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The advent of artificial intelligence has revolutionized human-computer interaction, yet its
application to the earliest stages of human communication—pre-verbal infant vocalizations—
remains underexplored. Infants begin vocalizing shortly after birth, progressing from reflexive
cries to coos, gurgles, and babbling that lay the foundation for language. These sounds, often
inscrutable to even caregivers, carry emotional, developmental, and proto-linguistic cues. This
paper examines the potential for Al to decode and engage with these non-word expressions,
drawing on current technologies like voice assistants and specialized apps. We discuss anecdotal
evidence of babies responding to Al voices, the limitations of general large language models in
processing infant audio, and the critical role of enhanced training datasets for accurate
interpretation. By bridging this "babble gap," Al could support early language development,
detect developmental delays, and foster interactive tools for parents. However, challenges in
data scale, diversity, and ethics must be addressed. Ultimately, this exploration highlights how Al
might transform our understanding of infant cognition, offering tools that mimic human
responsiveness while advancing multimodal machine learning. Through a comprehensive
outline, we propose a pathway for future research and development in this interdisciplinary
field, blending linguistics, psychology, and computer science for societal benefit.
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Outline

1. Introduction This section expands on the introductory overview, detailing the significance of
pre-verbal vocalizations in human development and the emerging role of Al in this domain.

2. Stages of Infant Vocal Development Overview of the progression from cries to coos, gurgles,
and babbling, including key milestones and their communicative functions.

3. Human Interpretation of Infant Sounds Discussion of how caregivers and experts decode
infant vocalizations, including accuracy rates and contextual factors.

4. Current Al Applications in Infant Monitoring Review of existing tools like voice assistants and
apps for cry analysis and vocal milestone tracking.

5. Limitations of General-Purpose Al Models Analysis of why large language models struggle
with non-word infant sounds, focusing on transcription and training biases.

6. Specialized Datasets for Infant Vocalizations Examination of available cry and babbling
datasets, their sizes, diversity, and annotation challenges.

7. Advancements in Audio Processing Technologies Exploration of models like wav2vec and
fine-tuning techniques for improving infant sound recognition.

8. Potential for Interactive Al-Baby Systems Speculation on future tools, such as responsive Al
toys or apps that engage in turn-taking with babbling infants.

9. Ethical Considerations in Data Collection and Use Addressing privacy, consent, and bias
issues in gathering and applying infant audio data.

10. Interdisciplinary Implications and Future Directions Integration with fields like psychology
and linguistics, plus recommendations for research and development.

11. Case Studies and Anecdotal Evidence Compilation of real-world examples from parents and
preliminary studies on infant-Al interactions.

12. Conclusions and Recommendations Synthesis of key findings, with calls for expanded
datasets and collaborative efforts to realize Al's potential in early childhood.
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1. Introduction

Pre-verbal infant vocalizations represent one of the most foundational yet enigmatic phases of
human communication development. From the moment of birth, infants produce a rich array of
sounds—beginning with reflexive cries and progressing through coos, gurgles, squeals, and
increasingly complex babbling—that serve as precursors to spoken language. These non-word
expressions are far more than mere physiological outputs; they form the building blocks of
linguistic competence, emotional expression, and social interaction. Research consistently
demonstrates that early vocalizations play a pivotal role in shaping brain architecture,
particularly in regions responsible for language processing, such as those involved in phonetic
discrimination, turn-taking, and auditory pattern recognition. During the critical first year of life,
when neural plasticity is at its peak, infants refine their vocal repertoire through exploration and
reciprocal exchanges with caregivers, laying the groundwork for vocabulary acquisition, syntax,
and pragmatic skills later in childhood.

The significance of these pre-verbal sounds extends beyond individual development to broader
implications for cognitive, emotional, and social growth. Protoconversations—early back-and-
forth vocal interactions—help infants master timing, rhythm, and contingency in
communication, fostering joint attention and intentionality. Caregiver responsiveness to these
vocalizations accelerates progress, as contingent feedback encourages more frequent and
sophisticated productions. Disruptions in this process, whether due to developmental
differences or environmental factors, can signal risks for later language delays, underscoring the
need for sensitive monitoring and intervention during this window.

Despite their importance, pre-verbal vocalizations remain challenging for humans to interpret
reliably without contextual cues. Caregivers often rely on intuition, facial expressions, and
situational knowledge to infer meaning, yet accuracy in decoding specific intents (e.g., hunger
versus discomfort) is limited. This interpretive gap highlights an opportunity for artificial
intelligence to contribute meaningfully. Advances in audio processing, machine learning, and
multimodal models now enable systems to analyze acoustic features—such as pitch contours,
formant transitions, duration, and rhythm—with precision that surpasses human guesswork in
controlled settings.

Emerging Al applications already demonstrate practical value in this domain. Specialized tools
classify cries for needs-based detection (hunger, pain, fatigue) and track babbling milestones
(cooing to canonical and variegated forms), achieving high accuracies in validation studies.
General-purpose voice assistants elicit responses from infants, while apps provide
developmental feedback to parents. However, these technologies are constrained by limited
training data, particularly for diverse, longitudinal babbling samples beyond cries. General large
language models, optimized on adult speech, struggle to capture the idiosyncratic, non-



semantic nature of infant sounds, often reducing them to garbled transcriptions or generic
acknowledgments.

This paper explores the intersection of infant vocal development and Al capabilities, arguing
that bridging the "babble gap"—the divide between human intuitive understanding and
machine-based analysis—could transform early childhood support. Enhanced Al interpretation
might enable real-time feedback for parents, early detection of delays, and interactive systems
that promote turn-taking and vocal exploration. Yet realizing this potential requires addressing
key barriers: scaling diverse, ethically sourced datasets; improving multimodal integration; and
navigating privacy concerns. By synthesizing insights from developmental linguistics, psychology,
and computer science, we outline a pathway for Al to engage more naturally with the earliest
forms of human expression, ultimately enriching our understanding of infant cognition and
fostering tools that support healthy language trajectories from the very beginning.

2. Stages of Infant Vocal Development

The progression of infant vocal development follows a predictable yet flexible sequence during
the first year of life, as infants transition from reflexive, survival-oriented sounds to increasingly
intentional and speech-like productions. This trajectory, often described in models by
researchers such as D. Kimbrough Oller and Rachel E. Stark, reflects maturation of the vocal
tract, respiratory control, laryngeal function, and neurological integration for sound production
and social interaction. Key stages build upon one another, with each introducing greater
complexity in phonation, resonance, articulation, and prosody. While individual variation exists
due to factors like prematurity, hearing status, or environmental stimulation, the typical
timeline provides a framework for understanding communicative emergence.

Reflexive and Vegetative Sounds (Birth to 2 Months) Newborns primarily produce reflexive
vocalizations tied to physiological needs and states. These include cries (differentiated by pitch,
duration, and intensity to signal hunger, pain, discomfort, or fatigue), fussing, burping, sneezing,
hiccuping, and other vegetative sounds associated with breathing, feeding, or digestion. Cries
dominate early communication, serving as the primary means of signaling distress or needs to
caregivers. These sounds are largely involuntary, produced with minimal control over pitch or
timing, and rely on basic glottal and respiratory mechanisms. By the end of this period, subtle
variations in cry patterns become noticeable to attuned caregivers, marking the beginning of
differentiated emotional signaling.

Cooing and Laughter (2 to 4-6 Months) Around 6—8 weeks, infants enter the cooing stage,
producing soft, vowel-like sounds such as "00," "ah," "ee," "oh," and "goos" or "gahs" during
states of contentment, alertness, or social engagement. Coos are melodic and sustained, often



accompanied by smiles, eye contact, and relaxed facial expressions. These vocalizations
represent the first voluntary, non-cry sounds, involving better coordination of respiration,
phonation, and resonance in the vocal tract. Laughter emerges around 3—4 months, typically in
response to playful interactions like tickling or peek-a-boo, adding rhythmic bursts and pitch
variation. This stage fosters social reciprocity, as caregivers interpret coos as positive affective
signals and respond with contingent vocal play, encouraging further production through turn-
taking.

Vocal Play and Marginal Babbling (4 to 6—~7 Months) Infants experiment more freely during
vocal play, producing squeals, growls, yells, raspberries (bilabial trills), and varied pitch/loudness
modulations. Gurgling sounds—wet, throaty noises often from saliva manipulation—appear
frequently. Marginal babbling begins, combining vowels with rudimentary consonants (e.g.,

nun

single syllables like "ba," "da," "ma," or "ga") without consistent repetition. These exploratory
sounds help develop articulatory precision and control over supraglottal structures (lips, tongue,
velum). Infants vocalize back to speech directed at them, showing early sensitivity to prosodic

features like intonation and rhythm.

Canonical Babbling (6—10 Months) A major milestone occurs with canonical (or reduplicated)
babbling, where infants produce repeated consonant-vowel (CV) syllables, such as "ba-ba-ba,"
"ma-ma-ma," or "da-da-da." This stage features well-formed syllables with adult-like timing and
rhythm, often using early-emerging consonants (p, b, m, d, t, g, k). Canonical babbling is
universal across languages and cultures, serving as practice for syllabic structure foundational to
words. It supports motor learning for speech articulation and allows infants to experiment with
prosody, mimicking conversational intonation. Reduplication reinforces phonological patterns
and provides auditory feedback for self-regulation.

Variegated Babbling and Jargon (9-12 Months) Babbling becomes more complex with
variegated (non-reduplicated) forms, combining different consonants and vowels in sequences
like "ba-di-gu" or "ma-da-ba." Infants produce longer strings with varied intonation, resembling
adult-like prosody without semantic content. Jargon emerges, featuring "conversational" babble
with gestures, pointing, and expressive facial cues, as if narrating or storytelling. This stage
bridges pre-verbal to lexical development, incorporating word approximations (e.g., "mama" for
mother) and preparing for first true words around 12 months.

These stages serve critical communicative functions: reflexive cries ensure survival; cooing and
laughter build social bonds; vocal play refines motor skills; canonical babbling establishes
syllabic foundations; and variegated/jargon stages integrate prosody with emerging
intentionality. Caregiver responsiveness—mirroring, expanding, and contingently replying—
accelerates progression, highlighting the interplay between biological maturation and
environmental scaffolding. Understanding this sequence is essential for identifying typical



development versus potential delays, where absent or delayed canonical babbling (e.g., beyond
10 months) may warrant further evaluation.

3. Human Interpretation of Infant Sounds

Human caregivers, particularly parents, play a central role in responding to infant vocalizations,
yet their ability to accurately decode these sounds is limited and heavily influenced by
experience, context, and the nature of the vocalization itself. Infant cries and other pre-verbal
sounds convey information through acoustic features such as pitch (fundamental frequency),
duration, intensity, melody contours, and temporal patterns. Caregivers interpret these cues
intuitively, often combining them with visual signals (facial grimaces, body movements, eye
contact), situational factors (time since last feeding, diaper status, recent events), and
accumulated knowledge of their specific infant's patterns.

For cries—the most salient and urgent vocalizations—interpretation focuses on distinguishing
causes like hunger, pain, discomfort, fatigue, or isolation. Studies show that caregivers can
differentiate highly distinct contexts, such as acute pain (e.g., from vaccination or injury) versus
mild discomfort, with reasonable success when distress levels differ markedly. However, when
cries share similar intensity or arousal levels, discrimination degrades significantly. In controlled
listening tasks without contextual aids, adult listeners—including parents—often perform near
or at chance levels for identifying specific causes like hunger versus discomfort versus isolation.
One large-scale study using thousands of home-recorded cries found that trained adult listeners
achieved only about 35% accuracy in classifying cry causes, no better than random guessing
among three categories. Similarly, parents and non-parents showed comparable performance in
blind tests, with no inherent advantage from motherhood or sex; instead, prior exposure to
infants (e.g., through childcare, babysitting, or raising siblings) emerged as the key predictor,
boosting recognition rates substantially.

Parental experience matters profoundly. First-time or inexperienced caregivers struggle more,
often misinterpreting signals due to lack of familiarity with acoustic nuances or their own
infant's idiosyncrasies. Experienced parents or multiparous mothers perform better, with
accuracy improving rapidly in the early postpartum days as they learn their newborn's unique
cry signature. For instance, mothers' ability to identify their own baby's cry from others
increases from near-chance levels shortly after birth to much higher rates within days, driven by
repeated exposure rather than innate maternal instinct. Overall, caregivers rely on a graded
perception of distress: higher-pitched, more intense, or erratic cries are attributed to greater
urgency or pain, while rhythmic, shorter cries may signal hunger.



Beyond cries, interpretation of non-cry vocalizations like coos, gurgles, and babbling is even
more challenging and context-dependent. These sounds are typically positive or exploratory,
eliciting social responses rather than urgent action. Caregivers interpret coos as contentment or
engagement cues, often responding with mirroring vocal play or smiles to encourage reciprocity.
Babbling—especially canonical or variegated forms—is viewed as communicative practice, with
parents attributing intent based on timing, gaze direction, or accompanying gestures (e.g.,
pointing). However, these attributions are subjective and lack the precision possible for distress
signals; accuracy in decoding specific "meanings" (beyond general affect) remains low without
multimodal context.

Contextual factors amplify interpretive success. In everyday settings, caregivers integrate cry
acoustics with behavioral observations—such as rooting reflexes for hunger, arching for
discomfort, or restlessness for fatigue—leading to higher effective accuracy than in isolated
audio tasks. Parental diaries and self-reports show that actions stopping the cry (e.g., feeding,
holding, changing) align with perceived causes in about 75% of cases, suggesting practical utility
despite perceptual limitations. Yet challenges persist: new parents report frustration from cries
sounding "all the same," contributing to stress, helplessness, or inappropriate responses.
Excessive crying exacerbates this, as prolonged or intense episodes strain interpretation and
emotional resources.

In summary, human decoding of infant vocalizations is intuitive but imperfect, averaging
modestly above chance in controlled conditions and improving markedly with experience and
context. While caregivers excel at recognizing individual signatures and broad affective valence,
precise categorization of needs—especially among similar-distress cries—remains elusive. This
interpretive gap underscores the value of supplementary tools, as human limitations in
reliability highlight opportunities for Al to provide objective, acoustic-based insights that
complement caregiver intuition.

4. Current Al Applications in Infant Monitoring

The integration of artificial intelligence into infant monitoring has advanced significantly in
recent years, with a range of tools designed to assist parents, caregivers, and healthcare
professionals in interpreting and responding to pre-verbal vocalizations. These applications
primarily fall into two categories: cry analysis tools focused on decoding distress signals and
broader vocal milestone trackers that assess developmental progress through babbling and
other non-cry sounds. Voice assistants provide indirect but notable interaction opportunities,
while specialized apps leverage machine learning for real-time insights.



Cry analysis dominates the current landscape, driven by the urgent need to distinguish causes of
infant distress. Several dedicated mobile apps use Al to classify cries based on acoustic features
like pitch, duration, intensity, and spectral patterns. Zoundream, a Swiss-based platform,
employs deep learning through its Acoustic Multi-Stage Interpreter (AMSI) to translate cries into
categories such as hunger, sleepiness, fussiness, irritation, or gastrointestinal distress, achieving
reported accuracies around 92% in clinical trials. The technology draws from extensive datasets
of over 100,000 hours of recordings and extends to potential early detection of
neurodevelopmental issues. Similarly, Nanni Al from Ubenwa Health processes short audio clips
to identify common needs (e.g., hunger, tiredness) and offers soothing recommendations via a
built-in chatbot; it has analyzed over a million cries and demonstrates high performance in
detecting conditions like birth asphyxia (around 92.5% accuracy in research). Other notable
apps include AYA Cry Analyzer, which claims up to 96% internal testing accuracy for needs like
hunger, gas, or discomfort; CrySense, an on-device Al tool emphasizing privacy with instant
analysis; and CryDecoder, a free iOS app combining signal processing with models like GPT-40-
mini for interpretation. Legacy tools like ChatterBaby, developed at UCLA, continue to classify
cries (e.g., pain at ~85-90% accuracy) while contributing to research on links between vocal
patterns and conditions such as autism.

Beyond cries, apps targeting broader vocal development focus on babbling milestones. Babbly
stands out as a leading example, using proprietary Al to analyze uploaded videos or audio clips
for patterns including cooing, single-syllable babbling, canonical (duplicated) babbling, and
variegated babbling. Independent validation has shown strong performance, with F1 scores of
0.86 per audio clip and 0.91 per infant, highlighting reliable detection of canonical babbling—a
key marker of typical language progress. The app provides personalized feedback on speech and
brain development risks as early as 9 months, comparing outputs to normative milestones with
input from speech-language pathologists. While less widespread than cry tools, such
applications address the full pre-verbal spectrum, helping identify potential delays for timely
intervention.

Voice assistants like Alexa, Google Assistant, and Siri offer passive yet influential monitoring and
interaction. Parents frequently report infants reacting to these devices—turning toward the
source, cooing in response, or mimicking prosody—treating the disembodied voice as a social
partner. Although not purpose-built for infants, these systems can trigger playful exchanges or
provide auditory stimulation, with anecdotal evidence of babies engaging in proto-turn-taking.
Some smart baby monitors (e.g., CuboAi) incorporate cry detection Al alongside video analysis
for alerts on distress, movement, or safety issues, blending audio with multimodal monitoring.

These tools demonstrate Al's growing utility in infant care: cry apps reduce parental guesswork
and stress, babbling trackers support proactive developmental monitoring, and voice assistants



foster incidental engagement. Accuracies often exceed human performance in controlled
acoustic tasks (e.g., 90%+ for specific cry types), though real-world variability (noise, individual
differences) affects results. Many rely on crowdsourced or clinical datasets for training, with on-
device processing enhancing privacy in newer entries. Overall, current applications mark a shift
toward objective, scalable support, complementing human intuition while highlighting the need
for expanded, diverse data to cover non-cry vocalizations more robustly.

5. Limitations of General-Purpose Al Models

General-purpose large language models (LLMs) and their multimodal extensions, while
extraordinarily capable in processing adult speech and text, face fundamental constraints when
applied to non-word infant vocalizations such as cries, coos, gurgles, and babbling. These
limitations stem primarily from architectural design choices, training data composition, and the
inherent mismatch between infant acoustics and the models' optimized inputs, resulting in poor
transcription accuracy, minimal semantic interpretation, and limited ability to capture
developmental or idiosyncratic patterns.

The core processing pipeline in most multimodal LLMs begins with an audio encoder—typically
a speech-to-text (ASR) component like Whisper or similar wav2vec-based systems—that
converts raw audio into text tokens before feeding into the language model backbone. This
transcription step is the primary bottleneck for infant sounds. Models like Whisper, trained on
vast corpora of adult speech (hundreds of thousands of hours), excel at transcribing clear,
phonetically mature adult utterances but degrade sharply with child or infant vocalizations. For
preschoolers and toddlers, word error rates (WER) can exceed 25-50% even in recent versions,
with performance gaps of 20+ percentage points compared to adult speech. For pre-verbal
infants, the issue is more severe: immature phonetics, high fundamental frequency (often 300-
600 Hz, leading to sparse harmonics), variable pitch contours, breathy quality, and non-syllabic
structures cause the ASR to output garbled approximations (e.g., random phoneme strings,
"background noise," or silence). Canonical babbling ("ba-ba-ba") may transcribe as repetitive
nonsense, while coos or gurgles often register as non-speech or are discarded. Studies
benchmarking Whisper on caregiver-infant interactions show failures in segmenting infant-
directed speech utterances, short ambiguous vocalizations, and reliable detection of pre-verbal
elements, with models misclassifying infant sounds as noise or adult-like fragments.

Training data biases exacerbate these issues. Pre-training corpora for general-purpose models
are overwhelmingly adult-oriented: clean recordings, scripted or conversational adult speech,
and text-heavy sources dominate. Infant vocal data is virtually absent or minimal—far less than
the scale needed for robust representation. Even when child speech datasets exist (e.g., for



older toddlers), they rarely include pre-verbal stages; cries receive some attention in niche
corpora, but neutral cooing, gurgling, or exploratory babbling remain underrepresented. This
creates a profound distributional shift: models lack exposure to the acoustic space of infant
vocal tracts (smaller size, anterior tongue position, gradual formant transitions), high-pitch
variability, and non-linguistic exploratory nature. Consequently, fine-tuning on limited infant
data yields incremental gains but fails to close the gap fully without massive, targeted
augmentation. Multimodal extensions (e.g., vision-language-audio models) add complexity but
inherit the same audio encoder limitations, with additional challenges in aligning non-semantic
sounds to meaningful text outputs.

Beyond transcription, general-purpose LLMs struggle with interpretation due to their next-token
prediction paradigm, optimized for semantic, syntactic, and pragmatic adult language. Infant
vocalizations lack lexical content, relying instead on prosodic, temporal, and affective cues (e.g.,
melody complexity increasing over months, rhythmic patterns in canonical babbling). LLMs treat
these as noise or playful input, responding generically ("cute baby sounds!") without decoding
intent, emotional valence, or developmental stage. They cannot reliably distinguish hunger from
discomfort cries without context, mirroring human limitations but without the benefit of
intuitive multimodal grounding (facial cues, timing). Hallucinations or overconfident
misinterpretations arise when models force adult-like patterns onto non-word audio.

These constraints highlight why specialized models outperform general ones: purpose-built cry
classifiers (e.g., using CNNs or transformers on acoustic features) achieve 85-96% accuracy on
needs-based categories by focusing on domain-specific features like fundamental frequency,
spectral tilt, and duration. Babbling trackers like Babbly succeed through fine-tuning on labeled
infant milestones. General-purpose models, by contrast, require extensive adaptation—fine-
tuning on child-specific data, custom encoders, or hybrid approaches—to approach comparable
performance, underscoring the need for targeted datasets and architectures in this niche. Until
multimodal pre-training incorporates diverse, longitudinal infant audio at scale, general LLMs
will remain ill-equipped for the "babble gap," limiting their role to supplementary rather than
primary tools in infant vocal analysis.

6. Specialized Datasets for Infant Vocalizations

Specialized datasets form the backbone of progress in Al-driven analysis of infant vocalizations,
yet they remain limited in scale, scope, and quality compared to adult speech corpora. Cry-
focused datasets dominate the field due to their clinical relevance and relative ease of collection
in controlled or crowdsourced settings, while datasets encompassing the full pre-verbal
spectrum—including coos, gurgles, and babbling—are scarcer, smaller, and often proprietary or
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validation-specific. Key challenges include small sample sizes, class imbalance, limited ethnic
and linguistic diversity, short clip durations, inconsistent annotation protocols, and ethical
constraints on longitudinal home recordings.

Cry datasets typically range from hundreds to low thousands of samples, with clips lasting 1-7
seconds. Prominent examples include:

o Baby Chillanto Database (2004 onward, National Institute of Astrophysics, Mexico):
Contains 2,267-2,268 one-second clips categorized into five classes—asphyxia (340),
deaf (879), hunger (350), normal (507), and pain (192). Primarily from Mexican infants in
clinical (NICU/hospital) settings, it emphasizes pathology detection but lacks age
metadata in some releases and shows limited ethnic diversity.

e Donate a Cry Corpus (2015-2019, crowdsourced via app): Includes 457 cleaned clips
(originally more), each ~7 seconds, labeled for hunger (382), tired (24), burping (8), belly
pain (16), and discomfort (27). Global but imbalanced, with variable home-recording
quality and age range (0-2 years).

o Dunstan Baby Language (2006): 315 clips under 3 months, classified as hungry (56),
sleepy (106), burping (55), belly pain (37), and discomfort (61). Home-recorded, likely
Western-focused, with small size risking overfitting.

e ICSD (2024, open-source): Over 3.3 hours of strongly labeled audio for cry and snoring
detection, aggregating from sources like Baby Chillanto, Donate a Cry, and others;
includes diverse backgrounds but prioritizes event detection over fine-grained needs.

e Other cry sets: SPLAN (13,373 clips, imbalanced for colic, hunger, pain); CRIED (5,587
vocalizations from 20 infants, neutral/fuss/cry); Baby Cry Sense (1,126 files across 8
reasons); and various Kaggle/self-collected sets (e.g., 52-hour Korean smartphone
recordings from 201 infants).

These datasets support high accuracies (85—96%) in cry classification but suffer from imbalance
(e.g., hunger overrepresented), clinical bias (pathological cases), and noise variability
mismatches in real homes. Annotation often relies on expert or parental labeling, with potential
subjectivity.

Babbling and broader vocalization datasets are underrepresented and smaller. Babbly's
validation used 101 real-world recordings (average 42.9 seconds each, total ~124 seconds per
infant from 35 families), annotated by speech-language pathologists into five classes: cooing,
single-syllable babbling, duplicated (canonical), variegated, and other. Achieving high inter-
annotator agreement and F1 scores (0.86—0.91), this remains internal/proprietary. Longitudinal
home audio (e.g., LENA-derived daylong recordings) totals hundreds of hours unlabeled or

11



partially annotated for vocal vs. non-vocal, but babbling-specific subsets are limited (e.g., ~8
hours crying in some family audio pretraining efforts). SAYCam provides egocentric audiovisual
longitudinal data (6—32 months, head-mounted camera, 2 hours/week) with transcribed
caregiver speech (>200,000 words) but focuses more on visual/linguistic input than infant vocal
annotation.

Annotation challenges persist across types: manual labeling is labor-intensive and expensive,
requiring trained experts (e.g., speech pathologists) for phonetic-like tags on coos/gurgles or
intent inference on cries. Inter-annotator disagreement leads to file exclusion (as in Babbly's
27/128 removals). Real-world noise, overlapping sounds (parent talking, ambient), and
short/variable durations complicate segmentation. Diversity issues—underrepresentation of
non-Western ethnicities, languages, prematurity, or socioeconomic contexts—risk bias and poor
generalization. Ethical hurdles (consent, privacy for vulnerable infants) limit large-scale
collection, often confining datasets to clinical or crowdsourced snapshots rather than diverse,
daylong longitudinal captures.

Emerging efforts (e.g., ICSD's open-source aggregation, SPROUT repository plans) aim to
address scale through collaboration, but no dataset yet approaches adult speech corpora's
millions of hours. Bridging this requires ethical, consented multi-site collections with rich
multimodal annotations to enable robust, generalizable models for the full pre-verbal trajectory.

7. Advancements in Audio Processing Technologies

Recent years have witnessed substantial progress in audio processing technologies, particularly
self-supervised learning (SSL) models, which have transformed infant sound recognition by
enabling robust feature extraction from limited labeled data. Models such as wav2vec 2.0,
HuBERT, Whisper, and their variants leverage massive unlabeled audio pretraining to learn
general acoustic representations, then adapt via fine-tuning for downstream tasks like cry
classification, vocalization detection, and babbling analysis. These approaches outperform
traditional hand-crafted features (e.g., MFCCs) in low-resource scenarios common to infant
vocal data, addressing challenges like acoustic variability, noise, and small dataset sizes.

Self-Supervised Pretraining Foundations Self-supervised models like wav2vec 2.0 use
contrastive objectives to predict quantized speech units from raw waveforms, learning
hierarchical representations without labels. HUBERT employs predictive masked unit prediction,
while Whisper combines supervised and unsupervised elements on multilingual data. These
models capture low-level acoustics (e.g., pitch, formants) in early layers and higher-level
patterns (e.g., rhythm, prosody) in deeper layers—ideal for non-semantic infant sounds. Cross-
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lingual variants (e.g., wav2vec 2.0 XLSR) generalize across languages and extend to non-speech
audio, benefiting infant cries and babbling that lack phonetic structure.

Fine-Tuning Techniques for Infant Applications Fine-tuning typically freezes early layers for
general features and trains task-specific heads (e.g., classifiers) on infant data. Layer-wise
analysis reveals optimal layers: middle-to-late layers often encode cry-relevant cues like
instability or intensity. Fusion strategies aggregate features—statistical pooling (mean/max),
attentive pooling, linear-merge, or attention-merge—improving performance by combining
complementary information. For example, attention-merge on wav2vec 2.0 large features with
x-vector architectures yields superior results in low-resource cry classification.

Hybrid approaches integrate SSL embeddings with traditional features (e.g., MFCCs, chroma,
spectral contrast) and classifiers like gradient boosting machines (GBM), CNNs, or LSTMs. In
family-infant settings, unsupervised pretraining on unlabeled home audio (e.g., 1,000—4,000
hours from devices like LittleBeats) outperforms large general pretraining (e.g., 52,000 hours
LibriSpeech), with gains in speaker diarization and vocalization classification (cry, fuss, babble).
Augmentations such as SpecAugment and environmental corruptions further enhance
robustness, achieving 12% relative improvements in some tasks.

Performance Gains in Cry and Vocalization Tasks On cry datasets (e.g., Baby Chillanto, Donate a
Cry), fine-tuned wav2vec 2.0 and Whisper features achieve high accuracies, often surpassing
MFCC baselines. Layer aggregation with attention mechanisms boosts results in low-data
regimes. DistilHUBERT and wav2vec variants excel in embedded systems (e.g., Raspberry Pi),
with CNN heads reaching 95%+ accuracy on multi-class needs (hunger, pain). Probing studies
show SSL representations encode cry instability, identity, and triggers effectively, with
Unispeech, HUBERT, and Whisper frequently topping benchmarks across diverse cry corpora.

For babbling and pre-verbal sounds, progress is emerging but lags cries. SSL models pretrained
on family audio improve babble detection in longitudinal recordings, classifying cry/fuss/babble
with moderate boosts from domain-specific pretraining. While canonical babbling recognition
remains challenging due to data scarcity, transfer from child speech tasks (e.g., phoneme
tracking) suggests potential.

Emerging Directions Lightweight distilled models (e.g., DistilHUBERT) enable on-device
deployment for real-time monitoring. End-to-end fine-tuning, where encoder parameters
update jointly with classifiers, further refines representations. Combining SSL with multimodal
inputs (e.g., video for context) promises richer analysis of turn-taking or intent. These
advancements shift infant sound recognition from rule-based or small supervised models to
scalable, data-efficient systems, closing the gap for non-cry vocalizations and paving the way for
interactive Al tools that respond meaningfully to babbling infants.
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8. Potential for Interactive Al-Baby Systems

The prospect of interactive Al systems designed specifically for pre-verbal infants opens
transformative possibilities in early language support, developmental monitoring, and caregiver
assistance. Building on current advancements in audio processing, cry classification, and
babbling analysis, future tools could shift from passive monitoring to active, contingent
engagement—mimicking the responsive turn-taking that drives human infant vocal learning.
These systems would respond in real time to coos, gurgles, and babbling with sounds, lights,
movements, or synthesized vocalizations, providing immediate feedback that reinforces
exploration and accelerates milestone achievement.

Core Principles of Responsiveness Human proto-conversations demonstrate that contingent
timing—responses within seconds of an infant's vocalization—strengthens expectations of
social interaction and boosts vocal production. Research shows infants form strong associations
with responsive agents (even simple robots) in minutes, erupting in increased babbling when
feedback ceases. Future Al could replicate this by using advanced SSL models (e.g., fine-tuned
wav2vec or HUBERT) to detect utterances, classify patterns (cooing to variegated babbling), and
generate adaptive outputs. Responses might include echoed phonemes, melodic variations
matching the infant's pitch contour, or playful sound effects, fostering cause-and-effect learning
essential for intentional communication.

Envisioned Tool Forms

¢ Responsive Al Toys and Plush Companions — Soft, cuddly devices (e.g., evolved from
current Al plush like Grok by Curio or bondu) equipped with microphones, speakers, and
sensors. These could listen for babbling, then respond with gentle coos, giggles, or light
patterns synchronized to the infant's rhythm. Multimodal feedback (vibrations, eye-like
LEDs, arm movements) would enhance engagement without screens, promoting motor-
vocal coordination. Ethical designs would prioritize low-volume, soothing interactions to
avoid overstimulation.

¢ Smart Crib or Mobile Systems — Integrated into nursery environments, these could
activate during awake periods, responding to vocal play with projected shapes, soft
music, or vocal mimicry. Drawing from apps like BabblePlay (which rewards utterances
with visual animations), advanced versions might use on-device processing for privacy,
adapting over time to the infant's unique patterns and escalating complexity (e.g.,
introducing new consonants as babbling matures).

e App-Enabled Parent-Child-Al Triads — Mobile apps could facilitate joint sessions where
the Al acts as a co-narrator or prompt-giver. For example, during play, the system detects
infant vocalizations, suggests caregiver responses ("Echo that 'ba-ba' back!"), or
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generates contingent sounds to extend turns. This supports dialogic interaction,
addressing word gaps by encouraging more conversational turns.

¢ Wearable or Home Audio Ecosystems — Daylong recording devices (e.g., enhanced
LENA systems) paired with Al could provide real-time gentle interventions, such as
activating lullabies or vocal play when babbling occurs, while logging progress for
parental dashboards.

Developmental and Therapeutic Benefits Such systems hold promise for accelerating language
foundations: contingent feedback could increase babbling frequency and diversity, mirroring
how caregiver responses speed vocal learning in human and animal models (e.g., marmosets).
For at-risk infants (e.g., those with hearing differences or delays), early, consistent
reinforcement might mitigate gaps. In therapy, Al could deliver structured scaffolding—
predictable patterns to build expectations—while allowing personalization via longitudinal
adaptation.

Challenges and Safeguards Realization depends on overcoming technical hurdles (robust noise
handling, accurate pre-verbal detection) and ethical concerns: over-reliance might reduce
human bonding, excessive screen-free but device-heavy interaction could affect natural socio-
emotional cues, and data privacy remains paramount. Designs must embed safeguards—
parental controls, limited session times, bias-free training—and prioritize augmentation over
replacement of human care. Longitudinal studies would be essential to validate benefits
without unintended effects.

In the near term (5—10 years), prototypes could emerge from partnerships (e.g., extending
Babbly or cry tools to bidirectional modes), evolving toward seamless, developmentally attuned
companions that enrich the "babble gap" bridge. By fostering responsive, joyful exchanges,
these innovations could democratize high-quality early stimulation, supporting healthier
language trajectories for diverse populations.

9. Ethical Considerations in Data Collection and Use

The collection and application of infant audio data for Al development raise profound ethical
guestions, centered on privacy, informed consent, bias mitigation, and the broader societal
implications of deploying such technologies. Infants represent a vulnerable population
incapable of providing consent themselves, amplifying the responsibility of researchers,
developers, and institutions to prioritize protections that safeguard their rights, well-being, and
future autonomy.
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Informed Consent and Parental/Legal Guardian Involvement Since infants cannot consent,
ethical frameworks require proxy consent from parents or legal guardians, aligned with
regulations such as 45 CFR 46 Subpart D for federally funded research involving children.
Consent must be fully informed, detailing the purpose of data collection (e.g., training cry
classification models), potential uses (research, commercial apps, clinical tools), risks (data
breaches, re-identification), and rights (withdrawal, data destruction). Parents need clear
explanations of how recordings—often captured in home environments via apps or wearables—
will be handled, stored, and shared. Challenges arise when consent is obtained opportunistically
(e.g., in clinical settings during distress) or when apps collect data passively; transparency is
essential to avoid coercion or misunderstanding. Withdrawal processes must be
straightforward, including data deletion where feasible, though challenges persist with derived
models or aggregated datasets where individual revocation becomes impractical. Institutional
Review Boards (IRBs) typically mandate explicit, documented consent for identifiable
recordings, with options for opt-out in minimal-risk scenarios, though waivers of documentation
are rare for sensitive audio due to privacy concerns.

Privacy and Data Security Risks Infant vocalizations constitute highly sensitive personal data,
often including identifiable elements like unique cry signatures, household noises, or contextual
cues revealing family dynamics, socioeconomic status, or health conditions. Home recordings
introduce ambient risks: overlapping adult speech, location inferences, or re-identification
through voice biometrics. Breaches could expose families to harm, such as targeted marketing,
discrimination, or exploitation. Ethical best practices emphasize data minimization (collecting
only necessary segments), anonymization (removing metadata, applying noise perturbation),
on-device processing to limit cloud transmission, and encryption. Federated learning
approaches, which train models without centralizing raw data, offer promise for preserving
privacy. Long-term storage requires clear policies on retention periods, secure deletion, and
restrictions on secondary uses (e.g., no repurposing for unrelated surveillance). Regulatory
frameworks like GDPR (for EU data) and HIPAA (for health-related U.S. data) impose strict
requirements, but gaps remain for non-clinical consumer apps, underscoring the need for
robust, enforceable standards.

Bias, Fairness, and Representational Justice Datasets dominated by certain demographics—
often Western, hospital-based, or crowdsourced from specific populations—risk perpetuating
biases. Models trained on imbalanced or non-diverse data may perform poorly for
underrepresented groups (e.g., non-Western ethnicities, premature infants, multilingual
households), leading to inaccurate classifications that exacerbate health disparities. For
instance, cry patterns influenced by cultural caregiving practices or linguistic environments
could be mislabeled, delaying interventions or misdirecting resources. Ethical Al development
demands diverse, inclusive datasets reflecting global variability in age, ethnicity, socioeconomic

16



status, and health conditions. Techniques like data augmentation, balanced sampling, and
regular bias audits help, but transparency in dataset composition and model performance
across subgroups is crucial. Justice also involves equitable benefit distribution: tools should not
widen access gaps but support underserved communities through affordable, culturally
sensitive applications.

Additional Concerns: Over-Reliance, Developmental Impact, and Accountability Interactive
systems risk over-reliance, potentially diminishing natural caregiver-infant bonding if parents
defer to Al interpretations. Ethical deployment requires human oversight, clear limitations
disclosure, and emphasis on augmentation rather than replacement of parental intuition.
Accountability mechanisms—such as explainable outputs, audit trails, and independent
validation—ensure traceability in case of errors affecting infant care. Broader societal questions
include the commercialization of infant data and potential for misuse in non-therapeutic
contexts.

Addressing these issues demands interdisciplinary collaboration: ethicists, developmental
experts, legal scholars, and technologists working with diverse stakeholders, including parents
and advocacy groups. Multi-institutional guidelines, open ethical frameworks, and ongoing
community engagement can foster responsible innovation, ensuring Al for infant vocal analysis
advances equity, protects vulnerability, and upholds trust in early childhood technologies.

10. Interdisciplinary Implications and Future Directions

The convergence of artificial intelligence with the study of pre-verbal infant vocalizations creates
rich interdisciplinary opportunities, drawing together developmental psychology, linguistics,
computer science, neuroscience, and pediatrics to deepen understanding of early human
communication and its disorders. This integration not only refines Al tools for practical
applications but also advances theoretical models of language emergence, social cognition, and
neurodevelopmental processes.

Integration with Developmental Psychology Developmental psychology provides the
foundational framework for interpreting infant vocalizations as markers of cognitive, emotional,
and social maturation. Al analysis of cries, coos, and babbling offers objective, scalable
measures of milestones—such as the onset of canonical babbling or vocal reactivity—that
correlate with later outcomes like vocabulary size, executive function, and even intelligence into
adulthood. For instance, longitudinal studies link early vocal patterns to predictive processing in
the brain, where autonomic signals (e.g., heart rate fluctuations) align with vocal production
peaks, suggesting embodied mechanisms for language readiness. Al enables finer-grained
tracking of these dynamics in naturalistic settings, revealing how contingent caregiver responses
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shape vocal learning trajectories. This supports theories like analysis-by-synthesis, where infants
refine productions through self-generated feedback, and extends to atypical development:
deviations in babbling or cry patterns may flag risks for autism, hearing impairments, or
language delays, facilitating earlier interventions informed by psychological principles of
plasticity and environmental scaffolding.

Integration with Linguistics Linguistics contributes insights into the phonological, prosodic, and
structural precursors to language. Pre-verbal vocalizations exhibit universal patterns—e.g.,
vowel-like coos transitioning to consonant-vowel syllables—mirroring adult phonetic inventories
and prosodic contours. Al models, particularly those using self-supervised representations, can
quantify these transitions (e.g., formant complexity, rhythmicity) and test hypotheses about
innate biases versus learned adaptations. Comparative linguistics draws parallels with primate
vocal communication, where human infants receive far more directed input than great ape
offspring, underscoring infant-directed speech's role in scaffolding complex syntax and
semantics. Al enables cross-cultural analyses of vocal environments, addressing how linguistic
diversity influences babbling variability and informing models of language evolution. Automated
tools also probe proto-conversations, quantifying turn-taking timing and contingency that
predict expressive vocabulary growth.

Broader Interdisciplinary Synergies Neuroscience benefits from Al-derived vocal biomarkers
that correlate with brain activity (e.g., via EEG or fNIRS in multimodal studies), linking acoustic
features to predictive coding or emotional contagion. Pediatrics gains from enhanced screening
for neurodevelopmental conditions, while education explores Al's role in personalized early
stimulation. These fields collectively highlight Al's potential to democratize access to
developmental insights, particularly in underserved regions.

Recommendations for Research and Development To maximize impact, prioritize ethical,
diverse longitudinal datasets capturing global variability in age, culture, language, and health
status, with rich multimodal annotations (audio, video, physiological signals). Advance hybrid
models combining SSL audio encoders with psychological/linguistic priors for better pre-verbal
interpretation. Fund collaborative consortia for open-source tools and validation studies in real-
world settings. Conduct rigorous longitudinal trials evaluating interactive Al systems' effects on
vocal production, caregiver confidence, and long-term outcomes, while monitoring for
unintended effects like reduced human bonding. Invest in explainable Al to build trust among
clinicians and parents. Finally, integrate findings into policy: advocate for Al-augmented early
screening in pediatric guidelines and public health programs to bridge gaps in language
development support.
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This interdisciplinary approach promises not only technological breakthroughs but also
profound insights into the origins of human communication, ultimately fostering healthier
developmental pathways through timely, evidence-based support.

11. Case Studies and Anecdotal Evidence

Real-world examples of infant-Al interactions remain largely anecdotal, drawn from parent-
shared videos on platforms like TikTok, Instagram, and Reddit, as well as preliminary research on
voice assistants and specialized apps. While controlled case studies on pre-verbal infants (under
12 months) engaging directly with Al are scarce—due to ethical constraints, developmental
focus on human caregivers, and limited bidirectional tools—available evidence illustrates
patterns of reaction, perceived engagement, and emerging use cases.

Anecdotal Evidence from Voice Assistants Social media abounds with short clips of babies and
toddlers reacting to voice assistants like Alexa, Google Home, and Siri. Common themes include
surprise, fear, or curiosity when parents activate the device with wake words ("Hey Google,"
"Alexa"). Videos often show infants startling, freezing, turning toward the sound source, or even
dropping dramatically—sometimes interpreted playfully by parents but raising concerns about
disembodied voices. For instance, compilations on TikTok feature babies kneeling, hiding, or
crying upon hearing commands, with millions of views and comments speculating on why the
reaction is near-universal: some attribute it to the sudden, bodiless voice disrupting
expectations of social interaction, while others note infants treat it as an unfamiliar presence.
Positive or neutral responses appear less frequently but include babies cooing back, mimicking
prosody, or smiling at responses—suggesting proto-turn-taking in some cases. Parents report
infants as young as 4—6 months orienting toward the device during play or when hearing
music/stories, with repeated exposure sometimes reducing initial fear and fostering familiarity.
These informal accounts highlight how ubiquitous smart speakers inadvertently introduce Al as
a social entity in homes, eliciting varied affective responses from pre-verbal infants.

Preliminary Studies on Voice Assistants and Older Infants/Toddlers Research on voice
assistants primarily targets preschoolers and school-age children (3—11 years), revealing
parasocial relationships where kids treat devices as friends—politely saying "please/thank you,"
asking questions, or forming attachments. Mixed-methods studies show overestimation of Al
cognitive abilities and agency, with children viewing assistants as knowledgeable but lacking full
human qualities like emotions or physical presence. For younger users (including some
toddlers), surveys indicate frequent use for entertainment (music, stories) and curiosity-driven
gueries, with age-related patterns: younger children favor stories and creative play. While not
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focused on pre-verbal stages, these findings suggest early exposure shapes conceptualizations
of Al as interactive partners, potentially extending downward as voice tech improves.

Specialized App-Based Examples: Babbly and Similar Tools Apps like Babbly provide concrete,
real-world parental testimonials on one-way Al analysis of infant vocalizations. Parents upload
short videos of cooing or babbling, receiving instant classifications (cooing, single-syllable,
canonical, variegated) and milestone comparisons. Testimonials highlight reassurance: one
mother, initially worried her 14-month-old was "just making noises," felt proud seeing validated
developmental appropriateness. Another described anxiety turning to empowerment after
results prompted targeted strategies, leading to increased interaction and eye contact within
weeks. Validation studies with real-world recordings (diverse home environments) confirm high
accuracy (F1 scores 0.86—0.91), demonstrating practical utility for tracking without clinical visits.
Similar tools like BabblePlay show infants learning contingencies—vocalizing to trigger visual
rewards—in minutes, with strong correlations between app detection and human judges,
suggesting potential for interactive extensions.

Emerging Anecdotes with Generative Al Recent reports describe parents handing phones to
toddlers for ChatGPT Voice Mode conversations, often for entertainment during chores. One
parent shared a 4-year-old engaging for hours on topics like Thomas the Tank Engine, producing
lengthy, coherent exchanges—though aimed at older preschoolers, it hints at future pre-verbal
adaptations via simplified modes. Speculative discussions warn of risks (emotionally hollow
interactions) while noting fascination with persistent, responsive "friends."

These examples—mostly observational and parent-driven—illustrate Al's incidental role in
infant environments, from startling reactions to milestone reassurance and rare playful
exchanges. They underscore the need for rigorous, longitudinal studies to assess developmental
impacts, moving beyond anecdotes toward evidence-based interactive designs.

12. Conclusions and Recommendations

This paper has examined the intersection of artificial intelligence and the earliest stages of
human communication: pre-verbal infant vocalizations. From reflexive cries to melodic coos,
exploratory gurgles, and increasingly structured babbling, these sounds represent foundational
building blocks for language, social bonding, and cognitive development. The progression
through well-documented stages—reflexive, cooing, vocal play, canonical babbling, and
variegated/jargon—underscores a biologically driven yet environmentally shaped trajectory that
caregivers interpret with varying accuracy, often relying on context, experience, and intuition
rather than pure acoustics.
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Human decoding, while adaptive in everyday settings, remains imperfect and subjective, with
controlled studies showing modest accuracy (near chance for specific cry causes in blind tasks)
and heavy dependence on multimodal cues. This interpretive gap creates a compelling
opportunity for Al. Current applications—specialized cry classifiers (achieving 85-96% accuracy
on needs-based categories), babbling milestone trackers like Babbly (F1 scores of 0.86—0.91),
and incidental interactions via voice assistants—already demonstrate practical value in reducing
parental stress, providing developmental feedback, and eliciting infant responses. Anecdotal
evidence from social media and preliminary app testimonials illustrates real-world engagement,
ranging from startled reactions to proto-turn-taking and reassurance about typical progress.

Yet general-purpose large language models and multimodal systems struggle significantly with
non-word infant sounds due to training biases toward adult speech, flawed transcription of
immature phonetics, and lack of exposure to the full pre-verbal acoustic space. Specialized
datasets, while advancing cry analysis, remain small, imbalanced, clinically skewed, and
underrepresented for cooing, gurgling, and babbling. Annotation challenges—subjectivity, labor
intensity, noise variability, and ethical constraints—further limit scale and diversity.
Technological progress in self-supervised audio models (wav2vec 2.0, HUBERT, Whisper) and
fine-tuning techniques offers hope, enabling robust feature extraction and domain adaptation
even with limited labeled data. These advancements pave the way for speculative yet plausible
interactive systems: responsive Al toys, smart crib companions, app-mediated triads, and home
ecosystems that deliver contingent feedback, fostering vocal exploration and turn-taking in ways
that complement human caregiving.

Ethical considerations remain paramount. Proxy consent, robust privacy safeguards, data
minimization, anonymization, bias audits, and equitable benefit distribution are non-negotiable
when working with vulnerable infants. Over-reliance on Al risks diminishing natural parent-
infant bonds, while unaddressed biases could widen developmental disparities. Interdisciplinary
integration—with developmental psychology, linguistics, neuroscience, and pediatrics—enriches
both theoretical understanding (e.g., predictive coding in vocal learning, prosodic scaffolding of
syntax) and practical tools (early screening, personalized stimulation).

Key findings converge on a central conclusion: Al holds transformative potential to bridge the
"babble gap"—the divide between inscrutable infant sounds and reliable interpretation—by
offering objective, scalable, and responsive support that augments rather than replaces human
care. Realizing this potential requires deliberate, collective action.
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Recommendations

1.

Expand and Diversify Datasets — Prioritize large-scale, ethically sourced, longitudinal
collections of home-recorded infant audio from diverse global populations (ethnicity,
language, socioeconomic status, health profiles). Include multimodal annotations (audio
+ video + context) and open repositories to enable community-driven progress.

Advance Domain-Specific Pretraining — Invest in self-supervised models pretrained on
unlabeled family audio at scale, followed by targeted fine-tuning on annotated pre-
verbal milestones, to overcome adult-speech biases and improve detection of coos,
gurgles, and babbling.

Develop and Test Interactive Prototypes — Fund collaborative pilot projects for
bidirectional Al systems (toys, apps, crib devices) that provide contingent vocal and non-
vocal feedback, with rigorous longitudinal evaluation of effects on vocal production,
caregiver confidence, and developmental outcomes.

Establish Ethical and Regulatory Frameworks — Create interdisciplinary guidelines for
infant audio research and deployment, emphasizing transparency, parental controls,
explainability, bias monitoring, and limits on commercialization or secondary use.

Foster Cross-Disciplinary Collaboration — Form consortia uniting Al researchers,
developmental scientists, linguists, pediatricians, ethicists, and parent advocacy groups
to align technical innovation with real-world needs and evidence-based practice.

Integrate into Public Health and Education — Advocate for Al-augmented early
screening in pediatric guidelines and accessible tools in community programs, ensuring
equitable access and cultural sensitivity.

By pursuing these recommendations through sustained, collaborative effort, the field can move

beyond current limitations toward Al systems that meaningfully engage with the earliest

expressions of human communication. Such progress would not only enhance early childhood

support but also illuminate fundamental questions about the origins of language, social

cognition, and intelligence—ultimately benefiting infants, families, and society at large.
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