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Abstract

Phrasal verbs (PVs) are a specific type
of multi-word expression and a specific
feature of the English language. How-
ever, their usage in scientific prose is lim-
ited. Our study focuses on the analy-
sis of phrasal verbs in the scientific do-
main using information theory methods
to describe diachronic phenomena such as
conventionalization and diversification re-
garding the usage of PVs. Thus, we anal-
ysed their developmental trajectory over
time from the mid-17th century to the
end of the 20th century by measuring the
relative entropy (Kullback-Leibler diver-
gence), predictability in the context of the
phrasal verbs particles (surprisal), and the
paradigmatic variability using word em-
bedding spaces. We were able to identify
interesting phenomena such as the pro-
cess of conventionalization over the 20th
century and the peaks of diversification
throughout the centuries.

1 Introduction

Multi-word Expressions (MWEs) are sequences
composed of two or more words that have a de-
gree of conventionality among speakers of the lan-
guage community, holding a strong relationship in
communicating meaning (Siyanova-Chanturia and
Sidtis, 2018). MWEs encompass idioms that are
formally fixed and have a figurative meaning (e.g.,
kick the bucket), compounds (bus ticket), phrasal
verbs (take a ride), and other formulaic expres-
sions that are typically compositional and often
lexically fairly productive (cf. Avgustinova and
Iomdin (2019)).

MWEs contribute to language efficiency due to
the highly predictable transitions from one word
to the next and/or because of their high degree of

conventionalization (i.e., convergence in linguistic
usage over time). Also, MWEs have a strong influ-
ence on register formation, providing conventional
encodings of context-specific meanings.

We are principally interested in MWEs in scien-
tific English from a diachronic perspective (mid-
17th century to today). Scientific English devel-
oped into a recognizable register during the late
modern period and became highly conventional-
ized in modern times (cf. Degaetano-Ortlieb and
Teich (2022)).

However, phrasal verbs (PVs), despite being a
specific type of multi-word expression and one of
the most distinctive features of the English lan-
guage, are less common in academic prose, when
compared to other registers. In the scientific reg-
ister, usually more specialized verbs are preferred
(cf. Biber et al. (2021) and Brown et al. (2015)).

The usage of PVs in English scientific writ-
ing indicates specific lexical choices influenced by
contextual configurations and communicative con-
straints. Thus, our aim is to investigate, using in-
formation theory measures, whether phrasal verbs
contribute to standardization in scientific English
as other types of MWEs and grammatical con-
structions do. Our idea is to analyse if the effects
of conventionalization of phrasal verbs can be ob-
served over time with three different approaches:
1) analysis of PVs temporal dynamics using rel-
ative entropy, 2) study of the predictability in the
context of the PVs particles using surprisal mea-
sure, and 3) examination of the paradigmatic vari-
ability of PVs using embeddings.

The remainder of the paper is organized as fol-
lows. In Section 2 we discuss related work on PVs
in scientific English. Sections 3 and 4 present our
methods and results, followed by a discussion of
the main findings in Section 5. We conclude with
a summary and outlook (Section 6).
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2 Related Work

As previously mentioned, PVs are known for be-
ing less common in scientific texts when compared
to other registers. (Biber et al., 2000) shows that
PVs are mostly used in speech and fiction. News
texts tend to use less than these two genres, but
academic prose is where PVs have the least over-
all frequency per million words.

Regarding diachronic analysis of PVs in scien-
tific English, Alves et al. (2024) showed that com-
pared to other types of MWEs, PVs are the only
ones presenting a decrease in its relative frequency
over time (mid-17th century to end of 20th cen-
tury). Moreover, PVs present a specific behaviour
regarding dispersion and association measures. In
terms of dispersion, most PVs are not homoge-
neously distributed over time, only very specific
ones commonly used in academic texts such as
carried out, pointed out, and depend on. Regard-
ing the association measures, as the verbs and par-
ticles are also found in other contexts, in most
cases, the values were quite low, except for spe-
cific cases where the verb is mostly used with its
particle (e.g., churned up, smoothes out, budded
off ). Although the authors present a preliminary
diachronic analysis of the evolution of the associ-
ation measure, no conventionalization study was
presented.

The diachronic changes of the paradigmatic
variability of different parts-of-speech in scientific
English using word embedding space were anal-
ysed by Teich et al. (2021). Overall, there is a re-
duction of paradigmatic variability over time for
the different grammatical classes. However, PVs
were not analysed separately to see if their be-
haviour is similar or discrepant when compared to
other verbs.

Moreover, there are numerous corpus-based
studies of MWEs in different registers, including
the scientific one (e.g. Biber and Barbieri (2007);
Hyland (2008); Liu (2012)). Some of these de-
scriptions include lists of MWEs used in academic
texts that are freely available as part of English for
Academic Purposes (EAP). However, since PVs
are not commonly used in scientific texts, they are
usually not considered in the analysis.

Regarding computational methods for identify-
ing PVs, the PARSEME initative1 clearly identi-
fies PVs or verb-particle constructions (VPCs) as
one category of verbal MWEs. Multilingual cor-

1https://gitlab.com/parseme/corpora/-/wikis/home

pora annotated following PARSEME guidelines
are available, however, without any diachronic
data.

Finally, in terms of studies regarding the cog-
nitive processing of PVs, most studies concern
L2 learners and the difficulties of learning these
specific MWEs (cf. Alejo-González (2010); Mo-
hammed (2019); Alisoy (2023). In their study,
Perdomo and Kaan (2023) looked at surprisal
measures to analyse the effects in priming of
phrasal verb construction alternations, comparing
native speakers and L2 learners, thus, focusing
on learning difficulties, not in conventionalization
processes as this paper.

3 Methods

3.1 Dataset

As our objective is to investigate the convention-
alization processes of PVs in the development of
English scientific writing, we used the Royal So-
ciety Corpus (RSC) 6.0, which is a diachronic cor-
pus of scientific English covering the period from
1665 until 1996.

It comprises 47,837 texts (295,895,749 tokens),
which are mainly scientific articles covering a
wide range of areas from mathematical, physi-
cal, and biological sciences, and is based on the
Philosophical Transactions and Proceedings of the
Royal Society of London (Fischer et al., 2020).

The RSC 6.0 was parsed using Stanza tool (Qi
et al., 2020) and the combined model for English,
provided by the developers, which was trained
with different Universal Dependencies2 (UD) cor-
pora. To extract the PVs from the RSC, we de-
veloped a Python script using pyconll library3 to
identify and count the PVs4 in the RSC texts per
year. A manual evaluation of 140 sentences (20
per 50-year period of the RSC) showed that the
accuracy of the Stanza parser is 90 regarding PVs.

3.2 Information Theory Measures

To analyse the diachronic phenomena regarding
PVs in Scientific English, we applied three dif-
ferent methods to measure the relative entropy
(Kullback-Leibler divergence), the surprisal of the
particles, and the paradigmatic variability. The

2https://universaldependencies.org/
3https://github.com/pyconll/pyconll
4Phrasal verbs are easily identified in texts parsed with

UD corpora as the dependency label of the PV particle is
compound:prt and its head is the verb.
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workflow is schematized in Figure 4 and further
described in the following sub-sections.

3.2.1 Kullback-Leibler Divergence
To identify evolutionary trends in the use of
phrasal verbs (PVs) within the RSC, we applied
relative entropy, specifically the Kullback-Leibler
Divergence (KLD; Kullback and Leibler (1951)).
This method compares probability distributions by
measuring the additional bits required to encode
dataset A when using a (non-optimal) model based
on dataset B for a given set of elements X, as de-
scribed in Equation 1. In this study, A and B cor-
respond to sub-sets of the RSC (e.g. time slices)
and X, i.e. the ensemble of PVs.

DKL(A∥B) =
∑

x∈X
A(x) log

(
A(x)

B(x)

)
(1)

The KLD measure provides an indication of the
degree of divergence between corpora and identi-
fies the features that are primarily associated with
a difference. Possible discrepancies regarding the
vocabulary size of the subcorpora are controlled
by using Jelinek-Mercer smoothing and lambda
0.05 (cf. Zhai and Lafferty (2004) and Fankhauser
et al. (2014)).

To detect periods of change in the use of PVs
using KLD, we adopt the methodology described
in Degaetano-Ortlieb and Teich (2018)5. We com-
pare 20-year windows of past and present lan-
guage use sliding with a 5-year gap over the time-
line (e.g. t1=1665-1685, t2=1671-1691). Then, by
plotting the divergence for each comparison on the
timeline, we can inspect peaks or troughs which
indicate a change: a peak is an indication that the
divergence of the analysed feature increases, and
is thus typical of the future 20 years in compari-
son to the past 20 years.

Due to the asymmetric characteristic of the
KLD, we are only interested in the direction
from subsequent periods to the preceding ones as
we aim to determine periodization from past to
present in the development of PVs usage in En-
glish scientific writing.

In this study, we examined the KLD at two dif-
ferent levels: a) all PVs combined, to verify if a
conventionalization process can be identified and
b) each PV individually, to identify individual di-
achronic phenomena.

5Degaetano-Ortlieb and Teich (2018) make the code
available at: https://stefaniadegaetano.com/code/

3.2.2 Surprisal
Surprisal is formalized as the negative log proba-
bility of a unit in context which results in bits of
information (Shannon, 1948), as defined in Equa-
tion 2.

Surprisal(uniti) = log2(uniti|Context) (2)

A decrease in the surprisal of a specific term
can indicate a conventionalization phenomenon as
showed by Degaetano-Ortlieb and Teich (2022)
regarding scientific English using a four-gram lan-
guage model. N-grams surprisal models have
limitations, thus, Steuer et al. (2024) propose a
transformer-based surprisal model trained with the
RSC corpus.

Our analysis concerns the diachronic changes of
the surprisal values of the PVs particles. Thus,
using the transformer-based model cited above
trained over the RSC divided into 10-year periods,
we extracted, per year of the RSC, the surprisal
values of the particles identified in the parsed ver-
sion of the dataset.

3.2.3 Paradigmatic Variability
To analyse diachronic changes in the paradigmatic
context of PVs, we apply a context-aware ver-
sion of entropy, paradigmatic variability, based on
word embeddings and the close neighbours of a
word in the vector space within a given radius (Te-
ich et al., 2021). As previously mentioned, a drop
in paradigmatic variability indicates a convention-
alization phenomenon.

Regarding the word embeddings model, we
used structured skip-grams (Ling et al., 2015) as
it presents the advantage of representing each po-
sition in the left and right context separately, not as
a mere bag of words as in simple skip-gram mod-
els.

The paradigmatic variability of a word over
time is calculated by comparing period-specific
word embedding models (i.e., per decade, from
the 1660s to the 1990s). We followed the same
procedure as presented in Teich et al. (2021), with
the initialisation of the first decade being done
with an atemporal embeddings model trained on
the complete corpus as proposed by Fankhauser
and Kupietz (2017). All following decades were
then initialised with the embeddings of the previ-
ous decade. In our study, as our objective is to
analyse PVs, the verbs and particles were joined
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Figure 1: Experimental workflow.

with || in the generation of the embedding space,
thus allowing the differentiation between PVs and
the other verbs.

This choice concerning the initialization pro-
cess has the advantage of better representing low-
frequency words in the embedding space, avoiding
low-frequency words appearing in the centre of the
space in the first few periods, and reducing bias
regarding the movement in the embedding space
over time. The subsequent statistical analysis of
the vector space models only considers words with
a frequency higher than 506.

Once the word embeddings for each decade are
obtained, the paradigmatic variability of a word
x, pvar(x), can be calculated as the entropy over
a probability distribution, which is based on the
probability p(xi|Cx) of a word xi from the neigh-
bourhood Cx being chosen instead of word x.

This is calculated using both the cosine similar-
ity in the vector space between xi and x and the
frequency of xi (freq(xi)).

Thus:

pvar(x) = H(P(.|Cx))

= −
∑

cos(xi,x)>θ

p(xi|Cx) log (p(xi|Cx))

(3)

with p(xi|Cx) =
cos(xi, x) freq(xi)∑
xj

cos(xj , x) freq(xj)
(4)

The θ threshold was set to 0.6 and we con-
sidered a maximum of 30 neighbours. Thus, a

6The other parameters used to generate the embeddings
were: type 3; size 100; negative 10; hs 0; sample 1e-4;
threads 4; binary 0; and iter 5.

word with a homogeneous distribution of neigh-
bours has a high value of pvar(x).

4 Results

4.1 Kullback-Leibler Divergence

Figure 2 presents the relative entropy values (i.e.,
Kullback-Leibler divergence) of PVs in the RSC
corpus over time as described in Section 3.2.1.

Figure 2: KLD measures for phrasal verbs in the
Royal Society Corpus.

It is possible to observe peaks and troughs
around the value of 0.4 from the seventeenth cen-
tury to the end of the nineteenth century. On the
other hand, at the beginning of the twentieth cen-
tury, we clearly see a declining tendency of KLD,
indicating, thus, a conventionalization in the us-
age of this feature, with a stabilization around 0.1
in the second half of this century.

To better understand the diachronic usage of
PVs in scientific English, we also looked at the
point-wise KLD, checking the relative entropy
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shifts for each PV type. For each 20-year pe-
riod used for the KLD calculation, we examined
the number of PVs with positive values of diver-
gence (i.e., PVs that became more typical), and
the number with negative KLD (i.e., PVs that be-
came less distinctive). Figure 3 shows the results
of this analysis.

Figure 3: Number of phrasal verb types having
positive (blue) or negative (red) KLD values per
period of the RSC.

Besides the overall increasing trend in the num-
ber of PV types with positive KLD, it is possible
to notice periods with higher increase, probably
due to the specific textual needs of each period.
Moreover, we can observe that the number of PVs
with negative KLD also increases over time. Fur-
thermore, the periods with more PVs having nega-
tive values of KLD, usually succeed periods where
there is a peak in the number of PVs with positive
values.

The increase in the number of PVs with positive
KLD indicates a cyclical process of diversifica-
tion (i.e., linguistic items acquiring different, more
specific usages/meanings). Even though the over-
all relative frequency of PVs reduces over time,
more different types are being used in specific pe-
riods. However, due to peaks regarding PVs with
negative KLD, it seems that the usage of the new
types does not become conventionalized.

4.2 Surprisal

As described in Section 3.2.2, another way of
identifying possible conventionalization processes
is using surprisal measures. PVs being MWEs, the
surprisal of the particle is expected to be lower
than the measure for the correspondent verbs. A
decrease in time of the mean surprisal value of the

particles indicates a conventionalization regarding
the usage of these grammatical constructions.

Figure 4 presents the plot of the mean surprisal
values of the phrasal verbs present in the RSC per
year.

Figure 4: Mean surprisal value of phrasal verbs
particles per year of the RSC.

Applying the Mann-Kendall trend test (Hus-
sain and Mahmud, 2019), we observe that there is
an overall statistically valid (i.e., a p-value below
0.00001) increasing tendency regarding the sur-
prisal values of the particles.

This result can be correlated with the KLD ob-
servations. We observe that the conventionaliza-
tion of the usage of PVs only happened in the
twentieth century, moreover, throughout the cen-
turies, we notice an increase in the usage of differ-
ent PV types. Moreover, as shown by Alves et al.
(2024), the relative frequency of PVs decreases
over time in the RSC. All these factors contribute
to an increase in the surprisal values.

In addition, it is also possible to notice that,
even though there is an overall increasing ten-
dency, there are periods with a decrease in the sur-
prisal values and others with a more accentuated
increase. When comparing Figures 3 and 4, we
observe that periods with a high increase in the
number of PV types (i.e., 1836-1856 and 1956-
1976) also correspond to periods of accentuated
increase regarding surprisal values.

Another factor that may influence the suprisal
value is the distance between the verb and the par-
ticle. In the RSC, we find examples such as:

1. It suggested that development could be bro-
ken down into series of gene controlled chem-
ical reactions. (d = 1, 1995)

2. . . . which it gently touched with little or no
damage , blowing only off a few tiles. (d = 2,
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1695)

3. . . . but BICHAT was continually holding a
thing up by the wrong end . . . (d = 3, 1823)

4. . . . that his assistance should be sought to
bring the new edition up to the existing state
. . . (d = 4, 1908)

5. . . . and as I wrote many of the 336 them down
from his own dictation . . . (d = 5, 1840)

Thus, we decided to conduct an analysis of the
diachronic evolution of the mean distance between
verbs and particles in the RSC. Figure 5 shows the
plot of the mean distance per 50-year period.

Figure 5: Mean distance between verbs and parti-
cles per 50-year of the RSC.

A statistical analysis of these results showed
that p-value is below 0.001 for the following com-
parisons:

• 1701-1750 and 1751-1800

• 1751-1800 and 1801-1850

• 1901-1950 and 1951-2000

Thus, it is possible to notice a clear decrease in
the mean value from the eighteenth century to the
mid-nineteenth century, followed by a stabiliza-
tion until the mid-twentieth century when a new
increase is observed. The decreasing period re-
garding the mean distance between verbs and par-
ticles corresponds to a period with also a decrease
in surprisal values (4). Moreover, the peak of sur-
prisal (around 1970) is observed when there is also
an increase in the mean distance.

4.2.1 Paradigmatic Variability
As previously explained in Section 3.2.3, us-
ing word embedding spaces, we calculated the
paradigmatic variability of PVs per decade of the
RSC. Figure 6 shows the results and the compari-
son with the variability of other verbs and all parts-
of-speech in the dataset.

As shown by Teich et al. (2021), the paradig-
matic variability of all words (i.e., all parts-of-
speech) decreases over time as a general trend.
This is due to two main mechanisms: convention-
alization — a word becoming the dominant choice
within its neighbourhood by frequency, possibly
replacing other, alternative words — and diversifi-
cation, i.e., words within a neighbourhood becom-
ing more distant, leading to a split into two or more
neighbourhoods.

Regarding non-phrasal verbs, they begin with
a slightly higher paradigmatic variability than all
POS, but end up with a tendency of lower variabil-
ity. On the other hand, PVs start out with similar
values as other verbs, but the paradigmatic vari-
ability decrease is much more accentuated, espe-
cially in the twentieth century, where the KLD
measures already showed signs of conventional-
ization, as shown in Figure 2, and diversification
(Figure 3).

Thus, it is possible to assume that the PVs
have overcome a more accentuated process of con-
ventionalization and diversification over time than
other types of verbs in scientific English.

5 Discussion

In this study, our main objective was to analyse the
contribution of PVs regarding the conventionaliza-
tion processes happening in scientific English.

By analysing three different methods to mea-
sure linguistic shifts over time, we were able to
notice that, although PVs are less common in sci-
entific prose, they have undergone interesting di-
achronic phenomena.

Regarding the relative entropy measures (i.e.,
KLD), it was possible to notice that a conven-
tionalization process occurred only throughout the
twentieth century (Figure 2).

From the seventeenth to the twentieth century,
although some small peaks and troughs can be ob-
served, the KLD values did not change consider-
ably. This tendency is different from what was
observed by Degaetano-Ortlieb and Teich (2018)
who analysed the whole lexicon (i.e., lemmas). In
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Figure 6: Paradigmatic Variability over time of phrasal Verbs compared to other verbs and all parts-of-
speech in the RSC.

their study, the decreasing tendency is relatively
constant throughout time.

Moreover, it was possible to verify that the con-
ventionalization process occurs in parallel with a
peak of diversification, as shown in Figure 3. This
diversification has an impact on the surprisal mea-
sures, increasing the surprisal of the particles.

Both conventionalization and diversification
processes are also confirmed with the paradig-
matic variability analysis (Figure 6). PVs undergo
a more accentuated decrease in their paradigmatic
variability over time when compared to other
verbs, principally during the twentieth century.

To better understand the peaks regarding the di-
versification of PVs, we analysed in detail the re-
sults of the KLD for each PV, per 20-year slice,
present in the RSC.

What is possible to observe is that, throughout
time, there are shifts regarding the PVs with peaks
of KLD, i.e., verbs becoming more distinctive of
specific periods.

Regarding the two main peaks of diversification
identified in Figure 3, around 1846 and 1971, we
can see that the PVs with the highest values of
KLD in these periods differ considerably.

• 1846: carry out, break up, filter off, bring out,
split up, build up, map out, sum up, spread
out, shut off.

• 1971: turn out, point out, rule out, end up,
make up, go on, open up, break down, take
on, bring together.

A clear distinction can be made when analysing
these two periods. In the nineteenth century, most
PVs are linked to the description of experimental
design, while in the twentieth century, there is a
shift towards verbs focusing on the presentation of
results, i.e., on the outcome of the research.

In Figure 3, we showed that the diversification
is cyclic, new phrasal verbs are used in specific
periods due to particular textual needs and, then,
become less typical in future ones, however, in a
more conventionalized way throughout the twen-
tieth century.

Regarding the surprisal analysis, it is possible
to notice that the shifts in the surprisal of the par-
ticles are a complex phenomenon. It is influenced
not only by the peaks regarding the diversification
process, but also by the changes regarding the dis-
tance between the verb and the particle, and, by
the decrease regarding the relative frequency (i.e.,
with the verbs and particles appearing in more var-
ied contexts, not as phrasal verbs).

6 Conclusions and Future Work

In this paper, we presented a multifaceted ap-
proach to characterize diachronic shifts regarding
the usage of PVs in scientific English from the
mid-seventeenth century to the end of the twenti-
eth century by applying different information the-
ory methods to the Royal Society Corpus.

By measuring the Kullback-Leibler divergence,
we showed that the process of conventionalization
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of PVs occurred mostly throughout the twentieth
century. Moreover, we observed that peaks of di-
versification (i.e., increase in the number of PV
types) happened in specific periods, followed by
periods with a high number of PVs becoming less
typical.

In terms of surprisal measure regarding the par-
ticles, we identified an overall tendency of in-
crease, however, it was also possible to notice pe-
riods of accentuated increase, and some periods
of decrease. These phenomena are probably cor-
related to the decrease regarding the relative fre-
quency, to the peaks of diversification, and, to the
distance between the verb and particles.

The analysis of the paradigmatic variability
showed that PVs have a more accentuated de-
crease over time when compared to other verbs.
This is probably due to the usage of PVs in specific
contexts, where they cannot be replaced by similar
terms. Moreover, the highest decrease regarding
this measure was observed during the twentieth
century, when a conventionalization phenomenon
was detected using KLD.

Our findings not only enhance understanding of
PVs in scientific English but also pave the way
for future linguistic research, particularly in lan-
guage evolution and specialized registers. In fu-
ture work, we intend to proceed with the analysis
by conducting a semantic analysis of the PVs with
peaks of divergence to better understand their us-
age throughout time. Moreover, as part of a larger
study, these results will be integrated with other
types of MWEs (e.g., compounds, fixed expres-
sions) to better understand the impact of the usage
of these formulaic expressions in scientific texts
throughout time.
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