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Abstract

This article synthesizes cognitive science research on the core components of real-time language comprehension:
phonetic processing, syntactic parsing, and semantic integration. Moving beyond modular, sequential models, we argue
for a dynamic, interactive perspective where these processes operate in parallel, exerting continuous and bidirectional
influences on one another. We first review the cognitive and neural mechanisms of early auditory-phonetic encoding,
highlighting how pre-lexical speech segmentation interacts with top-down lexical and contextual knowledge. Next, we
examine the cognitive architecture of syntactic parsing, exploring theories of working memory constraints, garden-path
phenomena, and the role of probabilistic and frequency-based information in resolving structural ambiguity. The
discussion on semantic integration focuses on the rapid incorporation of word meaning into a evolving mental
representation, encompassing discourse context, world knowledge, and pragmatic inference. Crucially, this review
dedicates significant analysis to the interfaces between these domains. We present evidence from behavioral paradigms
(e.g., eye-tracking, self-paced reading), computational modeling, and cognitive neuroscience (esp. EEG/ERPs and fMRI)
demonstrating that semantic plausibility can rapidly constrain syntactic analysis, and that syntactic structure guides
semantic and thematic role assignment. We further explore the neural substrates underpinning this interplay, focusing on
the spatiotemporal dynamics within the left perisylvian language network and domain-general executive control
networks. The article concludes by advocating for an integrated cognitive science framework that views language
comprehension as a unified predictive process, where phonetic input, syntactic structure, and semantic content are
simultaneously evaluated and reconciled to construct a coherent interpretation. Future directions emphasizing individual
differences, neurocomputational modeling, and cross-linguistic comparisons are outlined.
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1. Introduction

Language comprehension stands as a paramount achievement of the human cognitive system, requiring the seamless
integration of multiple types of information within milliseconds. Cognitive science, converging methods from
psychology, linguistics, neuroscience, and computational modeling, seeks to unravel the architecture and mechanisms of
this feat. Traditionally, the process has been analytically decomposed into core components: phonetic processing
(extracting linguistically relevant sounds from the acoustic stream), syntactic parsing (assigning a hierarchical structural
representation to a sequence of words), and semantic integration (computing meaning and incorporating it into a
coherent discourse model) [1].

Historically, serial modular models, most influentially Fodor’s (1983) modularity thesis and the syntax-first “Garden
Path Model”, posited that these operations function in a staged, encapsulated manner, with syntactic analysis preceding
and being largely impervious to semantic influences. However, decades of empirical evidence have steadily eroded the
strict modular view, giving way to interactive or constraint-satisfaction frameworks. These frameworks posit that all
available sources of information-acoustic-phonetic, lexical, syntactic, semantic, and pragmatic-are activated in parallel
and continuously interact to guide the parser toward the most probable interpretation [2].

This article aims to provide a comprehensive review of cognitive science perspectives on these three core components,
with a central focus on their dynamic interplay. We will examine how cognitive theories and neuroscientific findings
challenge strict demarcations, revealing a system characterized by rapid, bidirectional communication. We argue that
understanding language comprehension necessitates an integrated perspective that considers how phonetic cues are
shaped by lexical expectations, how syntactic decisions are swayed by semantic fit and real-world likelihood, and how
the brain orchestrates this complex integration in real time.
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2. Phonetic Processing: From Signal to Lexical Access

The journey of comprehension begins with the phonetic processing of the acoustic signal. This involves segmenting
continuous speech into discrete units (phonemes, syllables) and mapping them onto abstract linguistic representations

(3]
2.1 Acoustic-Phonetic Decoding and Variability

The speech signal is notoriously variable; phonemes’ acoustic properties change depending on context, speaker, and rate
of speech. Cognitive theories posit that listeners normalize this variability via mechanisms like categorical perception,
where continuous acoustic differences are perceived as discrete phonemic categories [4]. Furthermore, coarticulation-
the overlapping of articulatory gestures for adjacent sounds-requires the listener to use context to disambiguate the
signal, indicating very early interaction between segmental perception and higher-order phonological knowledge.

2.2 The Role of Lexical and Contextual Knowledge

Phonetic processing is not a purely bottom-up process. The Ganong effect demonstrates that lexical knowledge
influences phoneme perception: a sound ambiguous between /g/ and /k/ is more likely to be heard as /g/ in the context
“ ift” (yielding “gift”) and as /k/ in “ iss” (yielding “kiss”). This shows top-down lexical feedback onto pre-lexical
processing. Similarly, sentential context can speed the identification of words in noise, illustrating how semantic
expectations facilitate early auditory-phonetic analysis [5].

2.3 Neural Correlates

Neurophysiological studies using Electroencephalography (EEG) have identified components sensitive to phonetic
mismatch, such as the Mismatch Negativity (MMN), which can be modulated by lexical status, again supporting
interactivity. Functional neuroimaging implicates superior temporal gyri (STG) bilaterally, particularly the left mid-STG,
as core regions for acoustic-phonetic feature analysis, with these regions showing sensitivity to both bottom-up acoustic
input and top-down predictive signals from frontal areas [6].

2.4 Computational Models and the Segmentation Problem

Understanding the cognitive machinery of phonetic processing requires moving beyond descriptive phenomenology to
explicit computational models. A pivotal challenge these models address is speech segmentation-identifying word
boundaries in a continuous, unsegmented acoustic stream, famously known as the “cocktail party problem.” Two
influential classes of models offer competing yet complementary explanations for how top-down knowledge guides this
process [7].

The TRACE model, a seminal connectionist model, embodies strong interactivity. It features interconnected layers of
neural-like units representing features, phonemes, and words. Activation flows bi-directionally: not only do feature
activations excite compatible phonemes, which in turn excite compatible words (bottom-up), but activated word units
also feed back excitation to their constituent phonemes (top-down). This feedback allows lexical knowledge (e.g.,
recognizing “gift”) to stabilize the perception of an ambiguous phoneme at the “g/k” boundary, providing a mechanistic
account of the Ganong effect. TRACE elegantly demonstrates how interactive activation can resolve ambiguity in noisy,
real-world signals.

In contrast, Bayesian inference models frame perception as a process of rational hypothesis testing. The listener is seen
as an ideal observer who combines prior probabilities (e.g., the likelihood of a word occurring in a given context) with
sensory evidence (the ambiguous acoustic signal) to compute the posterior probability of various perceptual
interpretations. A critical computational strategy emerging from this framework is statistical learning: listeners
unconsciously track transitional probabilities between syllables. Sequences with high internal probability (like “ba-by”)
are perceived as likely word units, while low-probability transitions (“by-"") signal word boundaries. This statistical
knowledge, acquired implicitly through exposure, serves as a powerful, learned prior that guides segmentation. While
Bayesian models often posit an initial bottom-up stage, the integration of rich prior knowledge-statistical, lexical, and
contextual-makes them fundamentally interactive in their account of the final percept.

The debate between interactive (TRACE) and “feedforward with late integration” (Bayesian) models remains active,
often centering on the temporal granularity of top-down effects. However, both classes of models converge on a key
principle: phonetic processing is not a passive transcription but an active, inference-driven construction, deeply
constrained by the listener’s accumulated linguistic experience [8].
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Figure 1. A hierarchical and interactive model of language comprehension.

Figure 1 illustrates a dynamic, interactive model of spoken language comprehension. The process begins with the
Acoustic Signal, which is transformed through Phonetic Processing into structured sound information. From here,
processing does not proceed in a simple linear direction. Instead, Lexical Access & Selection, Syntactic Parsing, and
Semantic-Thematic Processing are tightly interconnected through bidirectional pathways, indicating that listeners
continually integrate cues from multiple levels.

el exical Access & Selection retrieves and activates word candidates.
eSyntactic Parsing constructs a structural representation of the sentence.
eSemantic-Thematic Processing builds a situational model or discourse representation based on meaning relations.

At the top, Context & World Knowledge and Executive Control / Memory exert top-down influences on all stages,
guiding interpretation, resolving ambiguity, and maintaining relevant information. The model shows that language
comprehension is not a one-way pipeline but a flexible system in which sound, structure, meaning, memory, and
background knowledge continuously interact.

3. Syntactic Parsing: Building Structure in Real Time

Syntactic parsing is the cognitive operation of assigning grammatical structure to a linear string of words, crucial for
determining relationships between actors, actions, and objects [9].

3.1 Memory and Computation

A core constraint on parsing is working memory capacity. Parsing complex or long-distance dependencies (e.g., object
relative clauses: "The reporter who the senator attacked admitted the error") imposes a high memory load, often leading
to processing slow-downs or comprehension failures, correlated with individual differences in working memory span.
This links syntactic processing to domain-general cognitive resources [10].

3.2 Ambiguity Resolution: Syntax-First vs. Interactionist Views

The classic arena for testing parsing theories is structural ambiguity, as in "The horse raced past the barn fell." The
Garden Path Model posits an initial stage where the parser, using structurally minimalist principles (e.g., Minimal
Attachment), commits to the simplest analysis ("The horse" as subject of "raced"). Semantics is consulted only later,
leading to reanalysis upon encountering "fell." Conversely, constraint-based lexicalist theories argue that multiple
interpretations are activated in parallel based on probabilistic cues from lexical frequency (e.g., the relative likelihood of
"raced" being a past-tense verb vs. a passive participle), thematic fit, and referential context, with semantics influencing
the initial parse [11].

3.3 Neural Substrates of Parsing

Neuroimaging consistently implicates the left inferior frontal gyrus (LIFG; Broca’s area) and the left anterior temporal
lobe (LATL) in syntactic processing. fMRI studies show LIFG activation increases with syntactic complexity and
during reanalysis. EEG studies reveal specific event-related potential (ERP) components associated with syntactic
processing: the Left Anterior Negativity (LAN) for morphosyntactic violations (e.g., agreement errors) and the P600-a
later centro-parietal positivity-for syntactic anomalies and reanalysis. The P600 is particularly important as its
amplitude can be modulated by semantic factors, providing electrophysiological evidence for interaction.
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3.4 Beyond Garden Paths: Good-Enough Parsing and Neural Efficiency

The intense focus on ambiguity resolution, while fruitful, may overemphasize the parser’s pursuit of a single, complete,
and accurate syntactic tree. The “Good-Enough” Processing theory proposes a radical alternative: often, language
comprehension is shallow and heuristic. Rather than always building a full hierarchical parse, the system may construct
a “good-enough” representation based on simple cues (e.g., word-order heuristics, semantic plausibility, thematic roles).
This is evidenced by frequent misinterpretations of complex sentences (e.g., misassigning the agent in “The dog was
bitten by the man”) that go unnoticed unless explicitly probed [12]. This framework suggests that deep, detailed
syntactic analysis is a resource-intensive option, not a default. It aligns with constraint-based models in emphasizing
multiple sources of information but adds that the output of comprehension is often a partially specified, fuzzy
representation that suffices for the task at hand, linking language processing to broader theories of bounded rationality.

This resource-based view connects directly to the Neural Efficiency Hypothesis. Individual differences in working
memory capacity are not merely behavioral; they correlate with differential patterns of brain activation. High-span
readers, when processing complex syntax, often show more focal, left-lateralized activation in classic language regions
(e.g., LIFG) and less recruitment of domain-general frontal regions. Low-span readers, conversely, exhibit more
bilateral and diffuse activation, particularly in prefrontal areas associated with cognitive control and verbal working
memory (e.g., dorsolateral PFC). This suggests that for efficient processors, language-specific circuits handle the load
with less need for auxiliary support. For others, comprehension success relies on a compensatory, effortful engagement
of executive control networks. This neuroscientific perspective reframes working memory not just as a “capacity” but as
a modulator of neural circuitry, determining the efficiency and specialization of the syntactic parsing network. It
provides a biological substrate for why some individuals are more vulnerable to garden paths or complexity effects,
grounding cognitive theory in neurophysiological individuality [13].
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Figure 2. Temporal dynamics of parsing and integration as revealed by ERP Components.

Figure 2 summarizes the major Event-Related Potential (ERP) components associated with spoken or written word
processing, plotted along a timeline by their typical latencies and polarities. The N100 (~100 ms, negative-going)
reflects early auditory attention immediately after the critical word onset. The MMN (~150-250 ms) indicates detection
of auditory or phonetic deviance, signaling that the brain recognizes unexpected changes in speech sounds. The LAN
(~300-500 ms, left anterior) is sensitive to morphosyntactic violations such as agreement errors. The N400 (not visually
included in this particular plot but conceptually between MMN and P600) typically peaks around 400 ms and reflects
semantic or pragmatic mismatch. Finally, the P600 (~600 ms and later, positive-going) is associated with syntactic
integration, reanalysis, and in some cases responses to semantic anomalies. Together, the timeline shows how the brain
rapidly transitions from low-level auditory processing to higher-level linguistic analysis within milliseconds.

4. Semantic Integration: Constructing Meaning

Semantic integration involves the unification of the meaning of an incoming word with the evolving mental
representation of the discourse.

4.1 The N400 Component: A Neural Index of Semantic Access/Integration

The N400-a negative-going ERP peaking around 400ms post-stimulus-is a robust neural marker of semantic processing.
Its amplitude is inversely related to the ease of integrating a word into its context: it is larger for semantically
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anomalous words ("I drink my coffee with cream and dog") and smaller for highly predictable words [14]. Critically,
the N400 is sensitive not just to local lexical association but to global discourse-level meaning and even world
knowledge, indicating its role in high-level integration.

4.2 Mechanisms of Unification

Theoretical accounts describe integration as a unification process, where lexical concepts retrieved from long-term
memory are bound into a coherent structure based on syntactic frames and pragmatic constraints. This process is rapid
and capacity-limited, with difficulty (larger N400) arising from weaker pre-activation by the context or greater
competition between potential interpretations.

4.3 Beyond the Literal: Pragmatics and World Knowledge

Integration encompasses non-literal meaning. Processing metaphors, irony, or scalar implicatures ("Some of the
students passed" implying not all) requires going beyond literal composition, engaging additional neural resources in
the right hemisphere and medial prefrontal cortex for inferential and mental-state reasoning. This demonstrates that the
semantic system is intrinsically open to pragmatic and social-cognitive influences [15].

5. The Interactive Interface: Critical Evidence and Models

The clearest evidence for interactivity comes from phenomena where one level of processing directly and immediately
affects another.

5.1 Semantic Influences on Early Syntax

Visual-world eye-tracking studies provide decisive evidence. Tanenhaus et al. (1995) showed that upon hearing "Put the
apple on the towel in the box," listeners' eye gaze to a referent was immediately guided by visual context. If only one
apple was present, they looked at a destination (an empty towel), pursuing a prepositional phrase (PP) attachment
analysis. If two apples were present (one on a towel), they immediately looked at the correct apple, pursuing a relative
clause analysis, bypassing a garden path. This shows referential semantics guides syntactic analysis in real time.

5.2 Neurophysiological Evidence: The Case of the P600 to Semantic Anomalies

A powerful challenge to modularity comes from findings that clearly semantic or world-knowledge violations can elicit
a P600, the component typically associated with syntactic repair. For example, "The Dutch trains are white and very
crowded" (where they are famously yellow) elicits a P600, not just an N400. This "semantic P600" is interpreted as
reflecting a conflict between a semantically anomalous word and a structurally preferred interpretation, triggering
reanalysis-a direct signature of syntax-semantics interaction [16].

5.3 Predictive Processing Frameworks

A unifying modern framework is predictive coding. The brain is seen as a hierarchical prediction machine, constantly
generating top-down predictions about upcoming input at multiple levels (phonetic form, syntactic category, semantic
features). Prediction errors (mismatches between prediction and input) drive processing and learning. In this view,
semantic context generates predictions about likely syntactic structures and even lexical-phonetic forms, blurring the
lines between processing stages.

5.4 Graded and Incremental Interaction: Evidence from Gating and Cross-Modal Priming

The interaction between linguistic levels is not an all-or-nothing phenomenon but operates in a graded and incremental
manner, as revealed by finer-grained behavioral techniques. The visual-world eye-tracking paradigm demonstrates this
in the auditory domain: fixations to potential referents begin to shift within 200-300 milliseconds of the onset of a
critical word, tracking the continuous integration of phonetic, lexical, and contextual information in real time.

Complementary evidence comes from the gating task, where listeners hear successively longer fragments of a word
(e.g., the first 50ms, then 100ms, etc.) and guess the word. Studies show that even before a word is uniquely identifiable
from its acoustic signal, listeners’ guesses are biased by sentential context. For instance, when hearing fragments of a
word like “capt...” in the sentence “The ship’s _ was responsible for discipline,” listeners are more likely to guess
“captain” than “caption” well before the disambiguating vowel. This shows that semantic and syntactic constraints
actively shape lexical hypotheses at the earliest possible moment, guiding the interpretation of the still-unfolding
phonetic input.

Furthermore, cross-modal priming experiments illustrate the seamless flow of information. In a typical design,
participants hear a sentence and make a lexical decision to a visually presented word at a critical point. For example,
upon hearing “The man was surprised to find several spiders, roaches, and other...”, a visual target like “INSECT” is
facilitated (recognized faster) compared to a control, even before the category name “bugs” is uttered. This
demonstrates that semantic integration builds a conceptual framework that pre-activates associated words. Crucially,
similar paradigms show that syntactic frames (e.g., hearing a transitive verb) can prime typical direct objects. These
milliseconds-long priming effects provide a window into the cascading activation across phonological, lexical, syntactic,
and conceptual representations, offering some of the most direct behavioral evidence for continuous, interactive flow
rather than discrete, encapsulated stages.
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6. Neural Architecture of Integration
The neural instantiation of interactivity involves a dynamic interplay between regions.

oThe left posterior superior temporal gyrus/sulcus (pSTG/STS) acts as a combinatorial hub for integrating lexical-
semantic and syntactic information.

oThe left inferior frontal gyrus (LIFG, BA 44/45) is crucial for selecting and unifying semantic and syntactic
information, especially under conditions of conflict or ambiguity.

oThe anterior temporal lobes (ATL) are implicated in combinatorial semantic processing, building up complex meaning
from constituents.

eDomain-general networks, including the dorsolateral prefrontal cortex (dIPFC) and anterior cingulate cortex (ACC),
are recruited for monitoring conflict, revising interpretations, and managing working memory during complex
integration.

Effective connectivity studies suggest that during comprehension, information flows not only bottom-up but also via
strong top-down connections from frontal to temporal areas, providing the anatomical pathway for predictions and
contextual guidance.

The traditional neuroanatomical map of perisylvian regions, while foundational, provides a static snapshot. A complete
understanding of the neural architecture of integration requires a dynamic, network-oriented perspective. Modern
connectomics and network neuroscience reveal that the brain regions involved in language are nodes within large-scale
intrinsic networks that reconfigure their coupling based on task demands.

During demanding comprehension tasks-such as parsing a syntactically complex sentence or resolving a severe
semantic anomaly-the classic left-hemisphere language network (encompassing LIFG, pSTG/STS, and ATL) increases
its functional connectivity with the Fronto-Parietal Multiple Demand (MD) network. The MD network, anchored in the
dorsolateral prefrontal and intraparietal cortices, is a domain-general system for executive control, working memory,
and cognitive effort. Its heightened coupling with language areas during difficulty supports the controlled retrieval of
linguistic knowledge, the maintenance and integration of distant dependencies, and the inhibition of incorrect
interpretations. This neural observation directly parallels the psycholinguistic concept of “resource-intensive”
processing.

Conversely, during the comprehension of coherent, predictable discourse or narrative-where semantic and pragmatic
integration is paramount-a different pattern emerges. The language network shows increased interaction with the
Default Mode Network (DMN), which includes medial prefrontal, posterior cingulate, and angular gyrus regions. The
DMN is traditionally associated with self-referential thought, mental simulation, and schema-based memory. Its
engagement during fluent comprehension suggests that building a rich “situation model” or mental simulation of the
described events relies on linking linguistic input to stored world knowledge, personal experience, and schematic event
structures via the DMN. This explains why damage to angular gyrus (a DMN hub) often leads to deficits in discourse-
level coherence despite preserved syntactic and lexical skills.

Therefore, the neural architecture of integration is not a fixed circuit but a flexible alliance of networks. The core
perisylvian network acts as a combinatorial engine for local structure and meaning. Its moment-by-moment
collaboration with the MD network (for control) and the DMN (for meaning enrichment) orchestrates the full spectrum
of language comprehension, from effortful decoding to effortless immersion in a story. This tri-network perspective
finally provides a systems-level neural framework for the interactive, predictive, and resource-dependent nature of the
language process.

7. Conclusion and Future Directions

The cognitive science of language comprehension has decisively shifted from serial modular models to dynamic
interactive ones. Phonetic processing, syntactic parsing, and semantic integration are not isolated stages but are deeply
interwoven processes that operate in parallel and constrain each other continuously and bidirectionally. This integration
is supported by a left-lateralized but distributed neural network that operates under predictive principles and engages
domain-general control mechanisms.

Future research should focus on:

1.Temporally Precise Neuroimaging: Using MEG and intracranial EEG to delineate the millisecond-level flow of
information between brain regions during interactive processing.

2.Computational Modeling: Developing explicit neurocomputational models (e.g., connectionist, Bayesian) that can
simulate the full range of interactive phenomena and neural data.

3.Individual Differences: Systematically exploring how variations in working memory, cognitive control, and statistical
learning ability modulate interactive processing and neural engagement.
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4.Cross-Linguistic Perspectives: Testing the universality of interactive mechanisms across languages with vastly
different phonetic, syntactic, and semantic structures.

5.Ecological Validity: Investigating how these processes operate in noisy, multi-modal, and interactive social contexts,
moving beyond single-sentence comprehension.

Embracing this integrated cognitive science perspective is essential for a complete understanding of the remarkable
human capacity for language.
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