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ABSTRACT

In this study, we analyzed the relationship between the amodal (semantic) development of
words and two popular emotional norms (emotional valence and arousal) in English and
Spanish languages. To do so, we combined the strengths of semantics from vector space
models (vector length, semantic diversity, and word maturity measures), and feature-based
models of emotions. First, we generated a common vector space representing the meaning
of words at different developmental stages (five and four developmental stages for English
and Spanish, respectively) using the Word Maturity methodology to align different vector
spaces. Second, we analyzed the amodal development of words through mixed-effects
models with crossed random effects for words and variables using a continuous time
metric. Third, the emotional norms were included as covariates in the statistical models. We
evaluated more than 23,000 words, whose emotional norms were available for more than
10,000 words, in each language separately. Results showed a curve of amodal development
with an increasing linear effect and a small quadratic deceleration. A relevant influence on
the amodal development of words was found only for emotional valence (not for arousal),
suggesting that positive words have an earlier amodal development and a less pronounced

semantic change across early lifespan.

Keywords: development; words; emotions; emotional valence; semantics.
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INTRODUCTION

It is known that language plays an important mechanism in emotion perception and
emotion understanding from infancy through older adulthood. For example, authors
advocating for the psychological constructionist hypothesis affirm that language would
support the acquisition of emotional knowledge, which would influence emotional
experiences across life span (Shablack & Lindquist, 2019). Among other experimental
procedures, multiple studies have been conducted to study human emotional knowledge
using emotional words or concepts, that is, evaluating the emotional properties of linguistic
information (e.g., Hoemann & Feldman-Barrett, 2019; see also the review of Shablack &
Lindquist, 2019). In this way, some authors defend that there are interactions between
emotions and cognition that influence various aspects of human behavior, including
language development (Panksepp, 2007; Pexman, 2019). On the contrary, it is not still clear
how the meaning of words, that is, their amodal® (semantic) representations, change across
life span and how emotional norms, like emotional valence or arousal, influence such
amodal development. Thus, the present study aims to analyze how emotional valence and
arousal influence the development of amodal representations of words using a longitudinal
computational study in two different languages (English and Spanish). To do so, we
combine the strengths of semantics from vector space models (e.g., Gunther et al., 2019;

Jorge-Botana et al., 2020) and feature-based models of emotions (e.g., Fraga et al., 2018).

1 Amodal representations of words can be understood as semantic representations. Amodal
representations refer to how words are related to each other propositionally and
conceptually (e.g., "pain* and "blood" are semantically related by means of common
amodal contexts). In contrast, modal representations refer to encoded sensorimotor and
emotional information in a purer state (e.g., "pain” and "blood" encode negative emotional
information).
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Previous research found that some parts of the amodal representations of words
were useful for propagating the emotionality of words (Hoffman et al., 2018), although
there was no isomorphism between emotional and modal representations of words (see the
specific dimensionality hypothesis; Martinez-Huertas, Jorge-Botana, Luzon, & Olmos,
2021). Other studies also found that such linking mechanisms might be instantiated during
earlier developmental stages and could partially explain the emotionality of words at later
adult developmental stages (e.g., Martinez-Huertas, Jorge-Botana, & Olmos, 2021). Among
other differences, it was found that the propagation of emotions through language was more
efficient in words with moderately early amodal maturation (not necessarily finished) when
their amodal representations were more semantically defined in the adult stage. That is, the
emotionality of adult words can be better predicted from its amodal representations when
the latter are more defined in the adult stage and are more similar to their respective child
representations (Martinez-Huertas, Jorge-Botana, & Olmos, 2021). Thus, there might be a
differential amodal development of words, which could have complex and bidirectional
relationships with their emotional properties. Nonetheless, a limitation of previous research
is that the amodal development of words was modeled using a discrete time representation
with only two time points (i.e., child and adult developmental stages; e.g., Martinez-
Huertas, Jorge-Botana, & Olmos, 2021). The present study aims to hone the modeling of
the amodal development of words by capturing the continuous-time dynamical amodal

changes of words.

One relevant finding about human development for our objective is that there is a
shift in children’s emotional processing from anchoring on valence information (positive

vs. negative) to multidimensional emotions across development (e.g., Hoemann &
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Feldman-Barrett, 2019; Nook et al., 2017). This means that there would be a bidirectional,
complex, and complementary learning of language and emotional information during the
life span. Thus, to fully understand the language-emotion relationship during development,
it is necessary to have evidence of the kind of emotional words that are learned earlier and
how their emotionality could shape the amodal development of their amodal meanings.
Considering previous empirical findings, we follow the circumplex model of affect (Russell,
1980), concretely the valence and arousal dimensions, as an operative definition of the

emotionality of words during early development.

METHODS
Longitudinal computational models

Different vector spaces were generated for each developmental stage in English and
Spanish, separately. The English vector spaces were generated using the Touchstone
Applied Science Associates (TASA) corpus (Ivens & Koslin, 1991; Landauer et al., 1998;

http://Isa.colorado.edu/spaces.html), which is a popular text corpus in psychological

literature. The Spanish vector spaces were generated using a Spanish corpus about childish
fables and tales for the early developmental stages (Jorge-Botana et al., 2017) and the

LEXESP corpus for the adult developmental stage (Sebastian et al., 2000). Table 1 presents
the properties of English and Spanish linguistic corpora? used to generate the vector spaces

of each developmental stage. The TASA corpus has 37,650 documents with 23,057 unique

2 Note that we use linguistic corpora of academic texts, fables, and tales adapted to each
developmental stage, although a more valid and desirable scenario would have been to use
natural language corpora produced by children at different developmental stages.


http://lsa.colorado.edu/spaces.html
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words in the following developmental stages: 8-to-9 years, 11-to-12, 14-to-15, 17-to-18,
and adult. The Spanish corpus has 263,928 paragraphs and 25,413 unique words in the
following developmental stages: 0-to-9 years, 9- to-12, 12-to-16, and adult. Note that the
total number of documents and unique words of each language is referred to the adult
developmental stage linguistic corpora (that is, given that they were cumulative corpora,
previous developmental stages have a smaller number of documents and unique words).
Text corpora of each developmental stage in each language were processed with standard
procedures of the LSA technique (e.g., Landauer & Dumais, 1997) using Gallito Studio
software (Jorge-Botana et al., 2013) with the log-entropy weighted function. After Singular

Value Decomposition (SVD), 300 dimensions were imposed for the vector spaces.

TABLE 1. Properties of English and Spanish linguistic corpora used to generate the vector

spaces of each developmental stage.

English linguistic corpora Spanish linguistic corpora

Words Words

Developmental ) Developmental _
Documents  (unique Documents  (unique
stage stage

terms) terms)
8-t0-9 years 6,974 6,304 0-to-9 years 31,722 7,286
11-to-12 years 17,949 12,962 9-t0-12 years 59,746 10,507
14-t0-15 years 22,211 15,340 12-t0-16 years 75,434 13,209
17-to-18 years 28,882 18,804 Adult (21 years) 263,928 25,413
Adult (21 years) 37,650 23,057

Note: Only words that appeared in more than five documents were used to generate the

vector space model.
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The semantic spaces were aligned at each developmental stage using the Word
Maturity technique (Kireyev & Landauer, 2011; Landauer et al., 2011; Jorge-Botana et al.,
2017, 2018). Basically, this technique is a mathematical procedure that rotates the matrices
of two vector spaces by means of the centering of both spaces, establishing a common
scaling, and applying a rotation matrix to make them homologous. This rotation matrix is

obtained from the minimization of the Frobenius norm:

IXQ = Y]|| > min [1]

where X and Y are the centered and scaled vector spaces and Q is the rotation matrix to be
found (see Jorge-Botana et al., 2018 for a full explanation). This alignment was repeated
four times for the English vector space as it has five developmental stages, and three times
for the Spanish vector space as it has four developmental stages. This alignment of vector
spaces was used to make vector representations from all the developmental stages
comparable. Figure 1 presents a graphical illustration of the hypothetical vector
representation of two words at four time points in a fictional vector space with two
dimensions to ease its interpretability. Being the vector representations projected on the
same basis, words have independent vector representations in each developmental stage, if
they exist (e.g., there are words that might not be acquired until later developmental stages,
and words only have vector representations when they are available at that time point).
Then, measures as distances between vectors and vector lengths can be extracted from the

independent vector representations of the same word at different developmental stages.
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Figure 1
Graphical illustration of the vector representations of two words (Pet, Death) at four time
points (t1, t2, t3, t4) in a fictional bidimensional vector space.

d,
Pet; Pet,

Death
Death, !

Death,

d,

Computational variables

Once all the vector spaces were aligned, different semantic measures were extracted
for each word as indicators of its amodal development and maturation in each
developmental stage for both languages. Concretely, we extracted vector length, semantic
diversity, and word maturity using Gallito Studio software (Jorge-Botana et al., 2013).
Vector length, |¥,;|, is a measure of the quantity of information encoded in the vector of
word i at time t. Semantic diversity, SemDy;, is a measure of the degree to which different
contexts associated with word i at time t vary in their meanings, which quantifies the
context-dependent variations of word meaning (e.g., Hoffman et al., 2013). We computed
semantic diversity as 1 — SemD;; to capture the focalization of the semantics. Word
maturity, W M,;, is a measure of how mature a word i at time t with respect to its adult state

is (Jorge-Botana et al., 2017, 2018). These measures were used to estimate a general state
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of amodal development of words using mixed-effects models with crossed random effects

(MEMs-CR).
Emotional norms (valence and arousal)

The norms of emotional valence and arousal were selected from two public norm
data sets in English (N = 13,915 words; Warriner et al., 2013) and Spanish (N = 14,031
words; Stadthagen-Gonzalez et al., 2017). Given that not all the words had a vector
representation in the computational model, we used the emotional norms of 11,071 and

10,613 words in English and Spanish, respectively.
Multivariate longitudinal data analysis

Different MEMs-CR for words and computational variables were fitted using
continuous time metrics in R software®. We followed Martinez-Huertas & Ferrer (2023)
proposal, which can be adapted to the multivariate longitudinal analysis with linear and

quadratic effects of time of this study using the following equation:

Yivt = poiv + paiv - timer + giy - time? + eiv, with
Moiv = poi + tiov + Eowt,
Mliv = p1i + iy + e, and

M2iv = p2i + oy + €avt [2]

3 The interpolation of values (that is, inferring trajectories of meaning change from the
beginning of their acquisition to the adult state) is one of the objectives of Word Maturity
methodology (e.g., Jorge-Botana et al., 2017, 2018). In this line, MEMs-CR with a
continuous time metric can be an affordable tool to interpolate the complete trajectories of
the amodal development of words for any time t, and to study the influence of covariates in
such trajectories. The OSF project contains the R scripts to replicate the analyses.
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where Yiv is the variable (computational measure) v for word i at time t, uoiv is the mean
intercept of the sample for all variables, suiv is the general linear slope of time, and oy is
the general quadratic slope of time. These effects can vary for individual words and
variables. Such sources of variability are captured in the random effects (being 6®@oi and
5@y the variances of the intercepts for words and variables, respectively; 6@s; and 6@y,
the variances of the linear slopes for words and variables, in that order; and 6, and 6@y
the variances of the quadratic slopes for words and variables, respectively). Then, each yoiv
is a function of the random variance of the intercept of individual i and variable v, while yiiy
is a function of the random variance of the linear slope of individual i and variable v, and
yoiv is @ function of the random variance of the quadratic slope of individual i and variable

v, being the error term (eivt) dependent on the word, the variable, and the time.

First, different MEMs-CR were estimated to describe the general longitudinal
trajectory of words and the aforementioned variables. To do so, we compared a null model,
a model with linear effects of time, and a model with linear and quadratic effects of time, to
describe longitudinal trajectories of amodal development. Second, different random
structures of the selected MEM-CR were compared to determine the complexity of the
random effects of the model. Likelihood ratio tests and relative fit indices were used to
select the best-fitting model using a bottom-up strategy (that is, from the simpler to the
most complex model; for a more exhaustive explanation about model selection in MEMs-
CR, see Martinez-Huertas et al., 2022). Third, the standardized scores of the emotional
norms (emotional valence and arousal) were introduced in the selected model as covariates.

These analyses were conducted for both English and Spanish languages separately using
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REML estimator. Variables were standardized with respect to the means and standard

deviations of the first developmental stage in each language.

RESULTS

In the case of English words, it was found that a linear+quadratic effect of time was
slightly more appropriate than just a linear effect (4AIC = 79, ABIC = 69), and the latter
obtained a better model fit than the null model (4AIC = 25408, ABIC = 25398). The same
pattern of results was found for Spanish words, where including the linear+quadratic effect
of time obtained a better model fit than just the linear effect (AAIC = 972, ABIC = 962),
and its fit was better than the null model (4AIC = 6776, ABIC = 6766). Additionally, it
was found that including the random slopes of time effects for words presented a better
model fit than just the random intercepts in both languages (English: y2?(5) =
10717.0,p < .001, AAIC = 1727, ABIC = 1779; Spanish: y?(5) = 16258.91,p <
.001, AAIC = 16269, ABIC = 16318), while the inclusion of random slopes for variables
presented convergence problems. Thus, we selected a MEM-CR with linear+quadratic time
effects with random intercepts for words and variables, and random slopes for words, to

analyze the data of both languages.

Table 2 presents the results of the MEMs-CR that define the trajectories of amodal
development for English and Spanish words. The model includes emotional valence and

arousal as covariates. Then, the reported time effects can be understood as the trajectories
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of words with mean scores of valence and arousal®. In both languages, it is possible to
interpret an important linear effect of time (u«1iv=.159, SE=.007, t=22.525, p<.001 for
English words; and u1iv=.190, SE=.007, t=26.351, p<.001 for Spanish words) and a smaller
negative quadratic effect (u2iv=-.001, SE=.000, t=-3.911, p<.001 for English words; and
w2iv=-.004, SE=.000, t=-17.346, p<.001 for Spanish words) that sightly deaccelerates the
predicted amodal development of words. This suggests an important increasing linear effect
and a small quadratic deceleration for the acquisition of the amodal properties of words.
Figure 2 presents the predicted developmental trajectories of the amodal representations of
words. As it can be seen, the general trend is similar in both languages, except for: (1) the
negative quadratic effect is more pronounced for Spanish than English, probably related to
some exemplars of English words presenting large quadratic positive trends, and (2) the
English data set presented more variability than the Spanish one, probably related to the
contents and the sampled ages of the corpuses. In any case, one of the most important
findings is that the variability of the predicted amodal development of words was large in
both languages, which would be translated into different patterns of semantic change for
words: words with small changes across time, words with a mainly linear trend, and words
with larger quadratic effects. We hypothesized that part of this variability may be explained

by the emotionality of words.

To put into test that hypothesis, we evaluated the main effects of the emotional
variables and their interaction with time effects. We found the same pattern of results for

the effects of valence and arousal in the trajectories of amodal development of words in

4 Note that the estimated effects of time were similar in the models with and without
emotional norms as covariates.
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both languages. In the English data set, the main effect revealed a relevant influence of
valence on the initial levels of amodal development (b=.406, SE=.049, t=8.294, p<.001),
and its interaction effects with both the linear (b=-.036, SE=.007, t=-5.091, p<.001) and the
quadratic (b=.001, SE=.000, t=5.282, p<.001) time effects. On the other hand, the effects of
arousal were not relevant (see Table 2). In the Spanish data set, the main effect also
revealed a relevant influence of valence on the initial levels of amodal development
(b=.334, SE=.057, t=5.841, p<.001), and its interaction effects with both the linear (b=-
.031, SE=.008, t=-3.822, p<.001) and the quadratic (b=.001, SE=.000, t=3.993, p<.001)
time effects. On the contrary, the effects of arousal were not relevant according to
established criteria (see Table 2). These results mean that only emotional valence showed a
relevant influence on the amodal development of words. The directionality of this influence
is as follows: (1) the more positive emotional words are semantically developed earlier, that
is, they present higher initial levels of amodal development (main effect of emotional
valence), and (2) the less positive words present more amodal changes through the study,
that is, they have more pronounced amodal changes across the study (interaction effects
between time and emotional valence), probably because more negative words present less

early amodal development and then they have more room for further amodal development.
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TABLE 2. Mixed-effects models with crossed random effects (MEMs-CR) for words and
computational variables (continuous time metric) using emotional valence and arousal as
predictors of the effects of time.

English words

Spanish words

Fixed effects Estimate SE p- Estimate SE p-
value value

Intercept -1.819 544 451 -1.519 .568 .008

Time linear effect (TLE) | .159 .007 <.001 |.190 .007 <.001

Time quadratic effect -.001 .000 <.001 |-.004 .000 <.001

(TQE)

Emotional valence 406 .049 <.001 |.334 .057 <.001

Arousal -.053 .048 .269 .093 .056 .094

TLE*Emotional valence | -.036 .007 <.001 |-.031 .008 <.001

TQE*Emotional valence | .001 .000 <.001 |.001 .000 <.001

TLE*Arousal .003 .007 713 -.015 .008 .043

TQE*Arousal .000 .000 612 .001 .000 .009

Correlation between time effects

Intercept — TLE -.083 -.088

Intercept — TQE .075 .086

TLE -TQE -.984 -.993

Random effects Variance SD Estimate SD

Intercepts (words) 814 .902 .740 .860

Intercepts (variables) 879 .938 961 .980

Random slopes TLE .078 279 .020 142

(words)

Random slopes TQE .000 .013 .000 .005

(words)

Model fit Deviance AIC BIC Deviance AIC BIC

358977

359011 359176

228210

228244 228402

Note. SE = Standard error. SD = Standard deviation. Given large number of fixed effects, p-
values were interpreted using /9, that is, considering p<.0056 as significant.
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Figure 2
Predicted longitudinal trajectories for the development of amodal representations of

English and Spanish words.

A) English words. B) Spanish words.
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Note. Black line: General trajectory. Grey lines: Trajectories of 1000 random words from each data set. x
limits: O to 21 years. Grey shading: Actual time period covered by the computational study.
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DISCUSSION

The aim of the present study was to analyze the influence of emotional valence and
arousal in the development of amodal representations of words, combining feature-based
and vector space models. In this longitudinal computational study, we evaluated more than
23,000 words, whose emotional norms were available for more than 10,000 words, in each
language separately. Results showed a curve of amodal development with an important
increasing linear effect and a small quadratic deceleration across early file span. A relevant
influence on the amodal development of words was found only for emotional valence,
suggesting that emotional words have an earlier amodal development and a less pronounced
amodal change during early development. Apart of some quantitative differences, these

findings were replicated in both English and Spanish.

Previous research found that young children anchor their emotional processing on
valence-based information, and that later development of verbal knowledge increase the
multidimensionality of their emotional processing (e.g., Nook et al., 2017). The results of
the present study suggest that positive emotional words are semantically developed earlier
than negative words, and that their later amodal development is smaller. This might be
explained by the early acquisition of positive words and their later smaller change, being
the amodal representations of these words almost completely developed relatively soon, at
least comparing to negative words. This finding suggests that the semantic networks of
positive words would be acquired and maturated earlier than the ones of negative-valence
words. For example, it would be expected to find that the semantic networks of words like
“family” or “pet” are more mature at earlier developmental stages than “death” or “devil”.

In our opinion, there are two different but complementary explanations for these findings:
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(1) children could be exposed more frequently to positive words, which would allow them
to reiteratively activate the amodal (semantic) representations of those words and to
strengthen them; or (2) there might be more complex relationships between language and
emotions that could make positive-valence words more likely to be acquired and/or
processed during perception, memory or imaginability rather than just activating amodal
representations like in abstract words. In fact, recent research has found that earlier-
acquired meanings are rated as more concrete than later-acquired meanings, reinforcing the
role of sensorimotor experiences in early acquisition of meanings (Muraki et al., in press).
Combining both tentative explanations, words to which children are usually exposed could
be positive or neutral (more than negative) and then their maturation could be more
reinforced thanks to multimodal correlates that link exteroceptive and interoceptive states
related to those words. These hypotheses are compatible with previous research on how
language might shape emotional experiences (e.g., Hoemann & Feldman-Barrett, 2019) and
the later increase of the multidimensionality richness of emotional processing (e.g., Nook et
al., 2017). In this sense, positive-valence words would be acquired earlier to anchor a net of
meaning construction that would be progressively extended to discriminate between more
complex emotional dimensions like high/low arousal and other relevant emotional

dimensions.

The main limitation of the present longitudinal computational study is that we
constructed the vector spaces using language from linguistic corpora of academic texts,
fables, and tales. Future research should try to replicate this study using natural language
corpora produced by children. In this sense, although the estimated amodal developmental

trajectories were similar to other human cognitive abilities, which might be interpreted as
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validity evidence of the scores of the computational model, we could expect relevant
differences if real and ecologic transcribed language of individuals from different
developmental stages. Moreover, it is worth mentioning that the ages of the linguistic
corpora were different between both languages. While the statistical models estimate the
effects of time in the same continuous time metric, future research should try to use similar
developmental stages to make more straightforward comparisons between both languages.
Future research might also try to complement this study by adding different emotional
properties of words and/or semantic computational measures. Also, we only used the
emotional valence and the arousal of words from adults, although we already know that
these estimations and the language-emaotion relationship might be dynamic -not-static- with
complex relationships with amodal properties of words (e.g., Martinez-Huertas, Jorge-
Botana, & Olmos, 2021). As the available emotional feature-based data sets for different
developmental stages become available in the scientific literature, it will be possible to

overcome some of these limitations.

In conclusion, the present longitudinal computational study generated some
interesting ideas about the influence of emotions in the amodal development of words. In
this line, while most of the previous research asked human raters to evaluate the
emotionality of words or concepts at different developmental stages, this study was focused
on how some emotional norms influence the initial state and the slope of the amodal
development of words or concepts. First, we found that the amodal representations of
words follow a developmental trajectory similar to other human cognitive abilities. Second,
we found that emotional vocabularies could shape both the initial level of the acquisition of

words and influence their change across early life span. Acknowledging that this
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longitudinal computational model is just an abstraction of actual dynamics of psychological
phenomena, we expect that these findings could serve as a thought experiment to discuss
about the bidirectional, complex and complementary relationship that connects the

emotional processing of words and the acquisition of their amodal meanings.
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