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Abstract 28 

The successful recognition of familiar persons is critical for social interactions. Despite extensive 29 

research on the neural representations of familiar faces, we know little about how such representations 30 

unfold as someone becomes familiar. In three EEG experiments on human participants of both sexes, we 31 

elucidated how representations of face familiarity and identity emerge from different qualities of 32 

familiarization: brief perceptual exposure (Experiment 1), extensive media familiarization (Experiment 2) 33 

and real-life personal familiarization (Experiment 3). Time-resolved representational similarity analysis 34 

revealed that familiarization quality has a profound impact on representations of face familiarity: they 35 

were strongly visible after personal familiarization, weaker after media familiarization, and absent after 36 

perceptual familiarization. Across all experiments, we found no enhancement of face identity 37 

representation, suggesting that familiarity and identity representations emerge independently during face 38 

familiarization. Our results emphasize the importance of extensive, real-life familiarization for the 39 

emergence of robust face familiarity representations, constraining models of face perception and 40 

recognition memory. 41 

 42 

Keywords: person recognition, MVPA, EEG, familiarity, face identification  43 

Significance statement: Despite extensive research on the neural representations of familiar faces, 44 

we know little about how such representations unfold as someone becomes familiar. To elucidate how 45 

face representations change as we get familiar with someone, we conducted three EEG experiments 46 

where we used brief perceptual exposure, extensive media familiarization or real-life personal 47 

familiarization. Using multivariate representational similarity analysis, we demonstrate that the method of 48 

familiarization has a profound impact on face representations and emphasize the importance of real-life 49 

familiarization. Additionally, familiarization shapes representations of face familiarity and identity 50 

differently: as we get to know someone, familiarity signals seem to appear before the formation of 51 

identity representations. 52 

  53 
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Introduction 54 
 55 

Across our lifetimes, we continuously become familiar with new faces. Being able to recognize familiar 56 

people is critical for social interactions. Determining the facial identity of a person, however, is a 57 

computationally challenging endeavor. This is because every face shares the same basic features, thus 58 

telling the faces of different people apart is difficult (for a review see Peterson and Rhodes, 2006). 59 

Further, because the facial features of an individual show enormous variability across time, due to 60 

illumination, viewpoint, facial expression, hairstyle, makeup and age changes, thereby also making the task 61 

of “telling people together” very difficult (Jenkins et al., 2011; Andrews et al., 2015). Given these 62 

difficulties, it is not surprising that special brain mechanisms have developed for the identification of 63 

familiar faces (Haxby et al., 2000; Calder and Young, 2005; Gobbini and Haxby, 2006, 2007; Duchaine 64 

and Yovel, 2015; Ramon and Gobbini, 2018; Young and Burton, 2018; Rapcsak, 2019).  Recent studies 65 

investigating the temporal dynamics of face processing suggested that both earlier, feed-forward and 66 

later, feedback processes are important for identification (Visconti di Oleggio Castello and Gobbini, 67 

2015; Dobs et al., 2019; Wiese et al., 2019). Cortical processing differs between different face identities 68 

within the first 200 ms, for both unfamiliar (Nemrodov et al., 2016, 2018; Vida et al., 2017) and familiar 69 

faces (Ambrus et al., 2019; Dobs et al., 2019). However, the earliest representations of facial identity 70 

seem to be explained by visual features shared between people, while later representations (from 400 71 

ms onwards) are related to the invariant coding of identity (Ambrus et al., 2019; Wiese et al., 2019).  72 

Despite extensive research on how we represent familiar faces, we know much less about how the 73 

neural representation of a person unfolds as they become familiar.  74 

Face familiarity can be divided into three distinct qualities (Natu and O’Toole, 2011): (1) During 75 

perceptual familiarization, a face is presented repeatedly without additional information. (2) During media 76 

(or other forms of parasocial (Horton and Wohl, 1956)) interactions, additional person-specific 77 

biographical semantic information, is made available. One gradually gains knowledge about the person's 78 

characteristics, without meeting the person in real life. This level is typically studied experimentally using 79 

faces of famous people. (3) During personal familiarization, we encounter the person in real life and the 80 

biographical information gets detailed and personal episodic memories, as well as emotional knowledge, 81 

becomes available, too. Consequently, during the process of getting to know someone, a predominantly 82 

perceptual face-representation gradually turns into representation of the person in declarative memory. 83 

Therefore, the identification of a person involves both the processing of perceptual information and the 84 

matching of this information to previously existing person knowledge stored in declarative recognition 85 

memory. To date, no study has compared how representations of face identity and familiarity emerge 86 
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when faces are familiarized through perceptual, media and personal familiarization. Therefore, we 87 

currently do not know what it takes to get to know a person to a level that reliably forges novel face 88 

representations in the brain. 89 

Here, we elucidate how neural representations of familiarity and identity emerge after different qualities 90 

of familiarization. In three EEG experiments, participants viewed “ambient” images (Jenkins et al., 2011) 91 

of unfamiliar faces and faces familiarized by a brief perceptual familiarization (Experiment 1), an extensive 92 

media familiarization (Experiment 2), or a real-life, personal familiarization (Experiment 3). To track 93 

representations we used time-resolved representational similarity analysis (RSA) (Kriegeskorte and 94 

Kievit, 2013; Cichy et al., 2014). We were particularly interested in the emerging familiarity 95 

representations, reflecting processing differences between familiarized and unfamiliar faces, and face 96 

identity representations, reflecting differences among familiarized identities, compared to differences 97 

among unknown identities.  98 

Our study yielded three key insights into how face representations change as we get to know someone. 99 

First, our results reveal cortical representations of familiarity, emerging after ca. 400 ms over the right 100 

temporal cortex. Second, we find that the quality of familiarization has a profound impact on familiarity 101 

representations: they were strongly visible after personal familiarization (Experiment 3), weaker after 102 

media familiarization (Experiment 2), and completely absent after perceptual familiarization 103 

(Experiment 1). Third, we find that familiarity representations emerge independently of enhanced identity 104 

representations: Although significant face identity representations were found in all experiments, the 105 

degree of familiarization did not impinge on their quality. Together, these results emphasize the 106 

importance of long, real-life familiarization for the emergence of robust representations of face 107 

familiarity, constraining models of face perception and recognition memory. 108 

■ Figure 1 about here 109 

 110 

Materials and Methods  111 
 112 

■ Figure 2 about here 113 

 114 

Participants 115 

Forty-two, twenty-four and twenty-three participants (8, 2 and 7 males; average ( SD) age: 22.01 (3.06); 116 

22.81 (2.01); 23.65 (4.07) years, respectively) took part in the perceptual, media and personal 117 
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familiarization experiments, respectively. Sample sizes were similar to or exceeded those in previous 118 

EEG-MVPA studies on cortical face representations (Cauchoix et al., 2014; Nemrodov et al., 2018; 119 

Acunzo et al., 2019; Ambrus et al., 2019; Smith and Smith, 2019; Kaiser and Nyga, 2020). All participants 120 

were right-handed and had normal or corrected-to-normal visual acuity. Participants received partial 121 

course credits or monetary compensation. The experiments were conducted in accordance with the 122 

guidelines of the Declaration of Helsinki and with the approval of the ethics committee of the University 123 

of Jena. Written informed consent was acquired from all participants. 124 

Stimuli and Procedures for Experiment 1 125 

For Experiment 1 the stimuli were ambient, color photographs of four Hungarian female celebrities 126 

(CA: Adél Csobot, NA: Anikó Nádai, SK: Kata Sarka, SE: Erika Szabó), unknown to our participants. The 127 

experiment involved a perceptual familiarization phase, a subsequent electroencephalogram (EEG) 128 

recording phase and a final face matching test phase. For each participant we selected two out of the 129 

four celebrities, balanced across participants. We familiarized participants with these two identities in a 130 

sequential sorting task (Ambrus et al., 2017). On each trial, participants were instructed to assign a 131 

photograph to one of the two identities via button press. Trials were separated by a 150 ms inter-trial 132 

interval. No feedback was given to the participants. Overall, 120 sorting trials were recorded, with 30 - 133 

30 images of the two to-be-familiarized identities repeated twice. 134 

The subsequent EEG recording phase was executed immediately after the familiarization phase. During 135 

the EEG experiment, 1760 trials (including 160 target trials; see below) were presented. The 1600 non-136 

target trials, one of 40 face images (10 per identity) was presented for 600 ms (each image was repeated 137 

40 times, amounting to 400 repetitions of each face identity). In target trials, images were rotated 10° 138 

clockwise or anticlockwise (10 % of trials); participants were instructed to press a button in these trials. 139 

After the EEG recording, participants were asked to perform a face-matching task, in which they had to 140 

indicate whether two photographs were of the same or different identities.  141 

Stimuli and Procedures for Experiment 2 142 

For Experiment 2 twenty images of the leading actors and actresses of the television series “The 143 

Americans” (Keri Russel and Matthew Rhys) and “The Bridge” (Sofia Helin and Thure Lindhardt) were 144 

downloaded from the internet. We selected highly variable images of these actors, depicting them during 145 

public appearances and avoided using snapshots from their films.  146 

Experiment 2 involved a pre- and a post-familiarization EEG recording phase. The experimental design 147 

was identical to Experiment 1, except for the stimuli used. In each session, a total of 1066 trials (1040 148 

non-targets and 26 targets) were presented. Here, in the 1040 non-target trials, one of 80 face images 149 
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(20 per identity) was presented for 600 ms (each image was repeated 13 times, amounting to 260 150 

repetitions of each face identity). Different face images were used in the pre- and post-familiarization 151 

sessions. For Experiment 2 the pre- and post-familiarization EEG recordings were separated by a media 152 

familiarization, during which participants watched one season of one of the series (allocated in a 153 

counterbalanced manner across participants). On average, participants required two weeks to complete 154 

the season. To facilitate the acquisition of person-specific information we sent daily text messages to the 155 

mobile phone of our participants including biographical trivia and personal details of the actors. The main 156 

actor and actress of this series served as familiarized face stimuli of the EEG recording sessions, while 157 

those of the other series served as unfamiliar faces for this experiment. Participants were unaware of the 158 

real aims of the experiment and they were asked to keep the procedures of the experiment confidential 159 

for the duration of the entire study. 160 

Stimuli and Procedures for Experiment 3 161 

For Experiment 3, ten images of four young women (two student assistants in our laboratory and two 162 

similar-age friends of laboratory members) were collected with variable facial expressions, hairstyles and 163 

lightning.  164 

As in Experiment 2, participants completed a pre- and a post-familiarization EEG session. During these 165 

sessions, participants viewed images of the four identities. Experimental procedures were the same as in 166 

Experiment 2. In each session, a total of 968 trials (880 non-targets and 88 targets) were presented. 167 

Here, in the 880 non-target trials, one of 40 face images (20 per identity) was presented for 600 ms 168 

(each image was repeated 22 times, amounting to 220 repetitions of each face identity). The pre-169 

familiarization EEG recording took place on a Monday. On the following 3 days of the week, participants 170 

were asked to visit the laboratory and to have an approximately one hour long informal discussion and 171 

to play a quiz game with the two student assistants. The two assistants were instructed to discuss as 172 

many of their autobiographical details with the participants as possible but otherwise behave naturally. 173 

Participants were unaware of the real aims of the experiment and were told that the experiment tests 174 

social cognition. The post-familiarization EEG recording always took place on the Friday after the third 175 

familiarization session. The experiments were concluded with a short quiz, testing the person-related 176 

semantic knowledge of our participants, and a familiarity rating.  177 

 178 

EEG preprocessing 179 

All recording and analysis procedures were identical for the three experiments, unless otherwise stated. 180 

The EEG was recorded by a 64-channel Biosemi Active II system (512 Hz sampling rate; bandwidth: DC 181 
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to 120 Hz) in a dimly lit, electrically shielded, and sound–attenuated chamber. The distance between the 182 

eyes and the computer screen was set to 96 cm via a chin rest. Electrooculogram (EOG) was recorded 183 

from the outer canthi of the eyes and from above and below the left eye. EEG was notch-filtered at 50 184 

Hz, band-pass filtered between 0.1 and 40 Hz, segmented from -200 to 1300 ms relative to stimulus 185 

onset, and baseline corrected with respect to the first 200ms. The resulting data were downsampled to 186 

100 Hz to increase the signal-to-noise ratio in the multivariate analyses (Grootswagers et al., 2017). No 187 

further processing of the data was performed, given that, compared to mass averaging done in univariate 188 

analysis, EEG classification techniques are quite robust to incidental noise (by means of suppressing noisy 189 

data during training; (Grootswagers et al., 2017)). The preprocessing pipeline was implemented in MNE-190 

Python (Gramfort et al., 2013, 2014). 191 

Representational Similarity Analysis 192 

Multivariate analysis methods were identical for all three experiments. To model the neural organization 193 

of face representations, we performed a representational similarity analysis (RSA; Kriegeskorte et al., 194 

2008) on the EEG data. The neural dissimilarity between all pairs of face images (i.e., between all 195 

individual images), was extracted by performing linear classification analysis, where pairwise decoding 196 

accuracies were used as a measure of representational dissimilarity. Linear-discriminant-analysis (LDA) 197 

classifiers (implemented in MNI-Python 0.19) were trained and tested on response patterns across 198 

clusters of electrodes (see below), separately for each pair of images and for each time point of the 199 

epoch. Training and testing were done in a leave-one-out scheme: classifiers were trained on all, but one 200 

trial for each of the two conditions, and tested on the remaining trials. This procedure was repeated 201 

until each trial was left out once, and classification accuracy was averaged across these repetitions. 202 

Classification time-courses were then arranged into representational dissimilarity matrices (RDM; with 203 

empty diagonal), separately for each time point. As we were mainly interested in the gradual buildup of 204 

neural representations of face familiarity and identity, we averaged the neural RDMs in discrete bins of 205 

50 ms. This averaging further increased the signal-to-noise-ratio of our data while retaining sufficient 206 

temporal precision. 207 

To also provide an approximation of the origin of neural representations, we constructed RDMs 208 

separately for six electrode clusters across the scalp (as in (Ambrus et al., 2019)). LDA classifiers were 209 

trained and tested on response patterns recorded in six electrode clusters over right and left posterior 210 

(13 electrodes each), central (12 electrodes each), and anterior cortex (12 electrodes each) (see Fig. 211 

1C). All subsequent analyses were performed separately for each of these clusters. 212 

To model the neural dissimilarity, we created two categorical predictor RDMs. Each predictor RDM 213 

covered 40×40 (Experiment 1 and 3) or 80 x 80 (Experiment 2) elements and contained zeros where 214 
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the entries represented comparisons of similar images (i.e., similar on the dimension of interest, see 215 

below) and ones, where the entries reflected comparisons of dissimilar images. To quantify 216 

correspondence between the predictor RDMs and the neural RDMs, we unfolded the lower off-diagonal 217 

elements of the matrices into two vectors (i.e., the diagonal of both matrices was discarded) and 218 

correlated the vectors using Spearman's correlation coefficients. These correlations were computed 219 

separately for each time point, leading to a time series of correlations that reflected the correspondence 220 

of the neural data and the predictor. Individual-participant correlations were Fisher-transformed. In 221 

order to control for low-level stimulus properties, we constructed pixel-dissimilarity matrices (Cichy et 222 

al., 2017; Ambrus et al., 2019) and partialled their out their effects in all subsequent analyses. 223 

Modelling familiarity information. For assessing the effect of face familiarity (i.e. the differences between 224 

familiarized and unfamiliar faces), all comparisons within the same familiarization condition (i.e., both 225 

familiarized or both unfamiliar faces) were marked as similar (0), and all comparisons between the 226 

different familiarization conditions (i.e., one familiarized and one unfamiliar face) were marked as 227 

dissimilar (1). To not confound familiarity information with identity information, all comparisons within 228 

the same identity (i.e., two different images of the same person) were excluded from this analysis (Fig. 229 

1d). 230 

Modelling identity Information. For assessing the effect of face identity (i.e. the differences between 231 

different people), all comparisons within the same identity (i.e., both images showing the same person) 232 

were marked as similar (0), and all comparisons between two different identities (i.e., two images 233 

showing different people) were marked as dissimilar (1). Such identity predictor RDMs were constructed 234 

separately for the two familiarized and for the two unfamiliar faces (Fig. 1d), allowing us to independently 235 

track identity information for faces that have been familiarized and faces that are unknown.  236 

 237 

Statistical Testing 238 

To identify significant effects across time, we used cluster permutation tests (as implemented in MNE-239 

Python), with 10,000 iterations. Statistical testing was one-sided (p < 0.05) with the assumption that 240 

correlations between neural RDMs and model RDMs were significantly larger than zero.  241 

In order to compare familiarity information across the different modes of familiarization (Fig. 1), we 242 

performed an F-test-based cluster permutation test (10,000 permutations, two-tailed, p < 0.05) on the 243 

Familiarity model correlations of the three experiments. As a post-hoc test, in time intervals flagged as 244 

significant, model correlation values were averaged and compared across experiments using two-tailed 245 

independent samples t-tests (p < 0.05) 246 
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Results 247 
 248 

To track the emergence of neural representations of face familiarity and face identity, we conducted 249 

three complementary EEG experiments. We particularly focused on what it takes to forge such 250 

representations for people who were initially completely unknown. We therefore gradually increased the 251 

quality of familiarization across our experiments, starting from perceptual familiarization (Experiment 1) 252 

to extensive media familiarization using a TV series (Experiment 2) and real-life personal familiarization 253 

(Experiment 3).  254 

■ Figure 3 about here 255 

 256 

Experiment 1: Perceptual familiarization  257 

In Experiment 1, we probed emerging face representations using a simple, perceptual familiarization task. 258 

Before the EEG recording session, participants (n = 42) completed a sequential face-sorting task with 30 259 

ambient photographs of two previously unknown women (Fig. 1A), which captured extensive within-260 

person variability (Fig 2A). Participants were instructed to sort photographs of two similarly aged 261 

unfamiliar women, presented sequentially and in a randomized order, into two identities, using the left 262 

and right buttons of a computer keyboard; for details, see Materials and Methods. Such tasks have been 263 

successfully used to facilitate invariant face recognition in previous behavioral studies (Jenkins et al., 2011; 264 

Burton, 2013). A face-matching test, conducted after the experiment (Andrews et al., 2015; Ambrus et 265 

al., 2017) confirmed that the perceptual familiarization indeed facilitated image-independent face 266 

recognition: Participants were more accurate in discriminating the identities of the familiarized faces than 267 

the ones of similar, but unknown faces (Fig. 3A).  268 

After the perceptual familiarization, participants completed an EEG testing session, during which they 269 

viewed ten images of the two familiarized persons and ten images of two visually similar but unknown 270 

persons (Fig. 1A). During this session, participants performed an orthogonal task (see Materials and 271 

Methods). Images that were presented during the familiarization phase were not repeated during the 272 

EEG session. To track the cortical representations of the faces across time, we used an RSA framework 273 

whereby the organization of cortical representations is captured by the pairwise (dis)similarity in 274 

responses to the different stimuli, manifest in neural representational dissimilarity matrices (RDMs). Such 275 

neural RDMs were constructed from time-resolved decoding analyses (Fig. 1b). For each time point 276 

across the EEG epochs (200 ms pre-stimulus till 1300 ms post-stimulus), we performed decoding 277 

analyses between each possible pair of faces. In these analyses, we trained and tested classifiers on 278 

response patterns across EEG electrodes from six different topographic clusters, which spanned the 279 
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right and left parietal-occipital, central-temporal and frontal cortex (Fig. 1C). Classification accuracy 280 

between two faces was taken as a measure of their neural discriminability (with higher classification 281 

accuracy indexing greater neural dissimilarity). Aggregating these pairwise classification accuracies yielded 282 

a neural RDM (40-by-40 entries) for each time point across the epochs (100 Hz resolution).  283 

By modelling the neural RDMs with different predictor RDMs (Fig. 1D), we were able to track cortical 284 

representations of face familiarity and identity.  285 

To track representations of face familiarity, neural RDMs at each time point were correlated with a 286 

predictor RDM in which entries were coded as similar when both faces were familiarized or when both 287 

faces were unknown, and as dissimilar when one face was familiarized, and the other face was unknown. 288 

To not confound familiarity with identity, all comparisons between images of the same identity were 289 

excluded from the familiarity predictor RDM.  290 

When correlating the neural data with the familiarity predictor RDM, we found that except for a very 291 

brief interval between 600 and 800 ms in the right posterior region of interest, familiarity did not 292 

significantly predict neural responses in any of the electrode clusters (Fig 4A). This result suggests that a 293 

short perceptual familiarization is insufficient for shaping neural representations of facial familiarity. This 294 

finding is surprising, as perceptual familiarization tasks are used in a variety of studies as a tool for 295 

familiarizing participants with different face identities (Dubois et al., 1999; Leveroni et al., 2000; Gobbini 296 

and Haxby, 2007; Kriegeskorte et al., 2007; Nestor et al., 2011; Anzellotti et al., 2014) and our 297 

participants showed behavioral signs of incidental learning of face identity (Fig. 3A). 298 

■ Figure 4 about here 299 

 300 

To track representations of face identity, neural RDMs were correlated with two predictor RDMs at 301 

each time point: (1) a predictor RDM capturing identity for the familiarized faces; in this RDM, entries 302 

were coded as similar when the two faces stemmed from the same familiarized identity, and as dissimilar 303 

when both faces stemmed from different familiarized identities, and (2) a predictor RDM capturing 304 

identity for the unfamiliar faces; in this RDM, entries were coded as similar when the two faces stemmed 305 

from the same unfamiliar identity, and as dissimilar when both faces stemmed from different unfamiliar 306 

identities. 307 

These analyses revealed representations of face identity for both the unfamiliar and the familiarized faces. 308 

For the unfamiliar faces, face identity was represented from around 600 ms over all electrodes, with late 309 

anterior clusters bilaterally (Fig 5B). For the familiarized faces, face identity was represented 250-1300 310 

ms over bilateral central and posterior sites (Fig 5A).  311 
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 ■ Figure 5 about here 312 

 313 

Next, we directly compared identity information in the EEG signals for the unfamiliar and the familiarized 314 

faces. Representations of face identity that emerge during familiarization training should be indexed by 315 

higher correlations between the familiarized identity predictor RDM and the neural RDMs, compared to 316 

the correlations between the unknown identity predictor RDM and the neural RDMs; this is because 317 

familiarization should selectively enhance the differentiation between the familiarized identities, but not 318 

between the unknown identities.  319 

However, we did not find any significant differences between identity representations for the unfamiliar 320 

and the familiarized faces. This result suggests that perceptual familiarization does not lead to a 321 

measurable increase in the quality of existing identity representations in the brain. The identity 322 

representations uncovered here are independent of learning and may rather be related to visual feature 323 

differences that allow for an incidental representation of facial identity – even if the person is effectively 324 

unknown.   325 

  326 

Experiment 2: Media familiarization 327 

As perceptual familiarization neither led to strong representations of face familiarity, nor to emerging 328 

representations of familiarized face identity, we sought to increase the quality of face familiarization. In 329 

Experiment 2, we used a media familiarization, in which we familiarized participants (n = 24) with the 330 

two leading actors appearing in a TV series. We selected two series on Netflix® (The Americans and 331 

The Bridge) which are relatively unknown to our potential pool of participants. Both series had a female 332 

and a male protagonist with approximately equal screen time. Next, we allocated one of the series to 333 

each participant for the familiarization phase. The series allocation was counterbalanced across 334 

participants. The participants were instructed to watch an entire season of their allocated series at 335 

home, within 14 days. Additionally, to ensure the best possible familiarization, a daily SMS was sent to 336 

their mobile phone about important biographical details of the main actors. The faces of the main actor 337 

and actress of this series served as familiarized faces, while those of the other, unseen series served as 338 

unfamiliar faces. EEG recordings took place in two sessions, before and after the familiarization phase 339 

(Fig. 1A). During the EEG sessions, previously unseen, ambient images of the two main actors of the 340 

familiarized series were intermixed with images of the two main actors of the other, unseen series. 341 

Participants again performed an orthogonal task, see Materials and Methods. Familiarity ratings collected 342 

after the post-familiarization EEG session confirmed that participants felt familiar with the two actors 343 

they had seen in the series (Fig. 3B, C).  344 
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We analyzed the data in the same RSA framework as in Experiment 1, tracking neural representations of 345 

face familiarity and identity. However, the inclusion of a pre- and post-familiarization EEG recordings 346 

allowed us to compare the EEG responses to images of the very same person, either when the person 347 

remained completely unknown to the participant or was extensively seen in the TV series. 348 

We did not expect to find any familiarity information prior to the familiarization, as all four actors (and 349 

their film characters) were unfamiliar to our participants at this stage. As expected, evidence for 350 

representations of face familiarity was largely absent in the EEG signals (Fig. 4B). Only in a short time-351 

window and only over all electrodes (350 - 550 ms; peak: 450 ms), we found a difference between the 352 

unfamiliar and the to-be-familiarized faces, suggesting that this weak initial representation of familiarity 353 

may have been caused by incidental visual similarities among images of actors that stage in the same 354 

series. After familiarization, we found a markedly different pattern of results emerging in the electrode 355 

clusters spanning the temporal cortices (Fig. 2b). In the post-familiarization EEG, neural representations 356 

of face familiarity were evident over all electrodes between 200 and 650 ms (peak: 600 ms), two short 357 

time periods (200 - 300 and 1150 - 1250 ms) in the left central cluster and from 200 ms to 700 ms (peak 358 

at 600 ms) and between 850 and 1050 ms (peak at 950 ms) in the right central cluster. When directly 359 

comparing EEG recordings before and after familiarization, face familiarity predicted neural responses 360 

more strongly post- when compared to pre-familiarization in the right central cluster between 300 ms 361 

and 400 ms (peak: 300 ms), between 450 ms and 600 ms (peak: 600 ms), and between 850 ms and 1150 362 

ms (peak: 950 ms). Together, these results suggest that media familiarization produces reliable 363 

representations of face familiarity. These representations emerge most prominently in EEG signals 364 

recorded over the temporal cortex and after 400 ms of processing. This spatiotemporal profile suggests 365 

that these representations are related to a convergence of perceptual face information and memory 366 

representations formed during familiarization. 367 

Similar to Experiment 1, the representation of face identity was comparable before and after media 368 

familiarization (Fig 5C, D). The strongest identity information was found in the posterior electrode 369 

clusters, starting from 100 ms post-stimulus, with multiple subsequent peaks (around 150 ms as well as 370 

between 300 – 650 ms). Interestingly, the spatio-temporal distribution of the identity and familiarity 371 

representations effects are markedly different. The strongest familiarity effects emerged in electrode 372 

clusters over the right temporal cortex while the strongest identity effects emerged in electrode clusters 373 

over the bilateral occipital cortex. The occipital source of identity representations suggests that these 374 

representations are indeed mostly related to visual differences between identities, rather than genuine 375 

representations stored at the interface of perception and memory. In line with this interpretation, we 376 

found no differences in identity representations for the familiarized faces when comparing EEG 377 

recordings before and after the familiarization. 378 
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Experiment 3: Personal familiarization 379 

Unlike perceptual familiarization in Experiment 1, the media familiarization in Experiment 2 led to reliable 380 

representations of face familiarity. However, we were still unable to uncover an enhanced representation 381 

of face identity resulting from familiarization. We therefore increased the quality of face familiarization 382 

even further. In Experiment 3, we familiarized our participants (n = 23) with people they had never met 383 

before via real-life, personal interactions (Fig. 1A). During the pre-familiarization EEG session, 384 

participants viewed ambient images of four unfamiliar women (Fig. 2), which included two student 385 

assistants of the laboratory and two randomly selected, unknown women of similar age and appearance, 386 

while performing an orthogonal task. In the following 3 days, participants were personally familiarized 387 

with the two student assistants. They were asked to visit the laboratory and have an approximately one-388 

hour long informal discussion with them while playing a quiz game (’Black Stories’ (Berger, 2014)). 389 

During the post-familiarization EEG session, participants again viewed images of the four identities they 390 

had seen during the pre-familiarization session, including the two women they now had previously met 391 

personally. Familiarity ratings collected after the experiment confirmed that participants felt familiar with 392 

the two student assistants they had met in person (Fig. 3D, E). 393 

We analyzed the data in the same RSA framework as used in Experiment 2, again tracking neural 394 

representations of face familiarity and identity. 395 

In accordance with the fact that all four persons were originally unfamiliar to our participants, no 396 

familiarity information could be detected prior to the personal familiarization phase (Fig. 4C). Personal 397 

familiarization, however, changed this picture drastically. After familiarization, strong and long-lasting 398 

familiarity information was found over the bilateral central and posterior electrode clusters (Fig. 4C). 399 

Over all electrodes, we observed a strong familiarity effect between 450 and 850 ms (peak at 600 ms). In 400 

the right central cluster, face familiarity more strongly predicted neural responses after familiarization 401 

between 550 and 600 ms (peak: 600 ms), while in the posterior clusters, familiarization enhanced 402 

representation of face familiarity between 550 to 1000 and 400 - 1150 ms (peaks at 550 ms) for the left 403 

and right hemispheres, respectively. These results strongly corroborate the results from Experiment 2, 404 

showing that experimental familiarization can produce robust representations of face familiarity. These 405 

representations are found over the occipital and temporal cortices, and most strongly around 400 ms 406 

after stimulus onset. Together, our results show a striking dependence of these representations on the 407 

quality of familiarization: neural signatures of face familiarity are very strong for people we got to know 408 

in real life, considerably weaker for people we have encountered in the media, and undetectable for 409 

people whose pictures we have only seen during perceptual tasks. 410 
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In Experiment 3, representations of facial identity were found in the bilateral posterior and central 411 

electrode clusters (Fig 5E, F). The strongest correlations with the identity predictor RDMs were found 412 

after 200 ms over bilateral posterior and right central and anterior electrode clusters. However, similar 413 

to the results of Experiment 2, the identity representation of familiarized faces did not change 414 

significantly when comparing EEG recordings before and after the familiarization. This result 415 

demonstrates that strong neural representations of acquired face familiarity can emerge in the absence of 416 

detectable representation of familiar face identity. 417 

■ Figure 6 about here 418 

In order to compare familiarity information across the different familiarization methods (Fig. 1a), an F-419 

test-based cluster permutation test was performed on the Familiarity model correlations in the three 420 

experiments. This analysis shows that at bilateral posterior sites, as well as overall the entire scalp, 421 

significant clusters emerged in the 450 to 1000 ms time window. At these clusters flagged as significant, 422 

pairwise, independent-sample t-tests were applied to compare the averaged model correlation values 423 

between experiments. These comparisons revealed a significant difference between both Media 424 

(p = 0.001) and Personal (p < 0.0001) compared to Perceptual familiarization in the 450 - 700 ms 425 

interval, and between Media (p = 0.004) and Personal (p < 0.007) familiarization at 850 to 1000 ms for 426 

the entire scalp. In the bilateral posterior ROIs, both Perceptual and Media familiarizations differed from 427 

Personal familiarization (between 450 - 750 ms on the right and 500 - 1000 ms on the left, all ps ≤ 428 

0.003). Taken together, these results suggest that the neural representation of face familiarity gradually 429 

increases with familiarization quality, and under the strongest familiarization – direct personal contact – 430 

representations of face familiarity are found most strongly in electrodes over the lateral occipital cortex. 431 

Discussion 432 
 433 

When we see a person’s face, we often immediately know if we have or have not seen them previously, 434 

leading to a feeling of familiarity. At the same time, we may also recognize who they are (i.e., identify the 435 

person), provided we know them. However, face familiarity and identity do not always go hand in hand 436 

in our brains. We show that neural representations of face familiarity emerge after 400 ms over the right 437 

temporal cortex and they are strongly dependent on the quality of the familiarization. They are mostly 438 

absent for people encountered during brief perceptual familiarization, stronger for people that are 439 

familiarized through extensive media exposure, and most robustly visible when we personally get to 440 

know someone. These representations of face familiarity emerge independently of identity 441 

representations for familiar faces: In our experiments, familiarization did not enhance the quality of the 442 

identity representations.  443 
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As the key result, our study revealed robust representations of face familiarity that emerge during face 444 

familiarization, particularly after prolonged and deep familiarization through extensive media exposure 445 

and personal real-life contact. These emerging representations of face familiarity may originate from two 446 

complementary processing stages. On one hand, they may reflect changes in perceptual processing, with 447 

face-selective brain mechanisms becoming more responsive to familiar faces, compared to faces that are 448 

unknown to us. This interpretation is in line with previous fMRI studies showing enhanced activation in 449 

face-selective regions of the occipitotemporal cortex for familiar, compared to unfamiliar faces (e.g. refs. 450 

(Ida Gobbini et al., 2004; Ramon et al., 2015; Weibert and Andrews, 2015), see ref. (Natu and O’Toole, 451 

2011) for a review). On the other hand, representations of face familiarity may reflect a convergence 452 

between perceptual information and information stored in declarative recognition memory. This 453 

interpretation is consistent with studies of face memory, which have reported enhanced BOLD 454 

activations for highly familiar, compared to less familiar faces, in the prefrontal, parietal and medial 455 

temporal cortices (Leveroni et al., 2000; Kosaka et al., 2003; Leube et al., 2003; Gobbini and Haxby, 456 

2006; Bobes et al., 2013; Silson et al., 2019) 457 

Pinpointing neural representations of familiarity to the interface of face perception and recognition 458 

memory is consistent with the timing of the effects in our study: Representations of face familiarity 459 

emerged only after 400 ms of processing, much later than perceptual responses to faces (Eimer et al., 460 

2011). This timing is consistent with a previous ERP study that reported differences between familiar and 461 

unfamiliar faces in averaged waveforms after 400 ms (Wiese et al., 2019). Their relatively late timing 462 

suggests that representations of face familiarity emerge from post-perceptual interactions that are 463 

governed by feedback from memory systems. But which memory processes underlie these interactions? 464 

Recognition memory is often conceived as consisting of two functionally and anatomically different 465 

components: familiarity and recollection (Yonelinas, 2002; Rugg and Yonelinas, 2003; Renoult et al., 466 

2019). Familiarity serves with the vague feeling of “knowing” that the person has already been 467 

encountered and it is assumed to depend largely on anterior temporal and perirhinal cortical functions. 468 

Recollection, on the other hand, serves person recognition by providing episodic details and person- 469 

associated information and is assumed to depend on medial temporal lobe structures, such as the 470 

hippocampus, as well as on prefrontal and parietal areas (for a review see ref. (Brown and Banks, 2015)). 471 

Our results support such a dissociation between familiarity and recollection: Although we found strong 472 

correlates of face familiarity, we did not find any evidence for recollection in the form of identity-specific 473 

representations. Observing representations of face familiarity in the absence of clear identity 474 

representations provides a novel neural correlate for the well-known psychological phenomenon of 475 

feeling familiar with a person without being able to correctly identify them (Mandler, 1980). 476 
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Contrary to the strong representations of face familiarity, we did not find representations of face identity 477 

that arise from familiarization with a person. Even when the faces were familiarized through real-life 478 

exposure, we found no stronger neural representation of face identity for familiar than for unfamiliar 479 

faces. This finding is surprising, given that previous fMRI (Kriegeskorte et al., 2007; Axelrod and Yovel, 480 

2015; Jeong and Xu, 2016; Visconti Di Oleggio Castello et al., 2017) and M/EEG (Ambrus et al., 2019; 481 

Dobs et al., 2019) studies have identified robust neural signatures of familiar face identity. There are 482 

multiple reasons why such representations were not found here. First, representations of face identity 483 

may take longer to consolidate, and the applied familiarization times, specifically in the personal 484 

familiarization experiment, may not be sufficient to shape robust identity signals – in real-life we typically 485 

meet people often and with longer timespans between encounters. Second, after such relatively brief 486 

familiarization periods, face identity signals may not be strong enough or emerge on a too fine spatial 487 

scale to be readily decodable from scalp EEG recordings. Finally, emerging identity representations may 488 

be differently visible in neural recordings when participants are prompted to identity people during the 489 

experiments, rather than just passively viewing the images.  490 

However, our data show that faces of different individuals are generally discriminable from EEG data. 491 

Across all experiments, EEG signals carried information about face identity, starting within the first 200 492 

ms after stimulus onset. Such early identity signals are consistent with previous work on reconstructing 493 

unfamiliar face identity from EEG signals (refs. (Vida et al., 2017; Nemrodov et al., 2018), but see ref. 494 

(Dobs et al., 2019) for finding no traces of unfamiliar identity representations). Our results expand these 495 

findings by suggesting that the signal carries sufficient information for identity discrimination across 496 

several and highly variable natural images. However, these identity signals were already observed prior to 497 

familiarization and were highly similar for the unfamiliar and familiarized faces. It thus seems that the 498 

identity representations observed in the current study are related to visual feature differences between 499 

faces of different identities that allow for an incidental representation of facial identity – even if the 500 

person is effectively unknown. Although these representations are markedly different from identity 501 

representations in a genuine sense, they may serve as a stepping stone towards the acquisition of genuine 502 

representations of face identity (Johnston and Edmonds, 2009). This idea is consistent with recent 503 

computational work (Blauch et al., 2019): When training a deep neural network to discriminate face 504 

identity, representations in the early layers of the network (akin to the early neural representations of 505 

visual features) stay largely unchanged, and only later network representations (akin to more advanced 506 

representations of face identity in the brain) change. At this point, more work is needed to uncover 507 

where and when such genuine identity representations are formed in the human brain as we become 508 

familiar with a person. 509 
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Together, our findings provide new insights into how brain representations change as we get to know 510 

new people. They highlight that the most prominent sign of face familiarization are emerging 511 

representations of face familiarity that strongly depend on the quality of familiarization. Curiously, we 512 

show that neural representations of familiarity emerge in the absence of measurable identity information, 513 

providing a novel explanation for why in real-life situations we sometimes have a strong feeling of 514 

knowing a person, without being able to tell who they are. Better understanding the diverging 515 

trajectories of familiarity and identity representations as we get to know new people has the potential to 516 

inform more accurate models of face perception as well as recognition memory.   517 
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 671 

 672 

Figure Legends 673 
Figure 1. Experimental paradigm and EEG analysis methods. A) All experiments covered faces of four 674 

identities: two identities that were familiarized during the experiment (F1, F2) and two identities that 675 

remained unfamiliar to participants (U1, U2). Each experiment comprised EEG recording sessions (pre- 676 

and/or post-familiarization) during which participants viewed a diverse set of face photographs of the 677 

familiarized und unfamiliar identities. The three experiments differed in the quality of face familiarization: 678 

Experiment 1 (E1) involved brief perceptual familiarization in an identity sorting task. Experiment 2 (E2) 679 

involved media familiarization with the main actors of one of two TV series (The Americans, The Bridge) 680 

as well as the delivery of biographical information about these actors. Experiment 3 (E3) involved a 681 

three-day-long personal familiarization with two student assistants. After each experiment, familiarity was 682 

assessed in a behavioral test. B) Multivariate pattern analysis. EEGs were segmented between −200 and 683 

1300 ms relative to stimulus onset. For each time point separately, linear classification analyses on EEG 684 

response patterns across electrodes of a cluster were performed for each combination of individual 685 

images, using a leave-one-trial-out scheme. This procedure resulted in time-resolved representational 686 

dissimilarity matrices (RDMs), which reflected pairwise dissimilarity for each combination of faces at each 687 

time point across the epoch. C) Separate neural RDMs were created based on response patterns from 688 

six different electrode clusters over the right and left posterior, central, and anterior cortex. Central 689 

electrodes were added to both right and left clusters. D) To track representations of face familiarity, we 690 
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correlated neural RDMs with a familiarity predictor RDM (example shows the RDM of Experiment 1), in 691 

which faces of the same familiarity were coded as similar and faces of different familiarity were coded as 692 

dissimilar. To track representations of face identity, we correlated neural RDMs with identity predictor 693 

RDMs separately for the familiarized and unfamiliar faces; in each of these RDMs, faces of the same 694 

identity were coded as similar, and faces of different identities were coded as dissimilar. Lighter colors 695 

represent greater dissimilarity.  696 

 697 

Figure 2. Demonstration of the between-identity similarity of the identities and the within identity 698 

variability of the stimulus sample in the three experiments. Upper panel: Landmark-based, within-identity 699 

morphs. Middle panel: Pixel-wise averages of the images for each identity, separately. Lower panel: 700 

Variance across the images within one identity, with warmer colors indicating higher pixel-wise variance. 701 

Note that these average images were not part of the actual experiment and merely illustrate the stimuli 702 

and their properties. 703 

 704 

Figure 3. Behavioral results. Face matching performance for the perceptually familiarized (F1, F2) faces 705 

exceeded that of the unfamiliar (U1, U2) or novel (Unseen) faces in Experiment 1 (A). This suggests that 706 

the sorting task led to the learning of the identities involved (Ambrus et al, 2017). Average familiarity 707 

estimations after media (B) and personal (D) familiarization for the familiarized identities are larger when 708 

compared to those of the unfamiliar faces. Media (C) and personal (D) familiarization also reduced the 709 

estimated number of presented identities between Pre- and Post-familiarization sessions (note that the 710 

correct answer is 4 in both cases). This suggests that the personal familiarization procedures facilitated 711 

the creation of a stable identity representation. Error bars denote standard errors. * P < 0.05, *** P < 712 

0.001 713 

 714 

Figure 4. Neural representations of face familiarity across the three experiments. Each panel shows the 715 

correlation between the time-resolved neural RDMs and the familiarity predictor RDM in all electrodes 716 

and each of the six electrode clusters with image pixel dissimilarity partialled out. A) Perceptual 717 

familiarization in Experiment 1 did not lead to robust neural signatures of face familiarity. B) Media 718 

familiarization in Experiment 2 led to a measurable representation of face familiarity in bilateral electrode 719 

clusters over the temporal cortex: after familiarization, familiarized and unfamiliar faces were better 720 

discriminable than they were prior to familiarization. C) A similar pattern of results emerged in 721 

Experiment 3. After personal familiarization, we found even stronger signatures of face familiarity that 722 

spanned electrode clusters over the bilateral occipital and temporal cortex. Together, this suggests that 723 

representations of face familiarity emerge in the occipitotemporal cortex around 400 ms of processing. 724 

Critically, our results indicate that such representations strongly depend on the quality of familiarization. 725 
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Horizontal lines denote statistical significance (P < 0.05, corrected for multiple comparisons across time). 726 

Shaded ranges denote standard errors of the mean.  727 

 728 

Figure 5. Neural representations of face identity across the three experiments. Each panel shows the 729 

correlation between the time-resolved neural RDMs and the identity predictor RDMs for the familiarized 730 

(A, C, E) or the unfamiliar faces (B, D, F) in each of the six electrode clusters, with image pixel 731 

dissimilarities partialled out. Across all the experiments, we found that EEG signals across the whole 732 

scalp, but most prominently over occipital cortex allowed for discriminating both familiarized and 733 

unfamiliar face identities. Familiarization did not improve the quality of face identity representation in any 734 

of the experiments: identity information was comparable between familiarized and unfamiliar faces, and 735 

between the pre- and post-familiarization EEG recordings. The similarity in identity discrimination 736 

between familiarized and unfamiliar faces suggests that these effects are driven by visual features 737 

correlated with face identity rather than by a genuine representation of familiar face identity. This 738 

suggests that strong neural signals of face familiarity can be observed in the absence of measurable 739 

representations of familiar face identity. Horizontal lines denote statistical significance (P < 0.05, 740 

corrected for multiple comparisons across time). Shaded ranges denote standard errors of the mean.  741 

 742 

Figure 6. Direct comparison of the neural representations of face familiarity across the three 743 

experiments for the familiarized faces in the post-familiarization phase. Plots show the correlation 744 

between the time-resolved neural RDMs and the familiarity predictor RDM in all electrodes and each of 745 

the six regions of interest with image pixel dissimilarity partialled out. Representations of face familiarity 746 

differed significantly across experiments. For all electrodes, Media and Personal familiarization led to 747 

significantly greater familiarity information than Perceptual familiarization. Personal familiarization 748 

particularly led to stronger familiarity information in posterior electrodes, compared to the other types 749 

of familiarization methods. Black horizontal lines denote statistical significance (p < 0.05; F-test-based 750 

cluster permutation test), top color lines denote significant differences across conditions (p < 0.05; 751 

independent samples t-test on the mean model correlations in the significant cluster intervals). Shaded 752 

ranges denote standard errors of the mean. 753 














