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Abstract

Music is the very life of poetry. For ancient Chinese poetry, tonal patterns
represent a typical expression of poetic musicality. This study selected penta-
syllabic regulated verse as experimental materials, simultaneously manipulating
the tonal patterns and semantic features of poetry, and employed EEG tech-
nology to investigate the cognitive neural mechanisms of tonal perception and
poetic meaning comprehension during the reading of ancient Chinese poetry.
Behavioral results demonstrated a main effect of tonal patterns as well as an
interaction between tonal patterns and semantics. ERP results further revealed
the presence of tonal effects during poetry reading, manifesting as an early P200
effect, followed by an N400 effect and a late LPC effect; moreover, tonal percep-
tion and poetic meaning comprehension modulated and integrated with each
other in the middle and late stages, as evidenced by an interaction on the N400
and LPC. Additionally, to uncover the relationship between neural activity and
tonal/semantic features, EEG data were subjected to decoding analysis, which
revealed that neural networks trained on EEG data could effectively classify
different types of poetic lines. The experimental results consistently indicate
that during poetry reading, individuals anticipate harmony in the sounds of
characters themselves as well as coordination between sound and meaning, and
such anticipation influences early phonological representation and subsequent
sound-meaning integration in poetry.
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Abstract

Music has long been considered the lifeblood of poetry. For classical Chinese
poetry, tonal patterns represent a quintessential expression of poetic musicality.
The present study employed five-character regulated verse as experimental ma-
terials, simultaneously manipulating both tonal patterns and semantic features
to investigate the cognitive neural mechanisms underlying tonal perception and
poetic comprehension during the reading of classical Chinese poetry using EEG
technology. Behavioral results demonstrated a main effect of tonal patterns and
an interaction between tonal patterns and semantics. ERP findings further re-
vealed the presence of tonal effects during poetry reading, manifesting as an early
P200 effect, followed by an N400 effect and a late LPC effect. Moreover, tonal
perception and poetic comprehension mutually modulated and integrated during
middle-to-late processing stages, as evidenced by interactions on the N400 and
LPC components. Additionally, to elucidate the relationship between neural
activity and tonal/semantic features, we conducted decoding analyses on EEG
data, which revealed that neural networks trained on EEG data could effectively
classify different types of poetic lines. The convergent results indicate that read-
ers anticipate both phonological harmony and the coordination between sound
and meaning during poetry reading, with such expectations influencing early
phonological representation and subsequent sound-meaning integration.
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1 Introduction

Music is the lifeblood of poetry (Zhu Guanggian, 2012). Across cultures, poetry
and music originated as unified art forms, with poems frequently sung and songs
accompanied by music (Aristotle, 1968; Nietzsche, 2003). As the arts diverged,
poetry evolved toward literal meaning, entering an era of “words without tunes.”
When words and melodies existed side by side, poetry’ s musicality resided in its
tune; after words separated from tunes, poetry’ s music had to be found within
the words themselves. Using classical Chinese regulated verse as an example,
to embody linguistic rhythm, regulated poetry adheres to strict conventions
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regarding character count, tonal patterns, and rhyme schemes (Wang Li, 2012).

As a tonal language, Chinese possesses a unique prosodic feature in its classical
poetry: the tonal pattern system. Classical Chinese had four tones—level (),
rising (), departing (%), and entering (N)—where “level”refers to the level tone
(including modern yinping and yangping), while “oblique” (IX) encompasses the
remaining three tones. The tonal pattern rules for five- and seven-character reg-
ulated verse involve alternating level and oblique tones within single lines (e.g.,
“IRIKFEEIR” ) and contrasting patterns between couplet lines (e.g., “FFEKIKFE”
versus “[KIKEFEX” ). Additionally, the second character of a subsequent couplet’
s first line must match the tone of the second character of the preceding couplet’
s second line to avoid monotonous repetition (Wang Li, 2012). This systematic
alternation of tones creates a “chanting” quality in poetry without musical ac-
companiment, thereby endowing it with intrinsic musicality. For instance, in
the line “ABMBFIER, WFHEHREF" (The human world” s April flowers have
faded, the mountain temple’ s peach blossoms just begin to bloom), changing
the second line to “UFHIEARK” (mountain temple’ s peach blossoms just begin
to bloom) disrupts the flow despite minimal semantic change. Moreover, the
four tones differ in phonetic quality, enabling tonal patterns to create harmony
both within individual characters and between sound and meaning. For exam-
ple, describing galloping horses often employs sonorous, abrupt sounds, while
flowing water suits light, smooth tones (Zhu Guanggian, 2012). The first four
lines of Han Yu’ s “Listening to Master Ying Play the Zither” — “BE#E) LZi&, B&
IR MATHS, ETiEs” (Intimate as children’ s whispers, grudges and kind-
nesses exchanged; Suddenly transforming into grandeur, warriors rushing to the
battlefield)—demonstrate how tonal qualities generate harmonious impressions
and synchronize sound with meaning.

The emergence of cognitive poetics in the 1980s began to examine how readers
perceive prosodic features in poetry (Zhang Yehong, 2015; Tsur, 1983). Build-
ing on his analysis of Western poetry, Jakobson (1960) proposed the poetic
function theory, which posits that poetic texts prompt readers to consciously
perceive the linguistic structures and patterns inherent in the text, particularly
its prosodic features. Previous experimental research on poetry reading has pri-
marily focused on typical prosodic features of Indo-European poetry, such as
stress and rhythm. These studies have found that reading poetry, compared to
prose, activates not only reading-related brain regions but also additional areas
associated with rhythm and music processing, such as the left and right superior
temporal gyri (Zeman et al., 2013). Furthermore, as poetic difficulty increases,
readers allocate more attentional resources to formal features, including certain
prosodic elements (Yaron, 2002). Given readers’ sensitivity to poetic prosody,
prosodic anomalies (irregular stress patterns and rhyme violations) cause signif-
icant reading disruption and trigger re-reading of local text segments (Beck &
Konieczny, 2020).

Some researchers have examined prosodic feature processing in Chinese po-
etry, such as pauses and rhymes, which together with tonal patterns constitute
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the typical prosodic features of classical Chinese poetry (Wang Li, 2012; Zhu
Guanggian, 2012). By comparison, tonal patterns represent a global tonal or-
ganization rule across the poem, rhyme serves as an echo mechanism at line
endings, and pauses create segmentation and beat grouping at the reading level.
Li and Yang (2010) investigated the processing of prosodic boundary hierarchies
in classical Chinese poetry using seven- or five-character quatrains as materials
and found that different hierarchical boundaries could elicit closure positive shift
(CPS) components, indicating that participants could perceive pauses at differ-
ent positions in classical Chinese poetry. Eye-tracking studies on rhyme (Chen
Qingrong, Yang Yiming, 2017) have shown that rhyme violations affect both
early eye-movement measures (e.g., first fixation duration, gaze duration) and
late measures (e.g., total fixation duration, total fixation count), while electro-
physiological research (Chen et al., 2016) has also found that lines with rhyme
violations elicit larger P200 and N400 components than rhyming-appropriate
lines.

Zhang et al. (2020) used seven-character quatrains as experimental materials to
simultaneously examine the processing of rhyme and tone in poetry, finding that
tone and rhyme violations were reflected in P200, N400, and LPC components,
and that these effects were modulated by participants'musical experience (Zhang
et al., 2020) and experimental tasks (Zhang et al., 2021). Although these studies
addressed tone processing in Chinese poetry, they did not employ lines strictly
adhering to tonal pattern rules, nor did they consider changes between ancient
and modern pronunciations, and thus were not specifically investigations of tonal
pattern rules. Second, while manipulating rhyme and tone, these studies did
not control for the degree of semantic reasonableness across lines, meaning that
different experimental conditions varied not only in prosodic patterns but also
potentially in meaning, making it difficult to disentangle which factor drove the
observed effects.

In addition to prosodic features, cognitive poetics also concerns the comprehen-
sion of poetic meaning. According to genre-specific hypotheses (Jakobson, 1960)
and traditional literary theory (Culler, 1975), reading and appreciation modes
are clearly influenced by genre characteristics, leading to distinct processing dif-
ferences across text genres with different external features. For poetry, readers
direct attention to specific linguistic patterns, particularly prosodic features,
resulting in slower reading speeds and greater difficulty in semantic comprehen-
sion (Hanauer, 1998). Moreover, Hanauer (1998) proposed that “similarity in
sound is often treated as similarity in meaning,” and the prosodic features of
classical Chinese poetry create obvious phonological similarities. Based on these
perspectives, semantic processing in poetry is modulated by prosodic factors.

Theoretical debates regarding the relationship between prosody and semantics
have centered on the independence versus interactivity of processing stages and
modes. On one hand, traditional views hold that semantic processing domi-
nates comprehension, with prosody serving merely as an auxiliary feature. For
instance, modular theory (Fodor, 1983) posits that prosodic processing con-
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stitutes a relatively independent, encapsulated module whose output is trans-
mitted to higher-order central systems to assist semantic construction. Con-
sequently, prosodic processing occurs only at early perceptual stages, and its
interaction with semantics is unidirectional and limited, with semantic infor-
mation exerting no influence on prosodic processing. On the other hand, the
three-stage neurocognitive model (Friederici, 2002, 2012) and the interactive ac-
tivation model (McClelland & Rumelhart, 1981) argue that prosodic processing
is not modular but rather engages in real-time bidirectional interaction with
semantic processing. These models emphasize that prosody and semantics are
processed in parallel, not limited to early stages, and that prosodic cues can
dynamically modulate semantic processing and vice versa.

Existing empirical studies have tested these theoretical perspectives. In Indo-
European languages (e.g., English or German), research has primarily manipu-
lated stress position (Rothermich et al., 2012; Rothermich & Kotz, 2013) and
syllable duration (Magne et al., 2007), whereas in Chinese, studies have targeted
phrase rhythm (e.g., “F#R" [1+1] vs. “#&ER" [2+1] rhythm; Luo & Zhou, 2010)
or sentence rhythm (e.g., regular two-character word contexts vs. irregular pat-
terns; Li et al., 2019). These studies have found that prosodic violations often
elicit N100 (Li et al., 2019), N400 (Luo & Zhou, 2010; Magne et al., 2007), or
late positive components such as LPC (Luo & Zhou, 2010; Magne et al., 2007;
Rothermich et al., 2012), and that prosody and semantics mutually influence
each other on N400 and LPC components (Li et al., 2019; Luo & Zhou, 2010;
Rothermich et al., 2012). Among these, early ERP effects primarily reflect the
detection and identification of prosodic violations, whereas late positive compo-
nents involve more integrative and reanalytic processes of prosodic structure.

Despite these findings generally supporting the three-stage neurocognitive model
and interactive activation model, several limitations remain. First, features such
as stress, syllable duration, and phrase/sentence rhythm primarily involve sound
intensity and duration— “time-oriented” prosodic features (e.g., forming beats
and groups)—whereas “pitch-oriented” prosodic features (e.g., tone and into-
nation) require further scientific investigation (Hirst & Di Cristo, 1998; Ladd,
2008). Second, manipulations of lexical-level stress or syllable duration are often
highly coupled with lexical semantics, such that prosodic changes may render
words unnatural or even unrecognizable, thereby directly or indirectly interfer-
ing with lexical identification and semantic integration processes (Rothermich
et al., 2012). Additionally, manipulations of sentence rhythm regularity, such
as stress patterns in Indo-European languages (Rothermich et al., 2012; Rother-
mich & Kotz, 2013) and two-character word patterns in Chinese (Li et al., 2019),
do not represent inherent, natural rules of language, and people may have diffi-
culty perceiving or effectively integrating these patterns, thereby obscuring the
true relationship between prosodic and semantic processing.

Based on these considerations, the present study employed classical regulated
verse as experimental materials, simultaneously manipulating both tonal pat-
terns and semantics, and used EEG technology to investigate the cognitive
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neural mechanisms of prosody and poetic meaning during poetry reading. The
study’ s innovations are threefold. First, tonal patterns primarily rely on funda-
mental frequency (F0) patterns and represent “pitch-oriented” prosodic features;
this study is the first to examine the mutual influence between tonal combina-
tions and semantic processing, providing an important supplement to theoret-
ical debates on the prosody-semantics relationship. Second, manipulations of
poetic tonal pattern rules, such as “WFHIEIRETT/ILFHIEHEER,” alter tonal
patterns without changing word meanings, thereby providing a cleaner prosodic
manipulation. Moreover, classical poetry represents authentic cultural materials
that embody natural patterns of tone usage in actual language, offering greater
ecological validity than laboratory-constructed sentences and reducing artificial
manipulation biases.

We hypothesized that tonal pattern effects would emerge at early stages, with
irregular tonal patterns eliciting larger N100 or P200 amplitudes than regular
patterns. On subsequent N400 and LPC components, we expected interactions
between tonal pattern perception and semantic comprehension. N100 and P200
are early ERP components evoked by visual or auditory stimuli, sensitive to
acoustic features (Nadtdnen & Picton, 1987), reflecting the matching of stimu-
lus input with perceptual representations stored in memory (i.e., “perceptual
matching” ; Luck & Hillyard, 1994). N400 is a classic ERP index of semantic
processing (Brown & Hagoort, 1993; Hagoort et al., 2004; Kutas & Federmeier,
2011; Lau et al., 2008; Nieuwland et al., 2020), though some reading or speech
comprehension studies have also linked N400 to phonological processing, pos-
sibly reflecting expectations about phonological or suprasegmental information
(Chen et al., 2016; Coch et al., 2005; Rothermich et al., 2012; Rugg, 1984; Zhang
et al., 2023). LPC is a late positive component appearing 500-1000 ms post-
stimulus with widespread or central-parietal distribution, initially thought to
reflect syntactic structure reanalysis (Friederici, 1995; Hagoort et al., 1999; Os-
terhout & Holcomb, 1992) or syntactic integration difficulty (Kaan et al., 2000;
Kaan & Swaab, 2003), though subsequent research has linked LPC to semantic
or prosodic integration and reanalysis (Brouwer et al., 2012, 2017). Simultane-
ously, we conducted decoding analyses on EEG data; if neural networks trained
on EEG data could effectively classify different types of poetic lines, this would
further confirm that tonal patterns and poetic meaning constitute important
features in classical Chinese poetry processing.

2 Method
2.1 Participants

We selected participants majoring in classical Chinese literature. To ensure par-
ticipants possessed substantial poetry experience, we administered the “Ancient
Chinese Poetry Knowledge Test Questionnaire” (Chen Qingrong, Dou Fen, 2021)
and selected those scoring above 60. Using G*Power 3.1 to calculate required
sample size, we determined that at least 36 participants were needed to detect a
medium effect size (f = 0.25) at a significance level of 0.05 with 95% statistical
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power (Cohen, 1988). To account for potential participant exclusion due to low
behavioral accuracy or excessive EEG artifacts, and to capture possible smaller
effects, we ultimately recruited 48 participants (24 female, 24 male) aged 18-28
years (M = 21.25, SD = 2.29). Poetry experience scores ranged from 60-98 (M
= 80.83, SD = 11.89). All participants were right-handed native Chinese speak-
ers with normal or corrected-to-normal vision and no history of neurological or
psychiatric disorders. Participants provided informed consent and received com-
pensation after the experiment. The study was approved by the Nanjing Normal
University Biomedical Ethics Committee (approval number: NNU202410030).

2.2 Experimental Design and Materials

We employed a 2 (semantically congruous vs. incongruous) x 2 (tonally regular
vs. irregular) within-subjects design, with dependent variables including par-
ticipants’ response accuracy and EEG signals elicited by critical words in the
poems.

We selected 100 couplets from the Complete Tang Poems as experimental mate-
rials. These couplets strictly adhered to tonal pattern rules and showed no tonal
changes between ancient and modern pronunciations (Luo Zhufeng, 1993). To
eliminate potential rhyme effects, no rhyming occurred between the two lines of
each couplet. Since these lines were semantically congruous and tonally regular,
they constituted the first experimental condition (semantic 4+ tone +, abbre-
viated S+T+). Because the experiment required participants to judge poem
semantics, we selected relatively easy lines to ensure comprehension. To pre-
vent familiarity-based expectations from affecting normal processing, we chose
unfamiliar lines. Ten classical literature majors who did not participate in the
formal experiment rated the difficulty and familiarity of the lines using five-point
scales (1 = very easy/very unfamiliar, 5 = very difficult/very familiar). Results
showed an average difficulty of 3 (SD = 0.29), indicating moderate difficulty,
and low familiarity.

We modified the final character of the second line in each couplet to create three
additional conditions: semantically congruous but tonally irregular (S+T—), se-
mantically incongruous but tonally regular (S—T+), and both semantically in-
congruous and tonally irregular (S—T—). Character frequency of critical words
did not differ significantly across conditions (p = 0.10). Example materials are
shown in Table 1 .

After material creation, we conducted a semantic reasonableness rating. Twenty-
six classical literature majors who did not participate in the formal experiment
rated the semantic reasonableness of lines across the four conditions, with each
participant rating only one version of each couplet. Using a five-point scale (1
= very unreasonable, 5 = very reasonable), mean ratings were: S+T+ (M =
4.52, SD = 0.73), S+T— (M = 4.40, SD = 0.72), S—T+ (M = 2.08, SD =
1.28), and S—T— (M = 2.09, SD = 1.22). Linear mixed model (LMM) analysis
revealed a significant main effect of semantic reasonableness (F = 674.00, p <
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0.001) and no significant interaction between semantic and tonal reasonableness
(F = 1.36, p = 0.25), indicating that semantically incongruous lines were rated
significantly lower than congruous lines, and that semantic reasonableness was
unaffected by tonal patterns. The main effect of tonal reasonableness was not
significant (F = 0.90, p = 0.34), confirming that tonally regular and irregular
lines did not differ in semantic reasonableness, thus ensuring that tonal effects
in the formal experiment would not be confounded by semantic factors.

2.3 Procedure

The experiment was conducted in a soundproof, electrically shielded laboratory.
Each trial began with a fixation cross “+” presented at the center of the screen
for 1000 ms, followed by segmented presentation of the poetic lines. Each seg-
ment was displayed for 600 ms with a 400 ms interval between segments, except
for the final character of each line and the punctuation mark (comma or period),
which had a 600 ms interval. Punctuation was presented separately to minimize
sentence-final effects on EEG signals at critical words (Just & Carpenter, 1980;
Luo & Zhou, 2010). After sentence presentation, a 1000 ms blank screen ap-
peared, followed by four response options: “tonally regular and semantically
congruous,” “tonally irregular and semantically congruous,” “tonally regular
and semantically incongruous,” and “tonally irregular and semantically incon-
gruous.” Participants were instructed to click on the option that best matched
their understanding of the poem (Chen Qingrong, Yang Yiming, 2017). Option
positions were counterbalanced so that each option appeared in each quadrant
with 25% probability. The order of options was also counterbalanced across
participants: half saw semantics listed before tonal patterns (e.g., “semanti-
cally congruous, tonally regular” ), while the other half saw tonal patterns first
(e.g., “tonally regular, semantically congruous” ). After responding, a 1500 ms
blank screen preceded the next trial. The experimental procedure is illustrated
in Figure 1
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The formal experiment comprised four sets of materials, with each participant
completing one set to ensure each couplet was presented only once per partici-
pant. Each set contained 100 experimental couplets (25 per condition) and 40
additional seven-character regulated verses as filler materials to prevent response
bias. Thus, each participant viewed 140 couplets in pseudorandom order, with
no more than two consecutive trials from the same condition. The experiment
was divided into two blocks of 70 couplets each, with block order counterbal-
anced across participants and brief rest periods between blocks. Participants
completed 10 practice trials before the formal experiment. The entire session
lasted approximately 2 hours including preparation.

2.4 Data Analysis

2.4.1 Behavioral Data Analysis Accuracy was analyzed using logistic lin-
ear mixed-effects models. The dependent variable was participants’ keypress
response (0/1), with semantic reasonableness and tonal reasonableness as fixed
effects and maximal random slopes and intercepts for both subjects and items
(Barr et al., 2013). Since we did not match stroke counts of critical characters
across the four conditions during material creation, stroke count was included
as a covariate in the model: model <- glmer(response ~ semantic * tone +
stroke + (1 4+ semantic * tone | sub) + (1 | item), family = binomial, con-
trol = glmerControl(optimizer = ‘bobyqa’ ), data). In the model, response
represents participants’ keypress response, semantic represents semantic reason-
ableness, tone represents tonal reasonableness, stroke represents stroke count,
subject represents participant, and item represents poetic line. If interactions
were present, simple effects were analyzed using the emmeans package (Lenth
& Lenth, 2018).

2.4.2 EEG Recording and Preprocessing EEG data were recorded using
a 64-channel NeuroScan system with an Ag/AgCl electrode cap conforming to
the international 10-20 system. Online bandpass filter parameters were set to
0.05-400 Hz, with a sampling rate of 1000 Hz. Horizontal electrooculogram
(HEOG) was recorded from electrodes placed at the outer canthi of both eyes,
and vertical electrooculogram (VEOG) from electrodes above and below the left
eye. All electrodes were online-referenced to the left mastoid, with impedance
maintained below 5 k2.

EEG data were offline-analyzed using Python’ s MNE software package (Gram-
fort et al., 2013). Data were offline-referenced to the average of the left and right
mastoids, then filtered with a 0.1-30 Hz digital bandpass filter. Independent
component analysis was used for artifact correction, combined with manual in-
spection to remove ocular and muscular artifacts. Epochs were segmented from
200 ms before to 1000 ms after critical word onset, with baseline correction us-
ing the 200 ms pre-stimulus interval. Trials with amplitudes exceeding $£$75
V at any electrode were rejected. On average, 24.40 (0.96) trials were retained
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for S+T+, 24.67 (0.78) for S+T—, 24.33 (1.19) for S—T+, and 24.48 (0.71) for
S—T—.

2.4.3 ERP Analysis Based on inspection of ERP waveforms, analysis win-
dows were defined as N100 (80-120 ms), P200 (150-250 ms), N400 (250-450 ms),
and LPC (500-700 ms). ERP analyses were conducted using linear mixed-effects
models (LMM), which provide more robust parameter estimates than traditional
ANOVA (Brauer & Curtin, 2018; Winter, 2013). The LMM included four fac-
tors: semantic reasonableness (congruous vs. incongruous), tonal reasonableness
(regular vs. irregular), hemisphere (left vs. right), and region (anterior, central,
posterior). Hemisphere and region were combined to form six regions of inter-
est (ROIs), each containing 5-6 electrodes: left anterior (F1, F3, F5, FC1, FC3,
FC5), left central (C1, C3, C5, CP1, CP3, CP5), left posterior (P1, P3, P5,
PO3, PO7), right anterior (F2, F4, F6, FC2, FC4, FC6), right central (C2, C4,
C6, CP2, CP4, CP6), and right posterior (P2, P4, P6, PO4, POS8). To control
for individual differences and material variance, random intercepts for subjects
and items, as well as random slopes for semantic and tonal reasonableness for
subjects, were included in the model, along with stroke count as a covariate.

* *

The final model was: model <- Imer(amplitude ~ semantic * tone * region
hemisphere + stroke + (1 + semantic * tone | subject) + (1 | item), control =
lmerControl(optimizer = ‘bobyqa’), data), where amplitude represents mean am-
plitude in the target time window, semantic represents semantic reasonableness,
tone represents tonal reasonableness, region represents ROI, hemisphere repre-
sents hemisphere, stroke represents stroke count, subject represents participant,
and item represents poetic line. If interactions with experimental conditions
reached significance, simple effects were analyzed using the emmeans package.
For multiple comparisons, p-values were adjusted using Tukey’ s method.

2.4.4 CNN-LSTM-Based EEG Classification Analysis ERP analysis
represents an encoding approach that reveals how the brain processes poetic
tonal and semantic dimensions. Simultaneously, we conducted decoding analy-
ses on EEG data to identify different poem types from EEG signals. Decoding
analysis employs multivariate modeling and leverages fine-grained information
in EEG signals to capture local patterns and complex features, better reflecting
overall brain activity patterns (Cox & Savoy, 2003; Kriegeskorte & Douglas,
2019; Tong & Pratte, 2012). This bidirectional analysis, approaching from
different angles, provides powerful evidence for understanding how the brain
processes tonal rules and poetic semantics (Kriegeskorte & Douglas, 2019).

For decoding analysis, we employed a Convolutional-Long Short-Term Mem-
ory (CNN-LSTM) network to classify different poem types from EEG data
(Bashivan et al., 2015; Tabar et al., 2017), with the procedure illustrated in
Figure 2

. If the model could reliably classify the four poem types on test datasets, EEG
signals must contain decodable information about semantics and tonal rules.
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Figure 2: Figure 2

Following ERP analysis, we extracted 150-700 ms from raw signals as the anal-
ysis window (e.g., Borra & Magosso, 2021; Li et al., 2024; Tian et al., 2024).
We then used 5-fold cross-validation, partitioning the dataset into five mutually
exclusive subsets, training on four folds and validating on the remaining fold
each round, cycling five times and averaging all test results as the model’ s com-
prehensive evaluation. During preprocessing, sliding windows (0.1 s duration,
85% overlap) segmented signals, with z-score normalization per channel. For fea-
ture extraction, temporal features included standard deviation, mean, extrema,
peak-to-peak values, skewness, and kurtosis to reflect amplitude fluctuations
and distribution patterns. Frequency-domain features used Welch’ s method to
compute spectral energy distribution. Additionally, mean power across different
frequency bands (delta, theta, alpha, beta, gamma) characterized spectral infor-
mation, and spectral entropy quantified signal complexity. These five feature
categories were concatenated as model input.

Figure 2 illustrates the CNN-LSTM-based EEG classification analysis pipeline.
We employed a CNN-LSTM hybrid network to integrate local feature extraction
with temporal dynamic modeling. The spatial feature extraction component
used a CNN architecture with 60-channel raw EEG signals as input. The first
convolutional layer used 64 one-dimensional kernels of width 5, followed by
BatchNorm1ld and ReLU activation; the second layer expanded channels to 128
with the same kernel width. Both layers employed 2$x $2 max pooling, reducing
temporal dimension from 240 to 120 and then 60. Progressively increasing
channel numbers enhanced extraction of complex spatial features, while gradual
downsampling compressed temporal information while preserving sensitivity to
subtle temporal variations.

The temporal modeling component consisted of two bidirectional LSTM layers,
each with 128 hidden units. The bidirectional structure captured both forward
and backward temporal information, outputting a 256-dimensional feature vec-
tor, with dropout between layers to mitigate overfitting. Subsequently, two
fully connected layers reduced feature dimension from 256 to 128, then mapped
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to 4 output categories. Intermediate layers included BatchNormld, ReL.U ac-
tivation, and 0.2 dropout rate to improve training stability and generalization.
Finally, a Softmax layer output class probability distributions.

3 Results

3.1 Behavioral Results

As shown in Figure 3

*kk
T 1
*kk
I 1
1.0 §
¢ ¥ 4
o , H :
(&) "
o ' .
3 0.81 %
(8} i
< .
.
0.61
S+T+ S+T- ST+ 5 T

Experimental condition

Figure 3: Figure 3

, mean accuracy rates and standard deviations across the four conditions were:
S+T+ (M = 92.25%, SD = 0.09), S+T— (M = 80.42%, SD = 0.10), S—T+ (M =
85.42%, SD = 0.10), and S—T— (M = 88.75%, SD = 0.10). Logistic linear mixed
model analysis revealed a significant main effect of tonal reasonableness ( %(1)
= 7.01, p = 0.008), with higher accuracy for tonally regular than irregular lines.
The interaction between tonal and semantic reasonableness was significant, 2(1)
= 52.45, p < 0.001. Simple effects analysis showed that when tonal patterns
were regular, accuracy was significantly lower for semantically incongruous than
congruous lines (OR = 0.37, SE = 0.09, z = -4.04, p < 0.001, 95% CI = [0.31,
0.45]); when tonal patterns were irregular, accuracy was significantly higher for
semantically incongruous than congruous lines (OR = 2.48, SE = 0.53, z = 4.28,
p < 0.001, 95% CI = [0.89, 6.94]).

Collapsing all error trials (Figure 4 [FIGURE:4]), the numbers of specific error
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types across conditions were: S+T+ = 93 trials, S+T— = 236 trials, S—T+
= 176 trials, S—T— = 135 trials. The two most common error types were
misclassifying S+T— lines as S—T— (179 trials) and misclassifying S—T+ lines
as S+T+ (143 trials).

3.2 ERP Results

Grand-averaged ERPs at critical words across the four conditions are shown in
Figure 5 [FIGURE:5]. In the N100 window (80-120 ms), no significant main
effects or interactions were observed (Fs < 1.07, ps > 0.34).

In the P200 window (150-250 ms), the interaction between tonal reasonableness
and region was significant, F(2, 27851.3) = 3.71, p = 0.024. Simple effects tests
(Figure 6a [FIGURE:6]) showed that at anterior scalp regions (8 = 0.51, SE =
0.22, z = 2.26, p = 0.02, 95% CI = [0.07, 0.95]), tonally irregular lines elicited
larger P200 than regular lines, with a marginal effect at central regions (5 =
0.39, SE = 0.22, z = 1.75, p = 0.080, 95% CI = [-0.05, 0.83]), and no significant
difference at posterior regions (p = 0.88).

In the N400 window (250-450 ms), the main effect of semantic reasonableness
was significant (F(1, 48.9) = 108.73, p < 0.001, p? = 0.69), with semantically
incongruous lines eliciting larger negativities than congruous lines. The inter-
action between semantic and tonal reasonableness was significant, F(1, 47.9) =
7.18, p = 0.01, p? = 0.13. Simple effects tests (Figure 6b) showed that when
tonal patterns were regular, semantically incongruous lines elicited larger nega-
tivities than congruous lines (8 = -2.39, SE = 0.27, z = -8.86, p < 0.001, 95%
CI = [-2.92, -1.86]); when tonal patterns were irregular, the semantic effect per-
sisted but was significantly attenuated (8 = -1.32, SE = 0.27, z = -4.99, p <
0.001, 95% CI = [-1.84, -0.80]). Thus, regular tonal patterns facilitated poetic
meaning processing.

In the LPC window (500-700 ms), the main effect of tonal reasonableness was
significant (F(1, 48.9) = 4.04, p = 0.05), with tonally irregular lines eliciting
larger LPC than regular lines. The interaction between semantic reasonableness
and region was significant (F(2, 27852.4) = 4.47, p = 0.01); simple effects tests
showed that semantically incongruous lines elicited larger negativities than con-
gruous lines at anterior regions (8 = -0.64, SE = 0.33, z = -1.97, p = 0.05, 95%
CI = [-1.28, -0.002]), with no significant semantic effects at central or posterior
regions (ps > 0.64). The interaction between semantic and tonal reasonable-
ness was significant, F(1, 48.3) = 9.61, p = 0.003, p? = 0.17. Simple effects
tests revealed that the tonal pattern effect was modulated by semantic reason-
ableness (Figure 6¢): when semantics were incongruous, tonally irregular lines
elicited larger LPC than regular lines (8 = 1.24, SE = 0.37, z = 3.35, p < 0.001,
95% CI = [0.51, 1.96]); when semantics were congruous, the tonal pattern effect
disappeared (p = 0.21).
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3.3 CNN-LSTM Classification Results

Using convolutional neural networks to classify the four poem types from EEG
signals, classification performance is shown in Figure 7 [FIGURE:7]. In Figure
7(1), precision refers to the proportion of samples predicted as a certain class
that actually belong to that class, reflecting model accuracy in positive predic-
tions; recall refers to the proportion of actual class members correctly predicted
as such, reflecting coverage of positive samples; F1-Score is the harmonic mean
of precision and recall, comprehensively evaluating both metrics. These are
commonly used metrics in multi-class classification tasks. In Figure 7(2), true
positive rate refers to the proportion of actual positives correctly identified, false
positive rate reflects the proportion of actual negatives misclassified as positives,
and AUC is the area under the ROC curve, reflecting overall classification abil-
ity, with the red dashed line indicating the random classifier reference.

As shown, AUC values for each category ranged from 0.95-0.97, with macro-
averaged AUC (arithmetic mean of all category AUCs) and micro-averaged AUC
(AUC calculated after merging all category samples) both reaching 0.96, fully
validating the model’ s discriminative ability across poem types. Permutation
tests on precision, recall, and F1-Score showed that all real classification results
were significantly higher than the random probability of 25% (ps < 0.001), in-
dicating that the model could reliably identify lines with different tonal and
semantic features.

4 Discussion

Poetry is an art form synthesizing language and music; “those who cannot appre-
ciate the music of poetry may never grasp its subtleties” (Zhu Guanggian, 2012).
Using EEG technology, the present study presented experienced poetry readers
with strictly tonal-pattern-conforming five-character quatrains while manipulat-
ing both tonal and semantic reasonableness to investigate the cognitive neural
mechanisms of tonal patterns and poetic meaning during classical Chinese po-
etry reading. Behavioral results showed a significant main effect of tonal reason-
ableness and an interaction between tonal and semantic reasonableness. ERP
results further revealed that tonal effects in poetry reading occurred approxi-
mately 200 ms after critical word presentation, manifesting as an early P200
effect and interactions between tonal patterns and semantics on N400 and LPC
components. Moreover, neural networks trained on EEG data effectively clas-
sified the four experimental conditions, further demonstrating that tonal rules
and poetic meaning constitute important features in poetry processing. These
findings indicate that readers develop specialized preferences for tonal regularity
when reading classical Chinese poetry, and that this musical function of poetry
interacts with meaning comprehension during middle-to-late processing stages.

The influence of tonal patterns on poetic meaning processing was evident in
behavioral results. When tonal patterns were regular, participants showed
greater difficulty judging semantically incongruous lines, consistent with re-
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search on rhyme processing in poetry reading (Chen et al., 2016; Chen Qingrong,
Yang Yiming, 2017) and prosodic processing in spoken discourse comprehension
(Rothermich et al., 2012). Error pattern analysis revealed that when tonal pat-
terns were regular, participants tended to misjudge semantically incongruous
lines as congruous. Conversely, when tonal patterns were irregular, accuracy
for semantically congruous lines decreased, again demonstrating that poetic
meaning comprehension is influenced by prosodic features, with irregular tonal
patterns leading readers to perceive semantics as also unreasonable.

ERP results further revealed that tonal effects in poetry reading occurred ap-
proximately 200 ms after critical word presentation. Tonally irregular lines
elicited larger P200 amplitudes than regular lines because participants gener-
ated top-down prosodic expectations based on poetry reading experience. When
presented lines violated tonal patterns, the mismatch between bottom-up input
and stored tonal representations produced expectation errors that incurred pro-
cessing costs, resulting in larger P200 amplitudes (Chen et al., 2016). Although
previous studies have found that early ERP components including P200 reflect
formal expectation processing (e.g., phonological, orthographic), debate contin-
ues regarding the stage of language processing at which P200 reflects prosodic ex-
pectations. According to the sensory hypothesis, prosodic expectation effects on
P200 reflect the influence of prosodic expectations on the lowest-level, prelexical
processing based on basic perceptual features (Dambacher et al., 2009; Dikker
et al., 2010; Dikker et al., 2009), whereas the word recognition hypothesis posits
that prosodic expectations affect the lexical processing stage where phonological
information is accessed (Connolly & Phillips, 1994; Nieuwland, 2019). Whether
the P200 effect reflects prelexical or lexical processing requires further investiga-
tion, but it clearly demonstrates that tonal-pattern-based prosodic expectations
influence early processing stages of line reading.

On the subsequent N400 component, poetic semantic processing was modulated
by tonal reasonableness. Studies manipulating German sentence stress patterns
(Rothermich et al., 2012) or Chinese phrase rhythm (Luo & Zhou, 2010) have
similarly found interactions between prosodic features and semantics on N400,
with regular prosodic patterns facilitating sentence processing. Previous re-
search on poetry rhyme and semantic processing has also reported comparable
results, where regular rhyme patterns modulated N400 effects for poetic seman-
tics (Chen et al., 2016). Poetry reading involves a clear poetic function, wherein
poetic texts direct readers to attend more to prosodic features (Hanauer, 1998).
The poetic function focuses on internal connections between poetic words, man-
ifested as structural features of similarity, regularity, and repetition. Tonal
patterns, as a typical prosodic feature of classical Chinese poetry, exhibit clear
structures of similarity, contrast, and repetition. Based on implicit or explicit
learning experiences, readers consciously attend to tonal structures when read-
ing classical regulated verse, expecting oblique tones after level tones and vice
versa. When encountered characters violate tonal rules, like discovering an unex-
pectedly high or low step while climbing stairs, attentional resources are rapidly
allocated to prosodic features, thereby attenuating semantic effects.

chinarxiv.org/items/chinaxiv-202512.00028 Machine Translation


https://chinarxiv.org/items/chinaxiv-202512.00028

ChinaRxiv [f)]

The interactive influence of tonal patterns and poetic meaning persisted into the
LPC time window. Tonally irregular conditions elicited larger LPC than regular
conditions, consistent with previous phonological and prosodic studies showing
that phonological or tonal violations evoke larger LPC (Zhang Zhenghua et al.,
2021; Hu et al., 2012; Schirmer et al., 2005; Zhang et al., 2023). Similarly, manip-
ulating pitch of final words in sentences or final notes in music also elicits larger
LPC (Magne et al., 2006; Schon et al., 2004). These findings collectively suggest
that LPC may reflect conflict detection and resolution (Bornkessel-Schlesewsky
& Schlesewsky, 2008; Kim & Osterhout, 2005) and more general integration
and reanalysis processes (Brouwer et al., 2012; Liu et al., 2010).

Astésano et al. (2004) manipulated sentence intonation using splicing techniques,
such as combining statement beginnings with question endings to create intona-
tionally incongruous conditions. Although this prosodic manipulation was some-
what coupled with pragmatic factors (Rothermich et al., 2012), its control over
global pitch patterns is highly comparable to the present tonal pattern manipu-
lation. That study’ s results closely mirror ours: intonation violations elicited
larger late positivities and interacted with semantics, producing larger prosodic
effects when semantics were incongruous. During late stages, readers mobilized
cognitive resources to attempt reanalysis of incongruous lines, consciously ana-
lyzing prosodic structural rules of similarity and repetition to reconstruct the
nonlinear hierarchical structure of poetic texts (Hanauer, 1998). Specifically,
when semantics were incongruous, irregular tonal patterns exacerbated overall
disharmony, yielding larger LPC effects; when semantics were congruous, poetic
meaning buffered prosodic imperfections, eliminating the effect.

Notably, Chen et al. (2016) found that rhyme violations did not elicit LPC
effects. This processing difference may stem from two factors: First, rhymes
have stronger binding force and influence in lexical identification and semantic
constraints, making rhyme processing relatively faster than tonal processing (Hu
et al., 2012; Li et al., 2014; Tong et al., 2008). Second, rhyme and tonal pattern
are distinct prosodic features in poetry. Rhyme primarily involves phonological
matching at word endings, representing relatively local phonological template
detection that typically does not require large-scale structural reintegration. In
contrast, tonal patterns constitute a set of tonal rules within and across lines,
representing more global structural rules that require reanalysis or repair of
poetic prosodic structure, thereby eliciting LPC in late stages.

We also employed CNN-LSTM networks to classify different poem types from
EEG data. This decoding analysis represents the inverse process of encoding,
aiming to reveal encoded content, sometimes described as “reading the brain” or
“cracking the neural code” (Haynes & Rees, 2006; Tong & Pratte, 2012). EEG
classification analysis revealed that the four experimental conditions could be re-
liably distinguished from EEG data, indicating that semantic and tonal features
of poetry exist in EEG signals in a format utilizable by classifiers (Kriegeskorte
& Douglas, 2019). Thus, decoding analysis further revealed the information en-
coded by the brain about poetry, confirming that tonal rules and poetic meaning
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constitute important features in classical Chinese poetry processing.

The present study simultaneously manipulated tonal patterns and semantic fea-
tures of classical Chinese poetry, using EEG to observe the cognitive neural
mechanisms of prosody and poetic meaning during poetry reading. Results
demonstrated tonal pattern effects in classical Chinese poetry reading, wherein
tonal patterns influenced lexical phonological representation at early stages and
constrained and integrated with poetic meaning at middle-to-late stages, ul-
timately achieving poetry comprehension and appreciation. Moreover, neural
network models trained on EEG data effectively distinguished the four exper-
imental conditions. These findings indicate that readers prefer rhythmically
harmonious and well-patterned lines in poetry reading, consequently expecting
harmony between sound and meaning. The results validate the neurocognitive
poetics model (Jacobs, 2015), which posits interactions between foreground fea-
tures (e.g., tonal patterns, rhyme) and background features (e.g., lexical and
sentence comprehension) in poetry reading, and further reveal the temporal dy-
namics and patterns of interaction between prosodic features and poetic mean-
ing. The findings also illuminate how pitch-oriented prosodic features like tonal
combinations co-process with semantics, supporting the three-stage neurocog-
nitive model and interactive activation model: prosodic effects operate across
different stages of language processing rather than being limited to early stages,
and prosody and semantics exhibit bidirectional dynamic interactions rather
than unidirectional flow.

The present study focused on experienced poetry readers; future research should
examine how general readers process poetic tonal patterns and semantics and
identify differences and connections between these groups. Additionally, accord-
ing to the dual-pathway neural model (Schwartze & Kotz, 2013), the human
brain possesses two pathways for processing rhythmic and content dimensions
of stimuli, representing a fundamental brain function. Future research should in-
vestigate the characteristics of separate processing pathways for poetic prosody
and meaning and their potential interaction patterns. Finally, given poetry
and music’ s close associations in prosodic structure and emotional expression,
subsequent studies should systematically analyze similarities and differences in
their cognitive processing and examine how musical experience influences poetry
prosody and emotional processing mechanisms.
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