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Abstract

The environment provides multiple regularities that might be useful in guiding behavior if one was able to learn their structure.
Understanding statistical learning across simultaneous regularities is important, but poorly understood. We investigate learning
across two domains: visuomotor sequence learning through the serial reaction time (SRT) task, and incidental auditory category
learning via the systematic multimodal association reaction time (SMART) task. Several commonalities raise the possibility that
these two learning phenomena may draw on common cognitive resources and neural networks. In each, participants are unin-
formed of the regularities that they come to use to guide actions, the outcomes of which may provide a form of internal feedback.
We used dual-task conditions to compare learning of the regularities in isolation versus when they are simultaneously available to
support behavior on a seemingly orthogonal visuomotor task. Learning occurred across the simultaneous regularities, without
attenuation even when the informational value of a regularity was reduced by the presence of the additional, convergent
regularity. Thus, the simultaneous regularities do not compete for associative strength, as in overshadowing effects. Moreover,
the visuomotor sequence learning and incidental auditory category learning do not appear to compete for common cognitive
resources; learning across the simultaneous regularities was comparable to learning each regularity in isolation.
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Introduction this learning proceeds without explicit instruction or feedback.
Moreover, multiple — often simultaneous — input dimensions
The natural world presents regularities that might guide suc-  frequently convey information that might collaborate to sup-

cessful behavior if we can learn their structure. Quite often,  port behavior. As an example, complex acoustic information

Significance statement The environment presents multiple regularities
that might be useful in guiding behavior if we can leam their structure.
Simultaneous regularities may facilitate learning, or interfere with
learning if learning in each domain competes for limited, common
cognitive resources, or if the combination of regularities lowers the
informational value with which each regularity predicts behavior. In
this way, comparison of learning across simultaneous regularities versus
learning of the regularities in isolation informs our understanding of
whether common processes are involved across learning challenges.
Here, we observe that incidental learning of auditory categories and
visuomotor sequence learning — two tasks with multiple commonalities
— do not interfere with one another when both regularities exist to inform
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that conveys whether an infant’s cry is hunger or pain aligns
with a sequence of the infant’s facial expressions. Each infor-
mation source is variable, yet each provides structured regu-
larity to direct a caregiver’s behavior and to hone that behavior
with experience.

Understanding how learning proceeds across simultaneous
input regularities can shed light on how observers learn input
regularities in complex environments and can help us to dif-
ferentiate among contributing mechanisms. Multiple regular-
ities may align to provide joint information that facilitates
learning. Or, simultaneous regularities may interfere with
learning if learning in each domain competes for limited, com-
mon cognitive resources, or if the combination of regularities
lowers the informational value with which each regularity
predicts behavior. There are many demonstrations that adult
learners can track multiple statistical regularities simulta-
neously and use them to guide behavior (Conway &
Christiansen, 2006; Conway et al., 2020; Deocampo et al.,
2019; Goschke & Bolte, 2012; Iao et al., 2021; Idemaru &
Holt, 2014; Jiménez & Vazquez, 2011; Mitchel & Weiss,
2011; Vuong et al., 2016; Zhang & Holt, 2018). However,
less is known about the extent to which learning across mul-
tiple regularities may introduce interference, for example in
competition for common cognitive resources.

Here, we draw from two distinct learning paradigms, inci-
dental auditory category learning and visuomotor sequence
learning, to investigate the information value of simultaneous
regularities that predict a common behavioral outcome. As we
describe below, these two learning domains share multiple
commonalities that, at least on a surface level, suggest the
possibility that they might engage common learning mecha-
nisms, or draw upon common cognitive resources. However,
these possibilities have not been explicitly examined.

Here, we characterize learning of each regularity in isola-
tion, and also when the two align to guide behavior. On the
one hand, simultaneous, redundant regularities may facilitate
learning above and beyond learning each regularity in isola-
tion. On the other hand, the availability of multiple regularities
creates circumstances in which they may interfere with learn-
ing, for example, if the learning draws upon common cogni-
tive resources or when the combination of regularities lowers
the informational value with which each predicts behavior.

With regard to this latter point, learners are sensitive to cor-
relations among events and are affected by informational value
— the capacity of a stimulus to act as a reliable predictor of an
outcome relative to other stimuli (McLaren & Dickinson,
1990). This is best demonstrated in cue competition effects such
as blocking and overshadowing, in which cues compete for
associative strength (Mackintosh, 1975). For example, if two
cues (X, Y) jointly predict an outcome the subsequent response
to either X or Y is smaller than the response had X and Y been
learned in isolation (Pavlov, 1927). Associative learning
models reliant on a single prediction-error term (Rescorla,
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1972) predict that the associative strength of a regularity will
be reduced in the context of learning simultaneous regularities
compared to learning the regularity in isolation. This phenom-
enon is described as overshadowing and has been observed
across species (Kamin, 1968; Tennant & Bitterman, 1975) as
well as across a variety of tasks and domains (Chamizo et al.,
2003; Chapman & Robbins, 1990; Ellis, 2006; Gluck &
Bower, 1988; Hou, 2021) including category leaming (Lau
et al., 2020; Nixon, 2020). Yet, the extent to which this effect
exists in human incidental learning — of the type involved in
visuomotor sequence learning and incidental auditory category
learning examined here — is still a matter of debate (Beesley &
Shanks, 2012; McLaren et al., 2014; Schmidt & De Houwer,
2019).

Incidental auditory category learning Learning to treat statis-
tically structured distributions of distinct objects or events as
functionally equivalent members of a category is crucial to
effective behavior. In natural environments, category learning
tends to proceed across multiple, simultaneously present
forms of input typically with no explicit instruction or overt
feedback as a guide. Prior research demonstrates that speech
and other auditory categories can be learned incidentally
across statistically structured input even when individuals
are unaware that categories exist, do not make overt category
decisions, and do not receive explicit feedback (Gabay et al.,
2015; Lim et al., 2019; Lim et al., 2015; Lim & Holt, 2011;
Roark et al., 2021; Seitz et al., 2010; Vlahou et al., 2012;
Wade & Holt, 2005). This learning occurs when statistically
structured input exemplars align with behaviorally relevant
events and responses in a primary task ostensibly unrelated
to category learning (Gabay et al., 2015; Roark et al., 2021).

For example, in the Systematic Multi-Modal Association
Response Time (SMART) task, participants rapidly report the
location of a visual target in one of four possible screen loca-
tions (Gabay et al., 2015). Acoustically variable sound exem-
plars from one of four novel categories precede the appear-
ance of a visual target and each auditory category aligns with
one visual target location, predicting where the target will
appear only if one learns to categorize the variable sounds.
Participants are not informed about the alignment of auditory
categories to visual target location and can perform the
visuomotor task without sound. Nonetheless, the relationship
between the complex acoustic regularity defining the sound
categories and the upcoming location of the visual target re-
sults in auditory category learning that generalizes robustly to
novel exemplars (Gabay et al., 2015; Gabay et al., 2019;
Roark et al., 2021; Wade & Holt, 2005). Accordingly, elimi-
nation of the category-to-location alignment produces a sig-
nificant slowing in the time to detect the visual target — a
response-time (RT) Cost — indicative of a reliance on auditory
categorization to facilitate speedy response to the visual target.
This is not a simple auditory-to-visual association. The
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mapping from auditory categories to visual locations is many-
to-one, and incidental category learning generalizes to overt
labeling of novel category exemplars not experienced in the
SMART task. Adult participants acquire novel auditory cate-
gories via incidental learning (Gabay et al., 2015; Wade &
Holt, 2005) that are not learned across passive exposure or
unsupervised sorting (Emberson et al., 2013; Roark et al.,
2021; Wade & Holt, 2005); this learning is dependent upon
categories being defined by acoustic regularities, even if com-
plex (Gabay et al., 2015; Lim, Fiez & Holt, 2019), and by
alignment of these regularities with a unique motor response
(Roark et al., 2021). At the neural level, incidental auditory
category learning has been associated with activation of
cortico-striatal loops (posterior striatum, in particular the
body of the caudate and putamen, with left posterior
superior temporal sulcus; Lim, Fiez, & Holt, 2019).

Visuomotor sequence learning The SMART paradigm shares
commonalities with the Serial Reaction Time Task (SRT), one
of the most widely used paradigms for examining visuomotor
sequence learning (Abrahamse et al., 2010; Cleeremans,
1997; Janacsek et al., 2012; Nissen & Bullemer, 1987;
Schwarb & Schumacher, 2012; Szegedi-Hallgato et al.,
2019). Like the SMART task, the SRT involves eliciting an
action in response to a specific cue (e.g., a red X) and partic-
ipants are unaware of the presence of an aligned statistical
structure. In the SRT (but not in SMART), visual target loca-
tions follow a repeated pattern unknown to participants, such
that the position of the next stimulus can be predicted from the
previous one (Dezfouli & Balleine, 2012). Participants learn
these sequences, as indicated by speedier RTs to report the
position of the visual target for repeated sequences and longer
RTs when a random sequence is introduced. After practice,
participants behave in a predictive manner even in the absence
of a visual cue (Matsuzaka et al., 2007). At the neural level,
visuomotor sequence learning acquired via the SRT task has
been associated with the visuomotor (the anterior putamen)
and executive cortico-striatal loops (head of the caudate)
(Hazeltine & Ivry, 2003; Janacsek et al., 2020; Peigneux
et al., 2000).

Experiment 1

Several commonalities raise the possibility that both inciden-
tal auditory category learning and visuomotor sequence learn-
ing may draw on common cognitive resources. In each, par-
ticipants are uninformed of the input regularities. Yet, the
regularities come to support success in the primary task, guid-
ing speedy action. The outcomes of these actions may provide
a form of internal feedback derived from successfully using
statistically structured input to guide predictions about

upcoming actions. This differs from other forms of statistical
learning whereby regularities are acquired through passive
exposure (Saffran et al., 1996; Turk-Browne et al., 2005).
Yet, despite surface commonalities across learning in the
SMART and SRT paradigms, we do not know if they draw
upon common resources.

There is a priori reason to posit that these two forms of
learning may draw upon different processes. Incidental cate-
gory learning via the SMART paradigm involves the acquisi-
tion of distributional statistics whereas motor sequence learn-
ing via the SRT task relates to the formation of conditional
statistics, which have been proposed to rely upon distinct
learning mechanisms (Thiessen et al., 2013). Furthermore,
the SMART task involves learning across audio-visuomotor
input, whereas learning in the SRT task establishes
visuomotor associations; learning processes may play out dif-
ferently across modalities (Conway, 2020; Frost et al., 2015).
Neurobiologically, the striatum has been implicated in both
learning challenges (Lim et al., 2019; Peigneux et al., 2000;
Rauch et al., 1997). However, this broad characterization of a
complex network is likely to mask important differentiation of
striatal processing across tasks.

Here, we exploit the commonalities of these two learning
challenges as a conservative test case in which redundant reg-
ularities present under highly similar task demands might be
expected to draw upon common cognitive resources
(Kahneman, 1973; Posner & Petersen, 1990; Tombu &
Jolicceur, 2003) or to lower the informational value with
which each predicts behavior and interferes with learning.
Alternatively, distinct processes may support the ability to
learn the dual regularities simultaneously, without diminish-
ment relative to learning each regularity in isolation. Finally,
there is also the possibility of mutual facilitation in learning
the simultaneous regularities, compared to learning each reg-
ularity in isolation. For example, accumulating motor sequen-
tial knowledge may support predictions that scaffold auditory
category learning. Here, we investigate these possibilities by
examining incidental auditory category learning in SMART
and visuomotor learning in SRT in isolation, and in
combination.

Methods

Participants Young adult participants (104 total; 41 males and
61 females, M,q. = 25 years, SD = 3.5 years; due to experi-
menter error demographics are not available for two partici-
pants) were recruited in-person and assigned randomly to one
of four conditions: (1) Category, No Sequence (N = 25); (2)
Category + Sequence (Category Violation) (N = 26); (3)
Sequence, No Category (N = 25), (4) Sequence + Category
(Sequence Violation) (N = 28). A power analysis (G*Power
and the R pwr package; Faul et al. 2007) using the effect sizes
from Experiments 1 and 3 of Gabay et al. (2015) revealed that
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a sample of 21 participants/group would establish statistical
power at a .90 level with alpha of .05 to detect a difference
across conditions (d = .87 or f= .4). The study was conducted
at the University of Haifa in accordance with the tenets of the
Declaration of Helsinki.

Stimuli Figure 1a illustrates four novel nonspeech auditory
categories developed by Wade and Holt (2005) and used in
prior studies (Gabay et al., 2015; Gabay & Holt, 2015; Leech
et al., 2009; Liu & Holt, 2011; Roark et al., 2021; Wade &
Holt, 2005). These sounds have some of the spectrotemporal
complexity of speech, but are unequivocally nonspeech owing
to their noise and square wave sources. Each category has six

A B

exemplars and five novel stimuli withheld from training to test
generalization of category learning (not illustrated). A simple
unidimensional acoustic cue defines two of the categories (the
higher-frequency component increases or decreases in fre-
quency; Fig. la, categories A and B). No one acoustic cue
uniquely defines category membership in the other two, mul-
tidimensional, auditory categories, although exemplars exhib-
it regularity in higher-dimensional acoustic space (Fig. la,
categories C and D; see Lim, Fiez, & Holt, 2019; Wade &
Holt, 2005).

SMART task In the SMART task participants rapidly report the
location of a visual target that appears in one of four possible
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Fig. 1 Overview of stimuli and paradigm. a Four nonspeech auditory
categories are defined across six exemplars (differentiated by the
higher-frequency component shown as different colors on the same axes).
Categories A and B are characterized by a unidimensional acoustic attri-
bute (offset rises or falls), whereas Categories C and D cannot be defined
by a single acoustic attribute and are defined across multiple acoustic
dimensions in higher-order space (see Wade & Holt, 2005). b In the
Systematic Multimodal Association Reaction Time (SMART) task each
auditory category uniquely predicts the upcoming location of a visual
target that is responded to with a unique button press to indicate target
location. Here, the visual targets appear in a random order across trials. ¢
In the Serial Reaction Time (SRT) task, the order of visual target follows a
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Dual Regularities

Sequence, Block 12345678
No Category Category X X X X X X X X
Sequence VvV V VVV VXV

Sequence + Category
(Sequence Violation) pjock
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12-item sequence. Participants press a unique key to indicate the location
of the visual target. To parallel the SMART task, the SRT task in this
study included five acoustic exemplars preceding the visual target; in the
Sequence, No Category condition there was no association of auditory
category to visual target location. d Four conditions involve manipulation
of'the presence (black check) or absence (red X) of auditory category and
visuomotor sequence regularities across eight blocks. Two conditions
provide a single regularity for category (orange) or sequence (green).
The other two conditions involve dual-task scenarios in which both cat-
egory and sequence regularities are present, except in the block that tests
for response time (RT) costs when a regularity is violated for category
(blue) or sequence (yellow)

Category
Sequence
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screen locations with a key press corresponding to location
(Fig. 1b). A brief sequence of five sounds precedes each visual
target. On each trial, five of six unique exemplars drawn from
one of four auditory categories are randomly selected (without
replacement) and presented in a random order with a 50-ms
silent interval between sounds. This creates a many-to-one
mapping such that multiple acoustically variable sound cate-
gory exemplars are associated with a single visual location,
both within and across trials. Participants are not informed
about the relationship, and it is not necessary to successfully
report visual target location. However, since sound categories
perfectly predict upcoming visual target location and the cor-
responding response button to be pressed (Roark et al., 2021),
learning to categorize acoustically variable sounds in
predicting the location of an upcoming visual target can facil-
itate motor response on the primary task, without requiring
overt sound categorization decisions or even awareness of
the existence of auditory categories.

Monitoring RT to report the visual target location (from
visual target onset) provides a covert measure of category
learning. In the training blocks (Blocks 1-6 and 8), there is a
perfect association of each sound category to a particular vi-
sual location. A test block scrambles the category-to-location
mapping (Block 7). In Block 7, each trial is composed of five
exemplars randomly selected from the pool of all exemplars,
across categories. Thus, sounds are familiar but there is no
category-to-location mapping and no within-trial category ex-
emplar similarity. If participants learn the sound categories
across training blocks and come to rely upon the category-
to-location mapping to direct visuomotor behavior, then re-
sponse to the visual target is expected be slower in the test
block relative to the training block that preceded it (RTgjoc7-
RTBlock6 =RT COSt).

A four-alternative, forced-choice post-test follows the
SMART task. Here, all sounds are novel category exemplars
not experienced in the SMART task so success requires gen-
eralization of incidental category learning. At post-test, a sin-
gle novel sound exemplar repeats five times and participants
guess the location where the visual target would be most likely
to appear. No visual targets appear; there is no feedback.
Accuracy, the proportion of trials (96 total trials drawn from
five novel exemplars from each of four categories) for which
the response matches the category-to-location mapping expe-
rienced in the SMART task, is expected to be above chance (>
.25) if learning generalizes to novel exemplars, a hallmark of
robust category learning.

SRT task Like the SMART task, the SRT task involves rapidly
reporting the location of a visual target that appears in one of
four possible screen locations with a key press corresponding
to location. However, unknown to the participants, the visual
target position appears in a repeating 12-trial complex second-

order conditional sequence in which every location was deter-
mined by the previous two locations (342312143241). The
sequence was balanced for location frequency (each location
occurred three times), transition frequency (each possible tran-
sition from one location to a different one occurred once), and
repetitions (no repetitions), as in previous studies (Gabay
et al., 2012a, 2012b; Reed & Johnson, 1994). The sequence
was repeated four times in each training block. In a test block
(Block 7), the sequence was randomized. If participants learn
the visuomotor sequence across training blocks and come to
rely upon it to direct visuomotor behavior, then response to the
visual target is expected to be slower in the test block relative
to the training block that preceded it (RTgjock7-RTBiock = RT
Cost).

Single regularity and dual task learning challenges Two con-
ditions examined incidental auditory category learning in the
presence or absence of visuomotor sequence learning, as il-
lustrated in Fig. lc. The Category, No Sequence condition
involved a consistent mapping between auditory category
and visual target location, but no repeated visuomotor se-
quence across six training blocks, followed by a randomiza-
tion of this mapping in Block 7 and a return to the category-to-
location regularity in Block 8. A Category + Sequence
(Category Violation) condition was identical to the
Category, No Sequence condition, except that a 12-trial
visuomotor sequence aligned with the auditory category reg-
ularities. In this way, both auditory category and visuomotor
sequence regularities could benefit response to the visual tar-
get across training blocks and the task mimicked both SRT
and SMART. In Block 7 the consistent auditory-category-to-
location mapping was eliminated, but the visuomotor se-
quence continued to predict the visual target. Jointly, these
first two conditions reveal whether incidental auditory catego-
ry learning is influenced by the presence of an implicit
visuomotor sequence that also predicts response to the visual
target.

The remaining two conditions examined visuomotor se-
quence learning in the presence or absence of incidental audi-
tory category learning. In the Sequence, No Category condi-
tion the 12-trial sequence aligned with the visual target loca-
tions across six training blocks. The sequence was eliminated
by randomization in Block 7, and re-established in Block 8.
This condition is similar to traditional SRT approaches, as
described above. One difference was that auditory exemplars
preceded the appearance of the visual target. In the Sequence,
No Category condition, there was no category-to-location
mapping and no within-category similarity; the five sounds
preceding a trial were randomly selected across all four audi-
tory categories. In this way, the presence of sounds preceding
the visual target matched the conditions of the final Sequence
+ Category (Sequence Violation) condition, but there was no
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auditory category regularity aligned with behavior in the
visuomotor task. In the final Sequence + Category
(Sequence Violation) condition both the 12-trial visuomotor
sequence and auditory category regularity predicted the visual
target location in training blocks. In Block 7, the visuomotor
sequence was randomized and the auditory-category-to-
location information persisted. Together, these latter two con-
ditions reveal whether visuomotor sequence learning is im-
pacted by the presence of auditory categories simultaneously
predictive of target location.

Results

Incidental auditory category learning occurs even in the pres-
ence of visuomotor sequences We first examined post-test
performance in the Sequence, No Category condition for
which only the visuomotor sequence regularity was available
to support visuomotor task performance. Since there was no
auditory category regularity aligned with visuomotor task per-
formance in the primary task, we did not expect incidental
auditory category learning (Gabay et al., 2015; Roark et al.,
2021). Indeed, participants in the Sequence, No Category con-
dition exhibited at-chance performance in overtly labeling the
novel auditory category exemplars at post-test, £ (25) =-.02, p =
.97; Cohen’s d = -.08.

We next examined the other three conditions to understand
the impact of the presence of visuomotor sequence regularities
on incidental auditory category learning. When auditory reg-
ularities were available, and aligned with the visuomotor task,
there was robust evidence of generalization of incidental au-
ditory category learning to overt labeling of novel category
exemplars, with accuracy significantly above-chance (25%;
Fig. 2a) for each condition. This was true when auditory reg-
ularities were present in isolation in the Category, No
Sequence condition (M = .46, SE = .04, t(24) = 4.82, p <
.001; Cohen’s d = .95) and also when visuomotor sequences
were present in collaboration with the auditory category reg-
ularities in the Category + Sequence (Category Violation)
condition (M = .36, SE = .03, #25) = 2.95, p = .006;
Cohen’s d =.55) and the Sequence + Category (Sequence
Violation) condition (M = .40, SE = .04, #(27) = 3.53, p <
.001; Cohen’s d =.68).

Notable with regard to the logic of the dual-task approach,
a one-way ANOVA revealed that there was no significant
difference in performance across these three conditions,
F (2,76) = 1.26, p = .28; 1,° = .03; BF = .29." Incidental

! Because it is risky to accept the null hypothesis, we also calculated a Bayes
factor (BF) for the main effect of group. The Bayes factor states the ratio
between the evidence supporting the hypothesis relative to the null hypothesis
(Dienes, 2011), such that a Bayes factor with a value of less than 1/3 indicates
support for the null hypothesis. In contrast, a Bayes factor over 3 suggests that
the analysis supports H1. Bayes factors were calculated using JASP — a free
software for statistical analysis.
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auditory category learning was not reduced in the presence
of the additional visuomotor sequence regularity aligned with
the same aspects of the primary visuomotor task.

The pattern of RTs in training is important in understanding
these outcomes. In both the Category, No Sequence and
Category + Sequence (Category Violation) conditions, the
category-to-location mapping (but not the visuomotor se-
quence mapping) was eliminated in Block 7. In line with prior
research (Gabay et al. 2015), we predicted that this would
slow the RT to respond to the visual target if participants
had incidentally learned auditory categories as predictors of
the upcoming visual target location. Indeed, there was a sig-
nificant slowing of RT when the category-to-location was
destroyed in Block 7 (M = 435.4 ms, S.E. = 11.9 ms) com-
pared to Block 6 (M = 414.0 ms, S.E. =15.1 ms), F' (1, 49) =
10.11, p = .003; npz = .17. (Fig. 2c) with no difference in
overall RT across conditions, F (1, 49) =.23, p=.63; np2 =
.004. There was a significant condition-by-block interaction,
F(1,48)=5.11,p=.02; 77,,2 = .09, revealing a difference in the
magnitude of the RT Cost across conditions. Whereas there was
a significant RT Cost for auditory regularities in isolation
(Category, No Sequence, t (24) = 3.522, p = .0017, Cohen’s d
=74, Mrrcost = 36.57, SErTcost = 10.38), there was no RT Cost
when visuomotor sequences were also present (Category +
Sequence (Category Violation) condition, ¢ (25) = .71, p = 47,
Cohen’s d :.14, MRTCOst = 617, SERTCost = 860)

The lack of RT Cost in the Category + Sequence (Category
Violation) condition should not be taken as an indication that
the incidental auditory category learning did not occur: partic-
ipants in this condition were able to overtly label novel cate-
gory exemplars with accuracy that significantly exceeded
chance performance, and was on par with generalization of
category knowledge among participants in the Category, No
Sequence condition. Here, the lack of RT Cost is informed by
the fact that participants had the advantage of a visuomotor
sequence regularity that persisted in Block 7, even as the au-
ditory category regularity was violated. Thus, the lack of a RT
Cost, combined with generalization of incidental auditory cat-
egory learning in the overt post-test in the Category +
Sequence (Category Violation) condition is indicative of
learning across both visuomotor sequence regularities and au-
ditory category regularities.

Visuomotor sequence learning occurs even when simulta-
neous auditory category regularities can benefit task perfor-
mance Visuomotor sequence learning was not abolished by
the presence of another source of information that could ben-
efit task performance. In conditions conveying a visuomotor
sequence (Sequence, No Category, Sequence + Category
(Sequence Violation)), RTs were slower when the visuomotor
sequence was destroyed in Block 7 (M = 472.8 ms, SE = 15.5
ms) compared to Block 6 (M =454.3 ms, SE = 18.7 ms), F (1,
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Fig. 2 Overview of learning across the four conditions. a Average
accuracy in the post training overt categorization task across conditions.
Note that no auditory category regularities were aligned with the primary
task in the Sequence, No Category condition. All sounds categorized in
the overt categorization task were novel category exemplars not
experienced in training and therefore demanded generalization of
learning. Chance-level performance is .25. b Average response time

51)=5.7,p=.02; 77,,2 =.10 across conditions (Fig. 2¢). There
was no interaction of condition and block, F<1, indicating
similar-magnitude RT Costs when only visuomotor sequences
were available to support learning in the Sequence, No
Auditory Category condition (Mrrcost = 18.56, SErTcost =
7.28) versus when auditory category regularities were also

(RT) Cost (the difference in average RT across Blocks 6 and 7) across
conditions provides a “covert” measure of category learning that does not
require explicit labeling. ¢ RT to detect the visual target as a function of
block, presented across conditions. In all panels, error bars indicate stan-
dard error of the mean and grey dots indicate individual participant
performance

present in the Sequence + Category (Sequence Violation) con-
dition (Mrcost = 8.58, SErTcost = 8.54). Together, this indi-
cates that visuomotor sequence learning can occur even while
auditory category regularities are aligned to benefit task per-
formance, but category learning did not sustain faster RTs
when visuomotor sequences were violated (as visuomotor
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sequences did upon category violations). Participants were
faster in RT in the Sequence + Category (Sequence Violation)
condition compared to the Sequence, No Category condition,
F(1,51)=11.07, p = .001; ,” = .17.

General discussion

Both incidental category learning and visuomotor sequence
learning can be evoked in tasks that involve learning predic-
tive relationships from input regularities without explicit in-
struction or knowledge of the regularities. But learning is not
entirely passive, or feedback-free. Rather, the sensory regular-
ities are aligned with actions and provide information with
which to predict future action, the outcomes of which can
provide a form of internal feedback from successful predic-
tions. Capitalizing on the logic of dual-task conditions to ex-
amine whether simultaneous auditory category and
visuomotor sequence regularities interact to facilitate or inter-
fere with learning, we observe parallel learning of auditory
category and visuomotor sequence regularities that jointly pre-
dict behavior in an ostensibly unrelated task. The degree of
generalization of auditory category learning to novel exem-
plars, a benchmark of robust learning, was not impacted by
simultaneous learning across visuomotor sequences signaling
the same outcomes. Despite the surface commonalities across
SRT and SMART tasks, and partly similar modalities, the
simultaneous availability of visuomotor sequence and audito-
ry category regularities did not compete to negatively impact
learning.

At the broadest level, the results emphasize the importance
of the alignment of an input regularity with the primary
visuomotor task in supporting learning. Participants were not
informed about the existence of auditory categories or
visuomotor sequences, did not overtly search for dimensions
diagnostic to these regularities, and did not receive explicit
feedback. Notably, participants in each condition, including
Sequence, No Category, experienced the same auditory cate-
gory exemplars. But, in contrast to the other three conditions,
category regularities in the Sequence, No Category condition
did not align with behaviorally relevant demands of the
visuomotor task. Overt category labeling performance in con-
ditions in which auditory category regularities were aligned
with behaviorally relevant actions and events (Category, No
Sequence; Category + Sequence (Category Violation),
Sequence + Category (Sequence Violation)) revealed robust
generalization to novel sound exemplars, not present in the
Sequence, No Category condition. Thus, we can conclude that
the auditory categories were learned incidentally by virtue of
their alignment with a task defined by other, here largely
visuomotor, task demands.

Yet, participants in the Sequence, No Category condition
had passive exposure to the same auditory category
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exemplars. Thus, the lack of auditory category learning in
the Sequence, No Category condition demonstrates that the
statistical learning of category input regularities observed in
the other conditions was not entirely passive, or evoked via
mere exposure. Instead, incidental category learning occurred
when auditory category regularities aligned with behaviorally
relevant outcomes (Roark et al., 2021) providing the “repre-
sentational glue” with which to bind together acoustically var-
iable exemplars that possess some underlying statistical regu-
larity (Lim, Fiez & Holt, 2019). In this way, incidental learn-
ing of input regularities in the context of an ostensibly unre-
lated task can provide an “active assist” to passive statistical
learning. Here, this conclusion is further corroborated by prior
research demonstrating that the multidimensional auditory
categories used in the present study are not learned across
passive exposure (Emberson et al., 2013; Wade & Holt,
2005).

Crucial to the aims of this study, generalization of inciden-
tal auditory category learning across the three conditions
(Category, No Sequence, Category + Sequence (Category
Violation, Sequence + Category (Sequence Violation)) for
which category input regularities aligned with the visuomotor
task was not modulated by the presence of simultaneous
visuomotor regularities also aligned with the task. Learning
these two input regularities proceeded without interaction.

The pattern of behavior observed in training is important in
understanding these outcomes. Notably, evidence from the
training phase revealed no reliable RT Cost in destroying the
alignment of auditory categories with the visuomotor task in
the Category + Sequence (Category Violation) condition. In
contrast, there was a RT Cost to when auditory categories
were aligned with the visuomotor task, with no visuomotor
sequence regularities in the Category, No Sequence condition.
This is understood in relation to successful post-test general-
ization of incidental auditory category learning in both condi-
tions. Participants in the Category + Sequence (Category
Violation) condition appear to have relied upon the
visuomotor sequence regularity to avoid suffering a RT Cost
with misalignment of auditory categories to visuomotor task.
Combined with successful auditory category learning at post-
test, this indicates simultaneous learning of visuomotor se-
quence and auditory category input regularities. Inasmuch as
generalization of auditory category learning was as successful
at post-test for the Category + Sequence (Category Violation)
and the Category, No Sequence conditions, it does not appear
that the joint presence of the regularities had a negative impact
on auditory category learning. In a similar manner, when
visuomotor sequences were aligned with the visuomotor task
in the Sequence, No Auditory Category and Sequence +
Category (Sequence Violation) conditions we observed
similar-magnitude RT Costs upon randomization of the se-
quence. This suggests that visuomotor sequence learning can
occur even in the presence of auditory regularities.
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Notably, the RT Cost was absent in the Category +
Sequence (Category Violation) condition and differed signif-
icantly from the RT Cost in the Category, No Sequence con-
dition. However, it was of similar magnitude in the Sequence,
No Auditory Category and Sequence + Category (Sequence
Violation) conditions. This pattern of results suggests an
asymmetrical relationship between the SRT and SMART
tasks; when auditory violations occur in the SMART task,
the visual sequence from the SRT is sufficient to support
learning; but when sequence violations occur, the presence
of auditory regularities does not support learning. This may
suggest a dominance of visual-motor information compared to
auditory-visual or auditory-motor information, or an asymme-
try in difficulty across tasks.

Response latencies were significantly faster in the
Sequence + Category (Sequence Violation) condition com-
pared to the Sequence, No Category condition. It is possible
that converging auditory and visuomotor sequence regulari-
ties facilitated visuomotor task performance. However, there
was no response latency advantage across Category, No
Sequence and Category + Sequence (Category Violation)
conditions. Here, it is important to recall that the Sequence,
No Category condition included sounds to parallel the other
conditions. The difference was that auditory category input
regularities did not align with the visuomotor task in the
Sequence, No Category condition; this misalignment may
have slowed RTs. A recent study demonstrates that the pres-
ence of irrelevant sounds in the context of visuomotor se-
quence learning slows visuomotor task performance com-
pared to a control condition with no sounds or a condition
with task-aligned sounds (Robinson & Parker, 2021).

Learning in the context of dual input regularities is espe-
cially notable. Learning contexts in which both regularities
aligned with behavior on the primary, visuomotor task were
learned just as well as learning of either regularity in isolation.
In both sequence learning and incidental auditory category
learning participants used input regularities to guide actions
and had the opportunity to use internal feedback derived from
successfully making predictions about upcoming events, to
guide behavior. Despite these similarities across the SRT
and SMART tasks, learning visuomotor sequence regularities
and learning auditory category regularities do not appear to
draw upon a common pool of cognitive resources in a com-
petitive manner (Kahneman, 1973; Posner & Petersen, 1990;
Tombu & Jolicceur, 2003). In this regard our results are in line
with previous findings showing that dual task (word learning
and math tasks, but not a sentence processing task) presented
via the auditory modality did not interfere with visuomotor
sequence learning (Nemeth et al., 2011).

Furthermore, inspired by overshadowing designs in the
conditioning literature (Kamin, 1968; Tennant & Bitterman,
1975), the present design allows for examination of learning
when auditory category regularities are redundant with

visuomotor sequence regularities (Category + Sequence
(Category Violation), Sequence + Category (Sequence
Violation) and thus potentially carry less informational value.
Overshadowing, the observation that when joint information
sources (X, Y; here, e.g., visuomotor sequence and auditory
category regularities) predict the same outcome, subsequent
response to either X or Y alone is less robust than had X and Y
been learned in isolation (Kamin, 1968; Matzel et al., 1985).
Thus, the redundant regularities in the two conditions men-
tioned above might be expected to hinder learning, as in
overshadowing effects, because a fixed amount of associative
strength is available and distributed across multiple cues (as,
e.g., in the Rescorla-Wagner model, 1972). Instead, we ob-
serve no evidence of a reduction in learning that tracks with
predictions from overshadowing.

The present data demonstrate that motor sequence knowl-
edge and incidental auditory category knowledge can be ac-
quired independently and simultaneous, even when each is
predictive of the same outcome. This suggests the two learn-
ing challenges do not compete for the same cognitive re-
sources. This relative independence might arise if conditional
statistics (visuomotor sequence learning) and distributional
statistics (incidental auditory category learning) rely on dis-
tinct learning mechanisms, as postulated by Thiessen et al.
(2013). Or, the lack of interaction in the dual-task conditions
may point to learning differences across perceptual modalities
(Conway, 2020; Conway & Christiansen, 2005; Conway &
Pisoni, 2008; Frost et al., 2019; Frost et al., 2015; Goschke,
1998; Goschke & Bolte, 2012). If so, we would expect that
dual regularities within the same modality predict the same
outcome to produce either facilitative (Beesley & Shanks,
2012) or interference effects (Endo & Takeda, 2004; Nixon,
2020), as in prior research. It is also possible that the two
learning challenges were simply so easily learned that simul-
taneous learning by the same mechanism occurred, without
cost. Alternatively, one might argue that learning performance
for a single regularity is so good that additional information
does not further facilitate learning. These latter two possibili-
ties are unlikely to explain the present results; post-test cate-
gorization accuracy was far from ceiling.

In summary, young adult participants readily learned si-
multaneous visuomotor sequence and auditory category reg-
ularities incidentally when the regularities aligned with com-
mon demands in an ostensibly unrelated task. Moreover,
learning outcomes did not differ substantially when these reg-
ularities occurred simultaneously, compared to learning either
regularity in isolation. Thus, incidental learning across simul-
taneous statistical regularities — visuomotor sequence learning
in the SRT task and incidental auditory category learning in
the SMART task — does not appear to be in competition for a
common pool of limited cognitive resources, or in competition
for associative strength. Future work will be needed to deter-
mine whether this is possible due to inherent representational
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differences across auditory and visuomotor learning, or if dis-
tinct learning mechanisms are implicated. In either case, there
is a need for deeper investigation into how learners balance the
demands of accumulating information as it plays out simulta-
neously in multimodal input characterized by both regularity
and variability, and aligned with active tasks.
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