since the alignment of ERPs to the offset of the stimuli might introduce spurious results 729 

due the mismatch of the onset response, which needs to be considered in order to 730 

contextualize the significance of effects at different latencies. The ERPs are shown in 731 

Fig. 4A-C. In the case of numerosity (Fig. 4A), we observed a first negative peak of 732 

numerosity-sensitive responses at 150-200 ms after stimulus onset, followed by 733 

weaker but more sustained responses throughout the epoch. In the case of duration, 734 

aligning the waves to the offset of the stimuli indeed created a misalignment of the 735 

onset responses, which introduced spurious effects that are clearly visible in Fig. 4B. 736 

In other words, a seemingly large deflection in the contrast amplitude is actually driven 737 

by a peak in amplitude of a single level of duration, rather than a consistent peak 738 

present at all levels of duration. However, we also observed a large modulation at 739 

around 300 ms after stimulus offset that seems to genuinely reflect duration, as it 740 

involves a deflection evident at all the levels of duration. Finally, brain responses 741 

sensitive to item size (Fig. 4C) showed a main peak at around 250 ms, with a large 742 

positive deflection. Although the effect of size starts at the first negative deflection at 743 

around ~180 ms, where bigger size is seemingly associated with smaller amplitudes, 744 

the effect at following latencies shows higher positive amplitudes for bigger sizes. The 745 

large positive peak of the contrast amplitude (green wave in Fig. 4C), encompassing 746 

both the negative and positive peak, suggests that the two effects may not be 747 

independent, but possibly reflect similar more positive (or less negative) amplitudes 748 

for increasing size. 749 

 750 
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 751 
FIGURE 5. Average contrast amplitude reflecting the neural effects of the three 752 

magnitudes. Panels A-C: data from the magnitude task condition. Panels D-F: data 753 

from the contrast task condition. The contrast amplitude in this case was computed as 754 

the difference between the extreme levels of each “interfering” magnitude, separately 755 

for each level of each magnitude. For instance, the effect of numerosity on duration 756 

was computed as the difference between ERPs corresponding to 100 ms/32 dots and 757 

100 ms/8 dots, and so on for the other levels of duration. The same was done for the 758 

effect of numerosity on size, and the resulting contrasts were averaged together to 759 

increase the signal-to-noise ratio. A similar procedure was then used to compute the 760 

effect of duration and the effect of size. (A) Contrast amplitude reflecting the effect of 761 

numerosity in the magnitude task condition. (B) Contrast amplitude reflecting the effect 762 

of duration in the magnitude task condition. (C) Contrast amplitude reflecting the effect 763 

of size in the magnitude task condition. (D) Contrast amplitude reflecting the effect of 764 

numerosity in the contrast task condition. (E) Contrast amplitude reflecting the effect 765 

of duration in the contrast task condition. (F) Contrast amplitude reflecting the effect 766 

of size in the contrast task condition. The black lines at the bottom of the plots mark 767 

the significant latency windows assessed with a series of FDR-corrected one-sample 768 

t-tests. In panel B and E, the significant latency windows driven by the onset response 769 

(i.e., spurious results due to the misalignment of the onset) have been marked in grey 770 
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and not considered for further data analysis. The vertical dashed line indicates the 771 

onset or offset of the stimuli. The horizontal dashed line indicates the zero of the 772 

amplitude scale. The shaded area around the wave represents the SEM. The 773 

topographic plots besides each panel show the distribution of scalp activity in a 50-ms 774 

window around the main peak of each wave. All waves shown in the figure reflect the 775 

average of signals from channels Oz, O1, and O2. 776 

 777 

 778 

To better address the significance of magnitude-sensitive brain responses, we 779 

computed a measure of ERP contrast based on the difference between the extreme 780 

levels of the interfering dimensions’ ranges. Such a measure of contrast (or difference) 781 

across ERPs indeed provides a more direct index of the sensitivity of brain responses 782 

to the different magnitudes, and makes it easier to assess the extent to which the 783 

amplitude of brain responses reflects the modulation of magnitude information. 784 

Specifically, for each level of each magnitude, we contrasted the ERPs as a function 785 

of the extreme levels of the interfering dimensions. For example, to compute the effect 786 

of numerosity, we subtracted the ERP corresponding to the combination of 100 ms 787 

and the two extreme levels of numerosity (8 and 32 dots). The same subtraction was 788 

performed for the combination of 140, 200, 280, and 400 ms and the extreme levels 789 

of numerosity. The same was done for the combination of each level of size and the 790 

extreme levels of numerosity. The effect of duration and size were computed in the 791 

same way by switching the dimension. The average of this contrast measure, 792 

reflecting the effect of the different magnitudes in driving ERPs, is shown in Fig. 5. 793 

Additionally, Fig. 5 shows the topographic distribution of the contrast amplitude in a 794 

50-ms window around the main peak of each corresponding contrast wave. To assess 795 

the significance of the contrast amplitude, we performed a series of one-sample t-tests 796 

against zero, corrected for multiple comparisons with false discovery rate (FDR; q = 797 

0.05). When reporting the results below, we indicate the range of t-values and FDR-798 

adjusted p-values as [min max]. 799 

 800 

The numerosity-sensitive brain responses (Fig. 5A) showed four significant latency 801 

windows. The strongest effect was observed at a negative deflection at 120-175 ms (t 802 

= [-6.97, -2.41], p = [<0.001, 0.049]) after stimulus onset, which was around the peak 803 

of contrast amplitude (-2.7 µV) observed at 145 ms after stimulus onset. This peak 804 
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was followed by additional significant windows at 200-240 ms (t = [2.45, 3.62], p = 805 

[<0.001, 0.046]), 355-390 ms (t = [-3.18, -2.41], p = [0.012, 0.048]), and 425-700 ms 806 

(t = [-5.61, -2.47], p = [0.001, 0.044]) after stimulus onset. Regarding the effect of 807 

duration on ERPs (Fig. 5B), we observed four significant latency windows. The first 808 

one was observed before stimulus offset, spanning from -170 to -85 ms (t = [-6.55, -809 

2.58], p = [<0.001, 0.049]). Then we observed two relatively early windows at 30-70 810 

ms (t = [-3.66, -2.58], p = [0.007, 0.049]) and 145-195 ms (t = [2.58, 4.50], p = [0.003, 811 

0.049]). Looking at the ERPs shown in Fig. 4B, these three latency windows however 812 

appear to be driven each by a single duration level, due to the onset responses (i.e., 813 

only one wave shows a deflection while the others are flat). Such responses cannot 814 

thus be considered as genuine correlates of duration, but are spurious effects due to 815 

the re-alignment of brain waves to the offset of the stimuli.  A more genuine peak of 816 

activity driven by duration was instead present at 270 ms after the offset (-3.2 µV), and 817 

we observed a significant latency window around this peak, spanning 240-440 ms (t = 818 

[-5.99, -2.60], p = [<0.001, 0.048]). An alternative possibility however is that such a 819 

peak at ~300 ms might be driven by differences occurring earlier in the ERPs (for 820 

instance at the onset response), propagating to later latencies and amplified during 821 

the interval between the onset and the offset of the stimulus. To assess this possibility, 822 

we time-locked the ERPs corresponding to the different durations to the onset of the 823 

stimuli, and assessed potential differences at the onset response (data not shown). 824 

The onset response peaked at 175 ms, and no difference was observed in the 825 

amplitude at such peak (LME regression, adj-R2 = 0.98, b < 0.001, t = -0.06, p = 0.95). 826 

This shows that the peak at 300 ms post-offset does not reflect differences in the level 827 

of amplitude at the onset response. This peak thus more likely reflects a genuine 828 

correlate of duration processing, like an accumulation of information over time (e.g., 829 

see also Ernst et al., 2017). Finally, in the case of size (Fig. 5C), the peak of activity 830 

was observed at 240 ms (2.4 µV). The largest significant latency window was observed 831 

around this peak, spanning 190-320 ms (t = [3.14, 8.44], p = [<0.001, 0.049]). Two 832 

additional, smaller significant windows were observed at very early latencies (30-45 833 

ms; t = [-4.04, -3.23], p = [0.009, 0.042]), and at later latencies (600-615 ms; t = [-3.59, 834 

-3.16], p = [0.022, 0.048]). In all cases, the topographic distribution of scalp activity 835 

around the peaks (plotted besides each panel, Fig. 5A-C) showed a posterior 836 

distribution consistent with activity in the occipital cortex. 837 
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 838 

 839 
FIGURE 6. DDERP measures and relationship with the behavioral effect. Panels A-840 

F: data from the magnitude task condition. Panels G-I: data from the contrast task 841 

condition. (A) DERP measures reflecting the effect of numerosity in the duration task. 842 

(B) Effect of numerosity in the size task. (C) Effect of duration in the numerosity task. 843 

(D) Effect of duration in the size task. (E) Effect of size in the numerosity task. (F) 844 

Effect of size in the duration task. (G) DERP measures reflecting the effect of 845 

numerosity in the contrast task condition. (H) Effect of duration in the contrast task 846 

condition. (I) Effect of size in the contrast task condition. The black lines at the bottom 847 

of the plots mark the latency window where we observed a significant difference in 848 

DERP as a function of the different levels of the magnitude. The vertical dashed line 849 

indicates the onset or offset of the stimuli. The horizontal dashed line indicates the 850 

zero of the amplitude scale. The grey shaded areas marked with stars indicate the 851 

latency windows where we observed a significant relationship between DERP and the 852 

behavioral effect (DPSE). The dotted boxes in panels G-I (contrast task condition) 853 

show the main latency windows whereby the brain responses in the magnitude task 854 

condition predicted the behavioral effect. All waves shown in the figure reflect the 855 

average of signals from channels Oz, O1, and O2. 856 

 857 

 858 

Our main goal in the magnitude task condition was however to identify the latency 859 

windows whereby the modulation of brain activity predicts the magnitude integration 860 
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bias observed behaviorally. We then further computed two measures of the effect that 861 

could be related to each other in data analysis: DPSE, reflecting the behavioral effect, 862 

and DERP, reflecting the neural effect of magnitudes. This is very important, since 863 

individual ERPs corresponding to different levels of magnitudes are very difficult to 864 

relate to the behavioral effect, which is instead computed as a difference in perceived 865 

magnitude across different levels of the stimuli. In order to assess the relationship 866 

between the neural and behavioral effect of magnitude integration we thus needed 867 

equivalent measures that can be related to each other and tested for statistical 868 

significance. These measures were computed by subtracting either the PSE or the 869 

ERP amplitude of each level of the interfering magnitudes from the PSE/ERP 870 

corresponding to the middle, reference level. For the DERP, this measure was 871 

computed at each time point throughout the epochs, and separately for the different 872 

types of task (see Fig. 6). Doing so, we thus computed the effect of numerosity in the 873 

duration and size task (Fig. 6A-B), the effect of duration in the numerosity and size 874 

task (Fig. 6C-D), and the effect of size in the numerosity and duration task (Fig. 6E-F).  875 

 876 

To address the relationship between neural and behavioral measures of magnitude 877 

effects, we first looked for latency windows showing a significant modulation of DERP 878 

as a function of the different levels of the magnitudes. To do so, we performed a series 879 

of LME tests individually for the effect of each magnitude in each task. In the LME 880 

model, we entered the DERP as the dependent variable, the ratio of each magnitude 881 

level with the middle level as the predictor, and the subjects, as well as the ratio, as 882 

random effects. The LME tests were performed across a series of 10-ms windows with 883 

a 5-ms step, in a sliding-window average fashion. To control for multiple comparisons, 884 

we again applied a FDR procedure with q = 0.05. Clusters of less than three 885 

consecutive significant tests (after FDR) were not considered. The results of these 886 

tests are shown with black lines at the bottom of each plot in Fig. 6, marking the 887 

significant latency windows. 888 

 889 

After identifying the latencies showing a significant modulation of DERP, we looked for 890 

a relationship between DERP and DPSE within these windows. We thus performed a 891 

series of LME tests (10-ms windows with 5-ms step) including DPSE as the dependent 892 

variable and DERP as the predictor. The subjects and the DERP were also added as 893 
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random effects. The effect of numerosity on duration (Fig. 6A) showed three windows 894 

whereby the modulation of DERP could predict the behavioral effect (marked with grey 895 

shaded areas in the figure), a larger early window at 110-170 ms, followed by two 896 

smaller windows at 440-450 ms and 665-695 ms (b = [0.007, 0.010], t = [2.04, 3.68], 897 

p = [<0.001, 0.044], adj-R2 = [0.77, 0.79]). The effect of numerosity on size (Fig. 6B) 898 

showed again three significant windows, but clustered at later latencies: 370-390 ms, 899 

445-585 ms, and 605-695 ms (b = [0.087, 0.180], t = [2.05, 4.12], p = [<0.001, 0.024], 900 

adj-R2 = [0.78, 0.83]). The effect of duration on numerosity (Fig. 6C) showed a single 901 

large significant window, spanning 230-415 ms (b = [0.301, 0.597], t = [2.30, 3.90], p 902 

= [<0.001, 0.031], adj-R2 = [0.79, 0.83]). The effect of duration on size (Fig. 6D) 903 

showed two smaller windows, with a timing generally consistent with the effect on 904 

numerosity: 265-285 ms and 375-415 ms (b = [0.067, 0.088], t = [2.02, 2.79], p = 905 

[0.007, 0.046], adj-R2 = [0.81, 0.82]). Finally, the effect of size on numerosity (Fig. 6E) 906 

showed a single, large significant window at 190-310 ms (b = [0.845, 1.078], t = [3.18, 907 

6.48], p = [<0.001, 0.002], adj-R2 = [0.92, 0.99]), while the effect of size on duration 908 

(Fig. 6F) showed two significant windows at 215-290 ms and 515-530 ms (b = [-0.009, 909 

0.013], t = [-3.06, 2.12], p = [0.003, 0.041], adj-R2 = [0.76, 0.79]). These results show 910 

that the behavioral effect of magnitude integration could be reliably predicted by the 911 

modulation of magnitude-sensitive responses in the different task types, providing a 912 

neural signature of the effect. 913 

 914 

 915 

3.2 Contrast task condition 916 

In the contrast task condition, participants watched a stream of dot-array stimuli 917 

modulated in numerosity, duration, and item size, and responded to occasional oddball 918 

stimuli defined by a lower contrast. No  instruction suggested the participants to 919 

explicitly attend the magnitudes of the stimuli. This different protocol was thus 920 

designed to provide a cleaner index of the responses to the different magnitudes, not 921 

confounded by magnitude decision-making or other task-related processes. If 922 

magnitude integration arises from automatic perceptual processes, then we expected 923 

to observe a similar modulation of brain responses consistent with the timing observed 924 

in the magnitude task condition. Instead, if magnitude-related decision making is 925 

necessary for magnitude integration to occur, the modulation of brain responses linked 926 
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to the behavioral effect should not occur during a different task, like the one focused 927 

on the contrast of occasional oddball stimuli that we used in this condition. 928 

 929 

First, we assessed the ERPs corresponding to the different levels of the three 930 

magnitudes (Fig. 4D-F), similarly to what we did in the magnitude task condition. As in 931 

the case of the magnitude task, this is an important step especially when it comes to 932 

the responses to duration. Indeed, the misalignment of onset responses can introduce 933 

spurious effects that need to be evaluated to contextualize the significance of effects 934 

in terms of ERP amplitude. The overall pattern was largely consistent with what 935 

observed in the magnitude task (see Fig. 4A-C), with however some differences. 936 

Numerosity (Fig. 4D) showed an early positive deflection that we did not observe in 937 

the magnitude task condition, with the magnitude of the stimuli modulating the 938 

amplitude in the negative direction (i.e., the smaller the numerosity, the higher the 939 

positive deflection in response amplitude). Looking at the contrast amplitude (green 940 

wave in Fig. 4D), such an opposite effect of numerosity might however be part of the 941 

subsequent modulation in the negative direction, showing higher negative amplitude 942 

for increasing numerosity. Additionally, ERPs at later latencies showed a weaker 943 

modulation compared to the magnitude task. Duration (Fig. 4E) showed a similar 944 

deflection compared to the magnitude task, but the modulation of amplitude was in the 945 

opposite direction (i.e., see topographic plots besides the panels). Finally, size (Fig. 946 

4F) showed instead ERPs consistent with the magnitude task. Again, the effect of size 947 

on ERPs starts with a negative deflection whereby bigger sizes seem to be associated 948 

with smaller amplitudes. However, also in this context, it is more likely that the earlier 949 

negative peak and the later positive peak form a continuum whereby increasing size 950 

is associated with more positive (or less negative) amplitudes – as suggested by the 951 

contrast amplitude (green wave in Fig. 4F) showing a single deflection in the positive 952 

direction. 953 

 954 

To better assess the significance of the magnitude-sensitive brain responses, we 955 

computed again a measure of contrast based on the difference between the extreme 956 

levels of each magnitude (Fig. 5D-F), as in the magnitude task condition. This was 957 

done in order to achieve a more direct index of sensitivity to magnitude, reflecting the 958 

extent to which the ERPs are modulated by the different levels of each magnitude 959 

dimension. The contrast amplitude was then tested with a series of one-sample t-tests 960 
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against zero, corrected with FDR (q = 0.05). In the case of numerosity (Fig. 5D), we 961 

observed a significant early window (130-150 ms; t = [-4.34, -3.64], p = [0.026, 0.047]), 962 

showing a negative deflection consistent with the magnitude task (see Fig. 4A). The 963 

peak of activity in this window (-0.62 µV) was at 140 ms. Differently from the magnitude 964 

task, we did not observe significant latency windows later on in the epoch. The effect 965 

of duration (Fig. 5E) showed three significant windows. The first one at 20-60 ms (t = 966 

[-3.99, -2.68], p = [0.003, 0.049]), the second at 160-210 ms (t = [2.68, 4.34], p = 967 

[0.002, 0.049]), and the third at 270-360 ms (t = [2.71, 4.76], p = [0.002, 0.043]). Note 968 

however that similarly to the magnitude task condition, the first two significant windows 969 

appear to be mostly driven by the onset responses of individual durations, while the 970 

last window shows a consistent deflection in responses corresponding to all the 971 

different levels of duration (see Fig. 3E). The topographic plot showing the distribution 972 

of peak activity (Fig. 5E) thus reflects this last latency window (peak at 290 ms, 1.05 973 

µV). Differently from the magnitude task condition, however, the contrast amplitude 974 

here showed a positive, rather than negative, deflection. Similarly to the magnitude 975 

task condition, we also additionally assessed whether there may be earlier differences 976 

in the response to different durations time-locked to the onset, and especially at the 977 

onset response. The peak of the onset response was identified at 178 ms after 978 

stimulus onset, and again we did not observe any difference in the amplitude of ERPs 979 

corresponding to different durations (LME regression, adj-R2 = 0.99, b < 0.001, t = -980 

0.46, p = 0.64). Finally, size (Fig. 5F) showed a large main window at 155-380 ms (t = 981 

[2.62, 10.88], p = [<0.001, 0.048]), with a peak at 245 ms (1.62 µV) consistent with the 982 

effect of size in the magnitude task condition. In addition, we observed two additional, 983 

smaller windows at 60-75 ms and 400-410 ms (t = [2.62, 3.63], p = [0.005, 0.049]). 984 

Similarly to the magnitude task, the topography of peak amplitude over the scalp 985 

showed a posterior distribution consistent with occipital cortex (see plots beside panel 986 

D-F). 987 

 988 

In order to better compare the modulation of brain responses in the magnitude task 989 

and in the contrast task condition, we also computed the DERP measure (Fig. 6G-I). 990 

The relationship between the behavioral and neural measures of magnitude 991 

integration in the magnitude task was indeed evaluated using this measure. Here we 992 

thus computed the same measure in order to assess whether the modulation of brain 993 
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responses in the contrast task occurs at the same processing stages (i.e., latency 994 

windows) that showed a relationship with the behavioral effect. The DERPs were 995 

assessed with a series of paired t-tests, performed considering 10-ms windows (step 996 

= 5 ms) as in the magnitude task condition, corrected with FDR (q = 0.05). The overall 997 

timing of the significant windows was consistent with the contrast measure (see Fig. 998 

5D-F). DERPs reflecting the effect of numerosity (Fig. 6G) showed a significant 999 

modulation at 130-150 ms (t = [3.64, 4.33], p = [0.025, 0.047]). The effect of duration 1000 

(Fig. 6H) showed a modulation at 225-285 ms (t = [-6.91, -2.78], p = [<0.001, 0.049]), 1001 

and at 380-420 ms (t = [-3.68, -2.79], p = [0.016, 0.049]) after stimulus offset. Finally, 1002 

in the case of size (Fig. 6I), we observed the main modulation in a large window 1003 

spanning 160-380 ms (t = [-10.87, -2.62], p = [<0.001, 0.049]). We again observed two 1004 

smaller significant windows at 60-75 ms (t = [-3.63, -2.65], p = [0.005, 0.046]) and 400-1005 

410 ms (t = [-2.85, -2.62], p = [0.032, 0.049]). As a comparison, Fig. 6G-I shows with 1006 

dotted boxes the latency windows where we observed a significant relationship 1007 

between neural and behavioral measures of magnitude integration in the magnitude 1008 

task condition (Fig. 6A-F). In all cases, we observed an overlap between the significant 1009 

windows in the contrast and magnitude task condition. 1010 

 1011 

 1012 

3.3 Multivariate decoding analysis 1013 

To achieve a more direct comparison of magnitude-sensitive brain activity during the 1014 

magnitude and contrast task, we performed a multivariate “decoding” analysis across 1015 

the two experimental conditions. Indeed, while the evidence that we have gathered so 1016 

far from the comparison of ERPs across conditions is mostly qualitative, the 1017 

multivariate analysis can provide a quantitative measure of how similar the pattern of 1018 

brain activity evoked by magnitudes in different conditions is. In the analysis, we 1019 

trained a classifier (support vector machine) with data from the magnitude task 1020 

condition, and tested its ability to decode magnitude-sensitive brain activity in the 1021 

contrast task condition (Fig. 2). This training and testing direction was chosen to obtain 1022 

a larger set of classification accuracy (CA) values, in order to achieve more robust and 1023 

stable results when testing the statistical significance of the decoding. Indeed, the 1024 

analysis was performed by training the classifier on a set of data points each formed 1025 

by the average data of one participant. The classifier was then tested separately on 1026 
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the average data of each participant in the contrast task condition group, according to 1027 

a leave-two-out procedure, i.e., two datapoints each corresponding to a class entered 1028 

into the analysis were left out from the training set, and two independent datapoints 1029 

from the contrast task conditions were used for testing. This procedure thus resulted 1030 

in a distribution of CA values corresponding to the number of participants in the 1031 

contrast task condition. We did not run the analysis in the opposite direction (i.e., 1032 

training with the contrast task data and testing with the magnitude task data) since, 1033 

due to the different number of data points (i.e., due to the different number of 1034 

participants in the two conditions), the results would be difficult to combine. See 1035 

Methods for more information about the decoding procedure. According to our 1036 

hypothesis, if the brain responses related to magnitude processing and integration are 1037 

similar irrespective of the task, then the classifier should be able to decode magnitude 1038 

information from the contrast task data. Otherwise, if magnitude processing entails 1039 

mechanisms specific to the task performed, no above-chance decoding should be 1040 

observable. The ability of the classifier to decode magnitude information was 1041 

evaluated based on the distribution of CA values, obtained across a series of small 1042 

time windows (i.e., 15-ms window with 5-ms step) throughout the epochs. The 1043 

distribution of CA values at each time window was then tested with a permutation (sign 1044 

flipping) test to assess whether it resulted significantly higher than chance level (0.5; 1045 

see Methods for more information). A depiction of the different steps of the analysis is 1046 

shown in Fig. 2, while the results are shown in Fig. 7. 1047 

 1048 



 36 

 1049 
FIGURE 7. Results of the multivariate decoding analysis. The decoding analysis 1050 

was performed by training a classifier on data from the magnitude task condition, and 1051 

then tested on data from the contrast task condition, in order to achieve a more direct 1052 

comparison of the magnitude-related brain processes in the two experimental 1053 

conditions. (A) Classification accuracies obtained in the decoding of numerosity. (B) 1054 

Classification accuracies obtained in the decoding of duration. (C) Classification 1055 

accuracies obtained in the decoding of size. The horizontal dashed lines indicate the 1056 

chance level (0.5). The vertical dashed lines mark either the time of stimulus onset for 1057 

numerosity and size, or the time of stimulus offset for duration. The shaded area 1058 

around the waves represents the SEM, which reflects the variability across the 1059 

distribution of classification accuracy values obtained in the decoding procedure. The 1060 
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black lines at the bottom of the plot mark the latency windows where the decoding is 1061 

significantly higher than chance level (0.5), as observed with a series of permutation 1062 

tests. 1063 

 1064 

 1065 

Overall, the multivariate analysis revealed several latency windows in which 1066 

magnitude-sensitive brain responses in the contrast task condition could be 1067 

successfully predicted based on the training with the magnitude task condition data. 1068 

Below, the results are reported in terms of the range of CAs observed (CA = [min, 1069 

max]) and p-values of the permutation tests (p = [min, max]).  In the case of numerosity 1070 

(Fig. 7A), the analysis showed significant above-chance decoding at four latency 1071 

windows. Namely, an early window spanning 110-145 ms after stimulus onset (CA = 1072 

[0.57, 0.67], p = [<0.001, 0.010]), followed by later windows at 360-395 ms (CA = [0.59, 1073 

0.65], p = [<0.001, 0.049]), 475-500 ms (CA = [0.56, 0.57], p = [0.026, 0.049]), and 1074 

585-695 ms (CA = [0.57, 0.64], p = [<0.001, 0.036]). In the case of duration (Fig. 7B), 1075 

we observed six significant latency windows, at 20-60 ms after stimulus offset (CA = 1076 

[0.58, 0.73], p = [<0.001, 0.013]), 95-135 ms (CA = [0.62, 0.69], p = [<0.001, 0.017]), 1077 

185-235 ms (CA = [0.54, 0.64], p = [<0.001, 0.038]), 285-310 ms (CA = [0.53, 0.55], p 1078 

= [0.004, 0.048]), 370-460 ms (CA = [0.56, 0.65], p = [<0.001, 0.039]), and 515-550 1079 

ms (CA = [0.58, 0.67], p = [<0.001, 0.035]). Finally, in the case of size (Fig. 7C), we 1080 

observed three significant latency windows, at 270-430 ms (CA = [0.60, 0.85], p = 1081 

[<0.001, 0.020]), 440-495 ms (CA = [0.58, 0.61], p = [0.008, 0.047]), and 630-680 ms 1082 

(CA = [0.58, 0.62], p = [<0.001, 0.049]). 1083 

 1084 

 1085 

 1086 

4. DISCUSSION 1087 

In the present study we assessed and compared the signatures of magnitude 1088 

integration in two different conditions: when participants are engaged in actively 1089 

judging the magnitude of the stimuli, or when they passively watched a modulation of 1090 

magnitude while attending another feature (i.e., contrast). The phenomenon of 1091 

magnitude integration – i.e., the mutual biases usually observed across different 1092 

dimensions – is a hallmark of magnitude perception. Indeed, stimulus dimensions such 1093 

as numerosity, duration, and size systematically interact with each other, leading to 1094 
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biases when judging them. Such mutual interactions have played a pivotal role in the 1095 

development of influential theories like “a theory of magnitude” (ATOM; Walsh, 2003) 1096 

and the “metaphor” theory (Casasanto & Boroditsky, 2008). However, the nature of 1097 

this bias and its underlying mechanisms remain unclear. 1098 

 1099 

Different mechanisms have been proposed to explain the interaction of magnitude 1100 

dimensions. On the one hand, according to ATOM, the interaction would occur in 1101 

perceptual processing due to the encoding of different dimensions with a common 1102 

neural code (Walsh, 2003). In support of such a perceptual account of magnitude 1103 

integration, we have recently shown that the effect relies on a mechanism similar to 1104 

perceptual binding, inducing a positive bias across dimensions only when they are 1105 

conveyed by the same stimulus (i.e., as opposed to magnitudes conveyed by 1106 

separate, superimposed stimuli; Togoli, Bueti, et al., 2022). Recent neuroimaging 1107 

studies, however, albeit showing common neural substrates, failed to provide evidence 1108 

for a shared neural code (Borghesani et al., 2019; Hendrikx et al., 2024; Tsouli et al., 1109 

2022). According to the metaphor theory, on the other hand, the effect would instead 1110 

arise at the conceptual or linguistic level, due to the use of “spatial” concepts to 1111 

describe time (e.g., a “long” time; Bottini & Casasanto, 2013; Casasanto & Boroditsky, 1112 

2008; but see Whitaker et al., 2022). This theory however relies on asymmetric effects 1113 

across temporal and non-temporal dimensions, which depend on the type of stimuli 1114 

used (Javadi & Aichelburg, 2012; Lambrechts et al., 2013; Togoli et al., 2021). 1115 

Moreover, other authors proposed that magnitudes could interact during working 1116 

memory maintenance, nudging each other while stored in memory (Cai et al., 2018; 1117 

Cui et al., 2022), or as a bias during the response selection in comparisons tasks 1118 

(Yates et al., 2012). Considering the results from these studies, whether magnitude 1119 

integration across dimensions (e.g., numerosity, duration, and size) occurs at a 1120 

perceptual or at a post-perceptual stage remains a debated topic. 1121 

 1122 

In the present study, we addressed the nature of the magnitude integration effect by 1123 

assessing a new prediction. Namely, a high-level effect hinging upon magnitudes 1124 

concurrently held in memory (i.e., one magnitude biasing the memory of the other) or 1125 

on active decision-making (i.e., one magnitude interfering with the response to another 1126 

magnitude) should show a unique neural signature not present when the magnitudes 1127 

are neither explicitly attended nor judged. Conversely, a perceptual effect is expected 1128 
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to occur in a more automatic fashion, independently from the relevance or judgment 1129 

of magnitude. Thus, similar signatures should be observable with or without a 1130 

magnitude judgment task. 1131 

 1132 

Our behavioral results show systematic biases across the three magnitudes. First, 1133 

numerosity is biased by both duration and item size. However, while duration shows a 1134 

congruent effect (the longer the duration, the higher the perceived numerosity) as in 1135 

previous studies (Javadi & Aichelburg, 2012; Togoli et al., 2021), size induces an 1136 

opposite bias. Although different from the relationship between other dimensions, 1137 

previous studies indeed show that the effect of dot size on numerosity entails a 1138 

negative effect, so that the larger the dot size, the lower the perceived numerosity 1139 

(DeWind et al., 2015; Fornaciai et al., 2019). Duration is instead similarly affected by 1140 

both numerosity and size in a congruent fashion, in line with previous studies (e.g., 1141 

Lambrechts et al., 2013; Xuan et al., 2007), although the latter exerts a stronger 1142 

influence. Finally, size seems the dimension most resistant to integration biases, and 1143 

shows only modest, albeit significant, influences from the other magnitudes. Size is 1144 

also the dimension that is easiest to judge (Fig. 3D), and the generally lower variability 1145 

of responses might explain its robustness to biases. However, in a previous study from 1146 

our group addressing trial-history effects in different magnitude dimensions (i.e., “serial 1147 

dependence” effects; Fornaciai et al., 2023), size showed stronger biases compared 1148 

to duration and numerosity, while again showing the highest precision. Thus, the 1149 

perception of size does not seem intrinsically more resistant to biases, and the lower 1150 

effect observed here might be a feature of magnitude integration effects rather than a 1151 

general property. Considering the pattern of effects across dimensions, the results 1152 

thus show some partial asymmetries, as some dimensions are more vulnerable to 1153 

biases than others, in line with previous studies using similar stimuli (Togoli, Bueti, et 1154 

al., 2022; Togoli et al., 2021).  1155 

 1156 

In terms of event-related potentials, in the magnitude task condition we found robust 1157 

brain responses to the different magnitudes. Overall, our analyses identified a set of 1158 

latency windows that show the stronger peaks of activity driven by the different 1159 

dimensions. Namely, around 150 ms and 250 ms after stimulus onset in the case of 1160 

numerosity and size, and around 300 ms after stimulus offset for duration. Brain 1161 

activity at these latency windows appears to be modulated by the different dimensions 1162 
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in a parametric fashion, according to the magnitude of the stimuli. Crucially, with just 1163 

one exception (i.e., the effect of numerosity in the size task), brain activity at or around 1164 

such peaks can significantly predict the bias observed behaviorally: the larger the brain 1165 

responses, the stronger the magnitude integration bias. In the case of numerosity, the 1166 

timing observed here (~150 ms) is consistent with numerosity-sensitive responses 1167 

measured in previous studies. Although this timing is slightly earlier compared to the 1168 

P2p component (~200 ms), i.e., the ERP component most often associated with 1169 

numerosity (Grasso et al., 2022; Libertus et al., 2007; Park et al., 2016; Temple & 1170 

Posner, 1998), several studies also showed numerosity-sensitive responses at earlier 1171 

latencies, starting at around 75-100 ms after stimulus onset (Fornaciai et al., 2017; 1172 

Fornaciai & Park, 2018; Park et al., 2016). In the case of duration, previous studies 1173 

highlight a variety of possible EEG correlates of duration processing, like the 1174 

contingent negative variation (CNV;  Damsma et al., 2021; but see Kononowicz & 1175 

Penney, 2016), the N2 (Tonoyan et al., 2022), the P2 (Li et al., 2017), and the P3 (Cui 1176 

et al., 2022; Ernst et al., 2017) ERP components. The timing shown in our results 1177 

appears to be consistent with the results of Benau et al. (2018), showing duration 1178 

sensitivity at around 350 ms after stimulus offset. Finally, in terms of size, the timing of 1179 

responses sensitive to the size of the items appears to be roughly consistent with 1180 

previous results (Park et al., 2016) showing a peak at around 200 ms. Overall, these 1181 

results, together with the results of previous studies, suggest that the processing of 1182 

different dimensions unfolds with different dynamics, with peaks at different latencies. 1183 

This supports the idea (Togoli et al., 2021) that each magnitude dimension affects 1184 

other dimensions at different stages, depending on its specific processing dynamic. 1185 

For instance, numerosity shows a relatively fast processing in the range of 75-200 ms 1186 

after the onset of a stimulus (e.g., Park et al., 2016; Fornaciai et al., 2017), so that it 1187 

can potentially interfere with early processing stages relative to other dimensions like 1188 

duration or size. Time perception, instead, requires the entire interval to unfold before 1189 

a duration representation can be formed, so that its interference with other dimensions 1190 

likely occurs at later processing stages after the offset of a stimulus. 1191 

 1192 

Besides these differences across dimensions within each experiment, the crucial 1193 

comparison concerns the responses to each magnitude across the different 1194 

experimental conditions. In this context, the timing of magnitude-sensitive brain 1195 

responses in the contrast task revealed similar evoked activity in most of the cases, 1196 
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closely mirroring the responses observed in the magnitude task condition. Especially 1197 

in the case of numerosity and size, the peaks of magnitude-sensitive activity (i.e., 1198 

DERP; compare Fig. 6A-F with Fig. 6G-I) show indeed a one-to-one correspondence, 1199 

with similar timing and polarity. In duration perception, however, although the timing 1200 

and topography of responses is very similar, we observed ERPs with an opposite 1201 

polarity. This may additionally suggest that while the processing of numerosity and 1202 

size is largely invariant across the two conditions, the brain responses to duration may 1203 

at least partially depend on the task relevance of this dimension. Namely, while the 1204 

same duration processing stage seems to get engaged (i.e., as suggested by brain 1205 

responses at the same latency and with the same scalp topography), actively 1206 

attending the magnitudes of the stimuli may modulate how duration information is 1207 

processed. This is not completely surprising, as duration shows different properties 1208 

compared to the other dimensions (i.e., duration information needs to be accumulated, 1209 

while the other dimensions can be processed from the onset), and the encoding of 1210 

duration information is notoriously poorer in vision compared to other senses (e.g., 1211 

Alais & Burr, 2004; Cai & Connell, 2015).  1212 

 1213 

Duration in this context seems thus to potentially engage different processes 1214 

compared to the other dimensions. The timing of the duration effect indeed might be 1215 

consistent with the engagement of post-perceptual processes, for instance involving 1216 

an interference with the working memory traces of other magnitudes. Specifically, the 1217 

timing of this effect is consistent with something similar to the P3 component, occurring 1218 

after the offset of the interval. Such a component has been linked to the working 1219 

memory representation of magnitude and the interference across different dimensions 1220 

occurring in working memory (Cui et al., 2022). Together with the effect of attention 1221 

and task-relevance discussed above (i.e., different ERP polarity in the two task 1222 

conditions), our result may suggest the involvement of later processes beyond 1223 

perception in driving the effect that duration exerts on other magnitudes. Such a later, 1224 

higher-level interaction may be forced by the use of static stimuli creating a large 1225 

mismatch between the processing of temporal and non-temporal dimensions (Togoli 1226 

et al., 2021). Namely, due to the faster time course of numerosity and size processing 1227 

(Park et al., 2016; Fornaciai et al., 2017), a duration representation formed after the 1228 

offset of the interval may no longer be able to interfere with the perceptual processing 1229 
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of non-temporal dimensions, but only with later post-perceptual processes. An 1230 

interesting goal for future studies is thus to address the neural signature of magnitude 1231 

integration using dynamic stimuli in which dimensions such as numerosity and size 1232 

unfold over time as well, making their processing time-course more similar to duration 1233 

(see Lambrechts et al., 2013; Togoli et al., 2021; Togoli et al., 2024).  1234 

 1235 

The lack of decision-making processes related to magnitude in the contrast task 1236 

paradigm represents the major strength of this approach, as it allows to exclude the 1237 

involvement of task-related brain processes concerning the maintenance and 1238 

judgment of the different magnitudes (e.g., working memory maintenance and retrieval 1239 

of magnitude information; Cai et al., 2018; Cui et al., 2022), and response biases 1240 

(Yates et al., 2012). However, it also has the obvious limitation that magnitude 1241 

integration could not be directly measured to confirm the effect. The striking similarity 1242 

in the brain responses to the magnitudes, peaking at the same latencies where we 1243 

demonstrated a relationship with the behavioral effect and showing the same scalp 1244 

topography, nevertheless provides evidence that magnitude integration likely occurs 1245 

even in the absence of a magnitude task. While this comparison remains qualitative, 1246 

the multivariate “cross-condition” decoding analysis provides quantitative evidence 1247 

that the brain activity at several latency windows does not depend on the presence of 1248 

a magnitude task. Indeed, the ability of the classifier to successfully decode the brain 1249 

responses to magnitude across conditions shows that similar brain processes are 1250 

engaged at specific time points, resulting in similar patterns of brain activity. In all 1251 

cases, the latency windows showing above-chance decoding are largely consistent 1252 

with the most important windows highlighted in the other analyses (e.g., in terms of 1253 

DERP and its relationship with the behavioral effect). Namely, the timing of above-1254 

chance decoding in the case of numerosity (i.e., the 110-145 ms window), duration 1255 

(i.e., 370-460 ms), and size (i.e., 270-430 ms) overlaps with similar windows showing 1256 

a relationship between ERPs and behavior (in the magnitude task condition analysis), 1257 

and with the effect of the different magnitudes in the contrast task condition. The 1258 

analysis also highlights several other windows showing significant cross-condition 1259 

decoding, suggesting that similar patterns of brain activity emerge at multiple 1260 

processing stages across conditions, both early and late. The decoding analysis thus 1261 

provides further evidence that magnitude processing entails patterns of brain activity 1262 
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largely independent from the task. In other words, with this analysis we demonstrate 1263 

that the magnitude and contrast task condition not only entail similar magnitude-1264 

sensitive responses at the same processing stages, but also that such responses 1265 

show very similar patterns of activity likely reflecting the same brain processes. In turn, 1266 

this also suggests that the magnitude integration phenomenon – which is reflected by 1267 

activity at such latency windows – likely takes place irrespective from the task, in an 1268 

automatic and perceptually-driven fashion. Even in the case of duration, which shows 1269 

ERP of different polarity in different tasks and a later timing potentially consistent with 1270 

post-perceptual processes, the successful cross-decoding suggests at least partially 1271 

similar processes occurring independently from decision making. Overall, according 1272 

to this interpretation, the integration of different magnitudes and the relative bias would 1273 

occur via perceptual processes affecting how we experience the different dimensions, 1274 

and not only their memory traces or how they are judged – especially when it come to 1275 

the effect of non-temporal dimensions. Namely, for instance, when we underestimate 1276 

a duration because it is paired with a low numerosity we perceptually experience a 1277 

shorter duration. 1278 

 1279 

Another potential limitation of the present study concerns the use of partially different 1280 

stimulation designs, as well as a slightly different preprocessing (i.e., larger epochs in 1281 

the magnitude task in the initial preprocessing). In particular, in terms of stimulation 1282 

procedure, the contrast task condition involved smaller magnitude ranges with fewer 1283 

levels of magnitude, and a faster presentation rate. The two experimental conditions 1284 

were in fact designed independently, in order to optimize each paradigm to the specific 1285 

aim of the condition, rather than to have exactly the same stimuli and procedure. Such 1286 

differences could in turn potentially affect the comparison between the different 1287 

conditions, limiting our ability to find a general correlate of magnitude processing 1288 

independent of the task. However, despite these differences, we observed very similar 1289 

brain responses to the magnitudes in terms of ERPs, and patterns of brain activity 1290 

generalizing across the two conditions and across independent groups of participants 1291 

(in the multivariate analysis). It is important to note in this context that what we 1292 

compared in our main analyses is not the absolute responses to individual levels of 1293 

each magnitude – which indeed could have been difficult due to the different ranges – 1294 

but measures of sensitivity to the different magnitude dimensions and their effect on 1295 

brain responses. Namely, measures such as the contrast (Fig. 5) and the DERP (Fig. 1296 



 44 

6) reflect the difference in responses across different magnitude levels. The main 1297 

property of such indexes that is expected to change depending on the range is their 1298 

amplitude (e.g., 12 and 24 dots are expected to result in a smaller DERP compared to 1299 

8 and 32 dots; compare Fig. 6A-B with Fig. 6G), while the timing and dynamics of brain 1300 

responses should not be affected. We however never considered the absolute 1301 

amplitude of responses in our analysis, as in this context it is not a particularly 1302 

meaningful measure (i.e., due to the testing of independent groups of participants with 1303 

likely different levels of mean ERP amplitude). Thus, although the use of different 1304 

paradigms, and particularly the different stimulation ranges, represents an important 1305 

limitation that needs to be taken into account, we believe that such differences do not 1306 

confound our interpretation. The results themselves in fact demonstrate that very 1307 

similar brain responses are evoked by the stimuli across the two tasks despite such 1308 

differences. Nevertheless, using paradigms as similar as possible is probably a better 1309 

strategy to compare different types of tasks, and future studies should minimize any 1310 

difference to potentially achieve more robust results. 1311 

 1312 

Differently from the present study, previous EEG results concerning magnitude 1313 

integration (involving duration and length) suggested the involvement of working 1314 

memory interference (Cui et al., 2022). Cui et al. (2022) indeed observed effects of 1315 

duration and length after the offset of the intervals, at ERP components usually 1316 

associated with working memory maintenance, such as the P2 and P3b. While the 1317 

effect of duration in Cui et al.’s work shows a timing consistent with the present results 1318 

(~250-300 ms after stimulus offset), length has an effect at a much different timing 1319 

(~300 ms after stimulus offset) compared to our earlier peak of responses to the size 1320 

dimension (~250 ms after stimulus onset). Additionally, the scalp topography of the 1321 

magnitude effects had a much more anterior distribution, peaking at parieto-frontal 1322 

locations, as opposed to our results showing a posterior, occipital distribution. 1323 

However, Cui et al. also employed much different stimuli: longer intervals (800-1,200 1324 

ms) and quite large lengths up to 15 degrees of visual angle. Considering the relatively 1325 

long durations and the fact that the stimuli were marked only at the beginning (onset) 1326 

and end (offset) point, it is not surprising that they engaged memory processes (e.g., 1327 

see for instance Rammsayer & Lima, 1991). Both magnitudes in such a task indeed 1328 

rely on the memory trace of the first marker presented rather than on sustained 1329 
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sensory stimulation, making it more likely that any interference would involve higher-1330 

level memory processes. Although the effect of duration on other magnitudes might 1331 

involve working memory interference due to its much later timing, our results in terms 1332 

of earlier perceptual effects (numerosity and size) do not conflict with such an 1333 

interpretation. Perceptual and mnemonic interferences are indeed not mutually 1334 

exclusive processes, and can both occur depending on the nature of the stimuli and 1335 

paradigm used. Our results however show that magnitude interactions can be 1336 

perceptual in nature when based on stimuli relying on sensory/perceptual processing 1337 

rather than memory, at least for stimulus dimensions such as numerosity and size. 1338 

 1339 

How would this perceptual interaction occur in the brain? Interestingly, our results 1340 

show that the effects across the different magnitudes do not occur at a unique, 1341 

generalized stage, but show different timings consistent with different brain processing 1342 

stages. In other words, the interference between magnitudes seems to depend on the 1343 

specific processing dynamics of each dimension (see also Togoli et al., 2021), rather 1344 

than a common processing stage. Our results are thus not fully consistent with the 1345 

idea of a generalized magnitude processing system, as proposed by the ATOM 1346 

framework (e.g., Walsh, 2003). Instead, the results seem more in line with recent 1347 

findings of separate topographical cortical maps of different magnitudes, partially 1348 

overlapping with each other (Fortunato et al., 2023; Harvey et al., 2013, 2015; Harvey 1349 

& Dumoulin, 2017; Hendrikx et al., 2024; Protopapa et al., 2019). Recently, it has 1350 

indeed been proposed that the interaction between different magnitudes could arise 1351 

from the overlap of neural populations sensitive to different dimensions but without 1352 

neural alignments across dimensions (Hendrikx et al., 2024; Tsouli et al., 2022), 1353 

therefore arguing against the existence of a centralized mechanism or a common 1354 

magnitude neural code (Walsh, 2003).  1355 

 1356 

To conclude, our results show that the neural signatures of magnitude processing and 1357 

integration are very similar whether participants explicitly attend and judge magnitude 1358 

information or passively watch the modulation of different magnitude dimensions. This 1359 

in turn suggests that similar brain processing stages are engaged irrespective of the 1360 

task, and thus that magnitude integration occurs even in the absence of magnitude 1361 

decision-making. One exception is possibly duration, that due to its nature and its 1362 

much later processing might interact with other dimensions at post-perceptual stages, 1363 
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as an interference with working memory traces. Nevertheless, our results provide new 1364 

evidence supporting the idea that magnitude integration can occur as a perceptual 1365 

phenomenon independent from the task performed, affecting the phenomenological 1366 

appearance of the stimuli, and not exclusively their memory traces or the way in which 1367 

they are judged. 1368 

 1369 
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