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Abstract
Statistical learning ability is frequently employed as an independent variable to
predict the development of individual language abilities; however, experimen-
tal tasks designed to target group differences generally suffer from low reliabil-
ity, making it difficult to satisfy the fundamental requirements of psychomet-
rics. The present study synthesized learning materials using target structures of
mixed lengths, utilized two test tasks—two-alternative forced-choice and famil-
iarity rating—and designed two modalities: auditory speech and visual graph-
ics. The internal consistency coefficient and split-half reliability of the tests
were computed. The results demonstrated that the reliability of experimental
tasks constructed using mixed-length target structures was generally superior
to that of previous studies; concurrently, reliability under the visual modality
was higher than under the auditory modality, and the reliability of the forced-
choice task surpassed that of the familiarity rating task. In conclusion, this
study recommends employing learning materials synthesized with mixed-length
target structures under the visual modality and assessing participants’ statisti-
cal learning ability using forced-choice tasks.
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Abstract

Statistical learning (SL) ability is frequently employed as an independent vari-
able to predict individual differences in language development. However, ex-
perimental tasks originally designed to detect group differences typically suffer
from low reliability, failing to meet basic psychometric standards. To inves-
tigate optimal measurement approaches for SL ability, this study synthesized
learning materials using mixed-length target structures and compared two test-
ing tasks: a two-alternative forced-choice task and a familiarity rating task.
Additionally, we implemented both auditory speech and visual graphic modal-
ities. Reliability was assessed through internal consistency (Cronbach’s alpha)
and split-half reliability. Results demonstrated that tasks employing mixed-
length target structures achieved higher reliability than previous studies using
uniform-length structures. Furthermore, reliability was superior in the visual
modality compared to the auditory modality, and the forced-choice task yielded
higher reliability than the familiarity rating task. In summary, this study recom-
mends assessing SL ability using forced-choice tasks with mixed-length target
structures presented in the visual modality.

Keywords: statistical learning ability; reliability; forced-choice task; familiar-
ity rating task

1. Introduction

Using basic cognitive abilities as independent variables to predict higher-level
cognitive functions represents a common research approach in psychology. With
increasing demands for rigorous methodology, the scientific validity and mea-
surement precision of experimental paradigms have drawn growing scholarly
attention. Researchers have noted that traditional cognitive experiments often
exhibit low reliability when measuring specific cognitive abilities, falling short
of psychometric requirements for validity and reliability (Hedge et al., 2018). In
the field of psycholinguistics, statistical learning ability is considered a funda-
mental cognitive capacity closely linked to language acquisition processes such
as spoken word segmentation and lexical-semantic learning (Xu et al., 2020; Bo-
gaerts et al., 2020; Estes et al., 2007, 2015; Newport, 2016; Saffran & Kirkham,
2018; Siegelman, 2020). Traditional statistical learning paradigms were designed
from a group-differences perspective, focusing on whether group means exceed a
certain criterion (e.g., one-sample t-tests) or differ significantly between groups
(e.g., independent samples t-tests). When applied to individual-differences re-
search (e.g., regression or correlation analyses), these paradigms suffer from low
test reliability and unstable ability estimation, leading to inconsistent findings
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regarding whether SL ability predicts language development (Lammertink et
al., 2020). Several studies in the SL literature have examined the reliability of
using traditional SL tasks to predict language development from a psychometric
perspective (Siegelman et al., 2017; Siegelman et al., 2018a). The present study
modifies traditional measurement approaches and validates their effectiveness,
aiming to improve SL ability assessment and draw broader attention to the
psychometric properties of cognitive experiments.

Statistical learning refers to the process by which individuals discover statistical
regularities from temporal and spatial input to acquire new knowledge (Yu et
al., 2021a, 2021b; Frost et al., 2020; Isbilen & Christiansen, 2022; Saffran et
al., 1996). The classic SL task, introduced by Saffran et al. (1996), employs
a learning-test paradigm where learning materials consist of four equi-length
target words (e.g., three syllables each, with uppercase letters representing syl-
lables as shown in [Figure 1: see original paper]) concatenated pseudo-randomly,
with each target word appearing 45 times. During testing, participants listen to
target words and part-words, with learning inferred from differential attention
times. Subsequent research with children and adults has adapted this learning-
phase material, typically using forced-choice tasks in the test phase (see Isbilen
& Christiansen, 2022). Each trial presents a target word paired with a part-
word (e.g., CJK) or non-word (BHE), requiring participants to identify the basic
units comprising the learning material. Since part-words occur at boundaries
between target words, they lack strong memory traces, whereas syllable com-
binations within target words remain consistently co-occurring, yielding more
robust memory representations. Significant learning is inferred when group ac-
curacy exceeds chance (0.5).

In recent years, individual-differences research has used accuracy rates from
forced-choice tasks as indices of SL ability to predict language development in
typically developing children and explain language deficits in clinical popula-
tions (Erickson et al., 2016; Isbilen et al., 2022; Kidd & Arciuli, 2016; Kidd et
al., 2020; von Koss Torkildsen, 2019). Despite numerous significant findings,
tasks designed for group comparisons exhibit low reliability. As summarized in
, most studies fail to meet the minimum psychometric standard of 0.8 (Nun-
nally & Bernstein, 1994). Siegelman (2017) identified two key problems with
group-difference paradigms: (1) insufficient test trials (typically only 16), and
(2) consistent difficulty across trials because they always pair part-words with
target words. These factors constrain score variance, resulting in low reliability
for correlation-based analyses. Moreover, forced-choice tasks require repeated
presentation of the same options to counterbalance order effects, reducing sen-
sitivity and affecting reliability. While some SL studies report internal consis-
tency coefficients, systematic comparisons across modalities and tasks are scarce,
and no comprehensive assessment protocol for SL ability exists. Arnon (2020)
calculated reliability indices for multiple SL tasks in adults and children using
classic paradigms, finding moderate reliability for adults but unacceptably low
reliability for children. Siegelman (2017) modified visual SL tasks, substantially
improving reliability but at the cost of increased testing duration and multiple
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item formats, making them impractical for infants and clinical populations.

Beyond these methodological issues, researchers have noted that overly idealized
assumptions also compromise reliability. SL tasks presuppose a “tabula rasa”
hypothesis (Elazar et al., 2022), assuming participants have no prior exposure
to the artificial language and that all learning arises from the experimental
exposure. However, in auditory SL, syllable combinations often have traces in
participants’ native language, and heterogeneous language experience across par-
ticipants introduces variability that reduces internal consistency. While syllable-
based SL studies predominate, other materials such as tones (Saffran et al.,
1999), sounds (Siegelman et al., 2018a), and visual shapes (Siegelman et al.,
2018b) have been used (see meta-analysis by Frost et al., 2020). Visual graph-
ics are less susceptible to prior experience and better satisfy the “tabula rasa”
assumption, potentially yielding higher reliability (Siegelman et al., 2018a).

These measurement challenges have constrained research on the relationship be-
tween SL and language ability. The present study modified traditional tasks by
manipulating trial difficulty, test format, and material modality. Specifically,
unlike previous studies using uniform-length target structures, we synthesized
learning materials with mixed-length targets, which create varied transitional
probabilities and memory representations, enriching difficulty gradients and in-
creasing score variance while preventing rhythmic expectancy effects (Hoch et
al., 2013). Second, we examined familiarity rating tasks (Batterink et al., 2015),
where participants rate the familiarity of target, part-word, and non-word struc-
tures, avoiding repeated option presentation that reduces sensitivity. Third, we
implemented both visual and auditory modalities for comparison. We antici-
pated significantly improved reliability, particularly for visual familiarity rating
tasks. Given constraints on sample size and task complexity, we did not include
a uniform-length control condition, instead using mixed-length structures exclu-
sively. Rather than parametric tests like t-tests, we adopted a meta-analytic
approach, comparing reliability across eight conditions with previous studies ()
to evaluate our assessment protocol.

2. Method

2.1 Participants One hundred fifty-nine participants (47 male) aged 18–27
years participated, all native Mandarin speakers. Forty-one participants com-
pleted Auditory Material A, 39 completed Auditory Material B, 40 completed
Visual Material A, and 39 completed Visual Material B. Participants provided
informed consent and received modest compensation. The study was approved
by the university ethics committee (NNU2022060023 and NNU202302010).

2.2 Experimental Design We employed a learning-test paradigm with a 2
(modality: visual graphics vs. auditory speech) × 2 (test task: familiarity rat-
ing vs. forced-choice) × 2 (counterbalanced material: Set A vs. Set B) mixed
design. Modality and material were between-subjects variables; notably, target
structures in Set A served as part-words in Set B and vice versa, ensuring effects
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were not due to specific material combinations. Test task was a within-subjects
variable. Participants were randomly assigned to the four between-subjects con-
ditions, with half completing the familiarity rating task first and half completing
the forced-choice task first to counterbalance order effects. Dependent variables
were reliability indices: Cronbach’s alpha and split-half reliability.

2.3 Materials

2.3.1 Auditory Speech Materials Learning materials were adapted from
Yu et al. (2021b). We selected 10 Mandarin syllables (CV and CVV structures,
the most frequent forms in Mandarin) from a syllable inventory. All syllables
used the first tone to avoid tonal statistical information and had no correspond-
ing Chinese characters to minimize associations. A female native Mandarin
speaker recorded the syllables in a professional studio at 44,100 Hz sampling
rate. To eliminate recording artifacts, target syllables were embedded between
filler syllables (e.g., nve1-ruo1-gei1, with ruo1 as the target). Syllables were
then isolated using Praat software and normalized for duration (300 ms), mean
pitch (266 Hz), and intensity (70 dB). The 10 syllables were randomly combined
into two sets of nonsense words: two disyllabic and two trisyllabic target words.
Learning materials A and B were synthesized using Praat scripts, with con-
straints preventing immediate repetition of the same word and ensuring equal
transition probabilities (1/3) to other words. Each target word appeared 120
times, totaling 480 words over 6 minutes.

In the forced-choice task, each trial paired one target word with one part-word
of equal length to control for word-length effects. Each target word was paired
with two part-words, with target words appearing first in half the trials and
part-words first in the other half to counterbalance order effects. There were
8 disyllabic and 8 trisyllabic pairs (16 trials total). In the familiarity rating
task, participants rated target words, part-words, and non-words on a 7-point
familiarity scale. Trial order was randomized for both tasks. Example stimuli
are shown in .

2.3.2 Visual Graphic Materials Visual shapes were adapted from Siegel-
man et al. (2018b). Ten meaningless shapes comprised the learning materials.
Each shape was presented for 800 ms followed by a 100 ms blank interval (SOA
= 900 ms) to ensure robust learning. The same construction principles applied
as in the auditory modality, with each target shape combination appearing 28
times. Forced-choice and familiarity rating tasks paralleled the auditory modal-
ity, with target, part-word, and non-word structures presented as unified visual
configurations. Example stimuli are shown in [Figure 2: see original paper].

2.3.3 Experimental Procedure The experiment was programmed in E-
Prime. Auditory tasks were completed with headphones at a fixed computer
volume of 30%. Both modalities included practice and formal phases. After
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instructions, participants were exposed to 5 seconds of learning material, fol-
lowed by forced-choice and familiarity rating tasks. Practice materials did not
appear in the formal phase. The auditory task required approximately 15 min-
utes, while the visual task required about 10 minutes. The experimental flow
is illustrated in [Figure 3: see original paper]. Materials, data, and code are
available at: https://github.com/wenboyu0803/reliability-of-SL.

3. Results

Data were analyzed using R (4.3.1). Cronbach’s alpha and split-half reliability
were calculated using the reliability function from the psych package. Results
are presented in .

shows Cronbach’s alpha and split-half reliability coefficients for each condition.
The relationship between reliability indices from the current study and previous
research is depicted in [Figure 4: see original paper], revealing that mixed-length
target structures produced reliability comparable to or better than prior studies.
Learning effects were significant across all tasks: In the auditory forced-choice
task, accuracy exceeded chance levels (t(79) = 5.18, p < 0.001, 95% CI: [0.07,
0.16], d = 0.58). In the auditory familiarity rating task, target words received
higher ratings than part-words (t(79) = 4.57, p < 0.001, 95% CI: [0.33, 0.84],
d = 0.51) and non-words (t(79) = 10.64, p < 0.001, 95% CI: [1.25, 1.83], d =
1.54). In the visual forced-choice task, accuracy also exceeded chance (t(73) =
5.93, p < 0.001, 95% CI: [0.10, 0.20], d = 0.68). In the visual familiarity rating
task, target structures were rated higher than part-structures (t(76) = 6.58,
p < 0.001, 95% CI: [0.84, 1.57], d = 1.20) and non-structures (t(76) = 12.77,
p < 0.001, 95% CI: [2.29, 3.14], d = 2.72). These results demonstrate robust
learning effects across tasks. Finally, significant correlations emerged between
forced-choice and familiarity rating tasks within each modality: r = 0.46 (p <
0.001, 95% CI: [0.25, 0.61]) for auditory, and r = 0.45 (p < 0.001, 95% CI: [0.23,
0.61]) for visual.

4. Discussion

When investigating the relationship between SL ability and language develop-
ment, measurement quality is paramount. Previous studies’ suboptimal reli-
ability has generated considerable debate. By employing mixed-length target
structures and comparing forced-choice versus familiarity rating tasks across
modalities, the present study identified a more effective assessment protocol.
Visual modality tasks achieved high internal consistency, generally meeting psy-
chometric standards, with superior split-half reliability intervals. Forced-choice
tasks outperformed familiarity rating tasks, particularly in the visual modality.

4.1 Impact of Mixed-Length Learning Materials on Reliability In the
auditory modality, we combined disyllabic and trisyllabic target words; in the
visual modality, we combined two-shape and three-shape sequences. According
to memory chunking mechanisms in SL (Isbilen et al., 2020; Perruchet, 2019),
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participants’ test performance reflects memory representations formed during
learning. Trisyllabic target words and part-words share syllable combinations
with only one boundary cue, creating similar memory strengths and greater selec-
tion difficulty. In contrast, disyllabic targets and part-words share no syllables
but have one boundary feature, producing larger memory strength differences
and easier discrimination. Mixed-length structures thus create a finer difficulty
gradient in forced-choice tasks. Familiarity rating tasks further enhance diffi-
culty variation by including non-structures that never appeared during learning,
representing the easiest discrimination. As predicted, mixed-length structures
yielded reliability equal to or exceeding previous uniform-length studies.

4.2 Impact of Material Modality on Reliability Cronbach’s alpha ex-
ceeded 0.70 for all visual modality tasks, reaching 0.86 and 0.74 for forced-choice
tasks—(nearly) meeting psychometric standards (Nunnally & Bernstein, 1994).
Conversely, three of four auditory conditions fell below 0.70. Visual modality
split-half reliability intervals were higher and narrower than auditory intervals,
confirming that visual materials enhance SL task reliability. These findings align
with Siegelman et al. (2018a): visual SL is less susceptible to individual language
experience, yielding more consistent judgments across participants. Siegelman’s
revised visual tasks (2017, 2018a) presented each target structure only 24 times
with 42 test trials combining familiarity ratings and pattern completion, achiev-
ing alphas of 0.84 and 0.78—comparable to our results. However, our study
employed the more common two-alternative forced-choice format with only 16
trials, offering greater efficiency for use with children and clinical populations
while maintaining psychometric quality.

Although some research suggests auditory SL predicts reading skills (Gabay et
al., 2015; Qi et al., 2019), most studies use visual materials (Tong et al., 2019;
Lee et al., 2022). Theoretically, visual shapes may have stronger associations
with logographic scripts like Chinese characters. Our findings demonstrate that
visual materials provide more stable SL assessment, potentially advancing re-
search on SL and reading skills in Chinese children. In Mandarin, only about
20 meaningless syllables conform to phonotactic rules with the first tone, cre-
ating material construction challenges. Considering psychometric requirements
and practical feasibility, we recommend visual modality tasks for assessing SL
ability. Finally, significant within-modality correlations between forced-choice
and familiarity rating tasks emerged. While such correlations in the auditory
modality are well-documented (Erickson et al., 2016), visual modality task cor-
relations have rarely been reported and warrant further investigation.

4.3 Impact of Test Task Type on Reliability In addition to forced-choice
tasks, we examined familiarity rating tasks. Forced-choice tasks require repeated
option presentation to counterbalance order, incorporating both initial learning
and secondary learning effects during testing, which reduces sensitivity. How-
ever, results showed that visual forced-choice tasks produced higher Cronbach’s
alphas and narrower split-half reliability intervals than familiarity rating tasks,
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indicating that forced-choice tasks provide better psychometric assessment of
SL ability.

4.4 Limitations and Future Directions Several limitations warrant con-
sideration. Regarding task format, construct validity analyses suggest both
forced-choice and familiarity rating tasks are reflective tasks that assess not
only statistical information extraction but also metacognitive abilities (Isbilen
& Christiansen, 2022; Ordin & Polyanskaya, 2021), potentially confounding
pure SL measurement. Future research should examine alternative task formats.
Regarding material parameters, learning effects depend on exposure duration
and frequency in addition to probabilistic information (Bogaerts et al., 2016).
Future studies targeting infants should systematically investigate these factors.

To meet basic psychometric standards, this study modified SL measurement
protocols and found that combining mixed-length target structures with forced-
choice tasks in the visual modality yields stable reliability indices.
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