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Abstract.  18 

Memory, on multiple timescales, is critical to our ability to discover the structure of our 19 

surroundings, and efficiently interact with the environment. We combined behavioural 20 

manipulation and modelling to investigate the dynamics of memory formation for rarely 21 

reoccurring acoustic patterns.  In a series of experiments, participants detected the emergence of 22 

regularly repeating patterns within rapid tone-pip sequences. Unbeknownst to them, a few 23 

patterns reoccurred every ~3 minutes. All sequences consisted of the same 20 frequencies and 24 

were distinguishable only by the order of tone-pips. Despite this, reoccurring patterns were 25 

associated with a rapidly growing detection-time advantage over novel patterns. This effect was 26 

implicit, robust to interference, and persisted up to 7 weeks.  The results implicate an interplay 27 

between short (a few seconds) and long-term (over many minutes) integration in memory 28 

formation and demonstrate the remarkable sensitivity of the human auditory system to 29 

sporadically reoccurring structure within the acoustic environment.  30 

 31 
  32 
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 33 

Introduction 34 

Memory is a crucial component of sensory perception, on multiple processing levels (Bale et al., 35 

2017; Muckli & Petro, 2017). In the auditory modality,  the ability to identify essentially any sound 36 

source, from footsteps to musical melody,  requires the capacity to hold consecutive events in 37 

memory so as to link past and incoming information into a coherent emerging representation 38 

(Koelsch, Vuust, & Friston, 2019; McDermott, Schemitsch, & Simoncelli, 2013; Winkler, Denham, & 39 

Nelken, 2009). Whilst traditional models of sensory memory (e.g. Cowan, 1998) argued that such 40 

sensory traces are characterized by short retention times and computational encapsulation, a large 41 

body of work has since revealed that observers can retain detailed sensory information implicitly, 42 

over long periods (Arciuli & Simpson, 2012; Chun, 2000; Jiang, Song, & Rigas, 2005; Kim, Seitz, 43 

Feenstra, & Shams, 2009; Vogt & Magnussen, 2007; Winkler & Cowan, 2005). A compelling instance 44 

was demonstrated by Agus et al. (2010; see also Agus & Pressnitzer, 2013; Kang, Agus, & 45 

Pressnitzer, 2017) who showed that naïve listeners readily remembered certain spectro-temporal 46 

features of random noise bursts, such that reoccurring snippets were recognized weeks after initial 47 

exposure.  48 

 Here, we focus on long-term memory formation for arbitrary frequency patterns within 49 

rapidly unfolding sequences of discrete sounds. We ask whether naïve listeners can become 50 

sensitized to sparsely reoccurring tone sequences and investigate the conditions under which such 51 

memories are formed. To formalise the underlying psychological mechanisms, we simulate human 52 

performance with a probabilistic model of sequential memory (Harrison, Bianco, Chait, & Pearce, 53 

2020; Pearce, 2018).  54 

The experimental design (Fig. 1) capitalizes on a paradigm developed by Barascud et al 55 

(2016) (Barascud, Pearce, Griffiths, Friston, & Chait, 2016) for measuring listeners’ sensitivity to 56 

complex acoustic patterns. Using fast sequences of short tones, they showed that listeners can 57 

rapidly detect the transition to a regularly repeating pattern (REG) from a sequence of random 58 

tones (RAN). Sequences were novel and too rapid to allow for conscious tracking, but on most 59 

trials, participants were able to respond soon after the onset of the second cycle of regularity, 60 

implicating an efficient memory for the immediate sequence context. Here we ask how this 61 

memory is affected if the tone pattern was already experienced in the past.  62 
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Reaction times in Barascud et al (2016) were consistent with those obtained from an ideal-63 

observer model based on prediction by partial matching (PPM;  Pearce, 2005, 2018). Shown to be 64 

an effective model of human auditory sequence learning on multiple time scales (Agres, Abdallah, 65 

& Pearce, 2018; Di Liberto et al., 2020; Harrison & Pearce, 2018; Pearce, 2018; Pearce & Wiggins, 66 

2006), this model proposes that listeners acquire an internal representation of the sound input by 67 

keeping track of multiple-order Markovian transition probabilities.  This context is then used to 68 

evaluate the (un)expectedness of ensuing sounds by deriving a measure of surprisal (information 69 

content – IC; negative log probability). RAN and REG sequences differ in unexpectedness (high for 70 

RAN, low for REG). The transition from a random to a regular pattern (RANREG stimulus) can 71 

therefore be detected as a salient drop in information content in the model output (Fig. 1) which 72 

reflects increasing compatibility between the incoming sounds and the stored context. The pattern 73 

of behavioural reaction times as well as brain response latencies recorded from naïve, passively 74 

listening participants (Barascud et al., 2016; Southwell et al., 2017; Southwell & Chait, 2018) 75 

suggest that listeners indeed identify the emergence of regularity by detecting the associated drop 76 

in information content and that such tracking of instantaneous expectedness constitutes an 77 

automatic, inherent aspect of auditory sequence processing.  78 

We used a combination of behavioural manipulation and modelling to examine the 79 

durations over which these memory representations are maintained by introducing rare pattern 80 

reoccurrences. One might expect that detection of regularities benefits not only from immediate 81 

sequence context, but also from traces accumulated over a longer period. Participants listened to 82 

RAN and RANREG sequences (as shown in Fig. 1, see stimulus examples: 'Sound - RAN', and 'Sound - 83 

RANREG'), and were instructed to press a keyboard button as soon as possible when a transition to 84 

REG was detected. New sequences were generated on each trial, but unbeknownst to participants, 85 

a few different regular patterns reoccurred very sparsely (every ~ 3 minutes) across trials 86 

(RANREGr).  87 

We hypothesized that, if the stored representation of a pattern strengthens through 88 

repetition, the information content associated with a transition to a familiar regularity will dip 89 

earlier than that associated with a novel regular pattern (Fig. 1, yellow line in the cartoon model), 90 

reaching the putative detection threshold more quickly. Behaviourally this process should be 91 

revealed as faster reaction times to recurring patterns (‘RT advantage’ in Fig. 1). The size of this 92 
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effect may provide a window into the latent variables associated with the retention of sensory 93 

information in memory. 94 

 95 

Fig. 1. Example stimuli. Sequences were generated anew on each trial from a pool of 20 tone-pips of 50 ms 96 
duration each. RAN sequences were generated by randomly sampling from the full pool with replacement; 97 
RANREG sequences contained a transition from a random (RAN) to a regularly repeating cycles of 20 tone-98 
pips (REG, cycles are marked with dashed lines). Therefore, the transition was manifested as a change in 99 
pattern only whilst maintaining the same long-term first-order statistics. The transition (randomized between 100 
3 - 4 s post onset) is indicated by a red line; the red dashed line marks the ‘effective’ transition – the point at 101 
which the pattern starts repeating and hence becomes statistically detectable. Participants were instructed 102 
to respond to such transitions (50% of trials) as soon as possible. STEP stimuli, containing a step change in 103 
frequency (and their ‘no change’ control, CONT) were also included in the stimulus set for the purpose of 104 
estimating simple reaction time. Three (six in Exp. 4 and Exp. S1 in Appendix 1) particular regular patterns 105 
(REGr) were presented identically across 3 trials within a block (RANREGr). Reoccurrences were spaced ~ 3 106 
min apart. Different REGr were used for each participant. A schematic representation of outputs from the 107 
observer model is provided to illustrate how pattern reoccurrence might affect reaction time.  For each tone 108 
in a sequence, the model outputs information content (IC) as a measure of its unexpectedness, given the 109 
preceding context. After the transition from a RAN to REG pattern, the IC drops over a few consecutive tones, 110 
reflecting the discovery of the REG. The brain is hypothesized to be sensitive to this change in IC, and once 111 
sufficient evidence has been accumulated, the emergent regularity ‘pops out’ perceptually. Therefore, RTs to 112 
onset of regularities can be used to quantify the amount of sensory information (number of tone-pips), 113 
required to detect the increasing predictability within the unfolding sequence.  The black solid lines indicate 114 
the crossing of this putative evidence threshold (when the information content becomes clearly 115 
distinguishable from the RAN baseline). For novel patterns (blue line) this typically occurs within the first cycle 116 
after the ‘effective’ transition. For reoccurring patterns (yellow line), IC is expected to show an earlier drop, 117 
and therefore lead to faster RT (‘RT advantage’).  118 
 119 

Several properties render this paradigm attractive. First, all sequences consist of the same 120 

20 frequency ‘building blocks’. This simplifies parametrization and modelling of the task, while 121 
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retaining sufficient pattern complexity (there are more than a trillion permutations of 20 122 

frequencies). Second, these 20 frequencies are isochronous and occur with equal probability and 123 

roughly equal temporal density in all conditions: stimuli are thus matched in terms of long-term 124 

spectrum, average statistics and time patterning. The only difference between RAN and REG 125 

patterns and, importantly, between REG and REGr patterns, is the specific arrangement of these 126 

tone-pips over time. To distinguish a familiar regularity from a novel one, the specific tone-pip 127 

permutation must be remembered (we confirm this explicitly in Experiment 1B). Third, the task 128 

does not require listeners to memorize sounds explicitly: the emergence of the regularity readily 129 

pops out perceptually (see stimulus examples in supplementary materials). The task thus taps the 130 

process by which we automatically glean acoustic information from an ongoing sound-stream. 131 

Lastly, the sporadic presentation of REGr prevents them from becoming apparent to the listener, 132 

thereby allowing us to focus on putative implicit processes which underlie memory formation.  133 

 Across the experiments presented here, we ask whether human listeners form implicit long-134 

term memories of sparsely reoccurring regular patterns (yes), whether this memory is robust to 135 

interference (yes) and whether it can be formed through passive exposure (partially). Through a 136 

combination of behavioural manipulation and modelling we also demonstrate the interplay 137 

between short (a few seconds) and long (over many minutes) integration in the process of long-138 

term memory formation. Overall the results highlight the remarkable attunement of the auditory 139 

system to exceedingly sparse repeating patterns within the unfolding acoustic environment. 140 

   141 

Results 142 

Participants listened to RAN, RANREG, RANREGr, CONT and STEP sequences as illustrated in 143 

Fig. 1 and were instructed to monitor for transitions. For each participant, different regularities 144 

were designated as reoccurring patterns (REGr). Critically, the RAN portion of RANREGr trials 145 

remained novel. Stimuli were presented in blocks of approximately 8 minutes each. Within each 146 

block, each REGr reoccurred 3 times (about 5% of the trials within a block) and was flanked by 147 

many novel patterns (RAN and RANREG).  148 

The reaction time (RT) to STEP was subtracted from the RT to RANREG and RANREGr to 149 

estimate a lower bound measure of the time required to detect the emergence of regularity. RT 150 

values reported below are all baselined RTs (the raw RTs from which the RT to the STEP condition 151 

was subtracted). 152 
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Compared with RTs to the emergence of novel regularities (RANREG), we expected 153 

progressively faster RTs as regularities reoccur across the experiment (RANREGr), indicating that 154 

their representations have become retrievable from memory. We assess overall memory formation 155 

of REGr based on RTs averaged over all three reoccurrences within each block. However, we focus 156 

on RTs in each intra-block presentation to assess persistence of memory effects across 157 

experimental manipulations. 158 

 159 

Experiment 1A: Implicit long-lasting memory for 3 reoccurring patterns.  160 

Fig. 2 (A-D) plots the mean and individual results of the regularity detection task performed 161 

in three sessions: 5 blocks on day 1, one block after 24 hours (‘24h’) and one block after 7 weeks, 162 

(‘7w’). Participants were highly accurate in detecting regularities (Fig. 2A): d’ plateaued at near 163 

ceiling performance after the first block. No difference was observed between hit rates for RANREG 164 

and RANREGr [no main effect of condition: F(1,19) = .39, p = .539, ηp
2 = .02; no main effect of block: 165 

F(5, 90) = .46, p = .804, ηp
2 = .02; no interaction between condition and block: F(5, 90) = 1.10, p = 166 

.367, ηp
2 = .06].  167 

Despite the ceiling effects associated with pattern detection (mean hit rate = 97.3 %), faster 168 

RTs in RANREGr than in RANREG (‘RT advantage’) were observed in all participants by the end of 169 

the first session (block 5; Fig. 2D), indicating a clear implicit memory for the reoccurring patterns. A 170 

repeated measures ANOVA on RTs with condition (RANREG and RANREGr) and block as factors 171 

yielded a main effect of condition [F(1,18) = 34.09, p < .001, ηp
2 = .65],  main effect of block [F(5,90) 172 

= 9.24, p < .001, ηp
2 = .3] and an interaction between condition and block [F(5,90) = 6.88, p < .001, 173 

ηp
2 = .28]. Specifically, in the first block of the first session, performance did not differ between 174 

RANREG and RANREGr [t(18) = .794, p = 1]. By the end of the second block (after 6 REGr 175 

reoccurrences), a significant difference (~ 140 ms; 2.8 tones) between RTs was observed [REG –176 

REGr: t(18) = 3.964, p = .006]. This difference grew over the following blocks (all ps < .001), 177 

plateauing after block 3 (233 ±.17 ms; 4.7 tones). The RT advantage on the third block did not differ 178 

from the fourth [t(18) = -0.907, p = 1] nor from the fifth block [t(18) = -.0003, p = 1]).  In Experiment 179 

S1 (Appendix1-Figure 1), we demonstrate that similar effects are obtained when doubling the 180 

number of REGr patterns to be memorised (6 different patterns per participant). In Experiments 181 

S2A and S2B (Appendix1-Figure 2), we further demonstrate that the memory trace is not abolished 182 
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by introducing ‘interrupting blocks’ (in which the RANREGr condition was not presented) between 183 

‘standard blocks’ (in which RANREGr patterns reoccurred every ~ 3 minutes). 184 

 185 

Fig. 2. Experiment 1A, B: Implicit long-lasting memory for 3 reoccurring patterns and specificity to 186 
sequential structure. (A-D) Exp. 1A (3 reoccurring targets). (A) Sensitivity to emergence of regularity (d’) 187 
across blocks during the first session, as well as after 24 hours and after 7 weeks. Error bars indicate 1 s.e.m. 188 
(B) RT to the transition from random to regular pattern in RANREG and RANREGr conditions, across blocks. 189 
Error bars indicate 1 s.e.m. ‘Fig. 2 – figure supplement 1 plots the RT advantage for each intra-block 190 
presentation. (C) Correlations between RT advantage at the end of the first day – block 5 – and after 24 hours 191 
(upper plot) and after 7 weeks (lower plot). Each data point represents an individual. Note N=14 in the 7W 192 
data due to attrition. (D) The relationship between RTs for the RANREG and RANREGr conditions. Each data 193 
point represents an individual participant. Dots below the diagonal reveal faster detection of RANREGr 194 
compared with RANREG. These implicit memory effects were not linked to explicit memory. See Fig. 2 – figure 195 
supplement 2 for explicit recognition estimates. (E-G) Exp. 1B (time reversal): (E) Sensitivity to emergence of 196 
regularity (d’) across blocks. (F) RT to the transition from random to regular pattern in RANREG and RANREGr 197 
conditions, across blocks. The block containing time-reversed REGr is shaded in yellow. The RT advantage 198 
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dropped when REGr were time reversed, and restored in block 5.  Fig. 2 – figure supplement 3 plots the RT 199 
advantage for each intra-block presentation.  (G) The relationship between RTs to the RANREG and RANREGr 200 
conditions in block 5.  201 
 202 

Critically, implicit memory for reoccurring regularities persisted after 24 hours and after 7 203 

weeks: the RT difference between novel and reoccurring sequences remained constant between 204 

the last block of day 1 (block 5) and after 24 hours [t(18) = .139, p =.891], as well as between 24 205 

hours and 7 weeks later [t(13) = -.668, p =.515]. An inspection of intra-block reoccurrences (Fig. 2 -206 

figure supplement 1) revealed that the RT advantage for REGr was similar between the third (last) 207 

intra-block presentation of day 1 and the first intra-block presentation after 24 hours [t(18) = .123, 208 

p =.903]; similarly, in the session conducted after 7 weeks, the RT advantage measured after the 209 

first intra-block presentation did not differ from the third (last) presentation in the session 210 

conducted after 24 hours [t(13) = .958, p =.356; (Fig. 2 -figure supplement 1)]. This suggests that the 211 

effect observed after 24 hours and 7 weeks reflects the presence of a lasting memory trace of 212 

reoccurring regularities rather than rapid within-block re-learning.  213 

Further, we examined the correlation of individual participants’ RT advantage across the 214 

three sessions (Fig. 2C). A robust correlation was found between the end of the first day (block 5) 215 

and the measurement taken after 24 hours (spearman’s rho= .635, p = .004) – participants who 216 

exhibited a larger RT advantage at the end of the first day were also those showing a larger 217 

advantage 24 hour later. A similar correlation was found with performance after 7 weeks 218 

(spearman’s rho= .740, p = .003). This confirms strong reliability of individual effects. 219 

 220 

The memory effects are not driven by explicit recognition of reoccurring patterns.  221 

Explicit memory for reoccurring regularities was examined at the end of each session by 222 

means of a familiarity task. Only regular sequences were presented: REGr (one presentation of each 223 

pattern) were intermixed with previously unheard REG patterns. Participants were instructed to 224 

indicate which patterns sounded ‘familiar’. Classification was evaluated using the MCC score (see 225 

methods) which ranges between 1 (perfect classification) to -1 (total misclassification). Whilst low 226 

overall, the mean MCC on each testing session indicated above chance performance [day 1: mean = 227 

.231; t(18) = 4.214, p < 0.001; 24h: mean =.44, t(18) = 7.044, p < .001; 7w: mean =.360, t(13) = 228 

5.204, p < .001] (see Fig. 2 -figure supplement 2). An improvement in MCC scores was observed 229 

between day 1 and 24 hours later [t(18) = -3.635, p = 0.004], suggesting potential consolidation. 230 
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There was no change in MCC scores between the 24 hours session and 7 weeks later [t(13) = 0.348, 231 

p = 1]. 232 

Importantly, MCC scores did not correlate with the RT advantage: MCC on day 1 did not 233 

correlate with the RT advantage observed in block 5 (spearman’s Rho=0.307; p=0.201; a similar 234 

result was also obtained when pooling across participants from Exp. 1A and Exp. S1 (which used 6 235 

REGr patterns, see Appendix 1) (Spearman’s Rho=0.114; p=0.493; N=38). Though a weak correlation 236 

between RT advantage and MCC measured after 24 hours (uncorrected; Spearman’s Rho= .459, p = 237 

.048, N=19), there was none after 7 weeks (Spearman’s Rho= -.024, p = .934, N=14). Therefore, 238 

implicit memory for reoccurring patterns, observed in nearly all participants, is not linked to explicit 239 

awareness of reoccurrence. 240 

 241 

Experiment 1B: Implicit memory is specific to sequential structure.  242 

 To confirm that the RT advantage effects are driven by memory of sequential structure, we 243 

tested whether implicit memory for reoccurring patterns is tolerant to time reversal of the 244 

originally learned patterns (Fig. 2E-G). Participants performed the regularity detection task as in 245 

Exp. 1A over 6 experimental blocks. The first 4 were identical to those in Exp. 1A. In the fifth block, 246 

REGr sequences were replaced by time-reversed versions. In block 6, the original REGr were 247 

introduced again. Participants were naïve to the experimental manipulation. It was expected that, if 248 

implicit memory is specific to the sequential structure of regularity, the RT advantage should 249 

disappear in the time-reversed block (see also Kang et al, 2017).    250 

Blocks 1-4 revealed the same effects as in Exp. 1A (Fig. 2F)[main effect of condition: F(1,19) 251 

= 71.96, p < .001, ηp
2 = .79; main effect of block: F(3, 5) = 9.90, p < .001, ηp

2 = .34; interaction 252 

condition by block: F(3, 57) = 5.67, p < .001, ηp
2 = .23]. Specifically, in the first block RTs in the 253 

RANREGr condition were similar to those in RANREG [t(19) = 0.725, p = 1], but became 254 

progressively faster (114 ms; 2.27 tones) in the second block [t(19) = 3.56, p = .01], and across the 255 

remaining blocks (all ps < .001) (203 ms; 4.1 tones in the 4th block).  256 

Importantly, this RT advantage was abolished in the time-reversed block, but restored in the 257 

subsequent block containing the originally learned REGr: a repeated measures ANOVA with 258 

condition (RANREG and RANREGr) and the last two blocks as factors yielded a main effect of 259 

condition (F(1,19) = 25.57, p < .001, ηp
2 = .57), a main effect of block (F(1, 19) = 18.09, p < .001, ηp

2 = 260 

.49), and an interaction condition by block (F(1, 19) = 40.03, p < .001, ηp
2 = .68), demonstrating the 261 

significantly greater RT advantage (RANREG novel – RANREGr) in the last than in the time-reversed 262 
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block [t(19) = 6.33, p < .001]. The RT advantage for REGr in the third intra-block presentation of 263 

block 4 (Fig. 2 -figure supplement 3) was greater than in the first intra-block presentation of the 264 

time-reversed block [t(19) = -2.261, p =.035], but similar to the first intra-block presentation of the 265 

last block reintroducing the original REGr [t(19) = .788, p =.440]. 266 

 These results constrain the nature of the observed memory effect to sequential information. 267 

 268 

Experiment 2: Limited formation of memory traces of non-adjacent patterns.  269 

We tested whether adjacent repetition of patterns (as is inherently the case for REG 270 

sequences) is required for implicit memory to be formed (Fig 3).  271 

Over 4 blocks, listeners were exposed to RAN, RANREG and RANREGr trials as in previous 272 

experiments. We also introduced a new condition, PATinRAN (Fig. 3A), which consisted of two 273 

identical non-adjacent 20-tone patterns (PAT) embedded within a random sequence of tone-pips. 274 

The second appearance always occurred at the end of the sequence. The first appearance was 275 

embedded partway through the sequence at an average distance of 1.7 seconds (range 0.5-2.9 s). 276 

To understand whether memories of non-adjacent patterns (PAT) can be formed during listening, 3 277 

different PAT reoccurred 3 times within block (PATinRANr; the random parts of the sequences as 278 

well as the separation between the two PAT patterns remained random on each trial).  279 

Both non-adjacent (PATinRAN, PATinRANr) and adjacent (RANREG, RANREGr) trials included 280 

two repetitions of each pattern with the only difference being that they were contiguous in the 281 

latter and separated by random tones in the former. Participants were instructed to respond if they 282 

detected two identical, not necessarily contiguous, 20-tone patterns within a trial; 50% of the trials 283 

consisted of fully random patterns. In order to make sure that participants paid equal attention to 284 

the (harder) PATinRAN sequences, accuracy was emphasized over response speed.  285 

In the last block (block 5; ‘test block’), we tested whether, following a comparable amount 286 

exposure through block 1 to 4, PATinRANr and RANREGr patterns were similarly remembered. To 287 

equate difficulty of pattern detection in this block, PATinRANr sequences were replaced by versions 288 

where the 2 cycles were set adjacent at the end of the trial. We refer to these conditions as 289 

RANREGr*. Participants were instructed to respond as quickly as possible. We compared the 290 

magnitude of the RT advantage associated with RANREGr* to that associated with RANREGr.  291 

Fig. 3B shows the detection performance during the exposure blocks (1 to 4). Despite having 292 

practised the PATinRAN condition, detection performance was overall worse, and substantially 293 

more variable in PATinRAN (mean over blocks 1-4: 47.36 ± 16.5 %) relative to RANREG (88.47 ± 11.6 294 
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%), and improved less across blocks [main effect of condition: F(1, 29) = 419.01, p < .001, , ηp
2 = .94; 295 

main effect of block: F(3, 87) = 9.24, p < .001, ηp
2 = .24; interaction of condition per block: F(3, 87) = 296 

4.83, p = .004, ηp
2 = .14]. Thus, whilst a pattern is highly detectable when contiguously repeated, 297 

performance drops substantially when the repetition is not adjacent, presumably due to limits on 298 

short-term memory. 299 

Focusing on the 4th block (Fig. 3C): A repeated measures ANOVA with the factors 300 

reoccurrence (novel / reoccurring patterns) and adjacency (adjacent / non-adjacent patterns) 301 

yielded a significant main effect of adjacency [F(1, 29) = 205.99, p < .001, ηp
2 = .88]: as expected, 302 

whilst participants were very apt at detecting RANREG patterns, performance on PATinRAN was 303 

substantially more variable and lower overall. Interestingly a main effect of reoccurrence [F(1, 29) = 304 

21.74, p < .001, ηp
2 = .43],  was also observed, with no interaction between the two factors [F(1, 29) 305 

= 3.95, p = .056, ηp
2 = .12].  Therefore, detection data showed an increase in accuracy for 306 

reoccurring patterns in both adjacent and non- adjacent conditions. The emergence of this effect 307 

for RANREGr, despite its absence in Exp. 1A, is presumably driven by the below ceiling performance 308 

observed here (mean hit rate = 93% relative to 97.5 % in Exp. 1A) – likely a consequence of the 309 

extra behavioural strain introduced by the PATinRAN stimuli. Critically, the finding of increased hit 310 

rates for PATinRANr (a mean increase of 15%) demonstrates that, through repeated exposure, 311 

listeners formed a memory trace for the non-adjacent patterns.  312 

RT results across block 1 to 4 are shown in Fig. 3D. To allow for a comparison across 313 

conditions, RTs here are measured relative to the onset of the second regularity cycle (indicated 314 

with a red line in Fig. 3A). Since participants were encouraged to prioritise accuracy over speed in 315 

these blocks, the RT data in blocks 1-4 were not statistically analysed. However, an RT advantage 316 

(reaching 131 ms –2.63 tones in block 4) is clearly visible for RANREGr relative to RANREG stimuli.  317 

Test block: as a critical test for the formation of memory traces, we assessed the presence 318 

of a RT advantage in the 1st intra-block presentation of RANREGr and RANREGr* (Fig. 3E).  The RT 319 

advantage was significantly different from zero in RANREGr [one-sample t-test: t(29) = 3.724, p = 320 

.001], but not in the RANREGr* condition [one-sample t-test: t(29) = .419, p = .678]. A paired t-test 321 

further confirmed a greater RT advantage in the RANREGr than in the RANREGr* condition [ (t(29) = 322 

3.169, p = .003]). This indicates that, as a group, participants did not demonstrate an immediate RT 323 

advantage to RANREGr* patterns.  As seen in Fig. 3E, a RT advantage in RANREGr* emerged 324 

following the second intra-block presentation. This effect may be associated with learning within 325 

the test block. A repeated measures ANOVA on RT advantage in the test block with the factors 326 
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condition (REGr/ REGr*) and intra-block presentation (1st/ 2nd/ 3rd) revealed a main effect of 327 

condition [F(1, 29) = 9.09, p = .005, ηp
2 = .24] but no main effect of intra-block presentation [F(2, 58) 328 

= .67, p = .515, ηp
2 = .02], or interaction [F(2, 58) = 1.27, p = .287, ηp

2 = .04], consistent with an 329 

overall smaller RT advantage to RANREGr*. 330 

As an exploratory analysis, we tested whether higher detection accuracy for non-adjacent 331 

patterns (hit rates in block 4 for PATinRANr /PATinRAN) predicted a greater RT advantage when the 332 

patterns were set adjacently in the test block (REGr*). We observed a significant moderate 333 

correlation between the detection accuracy of PATinRANr in block 4 and the RT advantage in the 1st 334 

intra-block presentation of REGr* (spearman’s rho= .429, p = .018) such that those participants who 335 

exhibited a higher detection accuracy for PATinRANr in block 4, also demonstrated a higher RT 336 

advantage for REGr* in the test block. This correlation with RT advantage was specific to 337 

PATinRANr, in that it did not extend to PATinRAN (spearman’s rho= .017 p = 0.927) and held when 338 

the effect of detection accuracy for PATinRAN was accounted for (spearman’s rho = .465, p = .011). 339 

The specificity to PATinRANr suggests that the link is not simply related to some property of short-340 

term memory (in which case we would have expected a correlation with PATinRAN as well) but is 341 

specific to the memory advantage for PATinRANr stimuli which developed over the first 4 blocks.  342 

Overall, these results suggest the presence of measurable (though small) memory traces for 343 

reoccurring, non-adjacent patterns (PATinRANr). However, it is clear that the formation of robust 344 

implicit memory traces for sound sequences depends on short-term memory (and hence benefits 345 

from immediate repetition of patterns) such that introducing a gap of even 2 seconds results in 346 

substantially weakened storage in memory.  347 

 348 
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 349 

Fig. 3.  Experiment 2: Limited formation of memory traces of non-adjacent patterns. (A) In blocks 1 to 4, 350 
listeners were exposed to RAN, RANREG, RANREGr, PATinRAN and PATinRANr trials. An example spectrogram 351 
for a PATinRAN stimulus is provided. The non-adjacent repetitions of the 20-tones pattern (PAT) are indicated 352 
by dashed rectangles. In block 5 (‘test’ block’) PATinRANr sequences were replaced by versions where the 2 353 
cycles were set adjacent at the end of the trial (RANREGr*). (B) Accuracy (block 1 to 4):  hit rates are 354 
computed separately for adjacent (RANREG and RANREGr) and non-adjacent (PATinRAN and PATinRANr) 355 
trials. (C) Hit rates in block 4, separately for novel and reoccurring adjacent and non-adjacent conditions. ‘*’ 356 
indicates a significant difference between conditions. (D) RT (measured relative to the onset of the second 357 
cycle; see red line in A) across blocks 1 to 4 for RANREG, RANREGr, PATinRAN and PATinRANr.  Error bars 358 
indicate 1 s.e.m. Note that since RT here is computed relative to the onset of the REG repetition, to compare 359 
RANREG RT with those reported in figures above, add 1 sec (E) Test block: RT advantage for RANREGr 360 
(yellow) and RANREGr* (green) in each intra-block presentation. Error bars indicate 1 s.e.m. To determine the 361 
presence of a memory trace to REGr* we specifically focus on the first intra-block presentation. ‘*’ indicates a 362 
significant RT advantage, ‘ns’ indicates an RT advantage not significantly different from 0. 363 
 364 

Modelling  365 

We constructed a ‘memory constrained’ computational model, based on ‘prediction by 366 

partial matching’ (PPM; see Methods) to provide a formal simulation of the psychological 367 

mechanisms underlying the process of memory trace formation, as observed in Experiments 1A (Fig 368 

2), 2 (Fig. 5) and S2A (Appendix1-Figure 2-K). These experiments reflect critical manipulations of the 369 
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effect of long- and short- term memory decay. Although the existence of memory decay in humans 370 

is in general well established, ways of incorporating memory decay into probabilistic computational 371 

models of sequences processing is very much an active topic of research. Our PPM model 372 

implemented a single set of values (Table 1) that fully accounted for the dynamics of memory 373 

formation observed across experiments. As a benchmark, we also report the results for an 374 

equivalent unconstrained model (i.e., with perfect memory), as employed in previous research 375 

using the same paradigm (Barascud et al., 2016).  376 

 The following cognitive hypotheses were instantiated: 377 

1) Listeners learn sequence transition probabilities throughout the experiment. This approach is 378 

similar to other models of statistical learning (Bröker, Bestmann, Dayan, & Marshall, 2018; 379 

Harrison, Bestmann, Rosa, Penny, & Green, 2011; Meyniel, Maheu, & Dehaene, 2016a; Takahasi, 380 

Yamada, & Okanoya, 2010) except the present model extends beyond first-order transition 381 

probabilities. Learning of sequence statistics is accomplished though partitioning the unfolding 382 

stimulus into sub-sequences of increasing order (n-grams) that are thereon stored in memory, such 383 

that the more a listener is exposed to a given n-gram, the stronger its salience (‘weight’). Here, we 384 

allow n to range between 1 and 5, corresponding to Markovian transition probabilities of orders 0 385 

to 4. 386 

2) The listener uses these n-gram statistics to quantify the predictability (IC, where high IC 387 

corresponds to low probability and low IC corresponds to high probability) of incoming tones based 388 

on the preceding portion of the sequence and other information stored in memory as a generative 389 

probabilistic model (represented by PPM, see Methods). 390 

 3) Sudden changes in IC are indicative of potential changes in the environment. In the present case, 391 

a sudden drop in IC reflects the onset of repetitive structure in the stimulus corresponding to a 392 

transition from RAN to REG. Once the model is sufficiently confident that a reliable drop has 393 

occurred, it registers a ‘change detected’ response analogous to the participant’s button press.  394 

4) The memory weight of a given n-gram observation decays over time, with this decay profile 395 

reflecting the dynamics of human auditory memory. In particular, we adopt the memory-weighting 396 

scheme recently presented in Harrison, Bianco, Chait, & Pearce (2020), and implement the 397 

following decay profile for the memory salience of an n-gram observation: a) an initial short and 398 

high-fidelity steady-state phase, representing an echoic memory buffer; b) a fast exponential-decay 399 

phase, representing short-term memory; c) a slow exponential-decay phase, representing longer-400 

term memory (see Fig. 4A, Table 1 for more details). The model also adds noise to the memory 401 
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retrieval stage, simulating inaccuracies in human memory retrieval.  402 

 Overall, the memory constrained model shows close qualitative correspondence to the 403 

pattern of RTs observed in Experiments 1 and 2, and specifically to the dynamics of the emergence 404 

of the RT advantage.  405 

 406 

 407 

Fig. 4.  Memory constrained PPM model.  (A) Memory decay profile for the constrained PPM model. The 408 

curve describes the weight of a given n-gram observation in memory as a function of the number of 409 

consequent tones that have been presented, assuming a constant presentation rate of 20 Hz. The two dotted 410 

lines indicate transitions between the different phases of memory decay: the first, between the memory 411 

buffer and short-term memory, and the second, between short-term memory and long-term memory. The 412 

inset shows the transition from the memory buffer (of 15 tones capacity) to the fast exponential-decay phase. 413 

See Table 1 for model parameters. (B) Information content as a function of tone number for RANREGr trials in 414 

blocks 1 and 5 of Exp. 1A. Mean Information content is computed from the memory-decay PPM model, 415 

expressed in bits, and averaged over all trials. The shaded ribbons correspond to 1 STDEV. Trials are aligned 416 

such that a tone number of 0 corresponds to the first REG tone after the transition. The transition between 417 

RAN and REG phases becomes clearest after about 24 tones; however, the model detects the transition faster 418 

in block 5 than in block 1, because it partially recognises the REGr cycle from its previous occurrences, 419 

yielding a lower information content that is more clearly distinguishable from the RAN baseline and therefore 420 

requires less evidence accumulation time (= faster detection). However, it is obvious from the large error bars 421 

that the effects are subtle. 422 

 423 

Parameter Value 

Buffer capacity 15 items 

Buffer weight 1 

Short-term memory weight* 1 

Short-term memory duration* 15 seconds 

Long-term memory weight* 0.02 

Long-term memory half life 500 seconds 

Long-term memory asymptote 0 

Noise 1.3 
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Order bound 4 

 424 

Table 1. Parameters for the memory-decay PPM model as manually optimized for Experiments 425 

1A, 2, and S2A *The combination of STM weight, STM duration and LTM weight yields a STM half-426 

life of 3.06 seconds. 427 

 428 

Fig. 5A shows model outputs for experiment 1A using an unconstrained (left) and 429 

constrained (right) PPM model. The imposed memory constraints are able to reproduce the slow 430 

dynamics of REGr memory formation: like the human participants, the constrained PPM model 431 

experiences a moderate facilitation effect that grows over successive presentations of identical 432 

regular patterns. Fig. 4B illustrates this effect in more detail, plotting average information content 433 

profiles for RANREGr trials in block 5 as compared to RANREGr trials in block 1.  434 

It is important to note that the steady long-term decay, which is a key feature of the 435 

memory constrained model predicts that the performance facilitation should disappear after 24 436 

hours, and certainly after 7 weeks. After such time periods, the memory traces for the reoccurring 437 

patterns should decay to zero, and the corresponding facilitation effect should disappear. 438 

Remarkably, the participants exhibited unaltered performance facilitation. This suggests that the 439 

memory traces of these reoccurring patterns are somehow ‘fixed’ at a certain point during testing. 440 

One way of simulating this effect would be to change the asymptote of the exponential memory 441 

decay, such that the memory trace asymptotically approaches a small but non-zero value as time 442 

tends to infinity. However, we found that incorporating such an asymptote caused the performance 443 

facilitation for RANREGr trials to increase constantly from block to block, in contrast to the slow 444 

plateau shown in the behavioural data. It seems likely, therefore, that there remains a non-trivial 445 

‘fixing’ effect that may reflect consolidation processes, not accounted for by the current model (to 446 

our knowledge there is no other statistical learning model that accounts both for learning dynamics 447 

and long-term fixed effects).  448 

 449 

 Experiment 2 investigated the effect of pattern adjacency on pattern detection and memory 450 

formation. We trained unconstrained and constrained models on blocks 1-4, and report their 451 

performance for the ‘test’ block (block 5). As expected, the unconstrained PPM model is unaffected 452 

by adjacency (Fig. 5B left). The memory-decay PPM model (Fig. 5B right) fully reproduces the 453 

behavioural data (Fig. 3E). 454 

 455 



17 
 

 456 
Fig. 5. Model simulations for Experiments 1A and 2 for the unconstrained (left) vs. constrained 457 

(right) PPM model.  Overall, we demonstrate a qualitative similarity between the formal simulation of 458 
constrained memory and observed human responses. (A) Exp. 1A: the estimated RTs to the transition from 459 
random to regular patterns in RANREG and RANREGr conditions across 5 consecutive blocks. For RANREG 460 
trials, the REG patterns are novel for each trial, and, the unconstrained PPM model detects transitions after 461 
one complete cycle plus eight tones (about 1.4 seconds). For RANREGr trials after the first block, the regular 462 
patterns are already familiar from previous trials. The unconstrained PPM model remembers these previous 463 
patterns perfectly, and hence demonstrates an immediate drop in RT. In contrast, the constrained model 464 
readily captures human performance, whereby the RT advantage for RANREGr trials slowly grows over 465 
successive presentations of the REGr patterns. Error bars indicate 1 s.e.m. (B) Exp. 2: RT advantage in 466 
RANREGr and RANREGr* conditions for each intra-block presentation within the test block. Data are 467 
presented in the same way as those in Fig 3E. The unconstrained model reveals an equal RT advantage in 468 
both conditions. In contrast, as exhibited by the human listeners, the constrained memory model does not 469 
learn the reoccurring non-adjacent patterns across blocks 1 to 4, as shown by the null RT advantage in the 470 
first intra-block presentation in the RANREGr* condition. Error bars indicate 1 s.e.m. Note that the model 471 
change point detection algorithm was configured with a strict threshold in order to achieve an appropriate 472 
Type I error rate (see Methods). 473 
 474 

 Overall, the modelling successfully replicated the slow dynamics of memory 475 

formation exhibited by human listeners demonstrating that memory constrained transition-476 

probability learning is a plausible computational underpinning of sequential pattern acquisition.  477 

 478 
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Experiment 3: Memories of a set of reoccurring regularities are not overwritten by subsequent 479 

memorization of another set. 480 

Does memorization of a new set of REGr interfere with the representation of a previously 481 

memorized set? Participants performed the same transition detection task as in Exp. 1A. They were 482 

exposed to a set of 3 reoccurring patterns (REGr1) in the first 3 blocks, followed by 3 blocks in 483 

which another set of patterns (REGr2) reoccurred. Blocks 7 and 8 then re-tested memory for the 484 

reoccurring regularities of set 1 and set 2 respectively. After 24 hours, memory for the two sets of 485 

regularities was tested again.  486 

Clear implicit memory for the first set of targets (REGr1), as indicated by an RT advantage, 487 

was observed after the 3rd block (Fig. 6B) [main effect of condition: F(1,28) = 41.01, p <.001, ηp
2 488 

=.59; main effect of block: F(3,84) = 15.69, p < .001, ηp
2 =.36; condition by block interaction: F(3, 84) 489 

= 6.83, p < .001, ηp
2 =.20]. As expected, after 3 blocks of exposure the RT advantage in the 490 

RANREGr1 condition (163 ms – 3.3 tones) was similar to that observed in Exp. 1A above. Critically, 491 

this RT advantage for RANREGr1 was not perturbed after the presentation of the second set of 492 

regularities (REGr2) [RT advantage in block 3 vs. block 7: t(28) = .877, p =.387]. It also lasted after 24 493 

hours [RT advantage in block 7 vs. after 24 hours: t(28) = -.553, p = .584], and was similar to the 24h 494 

RT advantage observed in Exp. 1A  [no main effect of experiment: F(1,50) = .33, p =.567, ηp
2= .01]. 495 

These results indicate that, once formed, memory traces are neither overwritten nor weakened by 496 

‘interfering’ new sets of reoccurring patterns.  497 

In blocks 4-6 presenting the second set of reoccurring regularities (REGr2) also showed an 498 

RT advantage, as demonstrated by the emerging separation between the RT to novel and 499 

reoccurring regularities. A repeated measures ANOVA on the RT advantage with ‘experimental 500 

stage’ (blocks 1-3, blocks 4-6) and block number (1st, 2nd or 3rd) showed a main effect of block 501 

number [F(2,56) = 20.13, p < .001, np2 = .42; consistent with a growing RT advantage across blocks], 502 

and stage [F(1,28) = 15.70, p < .001, np2 = .36]  with no interactions. The main effect of stage 503 

suggests an overall larger RT advantage for the first set (REGr1). The noisier overall RT pattern 504 

observed in blocks 4-6 may be indicative of an order/fatigue effect.  Importantly, at the end of day 505 

1 the RT advantage for the two sets of reoccurring regularities did not differ (block 7 vs. block 8: 506 

t(28) = 1.721, p =.096]. The RT advantage for the second set was maintained when tested after 24 507 

hours (RT advantage of last block of day 1 vs. after 24 hours: t(28) = -.277, p = .784), and did not 508 

differ from that of the first set [RT advantage after 24 hours for RANREGr1 vs. RANREGr2 t(28) = 509 

1.848, p = 0.075].    510 
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 511 

 512 
Fig. 6. Experiment 3: memories of a set of reoccurring regularities are not overwritten by subsequent 513 
memorization of another set. Participants were exposed to a set of 3 reoccurring patterns in the first 3 514 
blocks (REGr1, yellow shading), followed by 3 blocks in which another set of patterns was reoccurring (REGr2, 515 
grey shading). The final blocks (7 and 8) tested memory for set 1 and 2, respectively. After 24 hours, memory 516 
for the two sets was tested again. (A) d’ across all blocks on day 1 and after 24 hours. Error bars indicate 1 517 
s.e.m. (B) RT to the transition from random to regular pattern across blocks for RANREG, RANREGr1 and 518 
RANREGr2 on day 1 and after 24 hours. Error bars indicate 1 s.e.m. Fig. 6 -figure supplement 1-A plots the RT 519 
advantage for each intra-block presentation. Fig. 6 -figure supplement 1-B shows the RT data with N= 19. 520 
 521 

Experiment 4: Implicit memory is robust to pattern phase shifts. 522 

In all the previous experiments reoccurring regularities were always presented at the same 523 

phase of the REG cycle.  Here we asked whether the resulting memory trace was anchored to this 524 

fixed boundary – i.e., whether listeners remembered the pattern as a specific ‘chunk’ (Dehaene, 525 

Meyniel, Wacongne, Wang, & Pallier, 2015; Thiessen, 2017).  If so, the RT advantage should reduce 526 

when REGr are phase shifted.  527 

Listeners were presented with 6 reoccurring regularities (REGr) over 3 blocks. In block 4, 528 

identical REGr were presented but each presentation was associated with a shifted onset relative to 529 

the originally presented pattern (see Fig. 7A, and Methods).  530 

Fig. 7C shows the progressive emergence of the RT advantage associated with the 531 

memorization of the reoccurring patterns [main effect of condition: F(1,19) = 21.12, p < .001, ηp
2 = 532 

.53; main effect of block: F(3, 57) = 18.52, p < .001, ηp
2 = .49; condition by block interaction: F(3, 57) 533 

= 10.64, p < .001, ηp
2 = .36]. Specifically, whilst in the first block performance did not differ between 534 

RANREG and RANREGr [t(19) = -.876, p = 1], a faster RT to the RANREGr condition developed across 535 

ensuing blocks. This effect continued into block 4, where phase-shifting was introduced (Fig. 7C 536 

bottom plot). The RT advantage for phase-shifted RANREGr (167 ms – 3.35 tones) in block 4 was 537 

greater than the RT advantage in block 3 (100 ms; 2 tones) [block 3 vs. block 4: t(19) = -13.111, p < 538 

.001] in the majority of participants (Fig. 7D), demonstrating a strengthening (rather than 539 
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disappearing) memory effect. The immediate robustness to phase shifting was confirmed by 540 

comparing the RT advantage in the first intra-block presentation in block 4, to that in the third (last) 541 

intra-block presentation in block 3 (Fig. 7 -figure supplement 1). No significant difference was 542 

observed [t(19) = 1.069, p =.298], supporting the conclusion that the RT advantage persisted 543 

despite phase shifting.  544 

Further tests confirmed that the RT advantage for REGr in block 4 was similar across small 545 

and large phase shifts: a repeated measures ANOVA with factor phase shift (small / large, namely 1-546 

5 and 16-19 vs. 6-15 tones from the original onset) yielded no significant effect of phase shift on the 547 

RT advantage [F(1, 19) = .74, p = .400].   548 

These results suggest that sequences are not represented as a fixed chunk of sequential 549 

items which is retrieved as a single unit, but more likely as a collection of sequential predictions 550 

that are flexibly retrieved from memory according to the available sensory information.  551 

 552 

 553 

Fig. 7.  Experiment 4: Implicit memory is robust to pattern phase shifts. (A) In this experiment, 6 different 554 
reoccurring regularities (REGr) per participant were presented. In block 4 (yellow shading in C) these patterns 555 
were replaced by versions with shifted onset of the originally learned REGr. Two examples of phase shifted 556 
REGr and their original REGr version are depicted. The solid red line indicates the transition between RAN and 557 
REG (the onset of the regular pattern); the dashed red line denotes one cycle (20 tones) (B) d’ across all 558 
blocks. Error bars indicate 1 s.e.m. (C) RT to the transition from RAN to REG pattern across blocks for RANREG 559 
and RANREGr.  The bottom plot represents the RT advantage observed in blocks 3 and 4. Error bars indicate 1 560 
s.e.m. Fig. 7 -figure supplement 1 plots the RT advantage for each intra-block presentation. (D) The individual 561 
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RT advantage in block 3 compared with block 4. Each circle represents an individual participant. (E) Plotted is 562 
the relationship between RTs to the RANREG and RANREGr in block 4. Each circle represents a unique REGr 563 
pattern (6 per participant), plotted against the mean RT to RANREG for that participant.  564 
 565 

As a further probe into the nature of the representation of the pattern in memory, in 566 

Experiment S3 (Appendix1-Figure 3) we investigated listeners’ tolerance to small frequency 567 

transpositions. We reveal a transfer of the RT advantage to the transposed pattern, suggesting that 568 

the formed representation is not of an exact echoic nature. It is possible that tolerance to 569 

frequency transposition reflects a ‘fuzzy’ spectral representation, though we note that the spacing 570 

in the present pool – 12% – is generally larger than the just noticeable difference (JND) for 571 

frequency typically exhibited by non-musically trained listeners (Tervaniemi, Just, Koelsch, 572 

Widmann, & Schröger, 2005). Alternatively, the tolerance to transposition may suggest that instead 573 

of the specific frequency pattern, the auditory system maintains a representation of the contour, or 574 

inter-tone interval within the pattern. 575 

 576 

Experiment 5: Implicit memory can form when sounds are behaviourally irrelevant, but does not 577 

immediately transfer to behaviour.  578 

We asked whether memories for reoccurring patterns are formed when sequences are not 579 

behaviourally relevant. Naïve participants were exposed to three blocks of the same kind as in Exp. 580 

1A, but instructed to detect the STEP changes only and ignore the other sounds. In the fourth block 581 

(‘test’ block) they were instructed to also detect the RANREG transitions.  582 

We analysed the performance in the test block of the pre-exposed group in comparison to 583 

the performance of a non pre-exposed ‘control’ group, formed by pooling block 1 data from several 584 

other experiments (Pooled data-block1, N = 147, see Methods). Sensitivity to transitions in the test 585 

block (Fig. 8A) was high overall (mean d’ = 2.77 ± .73), but lower than in the first block of the 586 

control group [independent sample t(163) = -2.028, p =.044]. This is likely because, in order to keep 587 

them naïve, participants did not receive training on RANREG detection.  588 

In the test block (Fig. 8B), the mean RT to RANREGr was significantly faster than that to 589 

novel RANREG [t(17) = 3.1, p = 0.006], consistent with the presence of an RT advantage. The RT 590 

advantage in the pre-exposed group (~157 ms, 3.14 tones) was substantially greater than in the 591 

control group (~30 ms, 0.6 tones) [independent sample t(163) = 3.023, p = .003], indicating a 592 

beneficial effect of pre-exposure.  593 
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As a critical test for the presence of a memory trace after pre-exposure, we examined RT in 594 

each intra-block presentation of REGr. If memories for reoccurring patterns are formed during pre-595 

exposure, an RT advantage should be exhibited immediately - at the first presentation of REGr in 596 

the test block.  One sample t-tests demonstrated that an RT advantage was absent at the first and 597 

second intra-block presentations [t(16) = .377, p = .711; t(17) = 1.691, p = .109], but emerged at 598 

third presentation of REGr [t(17) = 3.954, p = .001]. We also compared the RT advantage, across 599 

intra-block presentations between the pre-exposed and control groups. A bootstrap approach (see 600 

methods) was used to generate a distribution of performance over subsets of 20 participants drawn 601 

from the control group and to compare with the actually observed performance in the pre-exposed 602 

group (Fig. 8D). The plots in Fig. 8D show distributions of the RT advantage for the 1st, 2nd and 3rd 603 

REGr presentation in the control group. The mean RT advantage of the ‘pre-exposed’ group is 604 

shown by the red dots. This analysis revealed that the RT advantage to the first presentation did 605 

not differ from the control group. However, a difference emerged after the 2nd presentation. This 606 

suggests that by the second appearance of REGr in the ‘test’ block the passively pre-exposed group 607 

exhibited substantially faster responses than non pre-exposed participants. The difference between 608 

the passively pre-exposed group and the control group grew further by the 3rd presentation.  609 

Overall, these results demonstrate that implicit memory was not present at the onset of the 610 

test block (as evidenced by the lack of an RT advantage), however learning occurred more rapidly in 611 

the pre-exposed listeners such that by the end of the test block, they exhibited a substantially 612 

higher RT advantage than that shown by the control group.   613 

Explicit memory was poor (mean MCC = .064) and did not correlate with the RT advantage 614 

measured in the test block [Spearman’s Rho = 0.235; p = 0.347].   615 

 616 

 617 
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 618 

Fig. 8. Experiment 5: implicit memory can form when sounds are behaviourally irrelevant, but does not 619 
immediately transfer to behaviour. During 3 initial blocks, participants were asked to respond only to the 620 
STEP trials and ignore the other sounds. In the following test block, they were instructed to also detect the 621 
RANREG transitions. (A) Sensitivity to emergence of regularity (d’) in the test block. Error bars indicate 1 622 
s.e.m. (B) The relationship between RTs to the RANREG and RANREGr conditions in the test block. Each data 623 
point represents an individual participant. Dots below the diagonal indicate faster detection of RANREGr 624 
compared with RANREG. (C) RT advantage in the pre-exposed and the control group (participants without 625 
previous exposure; see Methods).  Error bars indicate 1 s.e.m. ‘*’ indicates a significant difference. (D) 626 
Bootstrap resampling-based distributions of the RT advantage for the 1st, 2nd and 3rd intra-block presentation 627 
from the control group. The mean of the distribution is indicated by blue dashed lines. Light-blue dots 628 
indicate the data from the present experiment (pre-exposed group). One-tailed p-values are reported with 629 
each graph.  630 
 631 

Across-experiment analysis reveals that most patterns are remembered and most participants 632 

exhibit implicit memory. 633 

We quantified the robustness of the memory effect for reoccurring patterns across the 634 

different experiments reported here. Fig. 9A shows the distribution of RTs for RANREG vs. RANREGr 635 

pooled from block 3 data, (i.e., after 9 presentations of each REGr; approx. 25 minutes of listening) 636 

where most data from different experiments were available (the pilot experiment, Experiment 1A, 637 

1B, 3, 4, S1, and S3). In Fig. 9B each dot represents the mean RT for RANREG vs. RANREGr of an 638 

individual participant (N = 147). 88.4% of participants exhibited an RT advantage, which we 639 

interpret as revealing implicit memory for REGr.  640 

We also tested the generality, across patterns, of the observed memory effect. It is 641 

important to note that all REGr were similar in the sense that all are composed from the same set 642 

of tones and only differed in the specific permutation of their order. Fig. 9C plots a distribution of 643 

the RT advantage per unique REGr (558 overall). Though the data are inherently noisy (RT is 644 

quantified as an average over only 3 presentations in block 3), RT advantage appears to be normally 645 

distributed with 75.6 % of patterns exhibiting a memory effect. This demonstrates that the 646 

observed effects are not driven by particularly ‘memorable’ REGr sequences. The same analysis run 647 

over block 5 data (not shown; # unique REGr = 165) showed that 84.4 % of REGr were associated 648 

with an RT advantage after 15 reoccurrences. Fig. 9D plots the distributions of group RT advantage 649 

per block, based on performance observed across all of the experiments reported (see Methods).  A 650 

gradual build-up of RT advantage is seen across blocks reaching a mean of 5.5 tones by the end of 651 

block5.  652 
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Overall the results demonstrate that the memory effect generalizes to most (healthy, 653 

young) listeners and is not driven by particular memorable stimuli.  654 

 655 

 656 
Fig. 9. Individual variability in implicit memory. (A) Cumulative distribution function (left) and distribution 657 
(right) of RTs to RANREG and RANREGr pooled from block 3 of several experiments (see Methods). A two 658 
sample Kolmogorov-Smirnov test confirmed a significant difference in cumulative probability (D = 0.232, p-659 
value < .001) (B) The relationship between RTs to the RANREG and RANREGr conditions in block 3. Each circle 660 
represents an individual participant. Participants in the bottom quartile (those who exhibited the smallest RT 661 
advantage) are shown in red. (C) Distribution of RT advantages across 558 different REGr patterns as 662 
measured after 3 blocks (9 reoccurrences). Values > 0 indicate faster RTs to REGr relative to novel REG. (D) 663 
Distributions of the RT advantage in each block. To estimate the distribution of the RT advantage across the 664 
population (of young, healthy participants) we pooled data from several experiments (see Methods) in which 665 
participants performed the standard regularity detection task.  Pooled data-block1 reflects the distribution of 666 
RT advantage after one block (3 presentations of REGr), Pooled data-block2 reflects the distribution of the RT 667 
advantage after two blocks (6 presentations of REGr), etc. The distributions are computed via a 668 
bootstrapping process whereby on each iteration (1000 overall), data from 20 participants are chosen 669 
randomly (with replacement), to obtain an average RT advantage. The mean of each distribution is indicated 670 
by blue dashed lines. Overall these distributions demonstrate a robust emergence of an RT advantage after 671 
the first block.  672 
 673 

Discussion 674 

We used rapid sequences of discrete sounds (Barascud et al., 2016; Southwell et al., 2017; 675 

Zhao et al., 2019) specifically structured to allow for detailed behavioural and model-based 676 
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investigation of memory formation. All sequences were generated from a fixed set of 20 677 

frequencies, with the only difference being the order in which these were presented. Participants 678 

performed a regularity detection task and were oblivious to rare reoccurrences of certain patterns 679 

throughout the session. However, reaction times to new vs. previously encountered regularities 680 

demonstrated that following limited exposure to reoccurring patterns listeners retained sequential 681 

information in long-term memory. Statistics of pattern learning across experiments revealed that 682 

most patterns were remembered, and most participants exhibited a memory effect, although the 683 

size of this effect varied across individuals. Memory was implicit, resistant to interference, and 684 

preserved over remarkably long durations (over 7 weeks). Importantly, we also demonstrate that 685 

local pattern repetition was critical for long-term memory formation. This finding highlights a key 686 

role for immediate reinforcement and and implicates an interplay between rapid and slow memory 687 

decay in supporting the formation of enduring memories of arbitrary sound sequences.  688 

Overall the results reveal the brain’s remarkable capacity to implicitly preserve arbitrary 689 

sequential information in long-term memory.   690 

 691 

Relationship to ‘noise memory’ 692 

The general behavioural pattern revealed here is reminiscent of the ‘noise memory’ effect first 693 

shown by Agus et al. (2010; see also Agus & Pressnitzer, 2013; Andrillon et al., 2015; Gold, 694 

Aizenman, Bond, & Sekuler, 2014; Keller & Sekuler, 2015; Luo, Tian, Song, Zhou, & Poeppel, 2013). 695 

In that study naïve listeners readily remembered reoccurring white-noise snippets presented 696 

amongst novel noise bursts. The learning was unsupervised, rapid, implicit and lasted upwards of 2 697 

weeks.  698 

Inspections of the nature of this memory revealed that it was robust to time reversal and 699 

even to scrambling into bins as small as 10-20 ms, indicating that the remembered features reflect 700 

local spectro-temporal idiosyncrasies within the reoccurring noise snippet (Agus, Thorpe, & 701 

Pressnitzer, 2010; Viswanathan, Rémy, Bacon-Macé, & Thorpe, 2016). The apparent dependence of 702 

this memory on certain local features of the noise signal may also explain the high inter-sample 703 

variability often seen with this paradigm (i.e., the distinction between ‘memorable’ and ‘not 704 

memorable’ patterns; Agus et al., 2010; Viswanathan et al., 2016; Kang et al, 2017).  705 

In contrast, here we focus on fast memory formation for sequences of discrete tones, 706 

distinguishable only by their specific order, and presented in a surrounding context of highly similar 707 

patterns (all sequences consisted of the same 20 ‘building blocks’). We showed that the vast 708 
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majority of patterns were learned, revealing high sensitivity to reoccurring arbitrary frequency 709 

patterns despite the exceedingly rare reoccurrence rate (every ~ 3 minutes; 5% of trials; in contrast 710 

to the much more frequent reoccurrence (< ~15 seconds) in Agus et al (2010) and Kang et al (2017).   711 

An important question for future work will be to determine whether these effects draw on 712 

similar or distinct neural systems (discussed further below).  713 

 714 

Memory for auditory sequences 715 

Signals based on tone-pip patterns have long been used to understand how auditory 716 

memory affects human listeners’ perception of sound sequences (e.g. Watson, Wroton, Kelly, & 717 

Benbassat, 1975; Atienza & Cantero, 2001; Näätänen, Schröger, Karakas, Tervaniemi, & Paavilainen, 718 

1993; Schröger, Näätänen, & Paavilainen, 1992; Tervaniemi, Rytkönen, Schröger, Ilmoniemi, & 719 

Näätänen, 2001; Moldwin, Schwartz, & Sussman, 2017). However, these paradigms are 720 

predominantly based on extensive exposure (in the order of hundreds of consecutive repetitions) 721 

to a single pattern.  722 

Of particular relevance is a large body of work, broadly referred to as ‘statistical learning’, 723 

which has demonstrated the brain’s capacity to discover repeating structure in random stimulus 724 

sequences (Conway & Christiansen, 2005; Frost, Armstrong, & Christiansen, 2019; Kim et al., 2009; 725 

Saffran, Johnson, Aslin, & Newport, 1999; Saffran & Kirkham, 2018). The classic paradigm (Saffran, 726 

Aslin, & Newport, 1996; Santolin & Saffran, 2018) involves a small ‘alphabet’ arranged into short 727 

‘words’ (e.g., 3 syllables each). A few minutes’ exposure to such structured streams leads to 728 

learning of the statistical structure of the unfolding sequence such that subjects can distinguish the 729 

repeatedly occurring ‘words’ from a random arrangement of syllables. 730 

Our results can be interpreted as reflecting similar implicit learning processes. However, in 731 

contrast to the demonstrations above which usually involved one or a small number of stimuli that 732 

are repeated many times, we show that a very sparse presentation of long patterns which are 733 

intermixed with many highly similar sequences, is sufficient for robust memories to be formed. 734 

Note that to focus on implicit memory formation, we placed our listeners in rather extreme 735 

conditions, both in terms of presentation rate of reoccurring targets and their complexity. It is 736 

possible that relaxing these constraints would result in stronger (but perhaps more explicit) 737 

memories. 738 

 We showed that listeners can learn at least 6 concurrently presented REGr patterns (Exp. 4 739 

and Exp. S1 in Appendix 1). Important questions for future work involve understanding the capacity 740 
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limits on this memory and the factors which might affect subsequent forgetting.  741 

Overall, we demonstrate that the brain is tuned to retain repeated structure in our acoustic 742 

environments, even when such reoccurrences are exceedingly infrequent and the signals are highly 743 

similar. 744 

 Preserving as much information as possible from the unfolding sensory input is important 745 

for an organism because the relevance of any single event is not always immediately apparent, but 746 

is rather inferred post-hoc, e.g. through repetition (“I’ve heard this exact pattern twice within 3 747 

minutes, therefore it might reflect an individual sound source rather than random noise in the 748 

forest”; e.g. McDermott, Wrobleski, & Oxenham, 2011; Woods & McDermott, 2018). Our results 749 

hint at the heuristics utilized by the brain in determining how representations of statistical 750 

structure in the sensory environment are converted from transient to stable forms of memories 751 

(Leimer, Herzog, & Senn, 2018; Li & van Rossum, 2020). 752 

 753 

Reaction time as a measure of memory formation 754 

We used reaction time (RT) as a proxy for memory formation. RT allowed us to determine how 755 

much information was required for listeners to detect repeating (REG) structure and to compare 756 

these measures with formal models of sequence processing.  We hypothesized that reoccurrence 757 

would increase the weight of sequence components in memory resulting in faster detection of 758 

regularity. RT thus provided a sensitive means for tracking the formation and maintenance of such 759 

memories over time. 760 

We observed that the RT to REGr steadily shortened with increasing number of reoccurrences, 761 

allowing us to measure the dynamics of memory trace establishment. The ‘RT advantage’, defined 762 

as the difference in RT between novel and reoccurring REG patterns, grew rapidly over the first 3 763 

blocks (9 reoccurrences) and then stabilized, though evidence from Fig. 9D suggests a continuous 764 

slow growth throughout the experimental session. The absence of correlation between the 765 

familiarity test and the RT advantage suggests a dissociation between implicit memory and explicit 766 

recall abilities.    767 

 768 

Time scales of memory for sequences 769 

 The basic behavioural task required participants to detect the transitions from RAN to REG – 770 

namely the emergence of repeating structure. As such it fundamentally relied on auditory short-771 

term memory: in order to detect REG patterns, the listener must compare incoming tones to those 772 
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that occurred at least a cycle ago. The effect of reoccurrence suggested that listeners also draw on 773 

much longer-term memory whereby information about previously encountered sounds is retained 774 

over minutes between successive REGr presentations.  775 

Due to practical issues related to providing breaks, all of the reported experiments were 776 

subject to fixed presentation parameters: the experimental session was divided into blocks of 777 

roughly 8 minutes and REGr were presented 3 times per block. We therefore only have a relatively 778 

coarse estimate of the properties of the long-term memory store. Lengthening of inter-779 

reoccurrence intervals was probed by introducing interrupting blocks where only novel patterns 780 

were presented (see Exp. S2A-B in Appendix 1). Memory was largely maintained over roughly 10-781 

minute intervals indicating a very slow long-term decay. In conjunction, the results of Exp. 2 782 

suggested that the short-term memory store is critical for long-term memory formation. 783 

Participants were markedly impaired at detecting pattern repetition when the two cycles were 784 

separated by a brief series of random tones (about 2 sec). Those conditions were also associated 785 

with substantially reduced long-term memories for the reoccurring patterns, indicating that 786 

immediate reinforcement is critical for the formation of lasting memory traces. These observations 787 

point to an integral interplay between a short (few seconds) and much longer (at least a few 788 

minutes) integration in the process of formation of robust, implicit memories for reoccurring 789 

arbitrary sound sequences.  790 

The persistence of a stable RT advantage 24 hours and 7 weeks after initial exposure 791 

demonstrates the establishment of a long-term memory representation, possibly through a process 792 

of consolidation involving long-lasting synaptic changes (Phan et al., 2017; Redondo & Morris, 793 

2011). It may also be tempting to interpret the resistance to interruption, observed in early stages 794 

of memory formation (Exp. 3, Exp. S2 in Appendix 1), as a hint that a form of consolidation might 795 

have occurred already after a few initial presentations.  796 

In animal models, repetitive exposure to sound tokens (though, notably at a much higher 797 

rate than that used here) has been shown to evoke a process of long-lasting adaptation manifested 798 

as sparser firing and increased response specificity. These effects, persisting for hours to days after 799 

the initial stimulation, have been observed in primary and secondary auditory areas in song birds 800 

(Caudal Medial Nidopallium; Cazala, Giret, Edeline, & Del Negro, 2019; Honda & Okanoya, 1999; Lu 801 

& Vicario, 2014; Menyhart, Kolodny, Goldstein, DeVoogd, & Edelman, 2015; Takahasi et al., 2010; 802 

Chew, Vicario, & Nottebohm, 1996; Soyman & Vicario, 2019)  and in secondary auditory cortex in 803 
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ferrets (Lu et al., 2018).  The hypothesis that similar processes might back the behavioural effects 804 

we report is appealing.  805 

Agus et al. proposed that mechanisms based on spike-timing-dependent plasticity (STDP; 806 

Markram, Lübke, Frotscher, & Sakmann, 1997; Masquelier, Guyonneau, & Thorpe, 2008; 807 

Masquelier, Hugues, Deco, & Thorpe, 2009) may be possible neural underpinnings for rapid noise 808 

memory formation: repeatedly presented, but relatively temporally confined, spectro-temporal 809 

‘constellations’ within the noise snippets may evoke coincident firing among auditory afferents 810 

leading to rapidly emerging selectivity for this feature in subsequent presentations of the same 811 

noise burst. Kang et al (2017)  suggested that including a degree of temporal integration can also 812 

account for similar effects observed with temporal patterns (Kang et al., 2017; Karmarkar & 813 

Buonomano, 2007; Lim, Lagoy, Shinn-Cunningham, & Gardner, 2017; see also Bi & Poo, 2001). As 814 

will be discussed below, the behavioural pattern observed here is consistent with sequential 815 

information being stored as short sub-sequences (n-grams), i.e. without retaining the full 20-item 816 

sequence. Therefore, a form of STDP, incorporating an integration time of several hundred 817 

milliseconds, may underpin the representation of n-grams and implement their increased weight 818 

through reoccurance, thus supporting memory for discrete tone sequences. 819 

On a systems level, accumulating evidence suggests that an interplay between auditory 820 

cortices and the hippocampus may play a role in memory formation. Previous work has implicated 821 

the hippocampus in sensitivity to sensory patterns across rapid time scales (Aly, Ranganath, & 822 

Yonelinas, 2013; Stachenfeld, Botvinick, & Gershman, 2017; Yonelinas, 2013) and specifically in the 823 

process of discovering RAN-REG transitions (Barascud et al., 2016). There is also some evidence that 824 

hints at its possible role for supporting long-term memory for acoustic patterns (Kumar et al., 825 

2014).  826 

 827 

What is being remembered? 828 

The RT advantage to REGr reflects an implicit memory of sequential structure (Exp. 1B). But 829 

what, specifically, is remembered? Clearly participants did not perfectly memorize the full pattern, 830 

in that this would have been associated with much faster RTs (e.g. as exhibited by the observer with 831 

unconstrained memory, Fig. 5A). Instead, by the end of block 3, the distribution of RT to REGr 832 

shifted leftwards by about 4 tones, without otherwise changing (Fig. 9A). Modelling suggests that 833 

this performance is consistent with a statistical-learning effect whereby the participants retained 834 

imperfect memory of patterns presented earlier in the experiment. These memories are not strong 835 
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enough to prompt immediate recognition of a pattern heard in a past trial, but they are sufficiently 836 

strong to speed the recognition of that pattern once it begins repeating in the new trial.  837 

Similar to other models of statistical learning (Bröker et al., 2018; Harrison et al., 2011; 838 

Meyniel, Maheu, & Dehaene, 2016b), our memory-constrained PPM model explicitly assumes that 839 

listeners represent the unfolding sequences in the form of n-gram sub-sequences of variable 840 

length, from which transition probabilities are computed. Previous computational, behavioural and 841 

neuroimaging studies (Bianco, Ptasczynski, & Omigie, 2020; Conklin & Witten, 1995; Di Liberto et 842 

al., 2020; Egermann, Pearce, Wiggins, & McAdams, 2013; Pearce, Ruiz, Kapasi, Wiggins, & 843 

Bhattacharya, 2010; Pearce & Wiggins, 2004, 2006) demonstrated that PPM successfully 844 

generalizes to prediction of musical sequences and effectively accounts for psychophysiological 845 

responses to melodies. In particular, PPM provided a good match to brain response latencies 846 

evoked by transitions between RAN and REG patterns (Barascud et al., 2016; Southwell & Chait, 847 

2018), suggesting that listeners may rely on similar memory representations as those proposed by 848 

the model. Here, the memory constrained version of PPM was able to successfully simulate human 849 

performance - concretizing how the interplay between short- and long- term decay might give rise 850 

to the progressive emergence of a memory trace across presentations. Whether listeners do indeed 851 

represent auditory patterns in this way is a matter of ongoing debate (e.g. Thiessen, 2017). 852 

Additional support for an n-gram-like representation is provided in Exp. 4, which demonstrated that 853 

the REGr RT advantage is robust to pattern phase shifts. This finding indicates that REG patterns are 854 

not encoded in memory as rigid chunks of sequential items (Perruchet & Pacton, 2006; Thiessen, 855 

2017), but are instead represented as a transition rule which allows for flexible retrieval.  Whilst 856 

further empirical evidence is essential to determine the nature of the memory representation, the 857 

insight into single-trial level dynamics derived from the present modelling (Fig. 4) may be useful for 858 

constraining the search for the physiological underpinnings of these phenomena.  Furthermore, the 859 

model can readily be applied to statistical learning in other modalities (reviewed by Frost et al., 860 

2019) and even in other species, including songbirds such as finches, known to be capable of 861 

statistical learning (Menyhart et al., 2015; Takahasi et al., 2010).  862 

 863 

A related question pertains to the generalizability of the present model to natural sounds 864 

beyond quantized sequences, such as those used here. In order to relate listeners’ performance to 865 

a measure of statistical information within unfolding signals, simplifying assumptions are necessary. 866 

This includes the presence of a prior stage of category formation which converts a continuous 867 



31 
 

sound into discrete units that form the model’s ‘alphabet’. Accumulating evidence is indeed 868 

revealing that unsupervised segmentation of unfolding sounds into basic elements, perhaps using 869 

envelope-based cues, may be an inherent feature of listening (Ding, Melloni, Tian, & Poeppel, 2017; 870 

Doelling, Arnal, Ghitza, & Poeppel, 2014; Hickok & Poeppel, 2007; Poeppel, 2003).  871 

 872 

Does sequence memory require attention? 873 

The short-term memory mechanisms which allow listeners to discover the emergence of 874 

repeating structure (RANREG) in rapid tone sequences have been demonstrated to operate 875 

automatically, even when listeners’ attention is directed away from sound: brain activity recorded from 876 

naïve, distracted listeners reveals robust responses to RAN-REG transitions with latencies consistent 877 

with those expected from an ideal observer (Barascud et al, 2016; Southwell et al, 2017; Southwell & 878 

Chait, 2018). 879 

In contrast, in Exp. 5 we demonstrated that longer term memory trace formation appears to 880 

require attentive processing in that there was no evidence for an immediate RT advantage when 881 

listeners moved from the exposure blocks, in which patterns were behaviourally irrelevant, to the active 882 

detection (‘test’) block. This suggests that the formation of lasting memories for sound patterns is not 883 

fully automatic, or does not immediately translate to behaviour. Whether this is driven by absence of 884 

attention per se or other factors is difficult to determine. For example it is possible that the reduced 885 

memory effect when sounds are not behaviourally relevant is driven by decreased arousal or reward, 886 

known to substantially modulate learning (Beste & Dinse, 2013; Braun, Wimmer, & Shohamy, 2018; 887 

Polley, Steinberg, & Merzenich, 2006; Yebra et al., 2019), and which likely distinguish active detection 888 

(where feedback was provided after each trial) from passive listening.  889 

Importantly, we showed that though implicit memory was not present at the onset of the test 890 

block, learning occurred more rapidly in the pre-exposed listeners, hinting at the presence of  pre-891 

exposure-related latent traces  that may contribute to faster instantiation of representations in memory 892 

once the sequences become behaviourally relevant (Frankland, Josselyn, & Köhler, 2019). 893 

 894 

Conclusion  895 

Uncovering how memory traces are encoded and preserved by the brain is crucial for 896 

understanding subsequent learning operations which drive pattern recognition and generalization. 897 

We showed that representations of sporadically reoccurring rapid sound patterns are retained 898 
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accurately in memory, thus facilitating detection when previously encountered patterns reoccur. In 899 

spite of the fact that the patterns were relatively featureless and undistinctive compared to real-900 

world stimuli, this memory was robust, implicit, remarkably resistant to interruption, and persisted 901 

over long durations, revealing human listeners’ astonishing sensitivity to reoccurring structure in 902 

the auditory environment. Important questions for future work include understanding the 903 

neurobiological foundations of these behavioural effects, the limits on the capacity of the memory 904 

store(s) involved and the factors which might affect subsequent forgetting.   905 

 906 

Methods  907 

Stimuli. Stimuli were sequences of 50-ms tone-pips of different frequencies generated at a 908 

sampling rate of 44.1 kHz and gated on and off with 5-ms raised cosine ramps. Twenty frequencies 909 

(logarithmically-spaced values between 222 and 2,000 Hz; 12% steps) were arranged in sequences 910 

with a total duration of 7 s (140 tones). The order in which these frequencies were successively 911 

distributed defined different conditions, that were otherwise identical in their spectral and timing 912 

profiles (see Fig. 1). RAN sequences consisted of tone-pips arranged in random order, with the 913 

constraint that adjacent tones were not of the same frequency. Each frequency occurred 914 

equiprobably across the sequence duration. The RANREG condition contained a transition between 915 

a random (RAN), and a regularly repeating pattern (REG):  Sequences with initially randomly 916 

ordered tones changed into regularly repeating cycles of 20 frequencies (an overall cycle duration 917 

of 1000 ms; new on each trial). The change occurred between 3000 and 4000 ms after sequence 918 

onset such that each RANREG sequence contained between 3 to 4 REG cycles (only 2 in Exp. 2, see 919 

below). RAN and RANREG condition were generated anew for each trial and occurred equiprobably. 920 

Thus, each trial contained exactly the same frequency ‘building blocks’, with the same overall 921 

distribution, and only varied in the specific order of tone-pips.   922 

Unbeknown to participants, a few different REG patterns (different for each participant) 923 

reoccurred identically several times within the session (RANREGr condition). Reoccurrences 924 

happened 3 times per block (every ~ 3 minutes), and 9-15 times per session, depending on the 925 

number of blocks in the specific experiment. Note that the RAN part preceding each REGr was 926 

always novel. Reoccurrences were distributed within each block such that they occurred at the 927 

beginning (first third), middle and end of each block. 928 
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Two control conditions were also included within each block: sequences of tones of a fixed 929 

frequency (CONT), and sequences with a step change in frequency partway through the trial (STEP). 930 

The STEP condition served as a measure of individuals’ reaction time to simple acoustic changes. 931 

The RT to STEP was subtracted from the RT to RANREG sequences to obtain a lower bound measure 932 

of computation time required to detect the transition. The inter-stimulus interval was jittered 933 

between 1400 and 1800 ms.  934 

Participants were instructed to respond, by pressing a keyboard button, as soon as possible 935 

after detecting a RANREG transition. Feedback about response accuracy and speed was delivered at 936 

the end of each trial. Since RT is a key performance measure in these experiments, it was important 937 

to motivate the participants to respond as quickly as possible. The feedback was given based on our 938 

previous work (Barascud et al., 2016), and consisted of a green circle if the response fell within 939 

2200 ms from the regularity onset in the RANREG conditions, or within 300 ms from the change of 940 

tone in the STEP condition. For slower RTs, an orange circle (between 2200 – 2600 ms in the 941 

RANREG conditions, and between 300 – 600 ms in the STEP condition) or a red circle were 942 

displayed. It was explained to participants that they should strive to obtain as much ‘green’ or 943 

‘orange’ feedback as possible. The experimental session was delivered in ~8 min blocks, separated 944 

by brief breaks. Stimuli were presented with PsychToolBox in MATLAB (9.2.0, R2017a) in an 945 

acoustically shielded room and at a comfortable listening level (self-adjusted by each listener). 946 

 947 

Participant numbers. We initially ran a pilot experiment (N=20, 16 females, age 23.5 ± 2.95 years) 948 

which consisted of five consecutive blocks as in Exp. 1A. The effect size for the main effect of 949 

condition (RANREG vs. RANREGr) was ηp
2 = .48 and ηp

2 = .79 after the first 3 and 5 blocks 950 

respectively.  Using ηp
2=0.48 for a prospective power calculation yielded a required sample size of N 951 

= 11. We decided to increase our sample size up to N = 20 to account for possible drop outs due to 952 

low accuracy. The research ethics committee of University College London approved the 953 

experiment [Project ID Number]: 1490/009, and written informed consent was obtained from each 954 

participant. 955 

 956 

Experiment 1A. The transition detection task was performed in three sessions: five blocks on day 957 

one (‘day1’), one block after 24 hours (‘24h’) and another block after 7 weeks (‘7w’). Each block 958 

consisted of 60 stimuli (~8 minutes duration; 3 RANREGr x 3 reoccurrences per block, 18 RANREG, 959 

27 RAN, 3 STEP, and 3 CONT). Before starting, a short training block of 12 trials (with the same 960 
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conditions as in the main experiment, but no RANREGr) was performed to acquaint participants 961 

with the task.  962 

The familiarity task was performed at the end of each session (day1, 24h, 7w). In these tests 963 

the three REGr patterns were randomly intermixed with 18 novel REG sequences. Participants were 964 

informed that a ‘handful’ of patterns reoccurred during the just completed session and asked to 965 

indicate, by means of a button press, if each presented pattern sounded ‘familiar’. Feedback about 966 

the response accuracy and speed was delivered after each trial.  967 

 968 

Participants. Twenty paid individuals (ten females; average age, 24.4 ± 3.03 years) took part in the 969 

experiment. Because of poor accuracy (d’ < 2 after the first block), one participant was excluded 970 

from the analysis.  We were able to test only 14 participants after 7 weeks (8 females; average age, 971 

24.7 ± 3.02 years). No participant reported hearing difficulties.  972 

 973 

Experiment 1B. Participants performed the transition detection task for 6 consecutive blocks 974 

consisting of the same set of stimuli described for Exp. 1A. In the 5th block, each REGr was time 975 

reversed.   976 

 977 

Participants. Twenty paid individuals (13 females; average age = 24.25 ± 3.58 years) took part in the 978 

experiment. No participant reported hearing difficulties.   979 

 980 

Experiment 2. The stimulus set in the initial 4 blocks contained RANREG and RANREGr stimuli, as 981 

before, except they contained only 2 repeating cycles after the transition. To understand whether 982 

immediate repetition is necessary for memory to be formed two further conditions were used: 983 

PATinRAN stimuli contained two identical 20 tone patterns embedded amongst random tones 984 

(mean separation of 1.7 s; drawn randomly from a range .5 – 2.9; the second appearance always 985 

occurred at the end of the sequence as shown in Fig. 3A). Similar to REGr, 3 different PAT were 986 

designated as reoccurring across trials (different for each participant; 3 reoccurrences per block). 987 

The embedding RAN sequence and the spacing between the two PAT patterns were randomly set 988 

for each reoccurrence. Overall each block contained 82 stimuli (36 RAN, 9 RANREG, 9 RANREGr, 9 989 

PATinRAN, 9 PATinRANr, 5 STEP, 5 CONT), with ISI between 2.4 and 2.8 s. Reoccurrences of 990 

RANREGr and PATinRANr occurred approximately every 3.6 minutes.  991 
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 Participants were informed of the presence of PATinRAN and RANREG stimuli (but were 992 

naïve about RANREGr and PATinRANr) and were instructed to indicate, by button press, if they 993 

detected the presence of a repeating pattern with the just-heard sequence. Feedback was provided 994 

at the end of each trial as in the above experiments, except that in the PATinRAN conditions we 995 

delivered a green circle if the response fell within 1200 ms from the second cycle onset, a red circle 996 

if the response was slower that 1600 ms, and an orange one if it fell in between. It was explained to 997 

participants that they should be fast but prioritise accuracy, given the generally difficult level of the 998 

task.  999 

In order to quantify any memory effects, in the 5th block (‘test’ block) each of PATinRANr 1000 

sequences were replaced by sequences with the 2 cycles set adjacently. We will refer to this 1001 

condition as RANREGr*. The test block contained 36 RAN, 18 RANREG, 9 RANREGr, 9 RANREGr*, 5 1002 

STEP, 5 CONT Stimuli were about 5.45 ms long (~ 109 tones).  1003 

 1004 

Participants. Given the task complexity and expectation for a reduced SNR, we increased the 1005 

number of participants, a-priori, by 50% relative to the previous experiment. Thirty paid individuals 1006 

(twenty females; average age, 24.26 ± 3.8 years) took part in the experiment. No participants 1007 

reported hearing difficulties.   1008 

 1009 

Experiment 3. This experiment consisted of two days of testing. On the first day participants 1010 

performed a transition detection task as in Exp. 1A, but two different sets of reoccurring patterns 1011 

(REGr1 and REGr2; 3 different patterns each) were presented. RANREGr1 was presented over the 1012 

first 3 blocks, and RANREGr2 over the subsequent 3 blocks. On day two (after 24 hours) participants 1013 

returned to the lab to perform two test blocks for the two sets of reoccurring regularities, REGr1 1014 

and REGr2 (order counterbalanced across participants).  1015 

 1016 

Participants. We initially ran 20 participants (1 excluded from analysis), but decided to run an 1017 

additional 10 participants (+2 excluded), to increase the SNR for the memory effects observed for 1018 

RANREGr1 and RANREGr2 conditions on day two. The results with N =19 yielded qualitatively 1019 

similar results (see Fig. 6 -figure supplement 1-B). Thirty-two paid individuals (twenty females; 1020 

average age, 24.5 ± 3.8 years) took part in the experiment. No participant reported hearing 1021 

difficulties. Because of poor accuracy (d’ < 2 after the first block), three participants were excluded 1022 

from the analysis.   1023 
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 1024 

Experiment 4. Participants performed the detection task through four consecutive blocks of 82 1025 

stimuli each. The stimulus set included the same conditions as described for Exp. 1A, but with six, 1026 

instead of three, REGr sequences, each presented three times within a block (6 RANREGr x 3 1027 

reoccurrences per block, 18 RANREG, 36 RAN, 5 STEP, and 5 CONT). In block 4, REGr were phase 1028 

shifted (see examples in Fig. 7A). To ensure uniform sampling of possible phase shifts, for each REGr 1029 

in block 4, each of the three intra-block presentations was subject to pattern phase shift of 2 to 7, 8 1030 

to 13, or 14 to 19 tones from the onset of the original pattern.  The phase shift was determined 1031 

independently for each REGr and each intra-block presentation. Stimulus duration was 6.5 s, and 1032 

the transition time was between 3 and 3.5 s from the sequence onset. Different REGr patterns 1033 

reoccurred sparsely (every ~3.4 minutes) across trials and blocks.  1034 

 1035 

Participants. Twenty paid individuals (fourteen females; average age, 23.5 ± 3.2 years) took part in 1036 

the experiment. No participant reported hearing difficulties. 1037 

 1038 

Experiment 5. The experiment consisted of 4 blocks. The stimulus structure was as in Exp. 1A, 1039 

except that for the first 3 blocks participants were instructed to respond to STEP changes only. They 1040 

received no explanation about the regularity structure of the stimuli, and performed no practice. 1041 

On the fourth block, they were instructed to detect RANREG transitions in addition to STEP 1042 

transitions. Each block contained 72 stimuli (3 RANREGr x 3 reoccurrences per block, 18 RANREG, 1043 

27 RAN, 9 STEP, and 9 CONT; ISI between 900 and 1300); the number of STEP and CONT trials was 1044 

increased relative to that in Experiment 1A due to the task change. As in Exp. 1A, participants 1045 

performed the familiarity task at the end of the session.  1046 

 1047 

Participants. Nineteen paid individuals (14 females; average age, 23.4 ± 3.1 years) took part in the 1048 

experiment. No participant reported hearing difficulties. Because of poor accuracy (d’ < 1), one 1049 

participant was excluded from the analysis.  1050 

  1051 

Statistical analysis. In the transition detection task, two indexes of performance were computed: 1052 

sensitivity (d’) and reaction times (RTs).  1053 

 For each participant and each block, d’ was quantified over trials (collapsed over RANREG 1054 

and RANREGr) to give a general measure of sensitivity to the presence of regularities. Responses to 1055 
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RANREG and RANREGr, which occurred after the nominal transition were considered hits; 1056 

Responses to RAN trials were considered false alarms. Participants who showed d’ < 2 after the first 1057 

block of the transition detection task were excluded from the analysis. Because Exp. 5 had only one 1058 

‘active’ block and no previous training, we adopted a more lenient exclusion criterion of d’ <1.  1059 

Note that d’ was not available in Exp. 2 because of the intermixed nature of the presentation of 1060 

RANREG and PATinRAN stimuli. To quantify performance, we therefore focus on hit rates and false 1061 

alarms. For the purpose of participant exclusion, we computed an overall d’ (collapsing across 1062 

conditions) and set the threshold at d’ < 1.5.   1063 

Only RTs of correct trials (hits) were analysed. In all experiments, RT was defined as the time 1064 

difference between the onset of the regular pattern (‘nominal transition’ in Fig. 1) and the 1065 

participant’s button press.  However, Exp. 2 contained conditions with non-contiguous pattern 1066 

presentations. RT was therefore computed from the onset of the second cycle (as indicated in Fig. 1067 

3A).  Across all experiments, RTs which occurred before the transition to the regularity (see Fig. 1; ~ 1068 

1.3% of the trials) were considered to indicate a false positive and excluded from the analysis. To 1069 

control for individual latency of motor response to a simple acoustic change, RTs were then 1070 

‘baselined’ by subtracting the individual mean RT to the STEP transition. Moreover, for each 1071 

participant and block, the RTs beyond 2 SD from the mean were discarded.  1072 

To quantify the formation of a memory trace over REGr presentations, RT were averaged to 1073 

yield a mean RT per condition per subject per block. Therefore, RT to RANREGr were based on nine 1074 

trials (3 REGr x 3 presentations per block). However, to evaluate the immediate presence of a 1075 

memory trace following certain experimental manipulations (e.g. in Exp. 2 and 5) or when re-1076 

testing after 24 hours or 7 weeks (as in Exp. 1A) we also analysed RT for each intra-block 1077 

presentation (the first, second and third intra-block instance of a REGr pattern; see Fig. 2 -figure 1078 

supplement 1; Fig. 2 -figure supplement 3; Fig. 6 -figure supplement 1-A; Fig. 7 figure supplement 1; 1079 

Appendix1-Figure 1-D; Appendix1-Figure 2-D-J; Appendix1-Figure 3-D). To calculate the ‘RT 1080 

advantage’ for each intra-block presentation, mean RTs of 1st, 2nd or 3rd intra-block presentation 1081 

(averaged across the different REGr) were subtracted from the mean RTs of REG which occurred at 1082 

the beginning (first third), middle or end of each block. 1083 

Performance was statistically tested with linear analyses of variance (ANOVA) implemented 1084 

in the R environment (version 0.99.320) using the ‘ezANOVA’ function (Michael Lawrence, 2016). 1085 

The analysis of d’ modelled the repeated measures factor block (1: N blocks). The analysis on RTs 1086 

modelled the repeated measures factors: condition (RANREG/RANREGr), block (1: N blocks), and 1087 
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their interaction term. P-values were Greenhouse-Geisser adjusted when sphericity assumptions 1088 

were violated. Post hoc t-tests were used to test for differences in performance between conditions 1089 

across blocks, or experiments. A Bonferroni correction was applied by multiplying p values by the 1090 

number of comparisons (resulting values were capped at 1.0). 1091 

As a benchmark (see Fig. 9D) across which to compare the effect of various manipulations 1092 

on the RT advantage (e.g. Fig. 8D, Appendix1-Figure 2-C-G), we pooled data from several 1093 

experiments to obtain a distribution of RT advantage values after each block: Pooled data-block1, 1094 

Pooled data-block2, Pooled data-block3 were formed by pooling block 1, 2 or 3 data, respectively, 1095 

from Experiments 1A, 1B, 3, 4, S1, S3, and pilot experiment identical to Exp. 1 (total N=147). Pooled 1096 

data-block4 was formed by pooling block 4 data from Experiments 1A, 1B, S1, S3 and the pilot (total 1097 

N=98), and Pooled data-block5 by pooling block 5 from Experiments 1A, S1 and the pilot (total 1098 

N=58). To obtain distributions of expected RT advantage values, data in each set were subjected to 1099 

bootstrap resampling (1000 iterations) where, on each iteration, N random participants (N= 1100 

number of participants in the experiment under examination) were drawn from the full pool, and 1101 

their mean RT advantage (RANREG- RANREGr) was computed. This procedure yielded a distribution 1102 

to which the actual data from the experiment under examination were compared. The p values 1103 

provided (e.g. Fig. 8D, Appendix1-Figure 2-C-G) reflect the probability of the measured RT 1104 

advantage (red dots in the relevant figures) relative to the benchmark distribution.  1105 

Analysis of the familiarity task. The familiarity measurement required participants to 1106 

categorize the presented patterns into ‘familiar’ (REGr) or ‘new’ (REG). Each REGr was presented 1107 

once only, to avoid learning during the testing session and hence the ‘familiar’ category included 1108 

only 3 items (6 in Exp. S1, see Appendix1). These were presented among a larger set of foils (18 in 1109 

Exp. 1A and Exp. 5, 36 in Exp. S1). Due to the small number of REGr, standard signal detection 1110 

approaches are not useable. Instead we computed the MCC score, which is a measure of the quality 1111 

of a binary classification, applicable even when classes are of different sizes (Boughorbel, Jarray, & 1112 

El-Anbari, 2017; Powers, 2007). The coefficient ranges between 1 (perfect classification) to -1 (total 1113 

misclassification) and is calculated using the following formula: 1114 

𝑀𝐶𝐶 =
𝑇𝑃×𝑇𝑁−𝐹𝑃×𝐹𝑁

√(𝑇𝑃+𝐹𝑃)(𝑇𝑃+𝐹𝑁)(𝑇𝑁+𝐹𝑃)(𝑇𝑁+𝐹𝑁)
2 .  Where TP=number of true positives; TN=number of true 1115 

negatives; FP=number of false positives; FN=number of false negatives. The MCC scores obtained 1116 

for each participant in Exp. 1A are shown in Fig. 2-figure supplement 2. 1117 

 1118 
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PPM-decay Model. Prediction by Partial Matching (PPM) is a Markov modelling technique (Cleary & 1119 

Witten, 1984) that models statistical structure within symbolic sequences by tabulating occurrences 1120 

of n-grams within a training dataset. PPM is a variable-order Markov model, meaning that it 1121 

generates predictions by combining n-gram models of different orders; here we use a model 1122 

combination technique called ‘interpolated smoothing’ (Bunton 1996, 1997; see also Pearce & 1123 

Wiggins, 2004; Harrison et al., 2020; for more details). This approach combines the advantages of 1124 

both the structural specificity afforded by high-order n-gram predictions and the statistical 1125 

reliability afforded by low-order n-gram predictions.  1126 

The PPM models used in prior cognitive research (Barascud et al., 2016; Cheung et al., 2019; 1127 

Gold, Pearce, Mas-Herrero, Dagher, & Zatorre, 2019) have a ‘perfect’ memory, in that historic n-1128 

gram observations are preserved with the same fidelity as recent events, and are weighted the 1129 

same in prediction generation. Noting that human memory exhibits clear capacity limitations and 1130 

recency effects, Harrison et al. (2020) modified PPM to incorporate a customizable decay kernel, 1131 

whereby historic n-gram observations are down-weighted as a function of the time elapsed and the 1132 

consequent n-grams observed since the initial observation. Modelling reaction-time data from a 1133 

RANREG paradigm similar to Barascud et al. (2016), Harrison et al. concluded in favour of a 1134 

capacity-limited high-fidelity echoic memory buffer followed by a lower-fidelity short-term memory 1135 

phase with exponential decay. We likewise use an echoic-memory phase and a short-term memory 1136 

phase in the present work, but add a slower-decaying long-term memory phase in order to capture 1137 

the long-term learning observed in the present experiment.  1138 

The modelling aimed to reproduce behavioural performance qualitatively rather 1139 

quantitatively. Many simplifications are made including that inter-sequence intervals, and breaks 1140 

between experimental blocks are modelled at a fixed rate of 1 sec.  We explored various parameter 1141 

settings for the model, and retained the configuration that best reproduced the observed 1142 

behavioural patterns in Experiments 1A, 2, and S2A (Fig. 5, and Appendix1-Figure 2-K), which 1143 

represent the key manipulations of memory duration. The resulting parameters are listed in Table 1144 

1; the decay kernel is plotted in Fig. 4A. Further implementation details are described in Harrison et 1145 

al. (2020). The model outputs a conditional probability estimate for each tone in each sequence 1146 

experienced throughout an experiment, which we convert to information content (the negative log 1147 

probability in base 2). An implementation of this model is freely available in our open-source R 1148 

package ‘ppm’ (https://github.com/pmcharrison/ppm).  1149 

To identify changes in the information content profile corresponding to the RANDREG 1150 

https://github.com/pmcharrison/ppm
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transition on a given trial, we use the nonparametric changepoint detection algorithm of Ross, 1151 

Tasoulis, & Adams (2011), which sequentially applies the Mann-Whitney test to identify changes in 1152 

a time series’ location while controlling for Type I error. Here the target Type I error rate was set to 1153 

1 in 10,000 tones. Note that, for simplicity, the change point detection algorithm is free of memory 1154 

constraints. Human listeners likely use a rougher (less detailed) statistical representation for 1155 

transition detection.   1156 

 1157 
Acknowledgments  1158 

We thank Barathy Ganeshakumara for help with the behavioural data collection and Alain de 1159 

Cheveigne for comments and discussion. This research was supported by a BBSRC grant 1160 

(BB/P003745/1) to MC. 1161 

 1162 

Competing interests 1163 

On behalf of all authors, the corresponding author declares no financial and non-financial 1164 

competing interests. 1165 

Data Availability Statement 1166 

The datasets for this study can be found in the OSF repository (https://osf.io/dtzs3/; DOI 1167 

10.17605/OSF.IO/DTZS3).  1168 

 1169 
References 1170 
Agres, K., Abdallah, S., & Pearce, M. T. (2018). Information-Theoretic Properties of Auditory 1171 

Sequences Dynamically Influence Expectation and Memory. Cognitive Science, 42(1), 43–76. 1172 
https://doi.org/10.1111/cogs.12477 1173 

Agus, T. R., & Pressnitzer, D. (2013). The detection of repetitions in noise before and after 1174 
perceptual learning. The Journal of the Acoustical Society of America, 134(1), 464–473. 1175 
https://doi.org/10.1121/1.4807641 1176 

Agus, T. R., Thorpe, S. J., & Pressnitzer, D. (2010). Rapid Formation of Robust Auditory Memories: 1177 
Insights from Noise. Neuron, 66(4), 610–618. https://doi.org/10.1016/j.neuron.2010.04.014 1178 

Aly, M., Ranganath, C., & Yonelinas, A. P. (2013). Detecting Changes in Scenes: The Hippocampus Is 1179 
Critical for Strength-Based Perception. Neuron, 78(6), 1127–1137. 1180 
https://doi.org/10.1016/j.neuron.2013.04.018 1181 

Andrillon, T., Kouider, S., Pressnitzer, D., Andrillon, T., Kouider, S., Agus, T., & Pressnitzer, D. (2015). 1182 
Perceptual Learning of Acoustic Noise Generates Memory-Evoked Potentials. Current Biology, 1183 
25(21), 2823–2829. https://doi.org/10.1016/j.cub.2015.09.027 1184 

Arciuli, J., & Simpson, I. C. (2012). Statistical Learning Is Related to Reading Ability in Children and 1185 
Adults. Cognitive Science, 36(2), 286–304. https://doi.org/10.1111/j.1551-6709.2011.01200.x 1186 

Bale, M. R., Bitzidou, M., Pitas, A., Brebner, L. S., Khazim, L., Anagnou, S. T., … Maravall, M. (2017). 1187 
Learning and recognition of tactile temporal sequences by mice and humans. ELife, 6, 1–21. 1188 
https://doi.org/10.7554/elife.27333 1189 

Barascud, N., Pearce, M. T., Griffiths, T., Friston, K., & Chait, M. (2016). Brain responses in humans 1190 



41 
 

reveal ideal-observer-like sensitivity to complex acoustic patterns. Proceedings of the National 1191 
Academy of Sciences, 113(5), E616-25. https://doi.org/10.1073/pnas.1508523113 1192 

Beste, C., & Dinse, H. R. (2013). Learning without training. Current Biology, 23(11), R489–R499. 1193 
https://doi.org/10.1016/j.cub.2013.04.044 1194 

Bi, G., & Poo, M. (2001). Synaptic Modification by Correlated Activity: Hebb’s Postulate Revisited. 1195 
Annual Review of Neuroscience, 24(1), 139–166. 1196 
https://doi.org/10.1146/annurev.neuro.24.1.139 1197 

Bianco, R., Ptasczynski, L. E., & Omigie, D. (2020). Pupil responses to pitch deviants reflect 1198 
predictability of melodic sequences. Brain and Cognition, 138(October 2019), 103621. 1199 
https://doi.org/10.1016/j.bandc.2019.103621 1200 

Boughorbel, S., Jarray, F., & El-Anbari, M. (2017). Optimal classifier for imbalanced data using 1201 
Matthews Correlation Coefficient metric. PLoS ONE, 12(6), 1–17. 1202 
https://doi.org/10.1371/journal.pone.0177678 1203 

Braun, E. K., Wimmer, G. E., & Shohamy, D. (2018). Retroactive and graded prioritization of memory 1204 
by reward. Nature Communications, 9(1), 4886. https://doi.org/10.1038/s41467-018-07280-0 1205 

Bröker, F., Bestmann, S., Dayan, P., & Marshall, L. (2018). Forget-me-some: General versus special 1206 
purpose models in a hierarchical probabilistic task. PLoS ONE, 13(10), 1–22. 1207 
https://doi.org/10.1371/journal.pone.0205974 1208 

Bunton, S. (1996). On-line stochastic processes in data compression. University of Washington, 1209 
Seattle, WA. 1210 

Bunton, S. (1997). Semantically motivated improvements for PPM variants. The Computer Journal, 1211 
40(2/3), 76–93. https://doi.org/10.1093/comjnl/40.2_and_3.76 1212 

Cazala, A., Giret, N., Edeline, J.-M., & Del Negro, C. (2019). Neuronal Encoding in a High-Level 1213 
Auditory Area: From Sequential Order of Elements to Grammatical Structure. The Journal of 1214 
Neuroscience, 39(31), 6150–6161. https://doi.org/10.1523/jneurosci.2767-18.2019 1215 

Cheung, V. K. M., Harrison, P. M. C., Meyer, L., Pearce, M. T., Haynes, J., Cheung, V. K. M., … Haynes, 1216 
J. (2019). Uncertainty and Surprise Jointly Predict Musical Pleasure and Amygdala , 1217 
Hippocampus , and Auditory Cortex Activity. Current Biology, 1–9. 1218 
https://doi.org/10.1016/j.cub.2019.09.067 1219 

Chew, S. J., Vicario, D. S., & Nottebohm, F. (1996). A large-capacity memory system that recognizes 1220 
the calls and songs of individual birds. Proceedings of the National Academy of Sciences of the 1221 
United States of America, 93(5), 1950–1955. https://doi.org/10.1073/pnas.93.5.1950 1222 

Chun, M. M. (2000). Contextual cueing of visual attention. Trends in Cognitive Sciences, 4(5), 170–1223 
178. https://doi.org/10.1016/S1364-6613(00)01476-5 1224 

Cleary, J. G., & Witten, I. H. (1984). Data compression using adaptive coding and partial string 1225 
matching. IEEE Transactions on Communications, 32(4), 396–402. 1226 
https://doi.org/10.1109/TCOM.1984.1096090 1227 

Conklin, D., & Witten, I. H. (1995). Multiple viewpoint systems for music prediction. Journal of New 1228 
Music Research, 24(1), 51–73. https://doi.org/10.1080/09298219508570672 1229 

Conway, C. M., & Christiansen, M. H. (2005). Modality-constrained statistical learning of tactile, 1230 
visual, and auditory sequences. Journal of Experimental Psychology: Learning Memory and 1231 
Cognition, 31(1), 24–39. https://doi.org/10.1037/0278-7393.31.1.24 1232 

Cowan, N. (1998). Visual and auditory working memory capacity. Trends in Cognitive Sciences, 2(3), 1233 
77–78. https://doi.org/10.1016/S1364-6613(98)01144-9 1234 

Dehaene, S., Meyniel, F., Wacongne, C., Wang, L., & Pallier, C. (2015). The Neural Representation of 1235 
Sequences: From Transition Probabilities to Algebraic Patterns and Linguistic Trees. Neuron, 1236 
88(1), 2–19. https://doi.org/10.1016/j.neuron.2015.09.019 1237 



42 
 

Di Liberto, G. M., Pelofi, C., Bianco, R., Patel, P., Mehta, A. D., Herrero, J. L., … Mesgarani, N. (2020). 1238 
Cortical encoding of melodic expectations in human temporal cortex. ELife, 9, 1–26. 1239 
https://doi.org/10.7554/eLife.51784 1240 

Ding, N., Melloni, L., Tian, X., & Poeppel, D. (2017). Rule-based and word-level statistics-based 1241 
processing of language: insights from neuroscience. Language, Cognition and Neuroscience, 1242 
32(5), 570–575. https://doi.org/10.1080/23273798.2016.1215477 1243 

Doelling, K. B., Arnal, L. H., Ghitza, O., & Poeppel, D. (2014). Acoustic landmarks drive delta-theta 1244 
oscillations to enable speech comprehension by facilitating perceptual parsing. NeuroImage, 1245 
85, 761–768. https://doi.org/10.1016/j.neuroimage.2013.06.035 1246 

Egermann, H., Pearce, M. T., Wiggins, G. A., & McAdams, S. (2013). Probabilistic models of 1247 
expectation violation predict psychophysiological emotional responses to live concert music. 1248 
Cognitive, Affective & Behavioral Neuroscience, 13(3), 533–553. 1249 
https://doi.org/10.3758/s13415-013-0161-y 1250 

Frankland, P. W., Josselyn, S. A., & Köhler, S. (2019). The neurobiological foundation of memory 1251 
retrieval. Nature Neuroscience, 22(October), 1576–1585. https://doi.org/10.1038/s41593-019-1252 
0493-1 1253 

Frost, R., Armstrong, B. C., & Christiansen, M. H. (2019). Statistical learning research: A critical 1254 
review and possible new directions. Psychological Bulletin. American Psychological Association. 1255 
https://doi.org/10.1037/bul0000210 1256 

Gold, B. P., Pearce, M. T., Mas-Herrero, E., Dagher, A., & Zatorre, R. J. (2019). Predictability and 1257 
uncertainty in the pleasure of music: a reward for learning? The Journal of Neuroscience, 1258 
39(47), 9397–9409. https://doi.org/10.1523/JNEUROSCI.0428-19.2019 1259 

Gold, J. M., Aizenman, A., Bond, S. M., & Sekuler, R. (2014). Memory and incidental learning for 1260 
visual frozen noise sequences. Vision Research, 99, 19–36. 1261 
https://doi.org/10.1016/j.visres.2013.09.005 1262 

Harrison, Bestmann, S., Rosa, M. J., Penny, W., & Green, G. G. R. (2011). Time scales of 1263 
representation in the human brain: weighing past information to predict future events. 1264 
Frontiers in Human Neuroscience, 5, 1–8. https://doi.org/10.3389/fnhum.2011.00037 1265 

Harrison, P. M. C., Bianco, R., Chait, M., & Pearce, M. T. (2020). PPM-Decay: A Computational Model 1266 
of Auditory Prediction with Memory Decay. BioRxiv. Retrieved from 1267 
http://dx.doi.org/10.1101/2020.01.09.900266. 1268 

Harrison, P. M. C., & Pearce, M. T. (2018). Dissociating sensory and cognitive theories of harmony 1269 
perception through computational modeling. In Proceedings of {ICMPC15/ESCOM10}. Graz, 1270 
Austria. https://doi.org/10.31234/osf.io/wgjyv 1271 

Hickok, G., & Poeppel, D. (2007). The cortical organization of speech processing. Nature Reviews. 1272 
Neuroscience, 8(5), 393–402. https://doi.org/10.1038/nrn2113 1273 

Honda, E., & Okanoya, K. (1999). Acoustical and Syntactical Comparisons between Songs of the 1274 
White-backed Munia (Lonchura striata) and Its Domesticated Strain, the Bengalese Finch 1275 
(Lonchura striata var. domestica). Zoological Science, 16(2), 319–326. 1276 
https://doi.org/10.2108/zsj.16.319 1277 

Jiang, Y., Song, J. H., & Rigas, A. (2005). High-capacity spatial contextual memory. Psychonomic 1278 
Bulletin and Review, 12(3), 524–529. https://doi.org/10.3758/BF03193799 1279 

Kang, H., Agus, T. R., & Pressnitzer, D. (2017). Auditory memory for random time patterns. The 1280 
Journal of the Acoustical Society of America, 142(4), 2219–2232. 1281 
https://doi.org/10.1121/1.5007730 1282 

Karmarkar, U. R., & Buonomano, D. V. (2007). Timing in the Absence of Clocks: Encoding Time in 1283 
Neural Network States. Neuron, 53(3), 427–438. 1284 



43 
 

https://doi.org/10.1016/j.neuron.2007.01.006 1285 
Keller, A. S., & Sekuler, R. (2015). Memory and learning with rapid audiovisual sequences. Journal of 1286 

Vision, 15(15), 7. https://doi.org/10.1167/15.15.7 1287 
Kim, R., Seitz, A., Feenstra, H., & Shams, L. (2009). Testing assumptions of statistical learning: Is it 1288 

long-term and implicit? Neuroscience Letters, 461(2), 145–149. 1289 
https://doi.org/10.1016/j.neulet.2009.06.030 1290 

Koelsch, Vuust, P., & Friston, K. (2019). Predictive Processes and the Peculiar Case of Music. Trends 1291 
in Cognitive Sciences, 23(1), 63–77. https://doi.org/10.1016/j.tics.2018.10.006 1292 

Kumar, S., Bonnici, H. M., Teki, S., Agus, T. R., Pressnitzer, D., Maguire, E. A., & Griffiths, T. D. (2014). 1293 
Representations of specific acoustic patterns in the auditory cortex and hippocampus. 1294 
Proceedings of the Royal Society B: Biological Sciences, 281(1791), 20141000. 1295 
https://doi.org/10.1098/rspb.2014.1000 1296 

Leimer, P., Herzog, M., & Senn, W. (2018). Synaptic weight decay with selective consolidation 1297 
enables fast learning without catastrophic forgetting Results Reward maximizing learning rule 1298 
with selective consolidation. BioRxiv, 1–23. https://doi.org/https://doi.org/10.1101/613265 1299 

Li, H. L., & van Rossum, M. C. (2020). Energy efficient synaptic plasticity. ELife, 9, 1–15. 1300 
https://doi.org/10.7554/elife.50804 1301 

Lim, Y., Lagoy, R., Shinn-Cunningham, B., & Gardner, T. J. (2017). Transformation of temporal 1302 
sequences in the zebra finch auditory system. ELife, e18205. 1303 

Lu, K., Liu, W., Zan, P., David, S. V., Fritz, J. B., & Shamma, S. A. (2018). Implicit memory for complex 1304 
sounds in higher auditory cortex of the ferret. The Journal of Neuroscience, 38(46), 2118–18. 1305 
https://doi.org/10.1523/JNEUROSCI.2118-18.2018 1306 

Lu, K., & Vicario, D. S. (2014). Statistical learning of recurring sound patterns encodes auditory 1307 
objects in songbird forebrain. Proceedings of the National Academy of Sciences, 111(40), 1308 
14553–14558. https://doi.org/10.1073/pnas.1412109111 1309 

Luo, H., Tian, X., Song, K., Zhou, K., & Poeppel, D. (2013). Neural response phase tracks how 1310 
listeners learn new acoustic representations. Current Biology, 23(11), 968–974. 1311 
https://doi.org/10.1016/j.cub.2013.04.031 1312 

Markram, H., Lübke, J., Frotscher, M., & Sakmann, B. (1997). Regulation of synaptic efficacy by 1313 
coincidence of postsynaptic APs and EPSPs. Science, 275(5297), 213–215. 1314 
https://doi.org/10.1126/science.275.5297.213 1315 

Masquelier, T., Guyonneau, R., & Thorpe, S. J. (2008). Spike timing dependent plasticity finds the 1316 
start of repeating patterns in continuous spike trains. PLoS ONE, 3(1). 1317 
https://doi.org/10.1371/journal.pone.0001377 1318 

Masquelier, T., Hugues, E., Deco, G., & Thorpe, S. J. (2009). Oscillations, Phase-of-Firing Coding, and 1319 
Spike Timing-Dependent Plasticity: An Efficient Learning Scheme. Journal of Neuroscience, 1320 
29(43), 13484–13493. https://doi.org/10.1523/jneurosci.2207-09.2009 1321 

McDermott, J. H., Schemitsch, M., & Simoncelli, E. P. (2013). Summary statistics in auditory 1322 
perception. Nature Neuroscience, 16(4), 493–498. https://doi.org/10.1038/nn.3347 1323 

McDermott, J. H., Wrobleski, D., & Oxenham, A. J. (2011). Recovering sound sources from 1324 
embedded repetition. Proceedings of the National Academy of Sciences, 108(3), 1188–1193. 1325 
https://doi.org/10.1073/pnas.1004765108 1326 

Menyhart, O., Kolodny, O., Goldstein, M. H., DeVoogd, T. J., & Edelman, S. (2015). Juvenile zebra 1327 
finches learn the underlying structural regularities of their fathers’ song. Frontiers in 1328 
Psychology, 6(MAY), 1–12. https://doi.org/10.3389/fpsyg.2015.00571 1329 

Meyniel, F., Maheu, M., & Dehaene, S. (2016a). Human Inferences about Sequences : A Minimal 1330 
Transition Probability Model, 1–26. https://doi.org/10.1371/journal.pcbi.1005260 1331 



44 
 

Meyniel, F., Maheu, M., & Dehaene, S. (2016b). Human inferences about sequences: A minimal 1332 
transition probability model. PLoS Computational Biology, 12(12), 1–26. 1333 
https://doi.org/10.1371/journal.pcbi.1005260 1334 

Michael Lawrence, M. A. (2016). Package “ez”: Easy Analysis and Visualization of Factorial 1335 
Experiments, 4–5. https://doi.org/10.1515/zava.93.1.1 1336 

Muckli, L., & Petro, L. S. (2017). The Significance of Memory in Sensory Cortex. Trends in 1337 
Neurosciences, 40(5), 255–256. 1338 

Pearce, M. T. (2005). The Construction and Evaluation of Statistical Models of Melodic Structure in 1339 
Music Perception and Composition. Dissertation, (December), 267. Retrieved from 1340 
http://webprojects.eecs.qmul.ac.uk/marcusp/papers/Pearce2005.pdf 1341 

Pearce, M. T. (2018). Statistical learning and probabilistic prediction in music cognition: 1342 
Mechanisms of stylistic enculturation. Annals of the New York Academy of Sciences, 1423, 1343 
378–395. https://doi.org/10.1111/nyas.13654 1344 

Pearce, M. T., Ruiz, M. H., Kapasi, S., Wiggins, G. a, & Bhattacharya, J. (2010). Unsupervised 1345 
statistical learning underpins computational, behavioural, and neural manifestations of 1346 
musical expectation. NeuroImage, 50(1), 302–313. 1347 
https://doi.org/10.1016/j.neuroimage.2009.12.019 1348 

Pearce, M. T., & Wiggins, G. A. (2004). Improved methods for statistical modelling of monophonic 1349 
music. Journal of New Music Research, 33(4), 367–385. 1350 
https://doi.org/10.1080/0929821052000343840 1351 

Pearce, M. T., & Wiggins, G. A. (2006). Expectation in melody: the influence of context and learning. 1352 
Music Perception, 23(5), 377–405. 1353 

Perruchet, P., & Pacton, S. (2006). Implicit learning and statistical learning: one phenomenon, two 1354 
approaches. Trends in Cognitive Sciences, 10(5), 233–238. 1355 
https://doi.org/10.1016/j.tics.2006.03.006 1356 

Phan, M. L., Gergues, M. M., Mahidadia, S., Jimenez-Castillo, J., Vicario, D. S., & Bieszczad, K. M. 1357 
(2017). HDAC3 inhibitor RGFP966 modulates neuronal memory for vocal communication 1358 
signals in a songbird model. Frontiers in Systems Neuroscience, 11(September), 1–12. 1359 
https://doi.org/10.3389/fnsys.2017.00065 1360 

Poeppel, D. (2003). The analysis of speech in different temporal integration windows: Cerebral 1361 
lateralization as “asymmetric sampling in time.” Speech Communication, 41(1), 245–255. 1362 
https://doi.org/10.1016/S0167-6393(02)00107-3 1363 

Polley, D. B., Steinberg, E. E., & Merzenich, M. M. (2006). Perceptual learning directs auditory 1364 
cortical map reorganization through top-down influences. Journal of Neuroscience, 26(18), 1365 
4970–4982. https://doi.org/10.1523/JNEUROSCI.3771-05.2006 1366 

Powers, D. M. W. (2007). Evaluation: From Precision, Recall and F-Factor to ROC, Informedness, 1367 
Markedness & Correlation. Technical Report SIE-07-001, (December). Retrieved from 1368 
http://david.wardpowers.info/BM/index.htm. 1369 

Redondo, R. L., & Morris, R. G. M. (2011). Making memories last: The synaptic tagging and capture 1370 
hypothesis. Nature Reviews Neuroscience, 12(1), 17–30. https://doi.org/10.1038/nrn2963 1371 

Ross, G. J., Tasoulis, D. K., & Adams, N. M. (2011). Nonparametric monitoring of data streams for 1372 
changes in location and scale. Technometrics, 53(4), 379–389. 1373 
https://doi.org/10.1198/TECH.2011.10069 1374 

Saffran, J. R., Aslin, R. N., & Newport, E. L. (1996). Statistical Learning by 8-Month-Old Infants. 1375 
Science, 274(5294), 1926–1928. 1376 

Saffran, J. R., Johnson, E. K., Aslin, R. N., & Newport, E. L. (1999). Statistical learning of tone 1377 
sequences by human infants and adults. Cognition, 70(1), 27–52. 1378 



45 
 

https://doi.org/10.1016/S0010-0277(98)00075-4 1379 
Saffran, J. R., & Kirkham, N. Z. (2018). Infant Statistical Learning. Annual Review of Psychology, 1380 

69(1), 181–203. https://doi.org/10.1146/annurev-psych-122216-011805 1381 
Santolin, C., & Saffran, J. R. (2018). Constraints on Statistical Learning Across Species. Trends in 1382 

Cognitive Sciences, 22(1), 52–63. https://doi.org/10.1016/j.tics.2017.10.003 1383 
Southwell, R., Baumann, A., Gal, C., Barascud, N., Friston, K., & Chait, M. (2017). Is predictability 1384 

salient? A study of attentional capture by auditory patterns. Philosophical Transactions of the 1385 
Royal Society B: Biological Sciences, 372(1714). https://doi.org/10.1098/rstb.2016.0105 1386 

Southwell, R., & Chait, M. (2018). Enhanced deviant responses in patterned relative to random 1387 
sound sequences. Cortex, 109, 92–103. https://doi.org/10.1016/j.cortex.2018.08.032 1388 

Soyman, E., & Vicario, D. S. (2019). Rapid and long-lasting improvements in neural discrimination of 1389 
acoustic signals with passive familiarization. PLoS ONE (Vol. 14). 1390 
https://doi.org/10.1371/journal.pone.0221819 1391 

Stachenfeld, K. L., Botvinick, M. M., & Gershman, S. J. (2017). The hippocampus as a predictive map. 1392 
Nature Neuroscience, 20(11), 1643–1653. https://doi.org/10.1038/nn.4650 1393 

Takahasi, M., Yamada, H., & Okanoya, K. (2010). Statistical and prosodic cues for song segmentation 1394 
learning by bengalese finches (Lonchura striata var. domestica). Ethology, 116(6), 481–489. 1395 
https://doi.org/10.1111/j.1439-0310.2010.01772.x 1396 

Tervaniemi, M., Just, V., Koelsch, S., Widmann, A., & Schröger, E. (2005). Pitch discrimination 1397 
accuracy in musicians vs nonmusicians: An event-related potential and behavioral study. 1398 
Experimental Brain Research, 161(1), 1–10. https://doi.org/10.1007/s00221-004-2044-5 1399 

Thiessen, E. D. (2017). What’s statistical about learning? Insights from modelling statistical learning 1400 
as a set of memory processes. Philosophical Transactions of the Royal Society B: Biological 1401 
Sciences, 372(1711). https://doi.org/10.1098/rstb.2016.0056 1402 

Viswanathan, J., Rémy, F., Bacon-Macé, N., & Thorpe, S. J. (2016). Long term memory for noise: 1403 
Evidence of robust encoding of very short temporal acoustic patterns. Frontiers in 1404 
Neuroscience, 10(NOV), 1–11. https://doi.org/10.3389/fnins.2016.00490 1405 

Vogt, S., & Magnussen, S. (2007). Long-term memory for 400 pictures on a common theme. 1406 
Experimental Psychology, 54(4), 298–303. https://doi.org/10.1027/1618-3169.54.4.298 1407 

Watson, C. S., Wroton, H. W., Kelly, W. J., & Benbassat, C. A. (1975). Factors in the discrimination of 1408 
tonal patterns. I. Component frequency, temporal position, and silent intervals. Journal of the 1409 
Acoustical Society of America, 57(5), 1175–1185. https://doi.org/10.1121/1.380576 1410 

Winkler, I., & Cowan, N. (2005). From sensory to long-term memory: Evidence from auditory 1411 
memory reactivation studies. Experimental Psychology, 52(1), 3–20. 1412 
https://doi.org/10.1027/1618-3169.52.1.3 1413 

Winkler, I., Denham, S. L., & Nelken, I. (2009). Modeling the auditory scene: predictive regularity 1414 
representations and perceptual objects. Trends in Cognitive Sciences, 13(12), 532–540. 1415 
https://doi.org/10.1016/j.tics.2009.09.003 1416 

Woods, K. J. P., & McDermott, J. H. (2018). Schema learning for the cocktail party problem. 1417 
Proceedings of the National Academy of Sciences, 115(14), E3313–E3322. 1418 
https://doi.org/10.1073/pnas.1801614115 1419 

Yebra, M., Galarza-Vallejo, A., Soto-Leon, V., Gonzalez-Rosa, J. J., de Berker, A. O., Bestmann, S., … 1420 
Strange, B. A. (2019). Action boosts episodic memory encoding in humans via engagement of a 1421 
noradrenergic system. Nature Communications, 10(1), 1–12. https://doi.org/10.1038/s41467-1422 
019-11358-8 1423 

Yonelinas, A. P. (2013). The hippocampus supports high-resolution binding in the service of 1424 
perception, working memory and long-term memory. Behavioural Brain Research, 254, 34–44. 1425 



46 
 

https://doi.org/10.1016/j.bbr.2013.05.030 1426 
Zhao, S., Chait, M., Dick, F., Dayan, P., Furukawa, S., & Liao, H.-I. (2019). Pupil-linked phasic arousal 1427 

evoked by violation but not emergence of regularity within rapid sound sequences. Nature 1428 
Communications, 10, 4030. https://doi.org/10.1038/s41467-019-12048-1 1429 

  1430 
  1431 



47 
 

Supplementary Files 1432 

See sound examples of RAN and RANREG stimuli as used in the reported experiments.  1433 

Supplementary Figures 1434 

 1435 

 1436 
 1437 
Fig. 2 – figure supplement 1. RT advantage for each intra-block presentation. The plot depicts the 1438 
progressive emergence of an RT advantage with each presentation of REGr. Plotted values correspond to the 1439 
RT advantage of REGr for each intra-block presentation. RTs of 1st, 2nd or 3rd intra-block presentations were 1440 
averaged across the different REGr, and RTs to novel REG were averaged across trials which occurred at the 1441 
beginning (first third), middle or end of each block. There was no significant difference between the last 1442 
presentation in block 5, and the first presentation after 24 hours, or between the last presentation after 1443 
24hours and the first presentation after 7 weeks, indicating that the formed memory trace was preserved 1444 
long term. Error bars indicate 1 s.e.m. Note that the RT for REGr is computed based on 3 trials and the effects 1445 
are therefore rather noisy.   1446 
 1447 

 1448 
 1449 
Fig. 2 – figure supplement 2. Explicit recognition estimates. MCC coefficient (refer to Methods) computed 1450 

for the familiarity task performed after the regularity detection task in Exp. 1A. Each dot represents an 1451 
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individual participant. MCC was low overall, indicating low explicit recognition and did not correlate with the 1452 

RT advantage (refer to main text).  1453 

 1454 

 1455 

 1456 
 1457 

Fig. 2 – figure supplement 3. RT advantage for each intra-block presentation. Plotted values correspond to 1458 
the RT advantage of REGr for each intra-block presentation. RTs of 1st, 2nd or 3rd intra-block presentations 1459 
were averaged across the different REGr, and RTs to novel REG were averaged across trials which occurred at 1460 
the beginning (first third), middle or end of each block. The RT advantage dropped when REGr were time 1461 
reversed and was restored when the original REGr were re-introduced (block 5). Error bars indicate 1 s.e.m. 1462 
Note that the RT for REGr is computed based on 3 trials and the effects are therefore rather noisy.   1463 
 1464 
 1465 
 1466 

 1467 
 1468 
Fig. 6 -figure supplement 1. (A) RT advantage for each intra-block presentation. Plotted values correspond 1469 
to the RT advantage of REGr for each intra-block presentation. RTs of 1st, 2nd or 3rd intra-block 1470 
presentations were averaged across the different REGr, and RTs to novel REG were averaged across trials 1471 
which occurred at the beginning (first third), middle or end of each block. The RT advantage for a set of 1472 
reoccurring patterns (REG1; yellow traces) was not affected by the presentation of another set of REGr 1473 
(REGr2) in blocks 4-6. Error bars indicate 1 s.e.m. Note that the RT for REGr is computed based on 3 trials and 1474 
the effects are therefore rather noisy. (B) RT across blocks with N=19. The overall pattern was identical to 1475 
that observed with N=30 participants (reported in the main text). The RT advantage for the first set of REGr1 1476 
observed across the first 3 blocks [main effect of condition: F(1,18) = 24.16, p <.001, ηp

2 =.57; main effect of 1477 
block: F(3,54) = 11.47, p < .001, ηp

2 =.39; condition by block interaction: F(3, 54) = 3.08, p = .035, ηp
2 =.15] was 1478 
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not perturbed after the presentation of the second set of reoccurring sequences [RT advantage for RANREG1 1479 
in block 3 vs. block 7: t(18) = .403, p =.691].   1480 
 1481 
 1482 

 1483 
Fig. 7 -figure supplement 1. RT advantage for each intra-block presentation. Plotted values correspond to 1484 
the RT advantage of the 6 REGr for each intra-block presentation. RTs of 1st, 2nd or 3rd intra-block 1485 
presentations were averaged across the different 6 REGr, and RTs to novel REG were averaged across trials 1486 
which occurred at the beginning (first third), middle or end of each block. The RT advantage was preserved 1487 
after the introduction of a REGr phase shift. Note that this analysis is based on a small number of trials per 1488 
“intra-block” presentation condition, and effects are therefore noisy. Error bars indicate 1 s.e.m. 1489 
 1490 
 1491 
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Appendix 1 1 
 2 

Supplementary Experiments 3 

 4 

Experiment S1: Implicit memory for 6 concurrent patterns. 5 

In this experiment (Appendix1-Figure 1) we probed implicit memory capacity by doubling 6 

the number of regularities to be memorised (6 different REGr per participant).   7 

 8 

Methods: The transition detection task was identical to Exp. 1A, but 6 different REGr were 9 

presented per participant. Similar to Exp. 1A, participants performed the familiarity task 10 

after the transition detection task, in which the 6 REGr trials were randomly intermixed with 11 

36 novel REG sequences.  12 

 13 

Participants. Twenty paid individuals (seventeen females; average age, 24.5 ± 3.8 years) 14 

took part in the study. No participant reported hearing difficulties. Because of poor accuracy 15 

(d’ < 2 after the first block), one participant was excluded from the analysis.  16 

 17 

Results: Overall, the same pattern of performance as in Exp. 1A was demonstrated. 18 

Appendix1-Figure 1-B and 1-D reveals a progressively larger RT advantage for RANREGr 19 

[main effect of condition: F(1,18) = 71.76, p < .001, ηp
2 = .80; main effect of block: F(4, 72) = 20 

4.19, p =.045, ηp
2 = .22; interaction condition by block: F(4,72) = 7.26, p < .001, ηp

2 = .29]. A 21 

significantly faster response (80 ms; 1.6 tones) for RANREGr relative to RANREG was 22 

observed already by the end of the first block [t(18) = 3.512, p =.012]. It grew across the 23 

following blocks (all ps < .001), and reached 244 ms (4.9 tones) in the fifth block, consistent 24 

with Exp. 1A [RT advantage in Exp 1A vs. Exp.2: independent sample t(36) = .515, p =.609].   25 

Appendix1-Figure 1-C shows the mean RT advantage for RANREGr for each individual 26 

in block 5. Implicit memory was exhibited by all participants by the end of the session. 27 

Explicit memory (probed in the same way as described for Exp. 1A) was poor (mean 28 

MCC =.178) and did not correlate with the RT advantage in block 5 (spearman’s Rho=0.091; 29 

p=0.710). 30 

 31 



 2 

 32 

Appendix1-Figure 1. Experiment S1: implicit memory for 6 concurrent patterns. (A) Sensitivity to 33 
emergence of regularity (d’) across blocks. (B) RT to the RAN to REG transition in RANREG and 34 
RANREGr conditions across blocks. (C) The relationship between RTs to the RANREG and RANREGr 35 
conditions in block 5. Each dot represents an individual participant. All participants exhibited implicit 36 
memory of reoccurring patterns by the end of the 5th block. (D) RT advantage for each intra-block 37 
presentation. A progressive RT advantage emergeed even when 6 different REGr were presented. 38 
Plotted values correspond to the RT advantage of REGr for each intra-block presentation. RTs of 1st, 39 
2nd or 3rd intra-block presentations were averaged across the different REGr, and RTs to novel REG 40 
were averaged across trials which occurred at the beginning (first third), middle or end of each block. 41 
Note that this analysis is based on a small number of trials per “intra-block” presentation condition, 42 
and effects are therefore somewhat noisy. Error bars indicate 1 s.e.m.  43 
 44 

Experiment S2A, B: The memory trace is weakened, but not abolished by interrupting 45 

blocks. 46 

Although reoccurrence of regularities was quite sparse in Exp. 1A (every ~ 2.7 minutes), they 47 

were presented regularly over 5 blocks. Here, we asked whether memory formation can be 48 

interrupted by introducing a delay of 10 minutes (‘interrupting blocks’ in which REGr were 49 

not presented) between ‘standard blocks’. 50 

 51 

Methods:  These experiments involved the same transition detection task as in Exp. 1A, but 52 

‘interrupting blocks’, in which RANREGr condition was not presented, were introduced 53 

between ‘standard blocks’. The ‘interrupting blocks’ were block 2 and 4 in experiment S2A, 54 

block 3 and 5 in experiment S2B. Across 5 blocks, in experiment S2A participants were 55 

presented with 27 RANREGr, 108 RANREG, 135 RAN, 15 STEP, and 15 CONT. Across 6 blocks, 56 

in experiment S2B participants were presented with 36 RANREGr, 126 RANREG, 162 RAN, 18 57 

STEP, and 18 CONT.  58 

 59 



 3 

Participants of experiment S2A. Nineteen paid individuals (13 females; average age, 23.8 ± 60 

4.7 years) took part in the study. No participant reported hearing difficulties. Because of 61 

poor accuracy (d’ < 2 after the first block), one participant was excluded from the analysis. 62 

 63 

Participants of experiment S2B. Twenty paid individuals (10 females; average age, 23.8 ± 64 

4.00 years) took part in the study. No participant reported hearing difficulties. Because of 65 

poor accuracy (d’ < 2 after the first block), one participant was excluded from the analysis.  66 

 67 

Results: In Exp. S2A, an interrupting block was inserted after each standard block 68 

(Appendix1-Figure 2-B). The RT data demonstrated a RT advantage to reoccurring vs. novel 69 

regularities (~130 ms – 2.6 tones by the end of the third standard block), which did not 70 

improve substantially across blocks [main effect of condition: F(1,17) = 35.03, p < .001, ηp
2 = 71 

.67; main effect of block: F(2, 34) = 10.67, p < .001, ηp
2 = .39; no interaction: F(2, 34) = 3.03, 72 

p = .061, ηp
2 = .15].  The RT advantage here was smaller than that typically observed after 3 73 

consecutive blocks (~180 ms – 3.7 tones in Pooled data-block3; Appendix1-Figure 2-C; 74 

difference significant at p=0.027 based on bootstrap resampling; see Methods in the main 75 

document).  76 

In Experiment S2B, we introduced the first interrupting block after block 2 in order to 77 

allow for the memory trace to emerge (see Appendix1-Figure 2-F). The RT advantage in the 78 

2nd block was similar to that observed in the control (Pooled data-block2: p =0.48), but no 79 

considerable improvement was observed across blocks thereafter [main effect of condition: 80 

F(1,18) = 74.93, p < .001, ηp
2 = .81;  main effect of block: F(3, 54) = 11.19, p < .001, ηp

2 = .38; 81 

no interaction: F(2, 54) = 2.56, p = .064 ηp
2 = .12]. The RT advantage in the blocks thereafter 82 

was indeed smaller than under ‘uninterrupted’ control conditions (block 3 vs.  Pooled data-83 

block3: p =.071; block 4 vs. Pooled data-block4 : p =.013, see Appendix1-Figure 2G).  84 

These results suggest that the memory trace for REGr can withstand quite 85 

substantial interruptions: suspending the regular reoccurrences of REGr (by introducing 86 

‘interrupting blocks’) resulted in a largely maintained memory, though there was evidence 87 

for a somewhat stagnated RT advantage. 88 

 89 

Modelling Exp. S2A. The performance of the unconstrained PPM model (Appendix1-Figure 90 

2-K), was not affected by the interruptions (also compare this figure with Fig5-A in the main 91 



 4 

text). In contrast, in the memory-decay PPM model inserting ‘interrupting’ blocks has the 92 

effect of reducing the memory traces of previously heard regularities. The constrained 93 

model shows somewhat worse performance relative to the constrained model in Exp. 1A, 94 

consistent with human effects. 95 

 96 

 97 

 98 
Appendix1-Figure 2. Experiment S2A and S2B:  the memory trace is weakened, but not abolished, 99 
by interrupting blocks. (A-D) Exp. S2A: (A) Sensitivity to emergence of regularity (d’) across blocks in 100 
experiment S2A. Error bars indicate 1 s.e.m. (B) RTs to transition in RANREG and RANREGr across 101 
blocks. Error bars indicate 1 s.e.m. Yellow shading indicates blocks where REGr were present.  (C) 102 
Bootstrap resampling-based distributions of RT advantage after 3 uninterrupted blocks (Pooled data-103 
block3; see Methods). The red dot indicates the RT advantage measured after block 3 in the present 104 
experiment. (D) RT advantage for each intra-block presentation. The RT advantage was preserved 105 
over ‘interrupting’ blocks. Plotted values correspond to the RT advantage of REGr for each intra-block 106 
presentation. RTs of 1st, 2nd or 3rd intra-block presentations were averaged across the different REGr, 107 
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and RTs to novel REG were averaged across trials which occurred at the beginning (first third), middle 108 
or end of each block. Note that the RT for REGr is computed based on 3 trials and the effects are 109 
therefore rather noisy. Error bars indicate 1 s.e.m. (E-J) Exp. S2B: (F) Sensitivity to emergence of 110 
regularity (d’) across blocks for experiment S2B Error bars indicate 1 s.e.m. (F) RTs to the transition in 111 
RANREG and RANREGr across blocks. Error bars indicate 1 s.e.m. Yellow shading indicates blocks 112 
where REGr were present. (G) Bootstrap resampling-based distributions of RT advantage after 4th 113 
blocks (Pooled data-block4; see methods). The red dot indicates the RT advantage measured after 114 
block 4 in the present experiment. (J) The RT advantage was preserved over ‘interrupting’ blocks. (K) 115 
Unconstrained vs. Constrained memory model results for Exp. S2A. Error bars indicate 1 s.e.m. 116 
 117 
Experiment S3: Implicit memory is robust to pattern transposition.  118 

We tested whether the implicit memory for reoccurring sequences generalises to versions in 119 

which relative relationships within the stimulus (pitch intervals) are preserved, while 120 

absolute information (the frequency values themselves) are manipulated.  121 

 122 

Methods: The stimulus set included the same conditions as described for Exp. 1A, but with 123 

the following differences: RAN sequences were generated from a pool of twenty-six 124 

frequencies (logarithmically-spaced values between 222 and 4,004 Hz; 12% steps). REG 125 

patterns consisted of 20 frequencies randomly selected from the pool and iterated over 3 to 126 

4 cycles.  In the 5th block, each REGr was randomly transposed up or down by one tone 127 

(12%; shifted 1 place higher or lower in the frequency pool than the original, see  3-A). To 128 

allow for the transposition, REGr patterns were drawn from a subset of 24 frequencies (i.e., 129 

not including the highest and lowest frequency in the pool).  130 

 131 

Participants. Twenty paid individuals (twelve females; average age, 24.75 ± 6.8 years) took 132 

part in the study. No participant reported hearing difficulties.   133 

 134 

Results: Overall, the same pattern of performance as in Exp. 1A was demonstrated. 135 

Appendix1-Figure 3-C demonstrates progressively stronger implicit memory for REGr, as 136 

revealed by a growing RT advantage over novel REG across blocks [main effect of condition: 137 

F(1,19) = 47.31, p < .001, ηp
2 = .71; main effect of block: F(4, 76) = 7.95, p < .001, ηp

2 = .29; 138 

interaction condition per block: F(4, 76) = 5.35, p = .003, ηp
2 = .22]. Specifically, whilst in the 139 

first block performance did not differ between RANREG and RANREGr conditions [t(19) = 140 

1.635, p = .59], a significantly faster response (186 ms; 3.7 tones) for RANREGr was observed 141 

in the second block [t(19) = 4.302 p = .001], and grew across the remaining blocks (all ps < 142 

.004).  143 



 6 

Importantly, this RT advantage (205 ms – 4.1 tones) in block 5 (transposed REGr) did 144 

not differ from the RT advantage on block 4 (272 ms; 5.4 tones) [t(19) = 1.541, p = .14]. To 145 

confirm the immediacy of the transfer we compared the RT advantage in the first intra-146 

block presentation in block 5, where the transposition was introduced, with the third (last) 147 

intra-block presentation in block 4 (Appendix1-Figure 3-D).  No difference was observed 148 

[t(19) = 1.26, p =.223], suggesting that the generalization to the transposed pattern was 149 

instantaneous. 150 

The observation of a transfer of RT advantage to the transposed sequences may 151 

suggest that the formed representation is not precisely echoic:  instead of the specific 152 

frequency pattern, the auditory system might be maintaining a representation of the 153 

contour, or inter-tone interval within the REGr pattern. Another possibility is that the 154 

tolerance reflects a noisy frequency representation, though we note that the frequency 155 

steps here (12%) are large enough to be discriminable by most listeners.  156 

 157 

 158 

 159 

Appendix1-Figure 3. Experiment S3: implicit memory is robust to pattern transposition. (A) 160 

Schematic example of the transposition. Yellow squares indicate tones in a REGr sequence; grey 161 

squares indicate the transposed version (in this example, the REG tones were shifted downwards by 162 

one step in the frequency pool; 12%). The red line indicates the transition from RAN (light blue area) 163 

to REGr. (B) d’ across all blocks. Error bars indicate 1 s.e.m. (C) RT to the transition in RANREG and 164 

RANREGr across blocks. In block 5 (yellow shading) the originally learned REGr were replaced by 165 

transposed versions. Error bars indicate 1 s.e.m. (D) RT advantage for each intra-block 166 

presentation. The RT advantage was preserved following frequency transposition of the REGr 167 

pattern. Plotted values correspond to the RT advantage of REGr for each intra-block presentation. 168 

RTs of 1st, 2nd or 3rd intra-block presentations were averaged across the different REGr, and RTs to 169 

novel REG were averaged across trials which occurred at the beginning (first third), middle or end of 170 

each block. Note that the RT for REGr is computed based on 3 trials and the effects are therefore 171 

rather noisy. Error bars indicate 1 s.e.m. 172 

 173 
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