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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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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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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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 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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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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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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