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Abstract

Scientific texts are commonly known to be hard to read. This may be for a number of reasons,
such as the fact that they contain a large number of nominalizations, they often use complicated
jargon, and sometimes even assume reader knowledge. In order to find ways to make scientific
texts clearer, it may be worth to better understand the characteristics of this register. In this
thesis, I focus on one aspect of scientific texts: their frequent use of a structure I refer to as
complex nominal compounds.

Nominal compounds (structures such as research paper, linguistic analysis paper) are com-
posed of a head noun (paper) and one or more modifiers (research, linguistic, analysis), which
can be either nouns or adjectives. Complex nominal compounds are nominal compounds made
up of three or more words. Despite decades of research on nominal compounds (complex and
otherwise), little is known about how complex nominal compounds are processed, or about how
they are used in scientific papers. In this thesis, I take steps towards filling this gap.

In my attempt to do so, I recruit two frameworks of language processing and use, through
which I produce predictions for the experiments I report here: the Entropy Rate Constancy
(ERC) Principle and the Uniform Information Density (UID) Hypothesis. Of particular rel-
evance, not much attention has been given to the UID Hypothesis from the point of view of
comprehension. These experiments, therefore, not only contribute towards the understanding
of nominal compounds, but also test the validity of these frameworks in general, and of the UID
Hypothesis from the perspective of comprehension in particular.

On the processing front, the thesis analyzes the L1 and L2 processing of complex nominal
compounds, comparing them with a different structure that was predicted to be easier to process
nouns followed by prepositional phrases (e.g., paper on the analysis of language). The results
do show that compounds are harder to process than the alternative structure, but were not as
clear as predicted. On the usage front, the thesis analyzes the distribution of compounds in a
corpus of 182 scientific papers in the fields of Biology, Linguistics and Economics. Compounds
appear with roughly the same frequency throughout the different regions of the papers (i.e., do
not cluster in specific areas), and are not reused much after the first use. They are also typically
set up by their context, and this does have an impact on the difficulty experienced by readers
when encountering them (at least when encountering unfamiliar compounds).

The results corroborate the recommendations from writing guides suggesting that compounds
should be used with parsimony, but also suggests that familiar compounds do not need to be
avoided as much, and that providing contextual support may mitigate some of the difficulties
experienced by readers when encountering these structures. It is my hope that future writing
guides will take these findings into consideration.

In addition, the results partially support the ERC Principle and the UID Hypothesis, but
were not as clear as predicted, and raise questions about the validity of the ERC Principle in
texts and of the UID Hypothesis for comprehension.

xiii
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1.1 Motivation

The classic manuals, written by starchy Englishmen and rock-ribbed Yankees, try
to take all the fun out of writing, grimly adjuring the writer to avoid offbeat words,
figures of speech, and playful alliteration. A famous piece of advice from this school
crosses the line from the grim to the infanticidal: “Whenever you feel an impulse
to perpetrate a piece of exceptionally fine writing, obey it — wholeheartedly — and
delete it before sending your manuscript to press. Murder your darlings."

PINKER, 2014, PAGE 12

As T started writing this thesis, I looked up the autocompletions offered by Google for the
search prompt “why are scientific papers ...”.! T wanted to argue that the scientific register
in English is complicated to understand and supposed that one of the suggested completions
would be along the lines of “... hard to read”. Given that my single response would probably
be biased by my search history, I also decided to ask friends to send me a screenshot of the
autocompletions they were given for the same search prompt. As a result, I received answers
from 18 friends who were at the time in Brazil, Canada, Germany, Poland, Sweden and the
US. Figure 1.1 lists the main autocompletions we saw. The results did not disappoint:? even
Google’s search system seems to have internalized the idea that scientific papers have their own,
difficult style.

Of course, this was not a rigorous experiment. Still, even among academics there has long been
criticism about the complexity of scientific texts. The criticism takes form in various ways. An
article may claim scientific articles contain “dense, uninspiring language that can be laborious
to wade through and difficult to understand” (Doubleday & Connell, 2017, p. 1); another
may denounce “the violence” scholars “commit against the English language” (Limerick, 1998,
p. 199).3 The very first lines of one book on “Stylish Academic Writing” states: “For many
academics, “stylish academic writing” is at best an oxymoron and at worst a risky business”
(Sword, 2012, p. vii). As a result, we are left with ““how to read publication guides’[, which]
brace the reader for the hard work ahead” (Doubleday & Connell, 2017, p. 1).

Indeed, scientific articles have become worse in the last few decades. For example, the num-
ber of syllables of each word, the length of the sentences, the number of “difficult words”,

1For the sake of clarity and accuracy, I should note that the prompt was actually “why are scientific papers”,
without the “...”. If I added the “...”, I received different results.

2The results were surprisingly consistent: the four most frequent autocompletions appeared to all but one of
the people. Interestingly, one friend sent me Bing results, and they did not include any autocompletion that
suggested that scientific articles are hard to read (although my own attempt did include “are so hard to read”
as the very first result).

3The original sentence was “The politically correct and the politically incorrect come together in the violence
they commit against the English language.” Limerick’s text was especially focused on the different ideological
streams that are common in University environments, but these are not relevant to this thesis.
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Autocompletions suggested by Google for "why are scientific papers"

why are scientific papers not free

why are scientific papers so expensive

why are scientific papers written in two columns
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Figure 1.1: Number of times each autocompletion appeared for me or my friends (N=19). Auto-
completions with the same frequency are ordered by average rank.

and the number of acronyms used in paper abstracts has steadily increased in the last century
(see Plavén-Sigray, Matheson, Schiffler, & Thompson, 2017; Barnett & Doubleday, 2020). As
Plavén-Sigray et al. showed, at least some of these measures do reflect trends that extend to
other parts of the articles.* This kind of writing, despite being quite formulaic in nature,® is
also inaccessible to the general public, potentially limiting the reach of the research: “Increasing
physical access to science (e.g., open access) ... will have less effect if the writing is impenet-
rable” (Doubleday & Connell, 2017, p. 1). Indeed, we nowadays find movements of researchers
producing “Plain Language Summaries” of their findings, so that the non-expert audiences can
accurately understand the impact of their research on their lives (see, e.g., Stricker, Chasiotis,
Kerwer, & Giinther, 2020).

In order to improve this situation, it would make sense to try to understand the character-
istics of the register, and how they affect the difficulty people perceive when reading scientific
texts. The register has a number of characteristic features, many of which are the focus of
several of the writing guides I have cited so far. Sword (2012), for example, devotes a whole
chapter to the avoidance academics seem to have to referring to themselves in the first person
(I), sometimes preferring a royal we, sometimes referring to themselves in the third person (this
author), sometimes using impersonal pronouns (one), or even eliminating the agent altogether
by structuring their sentences in an agentless passive voice (as will be demonstrated in this paper
— who will demonstrate?). One other commonly mentioned characteristic of this register (more
relevant to this thesis), is its frequent use of nouns. Verbs such as distinguish, examine or

“Interestingly, articles with less readable abstracts (Gazni, 2011) or with less readable language generally
(Stremersch, Verniers, & Verhoef, 2007; Hartley, Sotto, & Pennebaker, 2002) seem to be cited more, and
Hartley et al. (2002) notes that “there is some evidence that journals do become less readable as they become
more prestigious”. This contrasts with other research showing that, at least in the Climate Change Science,
articles that follow a “Narrative style” receive more citations, and that higher impact journals more frequently
follow such a narrative style (Hillier, Kelly, & Klinger, 2016).

5Indeed, the strong formulaicity of this register has led many scientific writing guides to contain lists of words
and expressions that are commonly used in certain situations (e.g., Bailey, 2011; Hrdina & Hrdina, 2009;
Glasman-Deal, 2010; Katz, 2009), or that are typically misused (e.g., Katz, 2009). Hrdina and Hrdina (2009)
is a whole book, focused on German L1 speakers, whose sole purpose is to list and categorize many of these
expressions.
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investigate are often converted into their noun counterparts (distinction, examination, investig-
ation)®, and sometimes expressions such as this book originated in or he is entirely in favour of
are subsequently referred to with nouns such as the book’s genesis or his sympathy for (examples
from Siepmann, Gallagher, Hannay, & Mackenzie, 2011). These conversions, typically referred
to as nominalizations, serve a number of purposes. Kerz (2004) argues, for example, that they
render the descriptions (of experiments, or results) independent of the experimenters, “not tied
to specific conditions or specific observers” — making the text sound “static, rather than dy-
namic in nature” (p. 126) and the arguments sound “not accessible to debate” (p. 127). That
is, by using expressions such as an analysis of X yielded (as opposed to we analyzed X and
concluded ...), authors can abstract away from details of the experiment (including their own
agency in conducting it). In addition, Kerz argues that nominalizations are versatile “condens-
ation devices”. For instance, she offers Example 1 below, noting that, through the process of
nominalization (resulting in Example 1b), what used to be a full sentence (i.e., Example la — ex-
tracted from the British National Corpus; Davies, 2004) can be flexibly used as a constituent of
another sentence (as in Example 1c). In particular, by nominalizing analysed into analysis, and
transforming the sentence object (data from neurobiologically ...) into a prepositional phrase
(of data from neurobiologically ...), it is possible to transform the sentence in Example la into
the noun phrase in Example 1c.

(1) a. Lishman and McMeekan (1977) analysed dichotic listening data from neurobiologic-
ally intact subjects in terms of familial sinistrality |...]
b. Lishman and McMeekan’s (1977) analysis of dichotic listening data from neurobio-
logically intact subjects in terms of familial sinistrality |...]
c. Lishman and McMeekan’s (1977) analysis of dichotic listening data from
neurobiologically intact subjects in terms of familial sinistrality found |...],
that among strong left handed individuals |...]

Given how versatile nouns are, it is not surprising that the noun phrases around them de-
veloped into fairly complicated patterns such as the one in Example lc. Writers attach at
will any number of phrases before and after a given (head) noun, specifying very precisely its
meaning. Sometimes, however, complicated noun phrases are used to create and refer to new
concepts. In these cases, instead of attaching a large number of prepositional phrases to the
head noun, it is common for the head noun to be premodified with additional information
(Salager, 1984). This gives rise to complex nominal compounds such as brain tissue autopsy
(i.e., an autopsy of tissue that was extracted from the brain), waste water treatment facility
(i.e., a facility for the treatment of water from waste), or even 10 megawatt solar thermal elec-
tric central receiver Barstow power pilot plant (the latter example is from Alley, 1996, p. 85).
In Bhatia’s (1992) words, “the scientific writer frequently needs to refer to very precise and
complex concepts again and again and to facilitate that concise reference, he invariably creates
compound nominal phrases, which not only promote discourse coherence but also spare him
tedious repetitions of long descriptions” (p. 225).

To make this point clearer, consider the following paragraph, from a real scientific article:

(2) Each session consisted of sixz trials and all animals completed one session a day. Each
session consisted of three correct left and three correct right trials, presented in a pseudor-
andom order. Each trial comprised two stages, a ‘sample run’ followed by a ‘test run’. At
the beginning of each trial, two sucrose pellets were placed in each food well and a metal
obstacle was placed at the choice point of the T-maze, thereby closing one perpendicular
path (Fig. 8). On a sample run, the animal was placed in the start area and the alu-
minium obstacle removed, allowing the rat to run down the start arm. Because of the

5Sword (2012) argues that these abstract nouns contribute to the “dull” character of academic texts, devoting
another half-chapter to them.
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metal barrier blocking the entrance to one of the cross arms, the rat could only enter the
one open section. Once the rat had collected the sucrose pellets from the well at the end
of the open section, the rat was returned to the beginning area, where it remained for 10s
while the barrier at the choice point was removed and the same arm as previously visited
was rebaited. (Powell et al., 2017, p. 97)

What would you do, now, if you had to refer to the barrier preventing the rats to go back to
the arm of the T-maze where they started their trials? This is how the authors of that article
continued their paragraph:

(3) The test run started as the start arm barrier was raised, allowing the animal a free
choice between the two cross arms of the T-maze.

Noun phrases such as start arm barrier or waste water treatment facility, composed of a
head noun and any number of premodifying nouns or adjectives, and typically denoting a single
concept, are the main focus of this thesis. In the linguistic and scientific writing literature, they
go by many names, such as noun strings (American Psychological Association, 2009), polylogs
(Palmer, 1917), pliologs (mistakenly cited by Salager, 1984 when referring to Palmer, 1917),
compound nominal phrases (Salager, 1984), complex nominals (Montero, 1996), or run-on noun
phrases (Montgomery, 2003) — and many others, see Chapter 2. They have enjoyed a surge of
popularity in the last century (Biber & Gray, 2011), having become longer and more complex
through time. I will refer to them as nominal compounds (NCs).

In particular, in this thesis I will focus on longer, complex nominal compounds (CNCs), with
three or more words. Despite their popularity, these longer structures are presumed to be hard
to process: they have been found to be hard to translate (Carrié Pastor, 2008; Carri6é Pastor &
Candel Mora, 2013) and hard to paraphrase (Geer, Gleitman, & Gleitman, 1972), and speakers
are not able to reliably identify the compound’s head (Geer et al., 1972; Limaye & Pompian,
1991). Many writing guides (including some of those referred to in this chapter — Alley, 1996;
American Psychological Association, 2009; Siepmann et al., 2011; Montgomery, 2003) even
advise against their overuse: “When nouns are packed too close together, like sardines in a tin,
the connecting thought gets suffocated” (Tobin, 2002, p. 1534).

Indeed, as I just mentioned, despite their popularity, these constructions are presumed (not
known) to be hard to process. The studies pointing in this direction have mostly focused on
so-called offline behavioral measures (translation, paraphrasing, head identification), that do
not collect data while participants are reading, but rather only after they have already read
the compounds. Not much is known about the online difficulties experienced by readers (i.e.,
how the processing happens over time, while comprehending them). In addition, little is known
about how complex nominal compounds are distributed in scientific texts or how the context
preceding them affects the way they are understood. This leads me to the questions addressed
by this thesis. One of the goals of this thesis is to focus on the following two research questions:

Research Question (RQ1) How are CNCs processed during reading? In particular, do
complex nominal compounds pose difficulties for L1 and L2 sentence processing, as suggested
by the literature?

Research Question (RQ2) How are CNCs used in scientific articles? In particular, how
are they distributed through scientific articles, how are they set up, and how does their set up
influence the difficulty perceived by readers when understanding them?

RQL1 is addressed by two papers (see Chapter 5) that compare CNCs such as waste water
treatment facility with another structure that is also common in scientific papers, but that makes
use of prepositional phrases following the noun (e.g., facility for the treatment of water from
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waste). The first paper (henceforth referred to as Study 1) reports on two eye-tracking studies
investigating the L1 (English) processing of CNCs, and the second paper (henceforth Study
2) reports on two eye-tracking studies investigating the L2 (English) processing of CNCs, with
native speakers of German, Portuguese and Spanish. As far as I am aware, this is the first time
eye-tracking has been used to investigate the difficulties experienced by readers when processing
CNCs.

RQ2 is addressed by two papers (see Chapter 6) that are based on a corpus of scientific
articles collected from the fields of Biology, Linguistics and Economics. The first paper (Study
3) reports on the distribution of CNCs, and on how they are set up by their contexts. The
second paper (Study 4) then investigates how this set up influences the difficulty perceived by
readers when understanding CNCs.

Answering these questions might help support future attempts to produce recommendations
on how to make the scientific register more accessible to the general public. But answering
these questions is just one of the two goals of this thesis. In the following, I will first list the
two goals, and then explain the relevance of the second goal, and where it came from:

Goal 1 (G1) To answer (or contribute towards answering) the Research Questions 1 and 2.

Goal 2 (G2) To test the validity of the Entropy Rate Constancy Principle for CNC use in
scientific texts and the Uniform Information Density Hypothesis for comprehension.

The second goal of this has to do with the way I decided to answer RQ1 and RQ2. Con-
fronted with these questions, one might ask: how should CNCs be processed during reading?
Should they really be difficult? Or how should they be distributed, or how much should they be
supported by their context? In my search for a theory that would propose potential answers for
the various aspects associated with these questions, I came across two psycholinguistic frame-
works of language processing, both of which are grounded in the ideas of Information Theory
(Shannon, 1948): the Entropy Rate Constancy (ERC) Principle, put forth by Genzel and Char-
niak (2002), and an “extension” of this principle to “all levels of language processing” (Jaeger,
2010, p. 24) known as the Uniform Information Density (UID) Hypothesis. As I will describe in
Chapter 3, these frameworks propose that human communication is efficient, that humans avoid
transmitting too much information at once, and that, when they do, communication disruptions
might occur.

In this thesis, I will use these frameworks to produce predictions for the experiments I report
here. Indeed, under the assumption that CNCs are, as I will argue in Section 3.2.2, dense
“packages” of information, that convey a lot of information in just a few words, it turns out
that CNCs are actually an ideal tool for testing these frameworks. Thus, the contributions of
Studies 1, 2, 3 and 4 acquire a new dimension: they no longer only investigate the processing
and use of CNCs, but rather also aim at evaluating the predictions made by the ERC Principle
and the UID Hypothesis. This latter hypothesis, indeed, has been widely investigated from
the point of view of production (i.e., on whether the utterances produced by speakers convey
information in a uniform way), but not much from the point of view of comprehension (i.e.,
whether non-uniform speech signal leads to comprehension disruption). This thesis, therefore,
contributes to filling this gap, considering the UID Hypothesis from a less well-understood
perspective. This is, along with testing the ERC Principle, the second goal of this thesis.

1.2 Structure

The rest of this thesis is structured as follows. In the next chapter (Chapter 2), I introduce in
more detail the concept of complex nominal compounds, along with the existing research related
to their structure, their processing in L1 and L2, and their use. I proceed with an (extremely
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gentle) introduction to the field of Information Theory and to how I intend to use the ideas from
this field to investigate the processing and use of CNCs. Using the knowledge from Chapters
2 and 3, in Chapter 4, I pose and justify the predictions associated with RQ1 and RQ2 stated
above. Then, in Chapters 5 and 6, the scientific publications that form the core of this thesis
are presented, laying out the results of this research, which are briefly discussed in Chapter 7.
Finally, Chapter 8 makes a number of concluding remarks and points out directions for future
research.
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The YouTube channel TLDR News, named after the expression too long; didn’t read®, is
devoted to publishing relatively short videos covering the main news topics of the moment.
Given its success, the channel has expanded into multiple channels, with, among others, a
channel focusing on the EU (called TLDR News EU), a channel on the US (TLDR News US
— now defunct), a channel covering other countries (TLDR News Global), and a channel with
podcasts (TLDR News Podcasts). A while ago, they started a new weekly podcast in the
TLDR News Podcasts channel, in which they have the faces of many world leaders on a table
(a leaderboard), and in every episode each show host moves one leader up and one leader down,
depending on how the leaders have fared on the world stage that week. Fittingly, this new
podcast is referred to as the World Leader Leaderboard.

This chapter is about the phenomena involved in word sequences like World Leader Leader-
board or TLDR News Podcasts. While these expressions may have seemed easy to parse when
I introduced them in the previous paragraph, they actually hide complicated processes that
have yielded decades of psycholinguist research. In this chapter, I start by discussing the gen-
eral processes of word formation, and the general concept of compounding in English. I then
funnel into the types of compounds I am interested in in this thesis, first discussing nominal
compounds, and then proceeding to the subset of interest, namely complex nominal compounds
(CNCs). Finally, I discuss some of the literature involving the processing of CNCs, as well as
the reasons why they are used.

!The Merriam Webster dictionary defines it as an abbreviation or noun that is “used to say that something
would require too much time to read” (Merriam-Webster, n.d.-b).
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2.1 Open and closed classes of words

“What sort of insects do you rejoice in, where you come from?" the Gnat inquired.
“l don't rejoice in insects at all,” Alice explained, “because I'm rather afraid of
them — at least the large kinds. But | can tell you the names of some of them.”
[.]

“Well, there's the Horse-fly,” Alice began, counting off the names on her fingers.
“All right,” said the Gnat: “half way up that bush, you'll see a Rocking-horse-fly,
if you look. It's made entirely of wood, and gets about by swinging itself from
branch to branch.”

“What does it live on?" Alice asked, with great curiosity.

“Sap and sawdust,” said the Gnat. “Go on with the list.”

Alice looked at the Rocking-horse-fly with great interest, and made up her mind
that it must have been just repainted, it looked so bright and sticky; and then she
went on.

THROUGH THE LOOKING-GLASS (CARROLL, 1872, P. 55-57)

Before proceeding, it is useful to make a distinction between open and closed classes of
words. In everyday life, it is common for speakers to find new concepts that they have not
encountered before. In some of these situations, they may decide to create a new word to
describe this new concept. Typically, in English, new words are nouns, verbs, adjectives or
adverbs. This is because these are English’s open classes of words, i.e., classes that readily
allow for new members? For example, the first known use of the word “database” was around
1962 (Merriam-Webster, n.d.-a)?, when computers were still a new development. As the concept
surrounding the word became more popular in the subsequent decades, “database” became a
common everyday word in our language use.

In contrast to open class words, trying to create new prepositions, determiners or pronouns
may encounter resistance from other speakers. This is because they are examples of closed
classes of words, that do not typically accept new members.

Open class words are the “stuff” of sentences. They convey the main meaning of our sentences,
and often have real world referents that we can easily describe. In Example 1, a large portion
of the sentence meaning is already expressed only with the bold words, all of which are open
class words. This is why open class words are commonly treated as content words.

(1) the rat gnawed the clothes of the king of rome.

Closed class words, on the other hand, do not normally carry a similarly clear meaning (e.g.,
what is the meaning of “of”? What about “that”?). Instead, they perform functions, some-
times replacing content words, sometimes indicating whether a content word has already been
mentioned before, or sometimes explaining the relationship between other content words. This
is why they are often referred to as function words.* In the same Example 1 above, all non-bold
words are function words (in this case, articles and prepositions).

2See Fromkin, Rodman, & Hyams, 2011, Chapter 3 for a more detailed discussion on open vs. closed classes of
words. Here, we briefly summarize only the points necessary for the discussion.

3Sources vary considerably as to its exact first recorded use. While the Collins dictionary (n.d.) suggests it was
first used between 1965 and 1970, the Oxford dictionary (n.d.) registers its first use in 1953.

4Note, however, that this association between open classes and content words (and its converse, between closed
classes and function words) is not as clear cut as it may seem at first. Numerals, for example, are a closed
class of words (intuitively, it is not easy to create a new word describing a number), but may arguably be
treated as content words in sentences such as “The party received 100 guests”.
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2.2 Creating new words in a language

“And there's the Dragon-fly.”

“Look on the branch above your head,” said the Gnat, “and there you'll find a
Snap-dragon-fly. Its body is made of plum-pudding, its wings of holly-leaves, and
its head is a raisin burning in brandy.”

“And what does it live on?" Alice asked, as before.

“Frumenty and mince-pie,” the Gnat replied; “and it makes its nest in a Christmas-
box."

THROUGH THE LOOKING-GLASS (CARROLL, 1872, P. 57)

There is a number of ways in which speakers can create new words. For example, they may
add an affix (e.g., a suffix or a prefix) to an existing word. The new words in Example 2 are
created using this strategy.

(2) globe + -al = global (noun — adjective)
global + -ize = globalize (adjective — verb)
global + -ly = globally (adjective — adverb)
globalize + -tion = globalization (verb — noun)
re- + paint = repaint (verb — verb)
un- + lock = unlock (verb — verb)
lock + -ed = locked (verb — verb)
lock + -s = locks (verb — verb)
car + -s = cars (noun — noun)
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As can be seen in the examples, certain affixes can change the class of the original word to
which they are attached, so the original noun globe gave rise to the adjective global, which in
turn gave rise to the verb globalize, and so on. Still, this is not always the case (paint is a verb,
and repaint is still a verb). In addition, note that the new words in Example 2 are all in open
classes. Again, this is not a coincidence: these are the classes that readily accept new members.

There is another strategy that speakers may use in order to create a new word: just juxta-
posing them together. This is illustrated in Example 3.

(3) oakshield (noun 4+ noun — noun)
moonwalk (noun + verb — verb)
runtime (verb 4+ noun — noun)
blue-collar (adjective + noun — adjective)
dark-green (adjective + adjective — adjective)
resource-intensive (noun + adjective — adjective)
free-ride (adjective + verb — noun)
sometimes (pronoun + noun — adverb)
without (preposition + preposition — preposition)
overrate (preposition + verb — verb)
uprise (preposition + verb/noun — noun)

. (see Nakov, 2013, for more examples.)
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This juxtaposition of the words® into a single unit, quite common in English, is what is
typically referred to as compounding. The phenomenon is so common that it has been referred

5For the sake of accuracy, it is important to note that (as discussed by Lieber & Stekauer, 2011), while intro-
ducing compounding as the juxtaposition of “words” works well with English, it would not work well with
morphologically richer languages, where the “words” making up the compounds are often required to be in a
specific inflection (as is the case in, e.g., Slavic languages), or linking morphemes may need to be introduced
in between them (as in, e.g., German). Indeed, Lieber and Stekauer mention that there is great controversy
in the literature about what ezactly the constituents of a compound are: are they “words”? (As suggested
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to as “the universally fundamental word formation process” (Libben, 2006, p. 2), “present in
all languages of the world (as far as described by grammar)” (Dressler, 2006, p. 23). Dressler
called it “the widest-spread morphological technique” (p. 23), stating that any language that can
create new words through affixesS (as described earlier) must necessarily also have compounding.
Of course, many of the words in everyday use are not new. Most of the words in Example 2 and
3 could be easily found in a dictionary, which presumably means they have been in use for a
while. However, they are still the result of the word formation process known as compounding.”

As can be seen in Example 3, the output of compounding can belong to any open word class
(e.g., moonwalk, dark-green) and sometimes even to a closed word class (e.g., without). In this
thesis, I am especially interested in the case when the final result is a noun, and in particular
in a subset of this group, that I will define in detail in the next sections. Before that, however,
I need to address some problems with the terminology.

2.3 A note on inconsistent terminology

It is worth highlighting how inconsistent the literature is in the way it refers to the different
constructions that are discussed in this chapter. As briefly pointed out in the Introduction,
many names have been used to refer to noun compounds, nominal compounds, and similar
structures. This causes much confusion, making, for instance, certain statistics particularly
difficult to cite accurately.

Hence, many articles cited throughout this thesis use similar (or identical) names to refer
to different things. Table 2.1 shows an overview of the different terms used in the literature,
and what they have been used to refer to. To the best of my knowledge, this is the first time
such a table has been compiled, even though many authors (e.g., Salager, 1984; Montero, 1996)
have long noted the inconsistencies in the literature. Note, however, that it is by no means

by Marchand, 1960.) Or are they “lexemes”? (As suggested by Bauer, 2003.) And how are these specifically
defined? A more recent book refers to them as “bases”, defining compounds as their combination (Bauer,
Lieber, & Plag, 2013, p. 431). While these matters ultimately have implications for the identification of
compounds (that is, for deciding whether a certain structure counts as a compound or not), they are out of
the scope of this dissertation, and will not be discussed further.

5Dressler makes a distinction between two types of affixes, derivation and inflection, that we will ignore here.
His exact words were: “if a language has inflection, it also has derivation and compounding, and if a language
has derivation, it also has compounding, but not vice-versa” (p. 23).

"The description so far, given its informality, begs the question: how to differentiate between a compound such
as “greenhouse” and an adjective+noun phrase such as “yellow house”? Several authors (e.g., Levi, 1978,
sections 2.3 and 2.4; Bauer et al., 2013, chapters 19 and 20; and Lieber & Stekauer, 2011) have noted how hard
it is to define compounds rigorously. In general, a number of criteria have been proposed, that work as “tests”
to decide whether a given sequence is a compound or a phrase (e.g., many compounds are written together
as a single word — like greenhouse —, so, if the sequence is written together then it must be a compound; and
many compounds are left-stressed, — like strawberry — so this must indicate their compoundness), but these
tests either lead to conflicting conclusions (e.g., floral arrangement is written separately, but is left-stressed)
or simply do not work (e.g., steel bridge is written separately, and is right stressed, but would normally be
regarded as a compound). A review of the criteria, and of the problems associated with them, can be found in
Bauer et al. (2013, chapter 19); but knowledge of these criteria and of their shortcomings will not be necessary
for this thesis.

Generally, for my purposes, it will be enough to treat as a compound any noun4noun combination, as well
as adjective+noun structures containing so-called “non-predicating adjectives”’, as described by Levi (1978,
chapter 2). These are adjectives that can be used in attributive position (e.g., a linguistic scholar, a chemical
engineer, a provincial governor — examples from p. 15), but either do not sound right in predicative position
(*a scholar who is linguistic; *an engineer who is chemical) or do not keep the same meaning (e.g., a governor
who is provincial would mean “an unsophisticated governor”, and not “a governor of a province”), behaving
generally differently from “normal” adjectives (e.g., they normally cannot be modified by very — compare
very good engineer vs. *very chemical engineer). Levi argued that these adjectives are actually nouns that
undergo an optional transformation after being placed in the premodifying position (e.g., a language scholar
— a linguistic scholar). Thus, structures such as floral arrangement, financial benefits or dental surgeon
would be compounds, while convenient arrangement, nice benefits or wealthy surgeon would be phrases.

10



2.3 A note on inconsistent terminology

comprehensive: it focuses mostly on papers that have been influential to the research I report
here. Indeed, most of the articles included in it are related to compounds made up of three or
more words — structures I will refer to as complex nominal compounds (see below). It is also
particularly arbitrary. No attempt has been made to select the most influential papers, the
most cited or the most well-known; no specific journals have been selected or discarded, and no
systematic method has been used.

Given the multiplicity of terms shown in Table 2.1, I decided to start this section by explicitly
defining what I mean when I say nominal compound, noun compound, and so on. As much
as possible, the definitions below will be used consistently in the rest of this chapter and in all
parts of the “frame” of this thesis, i.e., outside of the scientific papers that constitute the core
of the thesis. In the papers, however, even I have fallen victim to the inconsistencies of the
literature: each paper defines its own terms and uses them in a slightly different way.

Compound word A single word, written either “solid”® or hyphenated, that is the result of
compounding. Examples include nouns such as snowman or blackboard, but also other word
classes (e.g., adjectives: white-green, neverending; or adverbs: overnight, inside). Whenever 1
need to explicitly refer to a compound word of a certain lexical category, I will replace word with
the lexical category. Thus, compound noun is a compound word that is a noun; and compound
adverb is a compound word that is an adverb.

Noun Compound These are structures that are the result of compounding, and that are
nouns. This includes compound nouns such as snowman (composed of two nouns) or blackboard
(composed of an adjective and a noun), as well as sequences of words that, as a whole, constitute
nouns (such as snow ball and olive oil, but also stomach tissue biopsy or waste water treatment
facility) even when not all the words in the sequence are nouns (for example, floral arrangement,
financial crisis, government economic policy, non-invasive medical procedure or rail-suspended
safety harness; Williams, 1984). Indeed, as we will see below, even complicated structures such
as “I told you so” face will be considered noun compounds.

Nominal Compound (NC) Nominal compounds are a subset of noun compounds: every
nominal compound is a noun compound, but not every noun compound is a nominal compound.
I am defining the structure much more based on convenience (to explain exactly what kind of
structure I have examined in this thesis) and not so much because it is essentially different from
noun compounds in some particular way.

In order define nominal compounds, it will be useful to make a distinction between the com-
pounding that happens “inside” a word (that produces compound words) and the compounding
that links two or more words together.? In the case of nominal compounds, I will only be in-
terested in the compounding that links words together, i.e., the compounding of whole words
with other whole words. Because of this focus, a nominal compound will need to be made up
of at least two words. Compound nouns that are the result of compounding (such as snowman
or blackboard) but that are written solid are not going to be counted as nominal compounds,
because they will be treated (from the point of view of this definition) as just a single noun.

I will state the definition, and, in the following paragraphs, try to clarify some important
points related to it: a nominal compound is a noun compound that (1) has two or more
words and (2) is composed solely of words that, as a whole, are nouns or adjectives (where

81 use the word “solid”, following other authors (e.g., Bauer et al., 2013; Ferndndez-Dominguez, 2010), to refer
compounds that are written together as a single word (e.g., moonwalk). I will refer to compounds separated
by a hyphen as “hyphenated” (dark-green), and to compounds that are separated by spaces (olive oil) as
“open”.

9This distinction is of course arbitrary: some compounds are written sometimes solid, as a compound word
(e.g., healthcare), and sometimes open (e.g., health care). As we will see, the word healthcare will not be
treated as a nominal compound, but the combination health care will.

11
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what constitutes a “word” is decided simply based on spaces). Simple examples include the
previously mentioned snow ball, olive oil, floral arrangement, financial crisis or government
economic policy. Importantly, since every nominal compound is also a noun compound, its
head word (normally the last word — see Section 2.4.3) is typically a noun, since the head word
usually defines the lexical category of the construction as a whole. With this definition out of
the way, there are three clarifications that I find necessary to state.

First, note that a nominal compound depends on the definition of “word”. In order to count
how many “words” a nominal compound has, I will focus exclusively on spaces, and treat
hyphenated words and compound words as single words. Thus non-invasive medical procedure,
rail-suspended safety harness and healthcare policy rearrangement are all going to be treated
as three word nominal compounds (the first one composed of two adjectives and a head noun;
the second one composed of one adjective and two nouns, and the third one composed of three
nouns).

Second, this definition imposes a restriction on the lexical categories the nominal compound
can be made up of: nominal compounds will be composed exclusively of words that (as a
whole) are nouns and adjectives. Note that, because nominal compounds are “blind” to the
compounding that happens “inside” a word (and only see each word as a whole), I will accept
words that are the result of compounding with other lexical categories as long as the words, as
a whole, are adjectives or nouns. For example, the sequence neverending task will be considered
a nominal compound, even though it contains the word neverending, which includes the adverb
never in it, but is, as a whole, an adjective: the definition will only care about the lexical
category of the word itself, ignoring what it is composed of.

Finally, note that, because nominal compounds only accept nouns and adjectives, it excludes
structures such as “How does it feel?” game, and “punishment is good for everyone else, but
not my little angel” attitude (from Goldberg & Shirtz, 2025), that would be considered noun
compounds.

N-+N Compound These are the subset of nominal compounds that are composed exclusively
of words that, as a whole, are nouns. This includes sequences such as snow ball and olive oil, as
well as longer sequences such as party host disappearance investigation or apple pie plate tray
accident (Weiskopf, 2007). As in the case of nominal compounds (NCs), N+N compounds are
“blind” to the inner structure of its words. Therefore, a sequence such as blackboard cleaning
material will be counted as an N+N compound even if blackboard is itself a compound word
that contains an adjective (black).

Complex Nominal Compound (CNC) These are the main focus of this thesis. They are
nominal compounds (as defined above) that are composed of 3 or more words. This includes the
examples non-invasive medical procedure, rail-suspended safety harness, party host disappearance
tnvestigation, and apple pie plate tray accident, mentioned above.

With these definitions in mind, it is finally time to describe some of these structures in more
detail. In the following section, I focus on noun compounds; but the majority of what is said
there is also valid for nominal compounds and N+N compounds.

12
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Table 2.1: Some of the terms used in the literature related to complex nominal compounds. I omitted papers that focused exclusively on the
phenomenon of compounding, and that did not refer specifically to nouns that result from it.

Description

Term

Reference

Additional Comment

Compounds composed
solely of nouns

Compound noun*

Downing, 1977

Horsella & Pérez, 1991

N+N combination*®

Horsella & Pérez, 1991

The term used was actually N + N + ... + N combination

N+N compound*

Antoniova, 2020

Downing, 1977

Fercec, 2015

Fernandez-Dominguez, 2010

NN compound*

Kunter & Plag, 2016

They actually mainly spoke of “NNN compounds”

Bartolic, 1978

Bauer & Tarasova, 2013

Nominal compound*

Noun combination*®

Berg, 2016

Horsella & Pérez, 1991

Isabelle, 1984

Limaye & Pompian, 1991

Olshtain, 1981

Kvam, 1990

The paper actually focuses on “three-part noun combina-
tions”

Noun compound*

Fercec, 2015

Granville Hatcher, 1960

The full term used was “determinative non-appositional noun
compounds” (p. 356)

Olshtain, 1981

Noun-noun
combination*

Bell, 2012

Noun-noun compound*

Cohen & Staub, 2014

Gagné & Spalding, 2013

Kunter & Plag, 2016

The paper is focused on “triconstituent noun-noun-noun com-
pounds”

Moroschan, Nicoladis, &
Anjomshoae, 2024
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Noun-noun phrase!*

Spalding, Gagné, Mullaly, & Ji,
2010

Noun-+noun
compound*

Bartolic, 1978

Downing, 1977

Nouns as nominal
premodifiers

Biber & Gray, 2011

Dubois, 1982

Moroschan et al., 2024

These papers use miscellaneous explanations saying nouns
have been premodified by other nouns

Nouns in juxtaposition

Richman, 1969

Compounds that, as a
whole, are nouns

Complex nominal*

Jullian, 2001

Montero, 1996

Complex nominal
phrase*

Bhatia, 1992

Defined them as “series of adjectives, linearly arranged in the
pre-modifying position” — but in his example he inadvertedly
includes nouns: Sunpak’s advanced video light technology

Complex noun phrase*

Carri6 Pastor, 2008

Carrié Pastor & Candel Mora,
2013

Seem to focus on sequences of nouns, but examples include
adjectives

Compound nominal*

Weiskopf, 2007

Compound nominal
phrase*

Bhatia, 1992

Defined them as “linearly arranged nouns, occasionally incor-
porating adjectives as well”

Salager, 1984

Compound noun*

Pérez Ruiz, 2006

Compound word*

Geer et al., 1972

Conceptual . .
combination* Gagné & Spalding, 2006
Dlﬁ'erent—compgnent Fercec, 2015
compound
Modifier-noun ,
combination* Gagné & Shoben, 1997

Nominal Compound*

Berg, 2012

Fercec, 2015

They subcategorize Nominal Compounds into “Different-
component compounds” and “Noun compounds” (which they
refer to as “N+N compounds” or “N+N expressions”

Lees, 1960

Nagy T. & Vincze, 2013

van Helmond & van Vugt, 1985
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Noun compound*

Nakov, 2013

Pérez Ruiz, 2006

Noun string*

Pérez Ruiz, 2006

Single words that are
formed through

Compound word*

Dressler, 2006

But some examples include multiple words, e.g., apple pie

Gagné & Spalding, 2006

But some examples include multiple words, e.g., apple juice
seat, computer chip

compounding Libben, 2006
Miscellaneous Nominal compound* Williams, 1984 Compounds ‘.‘thét start and finish Wifﬁh a nominal, and incor-
’ porate an adjective, adverb or participle”
Marchand, 1955 The title says “nominal compognd”, but the rest of the paper
Unclear Nominal compound* only uses the term “compound

Piera, 1995

Probably meant compounds what I refer to as “noun com-
pounds”

1 While closely linked and often overlapping to the literature on compounds, the literature on “conceptual combinations” is less focused on the structure
(say, whether the modifiers are nouns, or adjectives), and more focused on the so-called “linking relationship” between the modifier and the head noun. See

Section 2.4.4.

* Terms marked with a star are terms that, themselves, fit the definition of nominal compound used in this thesis.
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2 Compounding and Nominal Compounds

2.4 Noun Compounds

“And then there's the Butterfly,” Alice went on, after she had taken a good look
at the insect with its head on fire, and had thought to herself, “| wonder if that's
the reason insects are so fond of flying into candles — because they want to turn
into Snap-dragon-flies!”

“Crawling at your feet,” said the Gnat (Alice drew her feet back in some alarm),
“you may observe a Bread-and-Butterfly. Its wings are thin slices of Bread-and-
butter, its body is a crust, and its head is a lump of sugar.”

THROUGH THE LOOKING-GLASS (CARROLL, 1872, P. 58)

Noun compounds make up around 90% of all newly created compounds (Algeo & Algeo,
1991). They are particularly frequent in everyday English use, comprising about 2.6% of the
British National Corpus, 3.9% of the Reuters corpus (Baldwin & Tanaka, 2004), and “[ijn the
Wiki50 corpus” (Vincze, Nagy T., & Berend, 2011), “67.3% of the sentences on average contain
a [noun] compound” (p. 225 Nagy T. & Vincze, 2013).

In this section, I introduce some important characteristics of noun compounds. Since every
nominal compound is a noun compound, many of the characteristics described here extend to
nominal compounds. I start out by describing their structure, then proceed to the distinction
between endo- and exocentric compounds, and finally discuss how the words in the compound
are linked together. At the end of the section, I then use these ideas to narrowly define the type
of structure I am interested in in this thesis.

2.4.1 What are noun compounds?

Noun compounds (e.g., leaderboard or olive oil) are typically formed by a head noun (e.g., o0il)
and any number of modifying words (e.g., olive). As mentioned in the Introduction, English is
especially flexible with what can be used in the modifier position. Hence, the modifier can be
virtually anything, ranging from a single noun or adjective, all the way to an entire clause (see
Examples 4, 5 and 6).

(4) Adjectives in the modifier position:

a. blackbird (from Geer et al., 1972)
b. blackboard
c. greenhouse

(5) Nouns in the modifier position:

a. toilet paper
b. strawberry
c. blood moon

(6) Whole phrases in the modifier position:

a. floor of a birdcage taste (from Lieber & Stekauer, 2011)
b. wouldn’t you like to know sneer (from Lieber & Stekauer, 2011)
c. figure-out-as-you-go process (from Gilinther, Kotowski, & Plag, 2020)
d. ‘Oh , get over yourself’ attitudes!'® (from Giinther et al., 2020)
e. ‘knowledge-of-the-word’ test (used in the text of Kvam, 1990)

In most compounds, the modifier extends or constrains the meaning of the head, indicating
that they bear some relationship with one another (see Section 2.4.4). Thus, toilet paper is
a specific kind of paper normally used in the toilet, and a tree branch is a branch of a tree.

10The extra space before the comma is in the original source analysed by Giinther et al. (2020).
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2.4 Noun Compounds

In some other, more lexicalized cases, noun compounds may acquire specific meanings. This
is why greenhouses are normally not green, some birds that are black are not blackbirds, and
strawberries do not really have straws: the combination as a whole denotes a particular concept
that is richer than what would be expected by simply putting together its different parts.

These compounds can then be generally used to form new compounds in a recursive fashion
— producing a structure that resembles that of a tree. For example, consider the compounds
financial crisis (Adjective+Noun) and night shift (Noun+Noun). Once they are established
as known terms in a certain discourse context, they can be recursively reused to produce new
compounds, such as

sta(>\ mﬂim

financial crisis night shift

/<\law

: . committee night  shift
financial crisis

and of course, the new compounds can be again reused recursively,

reform

law
night shift

with this recursion potentially going on indefinitely:

reform work group

law
night  shift

2.4.2 Structural ambiguity

This recursive structure can, however, be ambiguous sometimes. As noted by Kvam (1990),
some three word compounds can form an AB+C structure, some can form an A4+BC structure,
and still some may be ambiguous in the absence of additional context or world-knowledge. He
provided many examples, some of which are listed in Example 7.

(7) a. AB+4+C b. A4+BC c. Ambiguous
birthday party concrete lighthouse silk scarf blouse
shipyard workers evening dinner-party brass door knob
tailbone fracture London newspaper silver knife handle
wartime circular nylon clothesline front door step
soap opera character fuel feed pipe stone church tower
sperm bank donor bonnet release handle stell bridge foundation
health service employee parents reply date cotton shirt collar
income tax relief police narcotics control kitchen towel rack

That is, while it is clear that a health service employee is an employee of the/a health service,
and while a it is clear that a parents reply date is the date by which the parents need to reply
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2 Compounding and Nominal Compounds

(to something), it is unclear what a kitchen towel rack is: is it a towel rack that happens to
be in the kitchen? Or is it a rack for kitchen towels, but is free to be located anywhere else?
And what about a silver knife handle? Is it just the handle of a silver knife? Or is it the knife
handle itself that is made out of silver?

Note that this ambiguity increases exponentially with the number of words the compound
is made up of. While the number of possibilities is quite limited in the case of three words, it
grows quickly: a four word compound could have any of the structures listed in Example 8.1
As we will see later (see Section 3.2.2), this structural ambiguity is one reason why, in this
thesis, I assume complex nominal compounds (CNCs) to be a difficult structure to process.

(8) a. A+ (B+ CD) d. (A+BC)+D
b. A + (BC + D) e. (AB+C)+D
c. A + (Ambiguous) f. (Ambiguous) + D

2.4.3 The head noun and its position

As mentioned in Section 2.4.1, compounds are typically formed by a head noun, along with
any number of modifiers. Indeed, the majority of the noun compounds given as examples so
far have a noun as their last word, and this noun is responsible for a large portion of the
meaning of the compound as a whole. That is, most of the time, the compound as a whole is
a type/version/instance of its last word: an adult male rat is a type of rat, and a government
employee is a type of employee. This is even the case for many of the lexicalized compounds
mentioned so far: a strawberry is still a type of berry, and a greenhouse could still be interpreted
as a type of “house”. Similarly, even if there is only one moon, a full moon and a blood moon
could both be treated as different “versions” of the moon (as if they were “different types of
moon” that can be observed separately). In all these cases, where the compound has a head
noun that lends its own characteristics to the compound as a whole, we say that the compound
is endocentric.

Note, however, that endocentric compounds may have a head noun that is not its last word.
Certain specific cases, such as attorney general (a “type” of attorney), have a different structure,
where the head is positioned in the left, that is, in the beginning of the compound. Nevertheless,
these are still compounds, and still obey the same rules as other endocentric compounds (e.g.,
they can be used recursively to produce new compounds, e.g., attorney general senate hearing).

Endocentric compounds are normally contrasted to other, typically lexicalized compounds,
that refer to things that are not a type, version or instance of the head noun. For example,
a honeymoon is not a type of moon, and a ladyfinger is not a type of finger (see Levi, 1978,
Chapter 1, for more examples; and p. 6 footnote 3, as well as p. 64 for a discussion of how some
exocentric compounds such as birdbrain or cottontail may have come about through a process
known as “beheading”). In these cases, we say that the compound is exocentric and that none
of the words in the compound are the head noun: the head is outside of the compound itself.

"The tree-like structure mentioned here may not always be the best representation for some noun compounds.
Nakov (2013) mentions the existence of compounds such as adult male rat and male adult rat, for which “the
order of the modifiers adult and male could be switched, which suggests that adult and male independently
modify rat” (p. 16, emphasis from the original).
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2.4.4 Relational ambiguity: how are a compound’s words linked together?

The Sun
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Mouseover text: Obllgatory bad guy: This operation is sheer foolishness, and it's
not happening on my watch! Mainly because | can't figure out how to adjust the
time.

DoEs THAT
( MAKE SENCE?

MUNROE, 2009

Now consider the meaning of the compound doll smile. When read in isolation, readers would
normally interpret it as “a smile on a doll” (Gerrig & Bortfeld, 1999). But when read in context,
other meanings may be possible. For example, in Example 9, it would be interpreted as “a smile
caused by a doll”.

(9) Aunt Bev had just come back from visiting her niece and nephew. She was telling her
friend Dora about the visit. Bev explained, “I brought Sarah a doll and Paul a baseball.”

Dora asked, “Did the children like their gifts?”

Bev replied, “Their mother coached them to give me their biggest smiles.” She continued,
“I saw a doll smile [...] that was very impressive.”

(Gerrig & Bortfeld, 1999, p. 458)

This kind of ambiguity is common in nominal compounds and in compound words. While
baby oil may refer to a type of oil that is made for babies, it might well refer in other situations
(maybe a horror movie) to a type of oil that is extracted from babies (following the structure of
other compounds such as olive oil; example from Gagné & Spalding, 2009). Indeed, these are
not the only possible interpretations. For example, in a fantasy video-game, there could be an
oil that makes babies; or if babies were capable of producing oil, this could be an oil produced
by babies (that is, not extracted in the same way that olive oil is extracted from olives).

While these examples might sound exaggerated, the point of this exercise is to show that
the words in a compound may be linked together by any number of “relations”. This has long
been noted in the literature (a review of the ways in which these relations have been considered
can be found in Ferndndez-Dominguez, 2010). While some authors have argued that there
should probably be no comprehensive catalog of ways in which the words of the compound
can be linked together (e.g., Downing, 1977; Zimmer, 1971), others have tried to produce lists
describing all the possible relations between the compounds constituents (e.g., Jespersen, 1942;
Granville Hatcher, 1960; Brekle, 1976; Levi, 1978). Interestingly, these lists varied considerably.
For example, Granville Hatcher (1960) proposed a total of four very broad relations, that can
be seen in Example 10. Thus, the compound baby oil would fall into the category A < B (baby
“is the destination of” oil), and the compound olive 0il would fall into the category A — B
(olive “is the source of” oil).

(10) Linking relations proposed by Granville Hatcher (1960)

a. A is contained in B: gold ring, sandpaper
b. B is contained in A: broomstick, seed orange
c. A is the source of B (A — B): handwriting, castor oil
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d. A is the destination of B (A < B): sugar cane, sun worship

Conversely, Levi (1978) proposed the inventory seen in Table 2.2. She argued that nominal
compounds are the result of applying a transformational rule to a phrase containing a noun
and a sentence. For example, the compounds gold ring and sports magazine would originally
come from phrases such as a ring which is made of gold and a magazine which is about sports,
respectively. In order to produce the compound, these phrases would undergo a transformation
by which the predicate (is made of gold, and is about sports) is deleted and the noun at the
end of the predicate is moved to the modifier position.'? Thus, the compounds are typically
ambiguous: comprehenders need to guess which predicate has been deleted in order to recover
the meaning of the compound. This ambiguity, however, is limited to only a small number
of (what she termed) Recoverable Deletable Predicates, all of which are listed in Table
2.2. Here, I will refer to these as simply “relations”. The compound baby oil, therefore, would
generally fall into Levi’s FOR relation; and the compound olive oil would fall into Levi’s FROM
relation. Still, as she notes herself, these relations can be somewhat vague. To see how, she
provides the compounds in Example 11, all of which are linked by the FOR relation.

(11)  a. fertility pills = pills for fertility [to increase it]
headache pills = pills for headache [to decrease it]

b. bug spray = spray for bugs [to harm them]
pet spray = spray for pets [to help them]

c. mothballs = balls for moths [of something noxious|
birdballs = balls for birds [of something nourishing, like suet]

As she notes, even if fertility pills and headache pills may be linked by the same relation, they
seem to have opposite “goals”. “[W]e normally assume that headache pills must mean ‘pills for
suppressing headaches’ and fertility pills must mean ‘pills for enhancing fertility’. My theory
claims, however, that all we know for sure is that there is a relationship of intent or purpose
between the head noun pills and its prenominal modifier (i.e., that the pills are intended to do
some unspecified thing to, or with, or in connection with, headaches, or fertility ...)” (p. 99,
emphasis in the original).

Regardless of the specific way in which the words are linked, and the exact number of relations
(four for Granville Hatcher, 1960; twelve in Levi, 1978; and, in a more extreme example, more
than a hundred for Brekle, 1976), the main point is that compounds exhibit relational ambi-
guity, and comprehenders often need to choose the correct interpretation on-the-fly, based on
world knowledge and contextual information. When compounds are made up of several con-
stituents — as is the case for complex nominal compounds (CNCs) —, this ambiguity is present

2For completeness sake, I note that Levi actually proposed two processes for the production of nominal com-
pounds (which she referred to as “complex nominals”): predicate deletion and predicate nominalization. In
both processes the compounds are “derived from an underlying NP structure containing a head noun and a
full S in either a relative clause or NP complement construction; on the surface, however, the complex nominal
is dominated by a node label of N.” (p. 50). Predicate deletion is the process I describe in the main text,
which has gained the most attention in the compound processing literature.

Predicate nominalization, on the other hand, is the process through which a phrase such as “the act of
parents refusing” is turned into “parent[al] refusal”. Predicate nominalization is interesting in that it al-
lows compounds to be formed from phrases that are not complete. For example, the compounds “student
invention” and “mail sorter” would be formed from phrases such as “x such that students invent xz” and “z
such that x sorts mail”, where x is left unspecified (all examples here are from pages 168, 169, and 173).
She categorizes the nominalizations into four types, namely ACT NOMINALIZATION (musical criticism, man-
ager attempts), PRODUCT NOMINALIZATION (human error, musical critique), AGENT NOMINALIZATION (urban
planner, financial analyst), and PATIENT NOMINALIZATION (mammalian secretion, presidential appointees).

Here, I do not discuss this set further, because it has not received much attention in the psycholinguistic
literature. A detailed description can be found in (Levi, 1978, chapter 5).
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Table 2.2: Each of the twelve Recoverable Deletable Predicates proposed by Levi. More ex-
amples can be found in the table in Levi (1978, p. 76), of which this table is a
shortened form.

RDP Example RDP Example
CAUSEq tear gas CAUSEo  wiral infection
HAVE{ picture book HAVE» lemon peel
MAKE1  sebaceous gland MAKEo  daisy chains
USE solar generator BE soldier ant
IN marine life FOR horse doctor
FROM olive oil ABOUT  abortion vote

multiple times. As we will see later (in Section 3.2.2), this is one reason why, in this thesis, I
assume complex nominal compounds (CNCs) to be a difficult structure to process.

2.4.5 The scope of this thesis

In summary, nominal compounds are a common structure composed of a head noun and one
or more modifying adjectives or nouns. In this thesis, I will restrict my focus exclusively to
right-headed and endocentric nominal compounds. In addition, I will focus on complex nominal
compounds (CNCs; which, as defined earlier, are made up of three or more adjectives or nouns)
that commonly appear in scientific texts, and are typically not lexicalized.'® I will investigate
the difficulties experienced during the L1 and L2 processing of CNCs. The results reported
here are predicted to extend to languages other than English (such as German), but this is not
tested in this thesis.

In addition, so far, I have mentioned a number of times that CNCs are a common structure,
used frequently in scientific articles. Apart from this fact, however, I am aware of no research
that has investigated how they are distributed in these articles. That is, it is unclear whether
they cluster in certain parts of the articles, how often they repeat, or whether they are pre-
ceded by textual content that is supposed to help with their understanding. If they do receive
contextual support, then it is also unclear what strategies are used for introducing them, and
how these strategies affect the difficulty perceived by readers upon encountering them. These
matters will also be investigated in this thesis.

In the next section, I discuss the existing literature on the processing of CNCs and then
proceed to describe some literature on why CNCs are used in the scientific register. I conclude
the chapter with a summary of the chapter’s main points.

2.5 Previous research on CNC processing

Before discussing the literature on CNCs, a caveat is warranted. The literature on the processing
of “non-complex” compounds is vast. In the last few decades, compound nouns formed by the
juxtaposition of two words (warfare, greenhouse) as well as two-word combinations (coffee pot,
financial crisis) have been investigated from a number of different perspectives. Often, they
have been lumped together, acknowledging the fact that there are frequent inconsistencies on

131n the experiments reported in the publications in Chapters 5 and 6, the items are composed of long sequences
of nouns that are not common in dictionaries. However, it is true that parts of some of those sequences
are found in dictionaries. For example, the item United States factory employee insurance costs contains
the two-word noun United States, that can certainly be found in most dictionaries. In addition, while the
items are not common in dictionaries, at least a few items can be found in Wikipedia. For example, the item
Heart rate variability does have a corresponding article in Wikipedia (https://en.wikipedia.org/wiki/
Heart_rate_variability).
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whether a combination is written solid, hyphenated or separated (cf. flowerpot, flower-pot and
flower pot, Lieber & Stekauer, 2011 — see Kuperman & Bertram, 2012 for a review of the
factors influencing these spelling decisions), and the fact that normally the same head noun
and modifiers can form both compound words (lifestyle, snowman) and two-word combinations
(narrative style, snow shovel).

Thus, studies have focused on various themes, such as how compound words are stored in
the mental lexicon (e.g., Libben, 2006; Libben, Gagné, & Dressler, 2020), how they are ac-
cessed (e.g., Jarema, 2006), how this access is affected by whether compounds are semantically
transparent (sunday) or opaque (fleabag; Marelli, Crepaldi, & Luzzatti, 2009), whether chil-
dren develop distinct representations for N+N compounds and for their Adj+N counterparts
(Moroschan et al., 2024), how speakers process ambiguous compound words such as clamprod
(that can be interpreted either as clam-+prod or as clamp-+rod; Libben, Derwing, & de Al-
meida, 1999), whether we access “pseudo-morphemes” such as car and pet or hip and pie in
words such as carpet and hippie (de Almeida, Dumassais, & Antal, 2020; de Almeida, Antal, &
Salehi, 2025), or how we link the two morphemes/words to produce new concepts and whether
the linking relations discussed in Section 2.4.4 have any psychological reality (Gagné & Spalding,
2013).

When it comes to CNCs (and similar structures), however, the processing literature is much
more limited, and composed exclusively of offline studies. That is, instead of investigating the
behavior of participants during processing (by measuring, say, reaction times, or eye move-
ments), these studies asked participants to produce a response (say, to respond to a question-
naire, or to paraphrase a compound) and it was these responses that were later analyzed. While
many of the results for two-word combinations probably apply to CNCs, few studies have tested
the extent to which that is the case. Here, I start by discussing the L1 literature, and then
proceed to the studies involving L2 speakers.

CNC processing has been shown to be affected by education level. In one of the earliest
studies on the processing of CNCs, Geer et al. (1972) investigated how the processing of struc-
tures such as black bird-house (and its permutations, e.g., black-bird house, black house-bird,
or house-bird black) was affected by the education level of participants, hypothesizing that
“[Subjects] from different educational levels differ in grammatical organization” (p. 354). Par-
ticipants, divided into a higher and a lower education level groups, were asked to (1) produce a
paraphrase, (2) evaluate on a four-point scale their degree of confidence about the paraphrase,
(3) repeat out loud the compound and (4) again evaluate how confident they were about their
recall. Items were either two or three word compounds presented auditorily (which meant that,
in order to produce the paraphrases, participants also had to recognize the difference in stress
in the pronunciation of the structures — compare black 'bird-house vs. 'black-bird house'?®).
They found that participants with a higher education level recalled the compounds better and
produced more accurate paraphrases. In addition, while the lower education group produced
similar paraphrase confidence ratings regardless of their accuracy, the higher education group
“evidently had some notion when they were erring” (p. 354), producing paraphrase confidences
that did relate to their accuracy. Both groups also differed in their accuracy with two-word
compounds (higher education level — higher accuracy), which Geer et al. interpreted as indic-
ative that “the two groups are not in equal possession of all of the relevant rules. They are not
equal in competence” (p. 353).

In addition, Limaye and Pompian (1991) have noted that many L1 speakers, when interpreting
a CNC in isolation, have difficulties in identifying its head noun. Focusing on long N+N
compounds, they made five-item lists of CNCs and asked participants to either paraphrase them
or to choose the correct interpretation out of a number of alternatives. Items were presented
in isolation (i.e., without any additional context that could help with their understanding) to

MEollowing the International Phonetic Alphabet, I use the symbol “” to represent primary stress, and “” to
represent secondary stress.
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two groups of university students: 75 students of information systems in their “fourth course in
data processing and analysis” (p. 11), and 87 students in a business law course, 60% of which
were business majors. Each group received a list of CNCs that was related to their course of
studies. In their results, they noted that participants, for example, often chose paraphrases
such as “management of systems of information” for the compound “management information
systems”, indicating an inability to identify the CNC’s head.

Both aforementioned studies, as well as others (Olshtain, 1981; Williams, 1984) have found
that it is not always possible to recover the full meaning of the compounds when they are
presented in isolation. Both Olshtain (1981) and Williams (1984) asked participants to para-
phrase (C)NCs (and similar structures) and noted that even L1 speakers had low accuracy in
the interpretation of certain compounds that required context in order to be understood (e.g.,
L1 speakers had 33% accuracy on the interpretation of material defects, which meant “defects
caused by the use of sub-quality materials”, because this interpretation is not readily available
without context; Williams, 1984).

When it comes to the L2 processing of English CNCs, studies have mentioned the diffi-
culty they cause for speakers of several languages, including French (Williams, 1984), Spanish
(Williams, 1984; Carrié Pastor, 2008; Carrié Pastor & Candel Mora, 2013; Jullian, 2001), Croa-
tian (Bartolic, 1978), Hebrew (Olshtain, 1981), Vietnamese and Thai (Linh, 2010). In addition,
English L1 speakers learning Spanish have also been found to incorrectly transfer (C)NCs to
Spanish, producing structures such as oro cadena (literally gold+chain), instead of the correct
Spanish cadena de oro (Richman, 1969). These difficulties have been attributed in the literature
to three (interrelated) sources, which are illustrated below: the use of nouns as a premodifiers,
word order, and the identification of the head noun.

Regards premodifiers, Bartolic (1978), mentioning the “great difficulties” that English CNCs
present “to engineering students whose mother tongue is Croatian” (p. 257), noticed:

The reason for this lies in the fact that in the Croatian language the nominal struc-
ture “adjective + noun” is possible and the “noun + noun” exists only as an appos-
itional structure (rijeka Sava — the river Sava). So only an adjective can modify a
noun in Croatian and this structure is an approximate counterpart of the “noun +
noun” in English. While this statement generally holds good the factor of usage im-
poses certain limitations: i.e., the Croatian language has not formed all the possible
adjectives which would correspond to the modifying nouns in English. (Bartolic,
1978, p. 257)

Premodifers also present difficulty for speakers of Romance languages such as French, Por-
tuguese and Spanish, where constructions such as apple tree, petrol engine and digestion system
have to be translated by the use of single-word translations (Example 12), by prepositions
(Example 13), or by converting the premodifying noun into an adjective (cf. digestive system;
Example 14).

(12) Apple Tree

a. French: pommier

b. Portuguese: macieira

c. Spanish: manzano
(13) Petrol engine

a. French: moteur a essence
b. Portuguese: motor a gasolina
c. Spanish: motor a/de gasolina

(14) Digestion/digestive system
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a. French: systeme digestif
b. Portuguese: sistema digestivo/digestério
c. Spanish: sistema digestivo

Word order differences between L1 and L2 present a second source of difficulty. Romance
language speakers are also affected by this second source of difficulty, as illustrated in Examples
13 and 14. While N+N compounds are generally not productive in Romance languages, Adj+N
compounds such as global financial crisis are typically translated into an “inverted” word order
(cf. e.g., Spanish crisis financiera global, “crisis financial global”). But that is not always the
case. Indeed, when investigating the translation into Spanish of English “premodified complex
noun phrases” from scientific texts, Carrié Pastor (2008) found that translators (Spanish L1
medical students with an English B2 level) would produce the most variable words orders.
Example 15 shows some examples of the translations they analyzed, with numbers indicating
the order in which the words have been translated.

(15)  a. blood urea nitrogen concentrations = concentraciones de nitrégeno en la urea sanguinea
1 2 3 4 4 3 2 1

b. more rapidly progressing neuropathy = neuropatia que progresa mds rapidamente
1 2 3 4 4 3 1 2

c. type-two diabetes mellitus = tipo dos de diabetes melitus
1 2 3 4 1 2 3 4

d. PC-SAS version 6.11 = version 6.11 de PC-SAS
1 2 3 4 3 4 1 2

Even in languages that do contain N+N compounds, the word order may be a problem. This
may additionally lead to the third source of difficulties concerning CNCs in the L2, namely, the
misidentification of the head noun. Olshtain (1981) conducted a paraphrase study with Hebrew
L1 speakers, a language that forms compounds in an order opposite to English (i.e., instead of
modifier head, Hebrew compounds follow an order head modifier). She found that the Hebrew
speaking participants translated compounds such as laboratory workers as “a room where they
work” or “the laboratory of the workers”, indicating a difficulty not only in recognizing the
correct order in which the compound should be read, but also in identifying the head of the
compound. The same mistake is actually found in the text of Linh (2010): “Voltage source is
a voltage for the source or voltage from the source.” (p. 13, emphasis in the original) — just a
page after describing this very problem for Thai and Vietnamese speakers of English.

In summary, the studies reported here, despite being exclusively performed offline, indicate
that CNCs should be difficult to process not only by L2 speakers, for whom a number of
difficulties (associated with their L1) may be present, but also by L1 speakers, who may in fact
sometimes not be able to recover the CNC’s meaning or even identify its head noun. In Studies
1 (for L1) and 2 (for L2) of this thesis, these difficulties are investigated for the first time using
an online method, namely, eye-tracking.
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2.6 Why are CNCs used in scientific papers?

“I don't rejoice in insects at all,” Alice explained, “because I'm rather afraid of
them — at least the large kinds. But | can tell you the names of some of them.”
“Of course they answer to their names?” the Gnat remarked carelessly.

“l never knew them do it."

“What's the use of their having names,” the Gnat said, “if they won't answer to
them?”

“No use to them,” said Alice; “but it's useful to the people that name them, |
suppose. If not, why do things have names at all?”

THROUGH THE LOOKING-GLASS (CARROLL, 1872, P. 55)

In the previous section, I argued that the offline literature on CNC processing suggests that
they are probably hard to process. In the next chapter, I will also argue that CNCs are
“informationally dense”, and that, if that is the case, then they should be hard to process. But
then, if they cause processing difficulty, why do authors keep using them in their texts? Why
have CNCs increased in popularity in scientific texts over the years (as demonstrated by Biber
& Gray, 2011), instead of being disregarded in favor of more understandable alternatives?

A reason may be found in Dubois’s (1982)! quantitative analysis of the introduction of five
experimental articles from the field of Zoology. She initially hypothesized that CNCs had a
functional role, i.e., that their use was “determined by the writer’s assumptions concerning
shared information” (p. 51) with the reader. In other words, CNCs were supposed to signal to
the reader that certain pieces of information were assumed by the authors to be already “given”,
i.e., to be already known. She found that some of the articles did seem to support her hypothesis.
In two of them, the introduction was organized in a way that slowly set up the meaning of a very
long compound (Example 16 shows the way she schematized this process — Norman, 2003 refers
to this process as “packaging”), for example, first using words in postmodifier position (e.g.,
the larval stage of D. melanogaster — where the context clarifies that D. stands for Drosophila)
and only then moving them to a premodifier position (e.g., Drosophila larvae). The very long
compound then appeared at the very last sentence of the introduction (e.g., after discussing
the regulation of the oxidative NADP-enzymes in larvae, they eventually arrive at ozidative
NADP-enzyme tissue level regqulation), a “culmination of the process of NP construction” (p.
53). However, for the three other papers she analyzed, the length of the “culminating NP” (this
is how she referred to the long CNCs) was pretty modest (e.g., presumed vestibular function).
Hence, she concluded: “[t]o judge from the five papers being studied, the leftward pileup of
modifiers thought to characterize scientific writing is a stylistic feature, i.e., an option, some
authors displaying it significantly more than others. Where it is used, however, NP construction
serves specific functions” (p. 60).

(16) the NP is X — the X NP is Y — the XY NP is Z ...

Another reason for the emergence of CNCs that has been proposed in the literature (e.g.,
Levi, 1978, section 3.3.1; Olshtain, 1981; Zimmer, 1971) is the need to refer to new or specific
concepts. Downing (1977), for example, mentioned that “compounds often serve as ad-hoc
names for entities or categories deemed name-worthy. [...] The more name-worthy the entity or
category defined by the compound, the wider the temporal and spatial range of speech situations

50Once again, given the terminological inconsistencies of the literature, her work did not focus ezactly on what
I refer to in this thesis as a CNC. In her words, she was interested in the “piling up of modifiers to the left
of a head noun” (p. 49) or the “[e]xtensive prenominal modification of head nouns” (p. 64), which, in the
terminology of this thesis, fits better what I would refer to as noun compounds. For example, in her analysis,
she mentions compounds such as immunologically cross-reactive but enzymatically inactive G-6-PD, (where
G-6-PD is treated as a noun). While discussing her work in this section, however, I will still refer to the
structures she studied as CNCs. I do this because I am more concerned with the fact that these structures
are complex, i.e., composed of a head noun and two or more premodifying words.
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within which the compound will be useful and interpretable” (p. 841). Salager (1984) discusses
this use in the following way:

There is a semantic difference between the [CNC] banana curve and the related but
not synonymous phrase a curve shaped like a banana. In the latter, the curve is
identified by the reduced restrictive relative clause shaped like a banana to distin-
guish it from other curves, whereas the former is a new term in the language for a
specific curve having other properties. In other words, the [CNC] is crystallized into
a fixed expression owing [sic| a scientific meaning which the individual constituents
do not have. Therefore, the communicative value of these two expressions is some-
what different. The scientific or technical writer resorts to compounds in the same
way and for the same reason as the poet has recourse to metaphors and alliterations.
(Salager, 1984, p. 142, emphasis in the original)

This would explain, indeed, why it is in scientific texts that CNCs are so prevalent. In
Salager’s analysis of 10 texts written in general English (GE) and 10 texts written in a medical
English (ME) register, she noted that the “frequency of occurrence [of CNCs] is significantly
higher in ME than in GE”, and that “the more specialized the text, the longer the [CNCs]” (p.
142).

Finally, a third reason for using CNCs is a need for conciseness, an attempt to save space,
an intention to fit a scientific text into a certain number of words or pages (e.g., Levi, 1978,
section 3.3.2; Bartolic, 1978; Biber & Gray, 2011; Horsella & Pérez, 1991; Limaye & Pompian,
1991; Olshtain, 1981). Bartolic (1978), for example, discussing the difference between petrol
engine and an engine which is driven by petrol, suggested that the whole material explaining
the link between petrol and engine “is left out for the reason of word economy” (p. 258). He
later continues: “[t]his structure is very frequently used in technical writing because it is shorter
and more direct and therefore the information is conveyed in a more condensed form which has
a greater impact upon the reader” (p. 260). As we will see in the next chapter, this need for
“efficiency” may be at odds with the goal of ensuring that the ideas presented in the papers
are actually understood by the readers. There might be an optimal level of “compression” of
the text that allows for an efficient communication while still guaranteeing that the intended
meaning is understood by the reader.

Overall, the literature suggests that CNCs are not just a quirk of scientific texts, but rather
seem to offer at least some benefits to their authors. They signal the “given content” to the
readers, they act as versatile names that can be reused, and they save space.

2.7 Summary

In summary, compounds are a common structure that is present in every language of the
world (Dressler, 2006). In English, noun compounds are the most common form of compound,
typically formed with a head noun and any number of premodifying words. From this category, 1
elected in this thesis a subcategory of interest, nominal compounds, that are especially frequent
in academic texts (Salager, 1984; Horsella & Pérez, 1991), and have become more and more
frequent over the decades (Biber & Gray, 2011). While the processing of two-word nominal
compounds has been widely studied, that of longer, complez nominal compounds (CNCs) has
not. Indeed, little is known about them: it is unclear how they are distributed in scientific
texts, how often they are repeated, how the context sets them up, or how this context set up
influences the difficulty readers experience when reading them. One of the goals of the research
presented in this thesis is to fill this gap.
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Information is a broad concept. The word information has many meanings. When pa-
leontologists say that they have no “information” about certain civilizations, when historians
consider “information” about a certain historical period, when information scientists investig-
ate the phenomenon of “misinformation”, or when computer scientists process “information”
contained in a certain database, they all mean and are referring to different things (recovered
artifacts, historical records, human communication, and computer data, respectively). And yet,
in a way, they are not.

In this chapter, I discuss one specific way in which information has been conceptualized. This
is by no means the only one. Just as linguists still today disagree about the definition of “word”,
or what constitutes the boundary between languages, information scientists and philosophers
alike still today debate about the best way to conceptualize information (see e.g., Capurro &
Hjgrland, 2003; and Floridi, 2009 for discussions on how it has been conceptualized through the
years). Here, I put aside these debates and focus on a view that has historically been especially
influential for its applications to telecommunications: the view of Information Theory (Shannon,
1948).

In the previous chapter, I discussed the existing literature on complex nominal compound
(CNC) processing from a more “traditional” perspective, focusing on the way CNCs are struc-
tured, the different ways in which they can be ambiguous, etc. In this chapter, I consider them
from the perspective of Information Theory, arguing that they convey a lot of information at
once. I will also link them to the two frameworks that guide the predictions I state in Chapter
4: the Entropy Rate Constancy (ERC) Principle (Genzel & Charniak, 2002) and the Uniform
Information Density (UID) Hypothesis (Jaeger, 2010).

In order to discuss all of this, I will start with a quick introduction to Information Theory.
This introduction will be necessary to explain what [ mean with “information”, to instantiate the
problem to the case of human communication, and to argue why CNCs must be informationally
dense. The relationship between CNCs and the ERC Principle and the UID Hypothesis will
follow from this description, building upon the concepts introduced in it.
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3.1 A gentle introduction to Information Theory

This section is meant as a “quick recap” of the basic concepts of Information Theory. A
large portion of the storyline I follow here is inspired by Chapter 8 of Maurits (2012), and by
StatQuest with Josh Starmer (2021). This is by no means a comprehensive description: the
concepts introduced here are the bare minimum I deemed necessary in order to understand the
ERC Principle and the UID Hypothesis described later in the chapter. For more information
on the topic, the reader is referred to a textbook (e.g., Gallager, 1968).

3.1.1 Communication: The typical Information Theory problem

When Pfungst (1911) demonstrated that the horses of Elberfeld, who were showing
marvelous linguistic and mathematical ability, were merely reacting to movements
of the trainer's head, Mr. Krall, (1912), their owner, met the criticism in the most
direct manner. He asked the horses whether they could see such small movements
and in answer they spelled out an emphatic “NO." Unfortunately, we cannot all
be so sure that our questions are understood or obtain such clear answers.

LASHLEY, 1949, p. 28

As the name of Shannon’s paper itself suggests (it is called “A Mathematical Theory of
Communication”), Information Theory is a field concerned with communication. The typical
scenario is one in which an information source is trying to send a message to a destination
through a channel of communication. This message is then encoded into a set of symbols
that can be transmitted into the communication channel (by a transmitter), and that can be
received at the other end (by a receiver) and decoded back into the original message. The
typical problem in the field is that the communication channel may be noisy, so that some
of the symbols input at one end of the channel may end up corrupted when they reach the
receiver at the other end of the channel. The goal of the field is to find ways to make the
communication robust to this noise, establishing reliable communication, but without requiring
too many resources. Figure 3.1 shows a depiction of what this communication framework may
look like. In the following paragraphs, I expand on each of the components of Figure 3.1,
describing them in more detail.

The information source produces a sequence of symbols [zg, z1, z9, . .. ], each of which belongs
to a source alphabet X (i.e., zg,71,... € X).! The sequence as a whole represents the real
message that needs to be transmitted. For example, the message could be the content of an
email, and the symbols could be each character of the email; or the message could be a literal
text message from a phone (say, a sequence of words), and the symbols could be the words in
that text message. Importantly, these symbols are not completely unstructured: they form the
message, and, as we will see in a moment, have some statistical properties (e.g., if the symbols
were words, we could know that it is not common in English to finish a sentence with the word
“a”).

In order to arrive at the destination, the message needs to pass through the communication
channel. This channel is described by two components: a channel alphabet Y and a probab-
ility distribution P(y;|y;) that determines the probability that the output of the channel will
be the symbol y; € Y when the input to the channel was the symbol y; € Y. For example, if
the channel alphabet were composed of the values 0 and 1 (i.e., if the channel values were bits),
then one possible channel could be the one represented in the Figure 3.2, where f determines
the probability of “flipping” a bit; in other words, of the channel producing as output a 1 when
the output was 0, or producing a 0 when the output was 1. When P(y;|y;) = 1 and P(y;|y;) =0
for any choice of different 7 and j (which would happen, in the example of Figure 3.2, when f
is zero), we say that the channel is noiseless. In any other case, the channel is noisy.

'In order to avoid confusion, I will use [ and | to represent a sequence, and { and } to represent a set.
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Channel I Channel

Source Transmitter Receiver Destination

Input Output

Message Received Message

Noise

Figure 3.1: A diagram, adapted from Shannon (1948), depicting a “general communication sys-
tem” described in that paper. The message produced by the information source is
encoded by the transmitter into the channel alphabet, and input into the channel,
which may be noisy. The output of the channel is then decoded by the receiver.
The goal of the field is to achieve reliable communication in an efficient manner.

1—f
0O — 0 P(y =0lz =0) —f
f Ply=1z=1)=1—f
x Yy
f P(y=0lz=1)=f
1 —— 1 Ply=1lz=0)=f
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Figure 3.2: An example of a simple communication channel. This channel is a so-called binary
symmetric channel: it is binary in that the input and output are either 0 or 1, and
is symmetric in that the probability of “flipping” a 0 into a 1 is the same as the
probability of “flipping” a 1 into a 0. Adapted from (MacKay, 2003, p. 4)

In order for the message to be input into the communication channel, the symbols z; € X
(that are part of the source alphabet) need to be converted into the set of symbols y; € Y (i.e.,
into the channel alphabet). This conversion is performed by the transmitter and is referred to
as encoding. Conversely, when the symbols y; are received at other end of the communication
channel by the receiver, it performs the task of decoding the symbols y; € ¥ back into symbols
T € X.

In a noiseless channel, the output of the channel is guaranteed to be the same as its input. In
this case, the goal here is to find a code (i.e., a set of rules for converting each x; into an y;) that
will minimize the use of the channel, that is, that will lead the messages (i.e., the sequences)
[0, 1, . ..] to be converted into sequences [yp, y1, . . . | that are, on average, the shortest possible.
In this case, the problem of communication boils down to one of efficiency. One common
example of this kind of communication (cited by Maurits, 2012) could be that of file compression
algorithms such as WinZip. Compression algorithms are not really “communicating” anything
in the way we are used to thinking of it, but they do offer a good example of how flexible the
framework of Figure 3.1 can be. If we try to map each box of Figure 3.1 to a real-world element,
the information source would be represented by the file we are trying to compress. This file,
composed of a sequence (say, of characters, or of pixels, or bytes) would then be encoded into a
compressed form, and input into the channel, represented here by the computer storage device
(say, a hard drive, or an SSD). Finally, the “arrival” of the message at the destination would be
represented by uncompressing the file, recovering the original file. In this example, the channel
is “noiseless” because, once the file has been compressed, we do not expect it to be changed:
the channel input (the bytes that are inserted into the computer storage device) is identical to
the channel output (the bytes that are read when uncompressing the file).

Now, these file compression algorithms take advantage of the fact that files are not completely
random sequences of Os and 1s, but rather typically contain a lot of repetition and a predictable
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Table 3.1: The frequency of each letter in English (according to Lewand, 2000), along with a
common binary representation of each of lowercase letters of English. ASCII is the
name of the standard used for this binary representation, and stands for American
Standard Code for Information Interchange.

Letter Frequency ASCII sequence Letter Frequency ASCII sequence

e 0.12702 01100101 m 0.02406 01101101
t 0.09056 01110100 w 0.02360 01110111
a 0.08167 01100001 f 0.02228 01100110
0 0.07507 01101111 g 0.02015 01100111
i 0.06966 01101001 y 0.01974 01111001
n 0.06749 01101110 p 0.01929 01110000
S 0.06327 01110011 b 0.01492 01100010
h 0.06094 01101000 v 0.00978 01110110
r 0.05987 01110010 k 0.00772 01101011
d 0.04253 01100100 ] 0.00153 01101010
1 0.04025 01101100 X 0.00150 01111000
c 0.02782 01100011 q 0.00095 01110001
u 0.02758 01110101 z 0.00074 01111010

structure. For example, suppose we wanted to compress a simple .txt file created in Windows’s
Notepad, containing English text. Our goal is to perform “efficient” communication by “using
the channel” as little as possible, i.e., inputting as few as possible symbols into the communic-
ation channel. Table 3.1 shows the relative frequency of each English letter. Let us make the
simplifying assumption (just for the sake of this example) that the file contains only lowercase
letters (and no spaces, punctuation, or capital letters). In that case, the file would contain,
for each letter, the binary sequences shown in the ASCII column in Table 3.1, corresponding
to the z; of the file we want to compress. If we wanted to map them into a code y; (another
sequence of bits, in this case, to be stored in the computer), it would be useful to note that,
for example, every sequence starts with 011, and so just removing these offending bits (say,
replacing 01100101 with 00101) would already “compress” three eights of the file length. But
we could go further. Note how, since the text file contains English text, roughly 12% of the
8-bit sequences in the file would be the sequence 01100101 (corresponding to the letter e), about
9% of the 8-bit sequences would be 01110100 (the letter ¢), and only 0.074% of them would be
01111010 (the letter z). A good compression algorithm (performing efficient communication)
would take advantage of these statistics by, for example, mapping the frequent sequences x; into
especially short symbol sequences in the channel alphabet (say, mapping 01100101 into simply
0), and leaving the longer sequences for the infrequent letters.

In a noisy channel, on the other hand, efficiency is not the only variable that needs considera-
tion. This is because the most efficient codes might not be very robust to noise. Say our channel
is the one in Figure 3.2 and consider, for example, what would happen if the letter “e” (or the
byte 01100101) were encoded into the bit 0, as suggested in the last paragraph. This would
indeed achieve very good compression; but then, with probability f, the single bit 0 would be
flipped into 1, and what should have been the letter “e” would end up becoming something else.
In order to deal with this kind of noise, codes typically introduce some amount of redundancy.
One very simple example of what this redundancy might look like (that is, in fact, certainly
not very efficient) is what is referred to as repetition code, that is, to just repeat a few times
every bit being input into the channel. For example, instead of transmitting a single 0 for the
letter “e”, the transmitter would transmit 00. In this case, if the receiver receives a 01, it knows
something went wrong, and can take action to try to fix the communication (say, it can ask the
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transmitter to send the message again). Indeed, with more repetitions, it could even correct
the corrupted message. For example, if the transmitter repeated five times every bit (i.e., sent
00000 instead of 0), and one (or even two) of the bits were flipped (e.g., the receiver received a
01000), then the receiver could still recover the intended message by just performing a “vote”
(four votes for 0, and one vote for 1). Ensuring that the messages will be correctly recovered
(or recoverable) is what is typically meant with reliable communication.

Of course, repeating each symbol input into the channel several times will cause the channel
to be used a lot, reducing efficiency. This is not an accident: the two goals of reliable and
efficient communication are generally at odds with one another, and the goal of the field of
Information Theory is to find codes that can ensure reliability (i.e., can ensure that the message
delivered by the receiver is the same as the message produced in the information source, or,
in other words, can ensure that there are no communication errors) while also maintaining as
much efficiency as possible. Shannon showed that it is generally possible to keep the probability
of communication errors as arbitrarily low as desired as long as the codes being input into the
communication channel follow certain properties. In order to discuss these properties, however,
we need to discuss the concept of Information.

3.1.2 A measure of information

From the point of view of Information Theory, information or surprisal is a number that
is proportional to how unlikely the outcome of an event is. Here I try to present a friendly
justification for the formula used for its calculation. Many of the papers I cite in this thesis
that refer to this quantity just state the formula as if it had “come from the heavens”, without
explaining where it comes from or indicating where I could learn about it. With this explanation,
I hope to show that the formula is not as arbitrary as it looks like at a first glance, but rather
was chosen because it has certain useful properties that reflect intuitions we have about how
“surprising” and “informative” things behave in the real world.

I start with an example,? and in this example it makes more sense to focus on the word
surprisal, instead of information. Imagine I were to repeatedly pick a marble from the following
two boxes, A and B, containing red and blue marbles:

e Box A: contains 99 red marbles and only a single blue marble;

e Box B: contains 50 red marbles and 50 blue marbles.

Now, once I pick a marble from box A, how surprised should I be if I found a red marble?
The answer is simple: not at all, since the box A contains many more red marbles than blue
marbles. On the other hand, if I had found a blue marble, I should be pretty surprised, given
how unlikely that is.

Moving on to box B, how surprised should I be if I found a red marble? In this case, both
marble colors are equally common, so I should not be surprised finding a red marble, just as I
should not be surprised finding a blue marble. Still, whatever color I find from box B, I should
probably be a bit more surprised with it than I was when I found a red marble in box A: in
box B, I never know what I will find (it may be blue in one pick, then red in another pick, and
so on), while in box A I can be pretty certain that I will find a red marble most of the time.

If we were to associate probabilities to these processes, we could define

Py(red) = 0.99 P (blue) = 0.01
Pg(red) = 0.50 Pg(blue) = 0.50

2Here, T partially adapt the very intuitive explanation from StatQuest with Josh Starmer (2021). Still, note
that he uses the word surprise. I instead use the word surprisal because it is the more commonly known term
in Psycholinguistics (cf. Levy, 2008).
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where the subscripts A and B denote the box the marbles are sampled from.

How could we use these probabilities to define surprisal? Note that, when Pj(red) is very
high and I pick a red marble, I am very unsurprised; and when P4 (blue) is very low and I
sample a blue marble, I am the most surprised (out of all situations). From this, we can see
that there is an inverse relationship between surprisal and probability. If we denote surprisal
as I (standing for “information”), and if X is a random variable (that can take the values red
and blue), then we could tentatively write I as

1

I;entative X) =
A o

where ¢ indicates the box I am sampling from. (In the following, I will omit the index ¢ when
speaking about information generally.)

Now, this formula would have a strange behavior in some situations. To illustrate this strange
behavior, consider a third box:

e Box C: contains 100 red marbles and no blue marble.

In that case, the probability of picking a red marble would be Po(red) = 1, and I v¢(red)
would be % =1, that is, I would still be “l-surprised” when I found a red marble. This would
not make much sense: I would like not to be surprised at all, i.e., ideally we should find that
the information acquired in this case is 0. So we need a revised formula.

But how should we change the formula? From the description above, we would like a formula
that has two desired properties:

1. We would like I(X) to be 0 when the sampling process (the process of picking marbles
from a box, in this example) is deterministic;

2. We would like a formula that is inversely proportional to P(X).

Before unveiling the actual formula, I want to add a third item to our desiderata. In this
case, I want to appeal to our intuition of information (and not surprisal). Imagine my sampling
results were secret, and happened, say, in a secret room, and no one was supposed to know what
marbles have been selected. For this example, imagine I am repeatedly sampling only from box
A. Imagine a spy manages to peek into the room and see what marble has been sampled every
time I pick a marble from the box. Say I pick, in my first sampling “round”, a red marble. At
this point the spy, looking at my results, acquires I4(red) information (intuitively, this is true
regardless of the exact formula of I4). Now imagine I pick a second marble, and it is now blue.
At this point, the spy acquires an additional amount of information, corresponding to 4 (blue).
As I keep sampling, the spy keeps acquiring more and more information about the marbles that
have been selected.

At the end of my sampling procedure, how much information has the spy acquired? Intuitively,
this should be a sum of the information acquired at each round. This is our third desired

property:

3. If the sampling process is repeated multiple times, the final surprisal (resulting from all
the repetitions) should be a sum of the surprisals of each repetition.

We can achieve these three desired properties by modifying slightly the current I*¢matve( X))

formula:
1

I(X) = log <P(X)) (3.1)

where the base of the log can be any value, but, for convenience I will assume a base 2, since this
is the typical value used in most discussions of Information Theory, and is the value Shannon
used in his seminal paper. Indeed, with a base 2, we say that this value is given in bits.
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Using the log function, we can fulfill the three properties we had envisaged for our notion
of surprisal. First, note that log1 is 0. Thus, when an event is deterministic and we are “not

surprised at all”, log (%) = log (%) =log1l =0, i.e., we acquire no information.

Second, note that the log (%) is still inversely proportional to the probability P(X). For

example, as we have just seen, when P(X) is 1, I(X) = 0, i.e., no information was acquired.

Similarly, when P(X) = 0.5, log (%) = log (%) =log2 =1, i.e., one bit of information was

gained; and when P(X) = 0.25, log (P(IX)) = log (07125) = log4 = 2: two bits of information
were gained. As P(X) approaches 0, I(X) approaches infinity, but it is undefined for P(X) = 0,
which, intuitively, would reflect the idea that it makes little sense to talk about the information
acquired from events that cannot happen.

Third, information is additive. To see this, it will be useful to remember that log(a x b) =
log(a)+log(b), and to briefly discuss the probabilities associated with more than one independent
event. Back to the spy example, where I picked a red marble followed by a blue marble, what was
the probability of having picked them both? Since both events are independent and identically
distributed, the probability of the combination of outcomes would be given by multiplying
Py(red) with Pa(blue): P(red,blue) = Py(red) x Pa(blue). If we now replace red,blue in the
I(X) formula, we get:?

1
Hred.bne) = og G

= log <P(red) :P(blue)>

= log (P(:ed) X p(bllue)>

~log <P(:ed)> o <P<bll“€)>

In summary, information (or surprisal) is a value that is inversely proportional to the prob-
ability of an outcome, that is 0 when the outcome is deterministic, and that is additive when
multiple independent events occur (say, in succession). When the base of the log is 2, we say
that it is given in bits.*

Before moving on to discuss how this value is used in Information Theory, I would like to
point out that the formula for information is also often written in a slightly different way. In
order to arrive at the different form, it will be useful to recall that % = a7 !, as well as the
following property of the log function: log(a®) = b x log(a). With these two ideas in mind, we
can see that:

=log (P(X)™1)
= —1 x log(P(X))
— —log(P(X))

This last form is more compact, and is just as common in the literature (e.g., A. F. Frank &
Jaeger, 2008; Jaeger, 2010; S. L. Frank, Otten, Galli, & Vigliocco, 2015; Schmidtke, Kuperman,

31 should note that I(red, blue) is a bit of an abuse of notation. In the next subsection we will see that I(A; B)
is a measure referred to as mutual information between the random variables A and B. This is not what is
meant here. Here I(red, blue) is just the information acquired by picking both a red and a blue marble from
the box.

4The word “bit” is a contraction of “binary digit”, where “binary” reflects the fact that it can contain only two
values, e.g., either True or False, or either 0 or 1.
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Gagné, & Spalding, 2016; Benjamin & Schmidtke, 2023), although many papers (e.g., Levy &
Jaeger, 2006; Jaeger, 2010) and textbooks (e.g., Gallager, 1968) also include or even prefer the
larger version of the formula.

3.1.3 Entropy

Now I would like to turn my attention to the concept of entropy. In order to understand it, I
would like to stick to the story of the spy trying to peek the outcomes of my sampling procedure.
Every time a marble is selected from the box, the spy acquires a certain amount of information.

One could ask how much information the spy would acquire for each sample, on average.

Clearly, this would depend on the probabilities of selecting these marbles (P(X = red) = %,
and P(X = blue) = ﬁ) and on the amount of information acquired for each possible outcome

(selecting a red marble gives us —log(%) ~ (0.015 bits of information, and selecting a blue

marble gives us — log(ﬁ) ~ 6.649 bits of information). In general, we can calculate this kind
of average by calculating the expected value E[X] of the information. Given a random variable
X, the expected value is calculated as:

r,€X

Thus, plugging the amount of information — log(P(X)) into the expected value formula, we
can calculate the average amount of information per event:

H(X) =E[~log(P(X))] = Y P(w:)(~log(P(x))
z,€X

This expected value is typically called entropy (typically denoted by the letter H), and is
often treated as a measure of how uncertain we are about a given outcome. To see why, 1
would like to calculate it concretely for the three boxes A, B and C I defined in the previous
subsection. This will also hopefully be useful to help clarify the entropy formula.

e Box A: contains 99 red marble and only a single blue marble;
e Box B: contains 50 red marble and 50 blue marble.

e Box C: contains 100 red marble and no blue marbles.
For box A, we have:
99 99 1 1
Hpi(X)= — [ -1 — — | =1 —
AX) =155 ( °8 <100>) " 100 < o8 (100))

~ 0.99 x (—0.014) 4+ 0.01 x (—6.644)
~ 0.081

For box B, we have:

Hp(X) = % (log <150%>) + % <log (f()%))
=0.5x (—=1)4+0.5 x (—1)
=1
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And for box C we have:®

100 100 0 0
Ho(X) = (—log () )+ — (—log [ —
c(X) 100( Og<100>)+100< °g<1oo)>
=1x0+4+0
—0

What can we learn by looking at these numbers? When I sample from box A, I am typically
pretty certain that I will select a red marble: the probability of selecting a red marble is much
higher than the probability for the blue marble. But I still have a certain chance of selecting a
blue marble. This chance is small, but exists. When I sample from box C, however, this chance
does not exist: all marbles are red and there is no way I can select a blue marble at all. Note
how the entropies H4(X) and Ho(X) reflect these properties. The entropy of box C' is a flat
0, indicating that I am “O-uncertain” about the outcome: there is no information to be gained
about it at every repetition of the sampling process. Conversely, the entropy of box A is a small
number. It is still pretty close to 0 (indicating little uncertainty), but it is nevertheless positive.

These two boxes stand in stark contrast with the entropy Hp(X). In this specific case, the
marbles have equal probability, and I have no guess as to which color I will select every time I
pick a new marble from the box. Every time I do it, I earn, on average, 1 bit of information,
corresponding to my “cluelessness” and to the fact that it is either red or blue (“either zero
or one”). Indeed, having equal probabilities for every possible outcome (in this case, having
probabilities P(red) = P(blue) = 0.5), is the only way to achieve maximum entropy. That is,
for two outcomes, the maximum possible entropy that can be achieved is exactly 1 bit. For
three outcomes, it would be a bit more than one, but still not two:

=3 (e (3) 3 () 3 ()
(3 ((2)

~ 1.585

And for four outcomes, the maximum possible entropy is 2 bits, intuitively corresponding to
the values 00, 01, 10 and 11. The pattern goes on in an intuitive way: 3 bits correspond to
equal probabilities with eight possible outcomes, 4 bits correspond to equal probabilities with
16 outcomes, and so on.

3.1.4 Mutual information and the channel capacity

Now, going back to the general communication framework described earlier, consider what
happens when the transmitter inputs a symbol ; into the communication channel. This symbol
has a probability P(y;) of being inserted into the channel, and thus, conveys I(y;) = — log(P(y;))
bits of information. Once in the channel, it may be subjected to noise and changed into another
symbol, or it may arrive unchanged at the receiving end. Recall that the channel is characterized
by the probability distribution P(y;|y;) indicating the probability of symbol y; arriving at the
receiver given that the symbol y; was input. With these ideas in mind, one might ask how
much information on average can be acquired about the channel input given the noisy output
produced by it. This value is called the mutual information between the input and the
output. In order to keep consistency and avoid a clash in the notation, I will use Y as random

°Tt is true that log 0 is undefined, but it is justifiable to say that 0log(0) = 0 because lim,_o = log(z) = 0.
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variable denoting the input to the channel, and Z as the random variable denoting the output
of the channel. In that case, the mutual information is given by:

I(Y:Z)=H(Y) - H(Y|Z)

Before describing the formula in more detail, let us focus for a moment on the term H(Y'|Z).
I would like to describe what it represents conceptually, without giving too much attention to
how H(Y|Z) is calculated.® In simple terms, it measures how much we still do not know about
Y given that we already know the value of Z. In order to develop an intuition about it, it is
useful to consider two cases. First, when Y is identical to Z (which is true when the channel is
noiseless, for example), there is no uncertainty left once we observe the value of Y. Therefore,
H(Y|Z)=H(Y|Y) =0 (i.e., we already know exactly the input Y once we know the output,
which is also Y). Second, when Y and Z are completely unrelated, we learn nothing about
Y upon seeing Z, and therefore H(Y|Z) = H(Y). In other words, knowing about Z does not
influence at all our uncertainty with respect to Y.

After understanding H(Y|Z) better, the formula for mutual information becomes pretty
intuitive: the information we acquire about the input Y when we observe the output Z is the
entropy of Y (i.e., H(Y)) minus the amount of information we still do not know about Y given
our knowledge of Z (i.e., H(Y|Z)). Another way of saying this is that the mutual information
is the uncertainty of Y minus the uncertainty we still have about Y once we know the value of
z."

Armed with these ideas, I am finally able to introduce the channel capacity. The capacity
C of a channel is the maximum amount we can possibly know about the input of the channel
after we observe the output of the channel, when considering every possible way in which the
input of the channel can be distributed:

C=maxI(Y;2)
P(Y)

In other words, if I were to keep a record of the mutual information [(Y’; Z) between the input
Y and the output Z of the channel, and were able to change the way the input Y is distributed
however I wanted, then the capacity of the channel would be the maximum value that I would
have recorded after having changed the input in every single possible way.

Note that, in a noiseless channel, we know perfectly the input Y when we observe Z. As
mentioned earlier, this is a case in which H(Y|Z) = H(Y|Y) = 0, and therefore I(Y;Z) =
HY)-H(Y|Z)=H(Y)—0= H(Y). That is, the capacity C of a noiseless communication
channel is simply the entropy H(Y).

In order to understand why this value is important, we need to go back to the communication
framework of Figure 3.1. Recall that the information source produces symbols z;, and that
these symbols have a statistical structure. Given the probability distribution of these symbols,
we could calculate the entropy of the information source Hg. This entropy indicates how
much information, on average, each symbol produced by the information source conveys. For
simplicity’s sake, let us assume that there is a one-to-one correspondence between each symbol
x; produced by the information source and each symbol y;, into which z; is encoded in order

5The value H(Y|Z) is the conditional entropy of the distribution of Y given that Z is known. It is given by

H(Y|Z)=E[H(Y|Z =z)]= Y P(z:) Y Plyilz)(~log(P(yi|z))).

2, €Z Y, €Y

"Interestingly, I(Y; Z) = I(Z;Y), and therefore the mutual information can also be “inverted”,
I(Y;2) = H(Z) - H(Z|Y) = HY) — H(Y|Z) = I(Z;Y)

that is, it is would also be possible to calculate how much we know about the output Z when we know what
the input Y is.
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to be transmitted (i.e., input) into the communication channel. Let us also assume that the
information source produces symbols at exactly the same “speed” as the channel is able to
transmit them (we will deal with the more general case in the next paragraph). In this case, if
the entropy of the information source is smaller than the capacity of the channel (i.e., if Hg < (),
then the following two things must be true. First, there must be a way for the symbols of the
information source to be (encoded and subsequently) transmitted through the channel so that
the probability of communication errors (i.e., the probability of the message delivered at the
destination being different from the message produced by the source) is as arbitrarily low as
one desires. That is, there has to be a way for communication to be performed reliably, even if
this way is not immediately evident. Second, if the entropy of the information source is higher
than the capacity of the channel (i.e., if Hg > ('), then the converse is true: there is no way
for the communication to be performed reliably, and communication errors are guaranteed to
eventually happen. Since reliability and efficiency typically at odds with one another, the most
efficient communication normally happens exactly when the entropy Hg of the information
source exactly matches the capacity C, i.e., Hg = C.

However, this is only true if the information source produces symbols at the exact same rate as
the channel transmits them. Consider what would happen if the channel were able to transmit
symbols at a rate rgyp, that is only half the rate rg of the information source. In that case, there
could be a communication “bottleneck” at the channel, and reliable communication would only
be possible if the entropy Hg of the source were half the capacity C' of the channel. Therefore,
if the rates rg and r¢y, differ, then reliable communication is only possible if %s < %, and

not possible otherwise. The most efficient communication would then normally happen when
Hs _ C

rs rCh '

3.2 Applying these ideas to Psycholinguistics

This whole communication framework is interesting, but how is this all related to Psycholin-
guistics? What are the “symbols” we are sending when we speak a word or write a sentence?
What corresponds to the transmitter? Or to the channel? Do we even need to directly specify
such a mapping?

In this section I try to concretely instantiate this framework to the case of human communic-
ation. I do this with the aim of explaining the main assumption I make in this thesis, namely,
that complex nominal compounds are a particularly informative structure, that conveys a lot
of information at once.

3.2.1 A possible psycholinguistic instantiation

Many psycholinguistic papers freely use concepts associated with Information Theory without
explicitly specifying this mapping. For example, focusing on “duration, prosodic structure and
redundancy in spontaneous speech”, Aylett and Turk (2004) suggest that there is an “inverse
relationship between language redundancy and duration|, which] improves communication ro-
bustness by spreading information more evenly across the speech signal, yielding a smoother
signal redundancy profile” (p. 31), but do not directly declare what constitutes the channel or
what the information source is. Similarly, Willems, Frank, Nijhof, Hagoort, and van den Bosch
(2016) “assume that the language-comprehension system, after processing the first ¢ — 1 words
(i.e., the sequence wy,...,w;—1), is in a state that implicitly assigns a conditional probability
P(w¢wy, ..., wi—1) to each potentially upcoming word w;” (p. 2507) and then calculate sur-
prisal and the entropy based on that conditional probability distribution; but do not clarify
that (or whether), say, words are the symbols constituting the channel alphabet. Indeed, in
some cases, the application of these concepts is a sort of convenience: a means to an end. For
example, because entropy is a measure of uncertainty, it seems to be a good way to quantify
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the amount of competition between the relations linking the two morphemes of a conceptual
combination (e.g., Benjamin & Schmidtke, 2023).

Other psycholinguistic studies, on the other hand, do try to explicitly map each element of
Shannon’s communication framework into real world entities. Thus, for example, for Gibson,
Bergen, and Piantadosi (2013) and Gibson et al. (2019) the source and destination are people,
the source alphabet is a set of meanings, which are encoded into utterances and sent through
the channel, in turn comprising the “acoustic” or the “visual environments” (Gibson et al.,
2019, p. 3); and for Maurits (2012) “the source and destination are the minds, ... the source
alphabet is the set of ideas which can be expressed by [them, t]he channel is comprised of the
sensory-motor systems ... of the communication parties and also the physical medium of the
atmosphere” (p. 128), and the channel alphabet is comprised of phonemes.

As we will see later in this Chapter, the theories I focus on in this thesis are less like the latter
studies and more like the former ones. Instead of explicitly mapping the real world entities or
describing the channel in more detail, they take an approach similar to Willems et al. (2016)
and just focus on the probability of occurence of each word in order to calculate the information
conveyed by it. I judged it useful, however, to present in the next paragraph a tentative mapping
of the entities of Figure 3.1 into the real world. As I already mentioned, I do it in order to justify
in a more intuitive manner the main assumption of this thesis: that CNCs are informationally
dense, i.e., that they convey a lot of information in just a few symbols. Still, I make no strong
commitment to this mapping, since it is not necessary for the predictions I will state in Chapter
4.

Thus, similarly to Maurits (2012), I treat the source and destination as the minds of human
beings, and the source alphabet as the thoughts or ideas that are produced by these minds.
These thoughts are encoded into a sequence of written words (in my case, I am exclusively
interested in communication that is performed through text, since I am focusing on the aca-
demic/scientific register), which are elements of the channel alphabet. The channel itself, thus,
is the physical paper on which they are written. The goal of the decoder is to make sense of
the written words and deliver back into the reader’s mind the meaning that was intended by
the text author. Therefore, the noise of the channel comes from at least the following three
sources. First, many words are ambiguous, and the reader has to decide in what sense they have
been used when decyphering the meaning intended by the authors. Second, the ways in which
these words are related is often also ambiguous. Third, some words, especially those involved
in scientific jargon or in the jargon of a certain field, may not be recognized by the reader. This
is especially problematic for L2 speakers, who may even in fact not recognize some words that
L1 speakers would have no trouble dealing with.

3.2.2 What does this mean for CNCs?

With this mapping in mind, I can finally justify why, in this thesis, I treat CNCs as structures
that are informationally dense. Indeed, it is interesting to note that other authors have spoken
about these structures as having “high information content” (Moon, 1997, p. 56), as convey-
ing “highly compact information” (Linh, 2010, p. 5), having “the capacity to condense large
amounts of information in few words” (Jullian, 2001, p. 239), and allowing for the “packing and
compressing of complex information” (Pueyo, 1996, p. 258); and thus it would seem actually
“justifiable” to assume this to be true without any additional argumentation. Still, it is also
true that they most likely did not use the word “information” in the sense referred to here.

So why should I assume CNCs to be informationally dense? My reasoning is the following.
First, since the CNCs I focus on here are not lexicalized, there is great uncertainty during the
reading of the CNC words as the reader moves from one word to the next. In other words, it is
hard to predict the next CNC word based on the previous ones. Second, CNCs often are the
very scientific jargon just alluded to at the end of the previous subsection, containing words
that may cause difficulty just by virtue of being infrequent technical terms. Third, CNCs suffer
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from a relatively large degree of relational ambiguity: the way in which the words in the CNC
are connected is ambiguous, and left for the reader to figure out. For example, as discussed in
Section 2.4.4, it is the reader who has to realize, given the context, whether a doll smile is a
“a smile caused by a doll” or a “a smile on a doll”. Of course, the longer the CNC, the higher
the degree of relational ambiguity. Fourth, CNCs also suffer from a large degree of structural
ambiguity: the reader also has to figure out which words are more closely linked to each other.
For example, readers from papers related to Machine Learning have to know that a recurrent
connection weight is a “weight of a recurrent connection”, and not a “connection weight that is
recurrent”. Again, the longer the CNC the higher its degree of structural ambiguity. Finally,
because the head noun is the last word of the CNC, readers often do not know that the CNC
is finished until they reach the subsequent word. That is, if the string recurrent connection
weight were followed by, say, the word changes, the reader would have to integrate the meaning
of recurrent connection weight into the longer CNC recurrent connection weight changes, and it
would still be unclear (depending on the context) whether changes is a plural noun or a third
person singular verb. All of these arguments suggest that the probability of the CNC words to
occur together is low, and that there is a lot of noise in the process of “decoding” the CNC into
the meaning it was intended to convey, i.e., that CNCs convey a lot of information in the few
words they are made up of.

In the rest of this chapter, I describe the two theories that guide the predictions I make in
the next chapter.

3.3 The Entropy Rate Constancy (ERC) Principle

Garden Path Sentence
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MUNROE, 2023

Now, given that communication is efficient and reliable when the entropy of the information
source is exactly the channel capacity, could it be that human communication is efficient and
reliable? That is, even if speakers are unaware of the kinds of considerations they make when
producing a sentence, could it be that they actually optimize the information they convey so as
to also transmit it at a rate close to the channel capacity?

Genzel and Charniak (2002) decided to test this possibility by focusing on communication
that is performed through text. Here, I describe their formulation because I will use it when
stating the predictions in Chapter 4.

First, define a sequence of random variables (X1, Xo, ..., X, ], representing each of the words
of a text, so that X7 corresponds to the first word of the text wy, X9 corresponds to the second
word of the text ws, and so on, up to w,, i.e., the last word of the text. Let us consider any
general word w;, at any point of the text. If we fix the words [wy,ws ... w;_1], then we could
define a random variable Y; with distribution X;|X; = wy, Xo = wo,..., X;—1 = w—1. Y; is
the variable that is important to us: if communication is efficient, then it is performed at the
channel capacity, and Y; has always the same entropy, H(Y;), regardless of the i we choose.

As a second step, let us focus on the sequence of words [wy,ws...w;—1], constituting the
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context of w;. Note that this context can be divided into two parts: a global context containing
all the words that are not in the same sentence as w; (i.e., that are in sentences preceding the
sentence in which wj is), and a local context, containing all the words in the same sentence as
wj. If we refer to j as the first word in the sentence in which w; is (j < i), then we could define
the global context as G; = w1, ..., w;_1, and define the local context as L; = wj,...,w;—1. Of
course, if w; is in the first sentence of the text, then G; is empty; and if w; is the first word in its
sentence, then L; is empty. Thus, we can write Y; as X;|G;, L;, and thus H(Y;) = H(X;|G;, L;).
Now if that is the case, then:®:?

H(Y;) = H(X;|G;, L)
= H(X,;|L;) — I(X;; Gi|Ly)

Now consider what happens as 4 is varied from ¢ = 1 all the way to end of the text, keeping
in mind that H(Y;) remains constant regardless of the value of i. As we move forward through
the text, the global context G; keeps increasing. However, the local context L; stays more
or less constrained, only increasing until the end of each sentence, and then “resetting” at
the start of every new sentence. Therefore, as Genzel and Charniak put it: “Intuitively, we
expect the mutual information at, say, word k of each sentence (where L; has the same size
for all 7) to increase as the sentence number is increasing. By our hypothesis we then expect
H(X;|L;) to increase with the sentence number as well.” (p. 200). In other words, in order
for H(Y;) to remain constant (which, as discussed in the first step, is what needs to happen
in order for communication to be efficient), and given that I(X;; G;|L;) increases as we move
forward through the text, we need H(X;|L;) to also increase, to “compensate” for the increase
in I(X;;G;|L;). That is, if we disregard the global context and only calculate the entropy
H(X;|L;) (for word w;), then we should hopefully see a sort of “trend” in which the entropy
slowly but surely increases as we move forward through the text.

Their results showed that, indeed, that is the case. They investigated the information in
the newspaper articles from the Wall Street Journal available in the Penn Treebank (Marcus,
Santorini, & Marcinkiewicz, 1993), and found that, indeed, this entropy did show a positive
trend as they went from the beginning to the end of the articles.

What does this mean for CNCs? If the information conveyed by each word increases, and if
CNCs are informationally dense, then we should expect at least the following three things. First,
we should expect CNCs not to be very common in the introduction of scientific papers, and
then to slowly become more and more common as we reach the paper’s conclusion. Second, we
would also expect CNCs to be slowly introduced through the text, maybe preceded by instances
in which their words appear standing alone, or forming simpler structures. Third, once a CNC
has been used, we would also expect it to become “part of the context”, thus being treated as
a “known term” that can be reused frequently without additional contextual support. That is,
once used for the first time, CNCs should repeat frequently.

8In order to understand this step, it will be useful to refer back to the mutual information formula. In that
discussion, I mentioned that I(A; B) = H(A) — H(A|B), i.e., the mutual information between variables A
and B is the entropy H(A) minus the uncertainty we still have once we know the value of B. Similar to this
formula, we can define the mutual information of two variables, given that a third variable is already known.
The formula,

I(A; B|C) = H(A|C) — H(A|B,C)

is pretty much the same as the original one, except that each term is conditioned on the third, known variable.
If we isolate H(A|B, (), then we have that H(A|B,C) = H(A|C) — I(A; B|C).

9The formula had a typo in the original Genzel and Charniak (2002) publication. It was originally written as

H(Y;) = H(X;|G, L)
= H(X;|L;) — I(Xi‘Gi7L-;)

but it makes little sense to talk about the mutual information of a single random varible. Still, for their
purposes, the important point was that one of the terms depended on the global context and the other did
not.
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These predictions are tested in Study 3 of this thesis. I note that, in the study, they are
framed as a test of the UID Hypothesis. This is because, as we will see in the next section, the
UID Hypothesis is an “extension” of the ERC Principle. Thus, the implications of that study
are just as valid for the UID Hypothesis as they are for the ERC Principle.

3.4 The Uniform Information Density (UID) Hypothesis
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MUNROE, 2024

Now, if human textual communication is indeed reliable and efficient, then could it be that
human communication in general is so? Indeed, we do not need to restrict this question merely
to the choice of upcoming words. Taking into consideration the results from Genzel and Char-
niak (2002) for text, and those of Aylett and Turk (2004) showing that speakers take longer to
pronounce phonemes that are more informative, Jaeger wondered:

This raises an intriguing possibility. Human language production could be organized
to be efficient at all levels of linguistic processing in that speakers prefer to trade off
redundancy and reduction. Put differently, speakers may be managing the amount
of information per amount of linguistic signal (henceforth information density), so
as to avoid peaks and troughs in information density. If so, it should be possible
to observe effects of this trade-off on speakers’ preferences at choice points during
utterance planning. (Jaeger, 2010, p. 24, emphasis in the original)

After noting that this could explain why speakers sometimes vary when making choices
between he’s and he is, or omit the word that in certain clauses (the person [that] I told you
about), he proposed the Uniform Information Density Hypothesis: '’

Uniform Information Density (UID)

Within the bounds defined by grammar, speakers prefer utterances that distribute
information uniformly across the signal (information density). Where speakers have
a choice between several variants to encode their message, they prefer the variant
with more uniform information density (ceteris paribus). (Jaeger, 2010, p. 25)

10While I frame the Uniform Information Density (UID) Hypothesis as an “extension” of the Entropy Rate
Constancy Principle, not many authors have recognized or treated it as such. The only paper I found
acknowledging the relationship between the two language frameworks is Xu and Reitter (2018), who wrote:
“More recently, the idea of uniform information density ... has extended the ERC into a broader framework
that governs how people manage the amount of information in language production, from lexical levels to
all levels of linguistic representations, e.g., syntax or semantics. [...] Therefore, UID could be viewed as a
generalization of the principle of ERC” (p. 148-149, emphasis in the original).
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This hypothesis has gathered support in numerous studies demonstrating that, indeed, speak-
ers do seem to optimize the amount of information they transmit through time (see Juzek, 2024,
for a critical review, also considering some of the limitations of this research). Taking a step
further, one could also ask: if speakers optimize their production, could this optimization also
extend to their comprehension. That is, could it be that comprehenders also expect the inform-
ation they “receive” to be transmitted at a constant rate? If that is the case, then we should
expect comprehenders to have difficulty when receiving too much information at once, since
this would presumably surpass the capacity of the communication channel.

This is what Studies 1 and 2 (Chapter 5) focus on. Studies 1 and 2, therefore, investigate the
difficulty experienced by comprehenders while reading sentences containing CNCs. They use
CNCs to investigate the UID Hypothesis under the assumption that CNCs are informationally
dense structures that probably surpass the channel capacity. In addition, this difficulty associ-
ated with CNCs should probably be modulated by the context in which the CNC is encountered:
if the context is helpful, readers should perceive less difficulty in comprehending them than if the
context does not offer any support. This is what Study 4 (Chapter 6) investigates, considering
additionally the role of familiarity in the perception of difficulty associated with CNCs. This
“UID for comprehension” hypothesis has received less attention in the literature, and Studies 1,
2 and 4 contribute to closing this gap (but see M. X. Collins, 2014; Sikos, Greenberg, Drenhaus,
& Crocker, 2017; Meister et al., 2021 for the few papers I am aware of that have considered this
perspective).

3.5 Summary

In summary, in the last decades, a number of researchers have tried to model human commu-
nication using the framework proposed by Shannon (1948). In this thesis, I assume that CNCs
are dense packages of information, which makes them a suitable tool to test two of the ways
in which the ideas of Information Theory have been applied to the understanding of human
communication: the Entropy Rate Constancy Principle and the Uniform Information Density
Hypothesis.
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At this point, it is finally possible to lay out the predictions for the research questions posed in
Chapter 1. For the sake of reading convenience, I restate the research questions at the beginning
of each section.

4.1 RQ1: predictions for CNC processing

RQ1 How are CNCs processed during reading? In particular, do complex nominal compounds
pose difficulties for L1 and L2 sentence processing, as suggested by the literature?

As discussed in Chapter 2, the literature on the offline processing of CNCs generally treats
them as hard to comprehend, both for L1 readers and for L2 readers. In addition, assuming
that compounds are indeed peaks of information density as argued in Section 3.2.2, the Uniform
Information Density (UID) Hypothesis would also predict them to cause reading difficulty.
Therefore, in the experiments reported in the publications presented in Chapter 5 (Studies 1
and 2), CNCs are predicted to cause reading difficulty to L1 and L2 readers alike.

In those papers, this difficulty is measured by means of eye-tracking reading experiments.
In order to describe how this difficulty is operationalized in this kind of experiment, a brief
explanation about eye-tracking experiments (what data they produce, and how the data are
analyzed) will be needed (see Rayner, 1998 for a more detailed explanation of the eye-tracking
methodology in general, and Clifton et al., 2016 for a comprehensive review of the kinds of
studies in which it has been used).

In a typical eye-tracking study, participants read sentences while having one (or both) of
their eyes tracked by a camera (the eye-tracker). The eye-tracker samples the position of their
eye(s) at a high frequency rate (for example, in the experiments reported in this thesis, this
frequency rate is between 500Hz and 1000Hz) for each of the sentences they read (i.e., each
trial). After the experiment, the data is post-processed by the eye-tracking software, and a
number of reports are made available to the researchers.

Crucially, while reading, the eye does not move smoothly through the words. Rather, it
performs a number of fixations (longer stretches of time in which the eye does not move much)
and saccades (jumps from place to place, in between the fixations). Hence, once the data
has been collected, some of the reports the eye-tracking software produces contain information
about the fixations and saccades performed for each sentence. These fixations and saccades are
what is analyzed.

Measures associated with these fixations and saccades are then assumed to reflect the ease
or difficulty participants experience while reading (parts of) the sentences. For example, if
participants linger longer at a particular region of the sentence, then that part of the sentence
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is assumed to be harder; if participants consistently make saccades back towards the previous
words whenever they reach a certain part of the sentence, then those words are also assumed to
be harder. Importantly for the kinds of experiments reported in this thesis, these longer reading
times (this slow down in the reading of the sentence) are known to “spill over” to subsequent
sentence regions: readers also normally have longer reading times at the words that follow a
difficult region, even if those words are not necessarily difficult to process. How exactly reading
times are calculated (whether it is calculated as the length of all fixations around certain words,
or whether it is calculated as the length of only the first fixation, etc.) varies from experiment to
experiment, and is defined explicitly in the papers of Chapter 5. Thus, to appply these concepts
to our concrete case, if CNCs indeed cause reading difficulty, then sentences containing CNCs
should lead participants to slow down (i.e., to have longer reading times) not only on the CNC
itself, but also in the subsequent text regions, and participants should also make more frequent
saccades back towards the CNC.

The expressions “slow down” and “more frequent” in the previous paragraph, however, beg
the question: compared to what? In order to decide whether CNCs are indeed “difficult”, in
the experiments reported in Studies 1 and 2, participants read two types of sentences that were
essentially the same in most respects, but differed only in that one of the types contained a
CNC, and the other type contained another structure, which we refer to as Noun followed by
prepositional phrases (NPP), that has semantic content that is very similar to that of the
CNC, but “spreads” this content across many more words. These structures are exemplified in
Example 1 below. These structures are referred to as the critical structures, and the part of
the sentence containing it is referred to as the critical region. In addition, the experiments
reported in Studies 1 and 2 also manipulated the length of the critical structures. The intuition
was that longer CNCs would constitute starker “peaks” of information density and thus should
lead to more difficulty during reading.

(1) a. length-3 CNC: automation legislation advice
b. length-3 NPP: advice for the legislation on automation

. length-4 CNC: factory automation legislation advice
. length-4 NPP: advice for the legislation on automation of factories

[oFiNe}

The idea of the experiments, thus, is the following. If we compare the reading times of the
text areas following the critical structure (i.e., the text areas following the CNC or the NPP),
then participants are predicted to have longer reading times after having read a CNC than after
having read an NPP — because the CNC difficulty will “spill over” to those areas as well. Since
the only difference between the two types of sentences was the critical structure (in the critical
region), any difference in reading times has to be attributed to the structure itself. Similarly,
if we calculate the number of times participants “regress” towards the critical region (i.e., how
often they move back towards the CNC or the NPP), then participants are predicted to make
more regressions to the critical region when it contains a CNC than when it contains an NPP,
reflecting the higher difficulty associated with CNCs.

In addition, these reading measures (the reading times of the text areas following the critical
structure, and the number of “regressions” towards the critical region) will be higher when the
critical structure (the CNC or the NPP) is longer, again reflecting more difficulty associated
with longer structures.

Finally, a third prediction concerns L2 speakers. L2 speakers may have different expectations,
stemming from their L1, on how CNCs are used. Spanish and Portuguese, for example, are
languages that do not make extensive use of CNCs, and thus L1 speakers of these languages
may assign low probability to these structures. Conversely, German speakers may assign high
probability to them, since German is known to make heavy use of compounds. This differential
“probability assignment” of L2 speakers is expected to lead to different processing outcomes.
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4.2 RQ2: predictions for CNC use

In particular, in Study 2, which investigates the L2 processing of CNCs, we predict L2 speakers
whose L1 makes little (or no) use of CNCs (in our case, Spanish and Portuguese) to have more
difficulty with them than L2 speakers whose L1 makes frequent use of CNCs (in our case,
German). This additional difficulty should result in an interaction between the speakers’ L1
and the type of structure being read.

4.2 RQ2: predictions for CNC use

RQ2 How are CNCs used in scientific articles? In particular, how are they distributed through
scientific articles, how are they set up, and how does their set up influence the difficulty perceived
by readers when understanding them?

There are a number of predictions associated with RQ2, which are investigated in Studies 3
and 4. First, as discussed in Section 3.3, according to Genzel and Charniak’s (2002) Entropy
Rate Constancy (ERC) Principle for texts, the amount of information conveyed by words in texts
remains constant through the text, since “the most efficient way to send information through
noisy channels is at a constant rate” (p. 199). If that is the case, then, as argued in that section,
if we only considered the amount of information conveyed by each word separately (without
taking into account the context preceding it), this value should steadily increase as we move
forward through the text (because the preceding context should help make some of the words
towards the end of the text “expected”, reducing their information content). Since scientific
papers are “texts”, this principle is presumed to apply to them as well. Now, if CNCs are indeed
peaks of information density, as argued in Section 3.2.2, then they should be predicted to be
relatively uncommon around the beginning of scientific papers, and to increase in frequency as
one progresses towards the end of the papers. In Study 3 we operationalize this by dividing
scientific papers into three parts, which we refer to as “Introduction” (typically, everything
from the beginning of the paper until the point in which the first experiment is introduced),
“Middle” (typically, the Methods and Results of the experiment), and “Conclusion” (typically,
the Discussion and Conclusion of the paper) sections. Thus, our first prediction is that CNC
frequency should be higher in the Conclusion section than in the Middle section, and higher in
the Middle section than in the Introduction section.

Second, also following from Genzel and Charniak’s principle, CNCs are not predicted to
appear “out of the blue”. Instead, similar to the compounds studied by Dubois (1982) (see
Section 2.6), they are expected to be set up by their context: some of its words are first
expected to stand alone, or to appear in postnominal positions in simpler constructions. CNCs
are thus expected to emerge only after these (presumably) easier structures have been presented
to the readers. This prediction is examined in Study 3.

Third, once used in a scientific paper, CNCs could become established as new terms, that can
be subsequently referred to in future parts of the text. Thus, CNCs are predicted, once used,
to repeat frequently in a given paper. This follows once again from the ERC Principle, and is
also examined in Study 3.

Finally, a fourth prediction, more directly associated with the UID Hypothesis, and not so
much with the ERC Principle, concerns what happens as readers go through a text containing
CNCs. The amount of support offered by the preceding context to the meaning of a CNC
should have an impact on the difficulty experienced by readers when comprehending the CNC.
That is, CNCs that receive a great deal of contextual support should be read more easily than
those that receive little contextual support. Thus, in Study 4, we operationalize this difficulty
by asking participants how much difficulty they experienced, and additionally by asking them
to paraphrase the CNCs.!

LOf course, one does not need a complicated information theoretic framework or the UID Hypothesis to argue
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4 Predictions

that words that are well introduced by their context are probably easier to understand. Thus, in Study 4, we
do not really refer to the UID Hypothesis when stating our predictions. Still, the results of that study does
have some implications for how well the UID Hypothesis holds for comprehension.
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Abstract

The Uniform Information Density (UID) hypothesis proposes that speakers communicate
by transmitting information close to a constant rate. When choosing between two syntactic
variants, it claims that speakers prefer the variant distributing information most evenly,
avoiding signal peaks and troughs. If speakers prefer transmitting information uniformly,
then comprehenders should also prefer a uniform signal, experiencing difficulty whenever
confronted with informational peaks. However, the literature investigating this hypothesis
has focused mostly on production, with only a few studies considering comprehension. In
this study, we investigate comprehension in two eye-tracking experiments. Participants
read sentences of two different lengths, reflecting different degrees of density, containing
either a dense structure (a nominal compound, NC) or a structure that spreads the
information through more words (a noun followed by a prepositional phrase, PP).
Favoring the UID hypothesis, participants gazed longer at text segments following the
critical structure when it was an NC than when it was a PP. They also regressed more in
sentences containing longer structures. However, the pattern of results was not as clear as
expected, potentially reflecting participants’ experience with the denser structure or task
differences between production and comprehension. These aspects should be taken into
account in future research investigating the UID hypothesis for comprehension.

Keywords: Sentence processing; Nominal compounds; Eye tracking

Introduction

A central question in psycholinguistics is how speakers select which variant of a
structure to produce when there is more than one option (e.g., brain activation
pattern vs. pattern of activation in the brain), and how listeners’ comprehension is
influenced by which variant is produced. One common way of exploring this
question appeals to information theory, originally put forth by Shannon (1948) and
developed extensively in psycholinguistic work under the notion of surprisal (Hale,
2001; Levy, 2008; see also Gibson et al., 2019). In a nutshell, linguistic information
originates in a source (speaker, writer), is encoded into symbols (spoken words,
written letters) which are transmitted through a channel (sound waves, printed

© The Author(s), 2024. Published by Cambridge University Press

Check for

https://doi.org/10.1017/50142716424000092 Published online by Cambridge University Press updates



Applied Psycholinguistics 323

paper) to a receiver (listener, reader), and is communicated at an average rate
(entropy). Crucially, the information contained in each symbol is modulated by
predictability (i.e., how surprising the symbol is): when the symbol is predictable, it
conveys a low amount of information; when it is less predictable, it conveys a higher
amount of information. The core idea for psycholinguistics is that comprehenders
will have more difficulty processing words or sentences that are less predictable (i.e.,
contain high surprisal).

Based on this idea, the Uniform Information Density (UID) hypothesis has
emerged as an influential account using information theory to explain how speakers
select between alternative variants of a structure (e.g., Jaeger, 2010; Levy & Jaeger,
2006). Key to this hypothesis is the notion of information density — a measure of
how much information is communicated per unit of signal when the predictability
of this information is taken into account. The claim is that speakers aim for UID in
their productions: they prefer to produce a uniform amount of information per unit
of linguistic signal in constructing a message and seek to avoid “peaks” and
“troughs” in the rate of information provided. The UID hypothesis thus predicts
that, in general, speakers will select the longer alternative of a given structure to
convey less predictable information and the shorter alternative to convey more
predictable information. Figure 1 illustrates how this idea would work in sentences
with an optional that introducing a new clause. In (a), an object phrase is expected
but a new clause is started, causing the first word of the clause not only to carry its
typical information content but also to indicate the beginning of the new clause. In
this case, the inclusion of the that reduces the information contained in the first
word, avoiding a peak on the amount of information transmitted per symbol.
Conversely, in (b), since a clause is already expected, speakers are predicted to omit
the that, avoiding the transmission of too little information per symbol. This has
been shown for a number of structures including that-deletion in relative clauses
(e.g., this is the friend (that) I told you about; Ferreira & Dell, 2000) and optional
complementizer deletion (e.g., my boss thinks (that) I'm absolutely crazy; Jaeger,
2010). The UID hypothesis aims to explain an efficient communication system in
which speakers “convey as much information as possible with as little signal as
possible,” while balancing “the risk of transmitting too much information per time
(or per signal), which increases the chance of information loss or miscommunica-
tion” (Jaeger, 2010, p. 25).

Virtually, all research on the UID hypothesis to date has focused on speakers’
choices in production. However, a similar effect should hold in comprehension:
listeners should find it easier to comprehend structures where information density is
more uniform. Indeed, this must be the case - there is no point in speakers
optimizing the communication channel to provide UID if this is not the preferred
way for listeners to comprehend information (Piantadosi et al., 2012). Further, most
evidence for the UID hypothesis to date comes from studies of relatively local
alternatives, showing the effects of information density in the omission vs. inclusion
of optional words (A. F. Frank & Jaeger, 2008; Jaeger, 2010; Levy & Jaeger, 2006).
Little evidence is as yet available showing that speakers are sensitive to UID for more
complex alternative syntactic encodings.

As far as we are aware, only three studies to date have explicitly investigated the
role of UID in the comprehension of more complex syntactic structures. First,
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Figure 1. An example of the predictions of the UID hypothesis. Speakers have been shown to prefer using
that in (a), but not in (b). Reprinted from Jaeger (2010, figure 1), with permission from Elsevier.

Collins (2014) used Mechanical Turk to collect reader preferences on a number of
syntactic alternations (e.g., I looked up the number vs. I looked the number up). They
examined to what extent their preferences were in line with the predictions of
language parsing models such as Surprisal Theory (Levy, 2008), the UID hypothesis,
and Dependency Locality Theory (DLT; Gibson, 2001). They found that none of the
theories was able to model the totality of their data and suggested that the UID and
DLT are complementary to each other, explaining separate aspects of the parsing
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system. More recently, Meister et al. (2021) have analyzed a number of different
ways in which the UID hypothesis could be operationalized. They analyzed six
English corpora containing self-paced and eye-tracking reading times, as well as
acceptability judgments, and found that both reading times and reader judgments
were best modeled by a super-linear function of each word’s surprisal in the
sentence. Importantly, this super-linear function meant that the effort is minimal
when surprisal is transmitted at a constant rate, supporting the UID hypothesis.
Finally, Sikos et al. (2017) assessed participants’ preferences for alternative syntactic
encodings of noun phrases (e.g., essay that was carefully written vs. carefully written
essay) under different conditions of predictability (e.g., The journalist published . . .
vs. The man evaluated .. .), using the G-maze task in a self-paced reading study in
German. Results indeed suggested that participants were sensitive to information
density in their comprehension of variants in more complex syntax.

In the present paper, we provide further insight into the effects of syntactic
variants on comprehension and its relation to the UID by investigating a different
syntactic structure using the more sensitive measure of eye-tracking while reading.
We focus on nominal compounds (NC) in English - a structure that denotes one
unified concept but consists of a head noun modified by nouns or adjectives, as
illustrated in the bolded portion of (1). In the studies reported here, we focus
particularly on NCs where the head noun is modified by two or more nouns or
adjectives. We contrast these with an alternative structure in which the head noun is
modified by prepositional phrases (PP), as in the bolded portion of (2).

1. In some cases, pharmaceutical market size increase is driven by the
competition in Western countries. (NC)

2. In some cases, increase in size of the pharmaceutical market is driven by the
competition in Western countries. (PP)

Nominal compounds

NCs' are commonly used to convey complex concepts efficiently in a condensed form,
serving as “ad hoc names” to refer to new concepts or to further refine or specify existing
terms (Bartolic, 1978; Bhatia, 1992; Downing, 1977; Montero, 1996; Pérez Ruiz, 2006;
Tobin, 2002; Trimble, 1985; Varantola, 1984). Although relatively rare in conversation,
they account for 10-15% of words in academic texts, with the frequency, complexity,
and length of the NCs increasing as the level of the text gets more advanced (Biber &
Gray, 2010, 2011; Horsella & Pérez, 1991; Salager, 1984; Swales, 1974; Williams, 1984).
Their frequency has increased considerably in the scientific register in the last century
(see Fig. 2). Complex NCs composed of several words are particularly relevant for the
present study because, in the absence of any predictive context, they create a “peak” in
information density with respect to the surrounding text in that they convey a large
amount of information per unit of communication.

The parsing of NCs is complicated by at least three factors. First, NCs offer fewer
signal units (words) than PPs to communicate the same informational content. For
example, the bolded information in (1) is conveyed by four words in the NC
compared to seven words in the PP equivalent. The NC lacks cues such as
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Figure 2. The development of the use of nouns as nominal premodifiers (i.e., forming NCs) through time.
Adapted from (Biber & Gray, 2011).

prepositions that elucidate the intended meaning relationships between its
components.

Second, NCs in English are head-final so the reader must store the modifiers in
working memory during incremental processing and can only integrate them into
the parse upon reaching the head noun. Further, since each noun within the NC
could potentially serve as the head (e.g., pharmaceutical market, pharmaceutical
market size), the reader could potentially misanalyze the phrase at each word and
cannot fully parse the NC until a verb signals its completion. In the PP variant,
however, the head noun begins the noun phrase so the reader can immediately
integrate the modifiers without holding them in working memory. Several theories
of parsing make clear that locality - the distance between two elements that are
dependent on each other - plays an important role in integration difficulty at the
head (e.g., Gibson, 2001; Vasishth, 2010).

Third, the string of words in the NC usually does not enable the reader to quickly
grasp which of the large number of possible underlying syntactic and semantic
relationships a particular NC conveys. Noun compounds can convey the same
semantic information as a number of alternative syntactic structures and relationships
(e.g., verb-argument relationships, relative clauses, prepositional phrases), but these
are not evident in the NC itself (Lees, 1960, 1970; Levi, 1973, 1978; Limaye &
Pompian, 1991; Pérez Ruiz, 2006; Warren, 1978). Even the basic branching structure
within longer NCs is typically not discernible without context; three-word NCs can be
left-branching (e.g., health service employee), right-branching (e.g., head copy boy), or
ambiguous between the two (e.g., steel bridge foundation) (Kvam, 1990). A wide
variety of semantic relationships can also hold between words in an NGC; lists of the
possible relationships for two-word NCs proposed in the literature extend from four
relationships (Granville Hatcher, 1960) to over 100 (Brekle, 1976). Further, many NCs
are ambiguous between two or more potential semantic interpretations. For example,
translator writing system could be understood as either Purpose (writing system for
the translator) or Source (writing system of translators) (Montero, 1996, p. 66).
Because the syntactic and semantic relationships are not overtly expressed within the
NC itself, they must be actively reconstructed online by the reader based on pragmatic
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and contextual information, which leads to potential processing difficulty and delay
(Bauer & Tarasova, 2013; Berg, 2016). In contrast, the additional words in PPs such as
prepositions and verbs facilitate awareness of syntactic and semantic relationships
during online processing.

In summary, the aforementioned literature has considered NCs from a number
of different but converging perspectives strongly suggesting that NCs should be
harder to process than PPs. In this paper, we assume that all these perspectives are
subsumed under the notion of information density.

But are NCs really harder to process? Given the frequent use of complex NCs in
academic texts combined with the potential comprehension difficulties they present, it
is surprising that relatively little is known about how complex NCs are processed by
readers. Most of the research on the processing of NCs has focused on two-
constituent compounds and has examined compounds in isolation using tasks such as
lexical decision, sense-nonsense judgment, and masked priming (e.g., Estes & Jones,
2006; Gagné & Shoben, 1997; Gagné & Spalding, 2009; Schmidtke et al., 2016). Only a
few studies have looked at longer compounds (e.g., de Almeida & Libben, 2005; Inhoff
et al., 2000; Krott et al., 2004) or at compounds in actual sentences (e.g., Kuperman
et al., 2008), but not from the point of view of information density. Several off-line
behavioral studies with longer NCs have shown that there is a considerable error and
lack of consistency across individuals in paraphrasing NCs (e.g., Geer et al., 1972;
Gleitman & Gleitman, 1970; Olshtain, 1981; Williams, 1984), selecting appropriate
definitions for NCs (e.g., Gleitman & Gleitman, 1970; Limaye & Pompian, 1991), and
translating NCs to other languages (e.g., Carrié Pastor, 2008; Carrié Pastor & Candel
Mora, 2013). Overall, this literature strongly suggests that NCs are challenging to
process, but provides no information about the comprehension of these constructions
in real time. Further, none of these studies has focused directly on information
density, comparing the processing of NCs to other less dense structures.

The present study?

Therefore, in the studies reported here, we examine the processing of NCs vs. PPs in
real time using eye-tracking while reading, in the absence of any preceding context
that would allow the meaning of the critical segment to be predicted. We report two
separate experiments in English where L1 participants read sentences containing
NCs and PPs of different lengths. In the first experiment, sentences contained
critical structures (NC or PP) of lengths 4 and 6. In the second, which controls for a
number of limitations identified from Experiment 1, shorter critical structures of
lengths 3 and 4 were used.

We predict that participants will experience more processing difficulty with the
informationally dense structure (NC) than with the less dense structure containing
roughly the same total information content (PP). Since the target structures vary
considerably in length, we do not measure the time participants spend looking
directly at them, but instead operationalize this difficulty in two indirect ways. First,
we count the number of times participants regress towards the critical structure (i.e.,
toward the NC or the PP), predicting a higher number of regressions in sentences
containing NCs (vs. PPs) and longer structures (6 vs. 4 words in Experiment 1, 4 vs.
3 words in Experiment 2). Second, we measure the time participants spend looking
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at the text segments following the critical structure, in a fashion similar to other
studies in the eye-tracking literature (e.g., Christianson et al., 2017; Jared &
O’Donnell, 2017; Paape & Vasishth, 2022; Pickering & Traxler, 1998). Since these
(subsequent) text segments do not change between conditions, we can say that, if
participants gaze for a significantly different amount of time in one condition, then
this can only be attributed to the experimental manipulation of the critical
structures preceding them. In order to evaluate the time course of this processing
difficulty, we extract eye-tracking measures from the data reflecting both early and
late effects, and predict that participants will spend more time looking at the
segments following the critical segment after reading an NC than after reading a PP
and after reading a longer structure than after reading a shorter structure. Since no
other study has used eye-tracking to investigate online NC processing, and in an
attempt to be statistically conservative, we a priori selected one early and one late
reading measure.

Experiment 1

Method
Participants

Participants were 31 L1 English speakers recruited from the communities of the
University of Alberta (Canada) and the Technische Universitit Kaiserslautern
(Germany). One participant was excluded from the analysis due to exceptionally
noisy eye-tracking data (see “Eye-movement analysis” below). We report below the
data of the remaining 30 participants (mean age: 25.2, SD: 8.31). No participants
were exposed to a second language before the age of 5 years and did not regularly use
any other language in their daily life. All had normal or corrected-to-normal vision.
Participants were compensated with payment or course credit.

Materials

Eye-tracking reading task

Participants read sentences containing either a nominal compound (NC) or the same
noun phrase in the form of a head noun followed by prepositional phrases (PP). The
number of content words in the NC/PP was manipulated: there were 12 critical items
containing four (4) content words, and 12 critical items containing six (6) content
words. The relationship between the ordering of the content words in the NC and in
its corresponding PP was always the same. For 4-length items, the NC order was
N1-N2-N3-N4, while the PP order was N4-P-N3-P-N1-N2. For 6-length items, the
NC order was N1-N2-N3-N4-N5-N6 and the PP order was N6-P-N5-P-N3-N4-P-
N1-N2. The 4-length and 6-length items were completely different, that is, there is no
overlap between the words used in 4-length and in 6-length items. The variables
Phrase Type (NC vs. PP) and Length (4 vs. 6) were combined to yield four conditions
(see Table 1 for example items; see full set of critical items in Appendix A). In order to
reduce cognitive load, and in order to ensure that the materials were equally familiar
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——Preamble - Critical Region
In current | times, United | States | factory employee insurance costs
are decreased | by | the | changes | in | union policies
ROl 1 - ROI 2 - Wrap Up——

Figure 3. An example trial reconstructed from the data collected in Experiment 1. (The reconstruction’s
font size does not reflect the exact font size of stimulus presentation - note the varying distance between
words.) The boxes around each word indicate the interest area associated with that word: fixations inside
a given interest areas are treated as fixations on its word. The boxes and the indication of the sentence
regions were not visible to readers during the experiment.

for all participants, the sentence content was kept theme constant, always focused on
economics and business (none of the participants were studying economics).

The critical sentences were composed of five regions (see Table 1): a preamble
containing three words and ending with a comma; a critical region containing either
an NC with 4 or 6 words or an equivalent PP; a passive construction (ROI1)
composed of the auxiliary “is” or “are” and a participle; the agent of the passive
construction (ROI2) containing a single noun and introduced by “by the”; a final
“wrap up” region. The critical segment was positioned early in the sentence to avoid
influence of any preceding context on comprehension. The number of characters
and syllables in the content words of the NC and PP was controlled (see
Supplementary Materials). The introductory phrase and critical segment were on
the first line and the other three segments on the second line (see Fig. 3 for a
reconstruction of how the items were presented on the screen).

Oxford Placement Test Part 1 (OPT)

Participants’ English proficiency was assessed using the OPT. It consisted of a series
of sentences containing 50 gaps at which three possible completions were presented
and only one was grammatically correct. The participant’s task was to choose the
correct option.

Language Background Questionnaire (LBQ)

In order to ensure that participants were native speakers, they also filled out a
language background questionnaire responding to questions about the languages
they speak, the situations in which they use them, how well they are able to use
them, and the people with whom they use them.

Digit span test (DST)

We assessed participants’ working memory using a digit span test (WM; see
Wambach et al., 2011). Participants saw sequences progressing from 2 to 9 digits
and had to recall the correct order for at least two sequences of a given length to
advance to the next length. A participant’s final digit span was the longest length for
which they correctly answered at least two sequences. (see Supplementary
Materials).
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Design

The task consisted of 68 trials: 4 practice trials, 24 critical items (12 of each length),
and 40 fillers. The fillers had similar syntactic complexity and length to the critical
sentences, but did not contain any NCs longer than two words. The design is partially
factorial: phrase type (NC vs. PP) was manipulated within participant and within
item, and length (4-length vs. 6-length) was manipulated within participant and
between items. We additionally consider the interaction between type and length (see
“Eye-movement analysis” below for details). The NC and PP versions of the twelve
4-length and the twelve 6-length critical items were separately assigned to two
counterbalanced lists, such that each list contained six NC and six PP variants of each
length. The presentation order was randomized per participant. After each item, a
comprehension question was displayed, and the participant pressed the letters X or
M to answer. Questions after critical items probed the head noun (see Table 1).

Apparatus

Stimulus presentation was programmed with the Experiment Builder software from
SR Research, and eye movements were recorded with an Eyelink 1000, sampling at
1000 Hz. The eye tracker recorded movements from the right eye, though
presentation was binocular. Participants viewed the stimuli on a color monitor at a
resolution of 1280 x 1024 and a distance of approximately 100 cm, using a chin rest
to stabilize their head. The sentences were presented using the font Courier New.
Eyes were calibrated and validated at the beginning of the study, halfway through,
and as needed throughout the study.

Procedure

After giving informed consent, participants completed four tasks in the following
order: the Oxford Placement Test Part A (OPT; Allan, 2006) assessing English
proficiency, a language background questionnaire, the DST, and the eye-tracking
task. For the eye-tracking task, participants were informed that they would read
English sentences from economics texts while having their eye movements
recorded, and after each sentence, they would have to answer a question about the
sentence they just read. They were also presented with written instructions on the
screen and given the chance to ask questions. The eye tracker was then calibrated,
and the participant read the four practice trials. If needed, a new calibration was
then performed. Finally, the two blocks of 34 sentences each were presented. Each
item started with a drift correct that corresponded to the sentence’s first letter. After
reading the sentence, participants pressed the spacebar to advance to the
comprehension question. Participants were told to read normally with no time limit.

Eye-movement analysis

Prior to the analysis of the eye-movement data, trials with incorrectly answered
comprehension question were discarded (see Table 2). As is common with eye-
tracking data (Hornof & Halverson, 2002; Zhang & Hornof, 2011; Blignaut et al.,
2014; Zhang & Hornof, 2014), fixations in many trials contained systematic errors
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Table 2. Participant mean accuracy per condition of Experiment 1. Incorrect trials were discarded from
the eye-movement analysis

Language Type Length Mean accuracy (Proportion) SD # Trials correct Total trials

English NP 4 0.922 0.114 165 179*
English NP 6 0.961 0.095 173 180
English PP 4 0.967 0.068 174 180
English PP 6 0.950 0.089 171 180
Trials kept 683 94.99%
Trials discarded 36 5.01%

*: Recall that 1 trial was removed before analysis because it had fewer than 5 fixations.

that could be easily corrected. In order to account for this error while avoiding
human bias, we applied an automatic correction procedure on all fixations of all
trials prior to analysis (see Supplementary Materials). We then visually inspected
each trial looking for trials containing fewer than five fixations (1 trial) and any trial
that was clearly noisy either before correction (i.e., the algorithm could not possibly
have meaningfully corrected the data) or after correction. All noisy trials were
concentrated on a single participant, who, as mentioned in the Participants section,
was thus removed entirely from the data. All statistics reported below are based on
the remaining corrected data.

For the analysis, we a priori chose one early reading measure - First Pass
Duration (FPD) - and one late reading measure — Total Duration (TD) - for our
analyses. First Pass Duration was defined as the summed length of all fixations on a
given region for the first time the participant arrived at that region, before moving
past it.> Total Duration was defined as the summed length of all fixations on a given
region. These measures were extracted from the corrected fixations for each of ROI1
and ROI2 using the Get Reading Measures script (Dan, 2020). In addition, we
extracted a count of all the regressions onto the critical region (Reg2CR).
A fixation counted as a Reg2CR if it satisfied two conditions: (1) it was located inside
the critical region, and (2) the previous fixation was located inside a subsequent
interest area. Note that this definition will include regressions performed completely
inside the critical region. For example, given the critical region pharmaceutical
market size increase, a fixation on pharmaceutical will count as a regression if its
previous fixation was performed on any of market, size, and increase. We chose to
include these cases because the critical region of our items was quite long
(cf. increase in the size of the pharmaceutical market).

We trimmed the data in order to avoid extreme reading measure values. For each
ROI, we trimmed extreme values by discarding trials whose FPD was below 80 ms or
greater than 1000 ms, and trials whose TD was below 80 ms or greater than 2000 ms
(see Table 3). Because we analyzed five reading measures (two duration measures
over two ROIs, plus the regression count), we applied a Bonferroni correction
resulting in an alpha threshold of 0.05/5 = 0.01 (see von der Malsburg &
Angele, 2017).
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Table 3. Number (percentage) of trials trimmed before the analysis of each reading measure of
Experiment 1

Region of interest 1 Region of interest 2
Discarded Kept Discarded Kept
FPD 112 (16.40%) 571 60 (8.78%) 623
TD 32 (4.69%) 651 54 (7.91%) 629

The extracted duration measures were submitted to generalized mixed models
(GMM) with a Gamma distribution and an identity link function to account for the
skewed nature of duration measures (see Lo & Andrews, 2015), using the lme4
package (Bates et al., 2015) in R (R Core Team, 2013). Results include p-value
estimates from the ImerTest package (Kuznetsova, Brockhoff, Christensen, et al.,
2017). Given that we had clear hypotheses, fixed effects included Phrase Type (NC/
PP), and Length (4/6), both of which were sum-coded, as well as two predictors
(OPT score and DST score), which were scaled and centered to reduce collinearity.
Also included were random effects for subjects and items, which were maximally
specified (Barr et al, 2013)*. Full model estimates and values are provided in
Appendix C.

The number of regressions onto the critical region is a type of count data and
thus is not expected to follow a normal distribution. Therefore, we fitted a GMM,
using a Poisson distribution with a log link function. The model was maximally
specified, in the same way as the duration measures.

Results

Comprehension accuracy was high as can be seen in Table 2 and will not be
considered further. Participants scored a mean of 93.45% (SD: 4.96) on the OPT and
a mean of 6.64 out of 9 (SD: 1.25) on the DST. Table 3 shows the number of
discarded trials due to trimming of extreme reading measure values, and the
number of trials used in the final eye-movement analyses.

Figures 4 and 5 show the reading measures for regions of interest 1 and 2,
respectively. The GMMs revealed no effect of Length or Type in any of the duration
models analyzed (see Tables C1, C2 for First Pass Duration in ROI1 and ROI2,
respectively, and Tables C3 and C4 for Total Duration in ROIl and ROI2,
respectively). However, in the analysis of Total Duration (see Fig. 7a and 7b), we did
find an effect of the DST score on both ROI 1 (t = —4.367, p < .001) and ROI2
(t = —4.816, p < .001), with higher WM scores leading to shorter durations.

Figure 6 shows the distribution of the number of Reg2CR by condition. We do
not present mean and standard deviation because the distribution is notably not
normal. Trials with length 6 had a significantly larger amount of Reg2CRs
(z = —4.645, p < .001). Trials containing an NC had significantly fewer Reg2CRs
than trials containing PP (z = —5.312, p < .001). In addition, English proficiency
was a significant predictor of the number of Reg2CR (z = 2.681, p < .007; see
Fig. 7¢), but not in the expected direction: higher proficiency led to more Reg2CRs
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Figure 4. Experiment 1: Reading measures in Region of Interest 1. Error bars represent 95% confidence
intervals.
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Figure 5. Experiment 1: Reading measures in Region of Interest 2. Error bars represent 95% confidence
intervals.
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Figure 6. Experiment 1: Regressions onto the critical region.
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Figure 7. Experiment 1: The relation between the reading measures and some of the covariate data in our
study. We use transparent data points in order to indicate their density. The covariates in (a), (b), and (c)
were found to be significant predictors of the reading measures they are presented with. The covariates
(d) and (e) are referred to in the Discussion. Gray shading indicates 95% confidence intervals for the
regression line.

than lower proficiency (see Table C5). This effect was driven by a single outlying
participant with very low proficiency score (see Fig. 7c) and became non-significant
when the participant was removed.

Discussion

In this experiment, we investigated the reading difficulty evinced by NCs compared
with that caused by PPs. In particular, we examined structures composed of either
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four or six content words. Following the UID hypothesis, we predicted that the
longer structures would cause more difficulty than the shorter ones and that NCs
would be harder to process than PPs. In addition, we predicted that this difficulty
would be modulated by participant individual differences such as WM (measured
by the DST) and English proficiency (measured by the OPT). To measure this
difficulty, we extracted the number of regressions onto the target structures, as well
as two duration measures in the two regions following the target structure, reflecting
early and late processing effects. Our assumption was that more regressions and
longer duration measures would indicate more processing difficulty.

Surprisingly, we found no effect of either length or type for any of the duration
measures, neither in the segment immediately following the target structure nor in
the subsequent region. It is not clear why this is the case. If NCs are more difficult to
process, constituting peaks of information density, then this difference in difficulty
was not revealed by either early or late reading measures. We surmise that this may
have occurred for at least three reasons: because of the a priori choice of reading
measures, because this difficulty did not spill over to the subsequent sentence
segments as we initially expected, or because of the large variance observed in these
measures.

Turning to the regression data, we did find an effect of length indicating, as
predicted, that 6-length structures led to more regressions than 4-length structures.
These results support the UID hypothesis under the assumption that 6-length
structures do generally involve higher peaks of information than 4-length structures.
We also found an effect of type on the number of Reg2CR, but this effect indicated a
higher number of regressions in the PP condition, contrary to our predictions. We
return to this matter in the General Discussion.

Finally, turning to our covariates, proficiency did not affect reading measures, a
result we also return to in the General Discussion. Conversely, DST did significantly
predict TDs (in ROI1 and ROI2), as expected, but surprisingly not FPDs. As Fig. 7d
and 7e suggest, however, it is possible that the effect of DST was too small for the
power of the current experiment.

In sum, speakers did not fixate longer on the text segments following the critical
regions, regardless of the length or the type of structure present in the critical region,
but their fixations were generally modulated by their WM abilities, at least when
considering the total time spent looking at these regions. Finally, participants
regressed more after longer structures, and (contrary to expectations) after PPs.

Note, however, that the experiment reported above has several limitations that
may have affected the results. First, the definition of NCs presented above allows for
adjectival modifiers to be interleaved with nouns (e.g., modern era general election
campaign corruption). Since in these contexts it is clear that the adjectives are
modifying a subsequent noun, they might have helped the participants in predicting
that the next word was also a continuation of the NC, producing some facilitation.
From an information theoretic perspective, this would amount to modifying the
probability distribution of the next word such that all nouns are a little more likely
(are less surprising or informational) and all other words are a little less likely (more
informational), ultimately smoothing the information density peak caused by
the NC.
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Second, assuming that, in the absence of external context, items with more
content words are more informationally dense, we would expect longer items to
evince more difficulty than shorter ones. However, the design used in Experiment 1
was not fully within-items, so that any effect of length we have found in Experiment
1 may be an artifact of a difference in the items themselves, rather than a real effect.
In other words, it would be ideal if the items were designed in such a way that longer
items contained the same words as the shorter items, so that any difference between
shorter and longer items is unequivocally attributable to the differing words in
these items.

Third, the content words used in many of the items in Experiment 1 can be used
as both a noun and a verb. This may have caused garden path effects, introducing a
confound in the experiment results. For example, when reading the item United
States factory employee insurance costs, participants could have processed the last
word (costs) as either a verb (therefore expecting an object afterward) or a plural
noun (therefore expecting a verb afterward). Specifically in this case, the NC is
already quite long, and this could have made the participants even more likely to
expect it to be a verb, and not a noun.’

Fourth, because the NCs used in Experiment 1 were inspired by real economics
and business texts, they included certain collocations® (e.g., United States). These
collocations might have helped participants in deciphering the structure of the NC,
reducing the difficulty perceived when processing them as compared to PPs. That is,
if the items were controlled for these collocations, we would expect a starker
difference between the difficulty perceived in processing NCs and that of processing
PPs. In information theoretic terms, collocations are not informationally dense:
after the first word is encountered, the subsequent words are very much expected
and contain little information. Hence, NCs composed of collocations may be even
easier than PPs if they are common enough (e.g., heart rate variability vs variability
in rate of the heart).

Finally, Experiment 1 included a DST with the purpose of assessing WM ability.

The rationale was that participants with better WM abilities would have more
resources available and therefore would be less affected by the peak of information
caused by NCs. Hence, WM would act as a predictor of the number of regressions
and of the time spent in the ROIs 1 and 2 after an NC. However, WM is a complex
construct, composed of (among others) a phonological loop involved in the
processing of language stimuli, and a visuospatial sketchpad involved in the
processing of visual stimuli (see, e.g., Baddeley, 2011 for a review), and it is not clear
which of these subcomponents the DST taps into.

In Experiment 2, we use the same paradigm, but address each of the limitations
just described.

Experiment 2

In Experiment 2, each NC is composed solely of nouns that normally cannot be used
as verbs, and do not contain collocations. In addition, to allow for a fully within-
items experiment design, we use NCs of length 3 and 4, which were constructed
such that those composed of 4 content words are an extension of the 3-length NCs.
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As discussed earlier, the UID hypothesis predicts NCs to lead to more difficulty than
PPs, since they are used at the beginning of the sentences, without any helpful
context, producing a peak of information. For similar reasons, we also expect longer
constructions to lead to more difficulty than shorter ones: without any context or
collocations to guide the participants’ expectations, longer structures should
correspond to starker peaks of information.

Instead of a DST, in Experiment 2 we use two WM tasks: a verbal and a non-
verbal task. Both tasks are serial order reconstruction tasks (SORT; Jones et al.,
1995), where participants are shown a sequence of items one-by-one and are later
asked to select them in the order in which they were displayed. Given the direct
relationship between the phonological loop and language processing, we expect that
the two tasks will not be related to each other, and that the verbal SORT will predict
reading behavior, but that the visual SORT will not.

We measured participants’ English proficiency with the OPT and assessed the
quality of lexical representation (cf. Perfetti & Hart, 2002) with a misspelling
identification task (MSIT). We use the two tasks because spelling has been shown to
predict variance independently of vocabulary and reading comprehension measures
in priming and eye-movement data (see e.g., Andrews et al., 2020).

Method
Participants

The participants were 39 English native speakers, all of whom were students at the
University of Alberta. They had normal or corrected-to-normal vision and were
compensated with course credits. Out of the 39, 13 participants reported substantial
exposure to a language other than English before the age of 5 and were therefore
discarded from further analysis. The data of the remaining 26 participants, aged
between 17 and 28 (mean age: 20.2, SD: 3.29), are reported below.

Materials

Eye-tracking reading task

As in Experiment 1, participants performed a reading task in which they read
sentences containing either an NC or a PP. Each sentence was divided into the same
five segments as Experiment 1: a semantically neutral introductory phrase, the
critical segment (NC or PP), the first and second regions of interest (ROI1 and
ROI12, respectively), and the final segment (not analyzed).

The 4-length NCs were composed exclusively of nouns and were constructed so
that they were identical to the 3-length NCs except for the first word (e.g., inflation
constraint action vs. currency inflation constraint action). The items were reviewed
by three native speakers who were aware of the purposes of the experiment and who
additionally checked for collocations. None of the nouns repeats across items.

We additionally controlled the critical items in a number of ways. The preamble
was again composed of 3 words, but this time started exclusively with the
preposition “in.” The critical segment was always preceded by “the.” The passive
construction (ROI1) used exclusively the auxiliary “is.” The nouns composing the
NCs were controlled for length, such that all 3-length NCs had between 24 and 29
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characters and all 4-length NC had between 31 and 36 characters. The additional
word inserted to create a 4-length NC was always between 6 and 10 characters long.
See Table 4 for example items, and Appendix B for a list of all items.

Oxford Placement Test Part 1 (OPT)
This was the same as in Experiment 1.

Language Background Questionnaire (LBQ)
This was the same as in Experiment 1.

Misspelling Identification Task (MSIT)

The MSIT was performed in addition to the OPT. In this task, participants received
a list of 215 words, 50 of which were incorrectly spelled. Their task was to circle all
incorrectly spelled words present in the two pages. The scoring was based on the
LexTale (Lemhofer & Broersma, 2012) scoring formula. See the Supplementary
Materials for scoring details and all task words.

Working memory tasks

Participants also performed a visual and a verbal serial order reconstruction task
(SORT; Jones et al., 1995). Both tasks measured participants’ WM abilities, but
tapped into a different memory component. In each trial, participants saw a
sequence of letters or dots, depending on the task. After the sequence, all its
elements were shown again and the participant was tasked with clicking on the
elements in the order in which they had appeared (3 practice and 20 critical trials).
See Supplementary Materials for details.

Design
The eye-tracking task was composed of a total of 4 practice sentences, 40 filler
sentences, and 28 critical sentences. They were divided into three blocks: a set of 4
practice sentences, presented in a random order, followed by a randomized set of 68
trials divided into two blocks of 34 trials containing both filler and critical sentences,
and separated by a short break. The experimental items were randomly assigned to
four lists forming a 2 x 2 Latin square design (type: NC vs. PP; length: 3 vs. 4) such
that each participant only saw one version of each sentence.

After each item, participants answered a comprehension question by pressing the
letters X or M. In order to avoid disrupting participants’ typical reading behavior,
the questions were designed to be easy.

Apparatus

Stimulus presentation was programmed with the Experiment Builder software from
SR Research, and eye movements were recorded with an Eyelink 1000 Plus,
sampling at 500 Hz. The eye tracker recorded movements from the right eye, though
presentation was binocular. Participants viewed the stimuli on a 20-inch color
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monitor at a resolution of 1280 x 1024 and a distance of approximately 90 cm,
using a chin rest to stabilize their head. The sentences were presented using the font
Courier New. Eyes were calibrated and validated at the beginning of the study,
halfway through, and as needed throughout the study.

Procedure

After signing the informed consent form, participants were given the language
background questionnaire. The OPT was then administered, followed by the MSIT.

The participant then was asked to sit in front of the eye tracker and instructed
about the eye-tracking reading task, whose procedure was virtually the same as that
of Experiment 1. As in Experiment 1, sentences were presented so that the preamble
and the critical region appeared on the first text line, and the rest appeared on the
second line.

After finishing the eye-tracking task, the participant moved on to another
computer where the two short-term memory tasks were performed. The visual serial
order reconstruction task was performed first, followed by the verbal SORT. This
ordering was chosen to prevent participants from being influenced by the verbal
task when performing the visual one: if the verbal task were performed first,
participants could be led to use a verbal strategy to perform the visual task, yielding
spurious results. Before each task, the task instructions were both explained by the
experimenter and presented on the screen for the participant to read.

Eye-movement analysis

The analysis is roughly the same as in Experiment 1. Trials with incorrect
comprehension question responses were discarded (see Table 5), and the fixation
correction resulted in the removal of 7 additional trials (see the Supplementary
Materials for examples of these cases).

From the resulting data, we extracted FPD and TD for each of ROI1 and ROI2, as
well as the number of Reg2CR. Trimming and Bonferroni correction were applied as
in Experiment 1.

The extracted duration measures were submitted to separate GMMs with a
Gamma distribution and an identity link function. Fixed effects included two
predictor variables for proficiency (OPT score and MSIT score) and two WM scores
(verbal SORT and visual SORT), all of which were scaled and centered. We also
added Length (3/4) and Phrase Type (NC/PP) as fixed effects, both of which were
sum-coded. The random effects structure of the models was maximally specified.”

Regression counts were analyzed in an analogous manner, with a maximally
specified GMM using the Poisson distribution and the log link function.

Results

Comprehension accuracy was generally high, as reported in Table 5, and, as in
Experiment 1, was not considered further. Participants also scored high both in the
OPT (46.440 + 2.583 out of 50) and in the MSIT (82.94 + 7.636 out of 100). The
amount of trimming for each duration measure is reported in Table 6.
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Table 5. Participant mean accuracy per condition of Experiment 2 after data removal. Incorrect trials
were discarded from the eye-movement analysis

Language Type Length Mean accuracy (Proportion) SD # Trials correct Total trials

English NP 3 0.928 0.102 168 181
English NP 4 0.938 0.097 170 181
English PP 3 0.973 0.057 177 182
English PP 4 0.908 0.131 161 177
Trials kept 676 93.76%
Trials discarded 45 6.24%

Table 6. Number of trials trimmed before the analysis of each reading measure of Experiment 2. Numbers
inside parenthesis indicate the percentage of the total trials

Region of interest 1 Region of interest 2
Discarded Kept Discarded Kept
FPD 98 (14.50%) 578 49 (7.25%) 627
D 19 (2.81%) 657 38 (5.62%) 638

Figures 8 and 9 show the results for ROIs 1 and 2, respectively. No effect was
found for TD in either ROI1 or ROI2. For FPD in ROI2, we found an effect of Type,
with trials containing an NC evoking significantly longer FPDs than trials
containing a PP (t = 2.974, p = .003). In addition, visual WM score was a
significant predictor of FPD in ROI1 (¢t = 3.540, p < .001) and in ROI2 (t = 2.684,
p = .007), with longer FPDs associated with better visual WM abilities (see Fig. 10).
This effect was driven by a single participant with a very high visual WM score.
Removing the participant made the effect no longer significant (see Fig. 10c and
10d). See Tables D1 and D2 in Appendix D for FPD in ROIs 1 and 2, respectively,
and Tables D3 and D4 in Appendix D for TD in ROIs 1 and 2, respectively.

Figure 11 shows a histogram of the number of Reg2CR. Again, we do not show
mean and standard deviations because the distribution was clearly not Gaussian. We
found a significant effect of Length (z = —4.276, p < .001), indicating a higher
Reg2CR count for trials containing structures with length 4 than those with length 3.
In addition, NCs evoked significantly fewer Reg2CR than PPs (t = -9.821,
p < .001). See Table D5.

As expected, visual WM scores (mean: 4.526, SD: .969) and verbal WM scores
(mean: 4.631, SD: 1.380) were not significantly correlated (correlation: 0.129,
t = 638, p = .530).

In order to verify that there was no large correlation between the model variables
that could lead to a poor model fit, we computed the Variance Inflation Factor®
(VIF) score of each model. In particular, this was done in order to rule out any
correlation between verbal and visual SORT or between OPT and MSIT scores. In
none of the models was the VIF associated with any of the covariates at a level higher
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Figure 8. Experiment 2: Reading measures in Region of Interest 1. Error bars represent 95% confidence
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Figure 9. Experiment 2: Reading measures in Region of Interest 2. Error bars represent 95% confidence
intervals.

than 2, indicating that, for each model, none of the variables could be reliably
predicted based on the other model variables.

Discussion

In Experiment 2, we further explored the differences predicted by the UID between
the processing of NCs and that of PPs with improved items. We expected longer
reading times for all measures in the segments following the critical region for
sentences containing NCs and sentences containing a longer critical structure. As in
Experiment 1, we also expected these differences to be modulated by individual
differences, such as English proficiency and WM abilities.

Our results partially replicate those of Experiment 1. We found no effects of
length or type for FPD in ROI1, nor for TD in ROI1 and ROI2, nor for proficiency
in any measure analyzed. In addition, we did find significant effects of length and
type for Reg2CR in the same direction as Experiment 1 (with longer structures and
PPs leading to more regressions).
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Table 7. An overview of the results of Experiments 1 and 2. Effects that were no longer significant after
outlier removal are not shown

Experiment 1 Predicted Experiment 2 Predicted
Critical Reg2CR: PP > NC No Reg2CR: PP > NC No
Region Reg2CR: 6 > 4 Yes Reg2CR: 4 > 3 Yes
ROI 1 1DST — |TD Yes
ROI 2 TtDST — |TD Yes FPD: NC > PP Yes

In contrast with Experiment 1, however, we found no effect of WM scores. This
may reflect the fact that we used a different task in Experiment 2, and it is not clear
whether we would have found a significant effect had we used a DST. More
interestingly, we did find an effect of type on FPD in ROI2 in the predicted
direction, namely, NCs led to longer FPDs than PPs. This effect constitutes evidence
in favor of the UID, suggesting that NCs are harder to process than PPs.

General discussion

In two experiments, we investigated the online processing of nominal compounds
(NC) compared to that of nouns modified by prepositional phrases (PP), which use
more words and express roughly the same meaning. We assumed that NCs transfer
more information per symbol, leading to a peak in information density. Based on
the UID hypothesis, we predicted that these peaks would cause processing difficulty.
We also assumed that the UID hypothesis would subsume all other sources of NC
processing difficulty that have been both theorized and shown in the NC literature.
In our online studies, we expected it to be reflected by more frequent regressions
toward the NC and longer reading times in the subsequent text segments (as
compared to PPs). The pattern of results found in the two experiments is
summarized in Table 7.

Relevance of the findings to the UID

The clearest indication we have in favor of our predictions was the longer First Pass
Durations (FPDs) in ROI2 for NCs in Experiment 2: As predicted, the denser
structures evoked more processing difficulty than the less dense ones. This effect only
became apparent after controlling for the shortcomings of Experiment 1. It was an
early effect, only found in a segment further away from the critical segment (ROI2). In
addition, we found a clear effect of length in the analysis of regressions toward the
critical region (Reg2CR): Longer structures led to more Reg2CR in both studies. We
interpret these as evidence in favor of the UID hypothesis, since longer structures are
presumed to be associated with higher information transmission rate.”

Contrary to expectation, trials containing PPs had significantly more regressions
than trials containing NCs. We believe this may be an artifact of two characteristics
of this study: The position of the head noun and the large length difference between
the structures. First, the head noun in PPs is the first word encountered by the
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reader, thus leading to a long gap between the critical region head noun and the
ROI1 tensed verb. When the reader arrives at ROI1, they need to regress in order to
verify the agreement between the two words. In NC sentences, the head noun is the
last word of the critical region, the reader probably still has it in working memory
(WM) when they reach the tensed verb in ROI1, and hence no regression is
necessary. Second, recall that a fixation is a Reg2CR if two conditions are met: The
fixation is a regression (moved backward with respect to the previous fixation) and
is positioned on the critical region. We chose to include regressions inside the
critical region because of the region’s length: Participants could experience difficulty
inside the critical region itself, which would be hidden if we only considered
regressions coming from subsequent text areas. But this decision meant that
participants have many more chances to regress inside a PP than inside an NC,
potentially leading to a spurious effect of Length in Reg2CR.

Interestingly, none of the measures was predicted by English proficiency in either
experiment. Of course, participants were L1 speakers and therefore generally
showed high proficiency, resulting in small variance in proficiency scores, which
may have obscured the effects of proficiency on the measures. Note, however, that
our findings are consistent with those of recent studies on the association between
proficiency and prediction (Dijkgraaf et al.,, 2017; Kim & Griiter, 2021; Ito et al,
2018; Mitsugi, 2020). The integration difficulty expected in our study is linked to the
notion of prediction, that is, the idea that the surrounding context influences the
state of the language parsing system, which is then used to infer the upcoming signal
(Kuperberg & Jaeger, 2016). Under this framework, in a way very much compatible
with the UID formulation, one could attribute the parsing difficulty experienced
upon encountering an NC/PP to a prediction error, where participants incorrectly
expected a different sequence of upcoming words. Even though it is typically
assumed that better proficiency necessarily leads to better prediction, our results are
in line with recent studies suggesting that these two abilities are not as clearly
associated — neither for L1 (Dijkgraaf et al., 2017) nor for L2 (Ito et al., 2018; Kim &
Griiter, 2021; Mitsugi, 2020) - as has been typically assumed (see review in Kaan &
Griiter, 2021).

Conversely, the digit span test (DST) score was a good predictor of total
durations (TDs) in Experiment 1 and did present a negative (but not significantly
different from zero) correlation with FPDs. Replacing the DST with serial order
reconstruction tasks (SORTs) did not produce the expected results: Neither verbal
nor visual SORT significantly predicted the duration measures. It is not clear how
DST scores relate to SORT results and it is therefore not possible to say whether the
results would be the same had we used a DST in Experiment 2. Further experiments
are needed in order to better understand the relationship between the different WM
measures and their impact on eye-tracking reading measures.

Given the abundance of literature showing that the UID holds for production, it
may seem odd that we did not find clear results for comprehension. How can this
be? In order to better understand these results, there are at least three different
perspectives through which this data should be considered, which are discussed
separately below.
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Technical matters related to the data

One potential confounding factor in our results is technical matters related to the
data. Because the sentences used in Experiments 1 and 2 were long, stimulus
presentation was performed in two text lines, with the critical segment positioned at
the end of the first line, and ROIs 1 and 2 positioned at the beginning of the second
line. This caused three types of distortion in the data. First, in order to move from
the critical segment toward ROI1, participants needed to perform a long saccade
with a high chance of landing by mistake in ROI2. By definition, when a participant
fixated in ROI2 before fixating in ROI1, then FPD in ROI1 was 0 ms. This led the
trial to be discarded during trimming from the FPD ROIl analysis, partially
explaining the high number of trimmed trials in ROI1 (see Tables 3 and 6). Second,
participants varied substantially the vertical position of their fixations while reading.
For example, while reading United States in Fig. 3, some participants performed
fixations too low, closer to the second text line than the first one. When extracting
the reading measures, this was calculated as equivalent to “skipping” ROI1, again
causing FPD to be 0 ms. Third, regressions were not easily identifiable as left-
saccades (e.g., moving from ROI1 to the critical region required a right-saccade).
Thus, we had to redefine “regression” based on the previous fixation’s interest area:
If the previous fixation was in the interest area of a word that followed the current
fixation’s word, then the current fixation counted as a regression. The disadvantage
of this definition is that it disregarded regressions coming from outside any interest
areas. In order to alleviate the impact of these shortcomings, we took them into
account when implementing our correction algorithm (see Supplementary
Materials). Our subjective review of the corrected data concluded that the
correction did substantially improve its quality. However, we suggest that future
studies be run with stimulus presentation in a single text line in order to avoid the
aforementioned problems.

In addition, given the exploratory nature of the study, we chose to investigate the
time course of the predicted difficulty by only analyzing two reading measures (FPD
and TD), thus avoiding too many comparisons. Given the results reported here, it
may be that our choice of reading measures was unlucky and that other measures
might have provided clearer evidence favoring the UID, given that eye-tracking
reading measures have been found not to correlate much with one another (see von
der Malsburg & Angele, 2017). Furthermore, our results may also reflect the indirect
nature of our paradigm, which depends on participants’ difficulty spilling over to
the subsequent text segments. While both options are in principle possible, it is
important to note that the kind of spillover-based analysis we chose is well
established in the literature, and numerous studies on the processing of other
structures have found significant differences in spillover regions analyzed the way
we did using the exact same reading measures we chose (e.g., Christianson et al.,
2017; Jared & O’Donnell, 2017; Paape & Vasishth, 2022; Pickering & Traxler, 1998).

Cognitive load differences in comprehension vs. production

When interpreting the data reported here, one should also consider the differences
between production and comprehension, and in particular the differences in
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cognitive demands associated with each task type. The relationship between
production and comprehension is an open area of research, not yet clearly
understood, and results that hold for one task type sometimes do not hold for the
other (for a review, see Iraola Azpiroz et al., 2019a, 2019b). As discussed earlier,
most other studies favoring the UID have probed production. Perhaps real-time
production is more difficult, involving turn-taking, linguistic parsing, motor
coordination, and typically relying on real-world information, making speakers
more likely to be affected by peaks and troughs of information density, as the
associated cognitive costs may harm their communicative goals. Conversely, reading
is static, and the communicative goals of the writer are presumably not the same as
those of a conversation partner. Thus, the reader may not be taxed to the same
extent as a speaker, the effect may be subtler, and experiments investigating the UID
in reading may actually require starker peaks in information density to unlock the
same effects. Hence, maybe it is possible to find results favoring the UID by
imposing an additional task that taxes participant WM while reading to exacerbate
information density peak-related costs. This would explain the findings of Sikos
et al., 2017 in support of the UID, since two aspects of their design provided
additional cognitive load. First, they used a G-Maze task that forced participants to
make decisions about the sentence as they went through it. Second, their experiment
incorporated a prediction aspect by manipulating the subject (the journalist
published/the man evaluated the carefully written essay). Kuperberg and Jaeger
(2016) point out that prediction is costly and suggest that speakers balance this cost
with the reliability of their predictions and with how useful their predictions are in
advancing their communicative goal.

Our study illustrates the importance of converging evidence from different
domains: Despite the evidence for production, the UID hypothesis may not hold as
clearly when considering well-designed reading studies, for which it may actually be
harder to find evidence in its favor. Of course, this study is one of the first to focus
on the UID while reading, and much more exploration is necessary to determine its
validity.

The role of experience with NC use

Finally, it is important to consider the relevance of previous participant experience
with NCs to our results. When preparing the experiments reported here, we had
good reason to presume that NCs are not straightforward to process: NCs had been
thus theorized in the literature, and a number of behavioral studies had shown
evidence favoring this assumption. However, the few significant differences
reported here cast some doubt on this presumption. Are NCs really denser
than PPs?

In order to answer this question, we used a language model to estimate the
informational content of our items. The language model we used was OpenAI's GPT-
2 (Radford et al., 2019), a pre-trained version of which can be downloaded from the
web. This ready-to-use model was trained on a dataset scraped from millions of links
referred to by Reddit users, contemplating pages of all sorts of domains, including
commercial pages (e.g., eBay, Apple, Craig’s list), journalistic pages (New York Times,
BBC, Reuters), wikis (Wikipedia, Wikia, Gamepedia), other user-created content
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Figure 12. The information of items in Experiment 1 and 2. Graphs show the total amount (a and b) and
the information per word (c and d). In all graphs, each point represents an item.

(Urban Dictionary, Pastebin, Medium, Stack Exchange), as well as academic pages
(Nasa, Stanford, NIH). Given a context ¢ (a set of words, e.g., “pharmaceutical
market”) and a continuation word w (e.g., “size”), the model produces probabilities
P(wc). The informational content of the word w is calculated as —log(P(wlc)). Of
course, to calculate the information of a subsequent word w, (e.g., “increase” after
“size”) we use w in its context, that is, we calculate —log(P(w,|c,w). Since information
is additive, the information content of both “size” and “increase” is the sum of their
individual contents (see Appendix E for details).

We used the language model and the aforementioned procedure to calculate the
information content of all of our items. The results of the model can be seen in
Fig. 12. Considered generally, the NCs used in our study do carry more information
per word than their PP counterparts. While the total NC information amount is not
very different from that of PPs, the distributions become much more clearly divided
when considered the amount of information per word.'”

Why, then, do we not find clear processing difficulties caused by NCs relative to
PPs? There are two factors that may have affected the study results. First, a large
portion of our participants were university students, who might be used to reading
scientific articles, and thus NCs. Presumably, their internal parser already associates
a higher probability (and thus a lower density) to NCs.

Second, NC use in certain registers is changing. Consider Biber and Gray’s (2011)
diachronic study of NCs in several English registers. Even though they found an
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Figure 13. Figure shows items of Experiment 1 ordered by their surprisal per word, as indicated by the
triangles, and separated by condition. Mean and standard error of FPD in ROI1 are indicated by the dot
and the error bars. Similar comparisons between reading measures and total surprisal of each item are
also available in the Supplementary Materials.

increase in NC use in academic and journalistic texts (see Fig. 2), this was not the
case for the other registers they investigated (novels and drama), suggesting that NC
probability may still be considerably low in general English and corroborating the
output of the language model. However, for the academic register specifically,
although their latest reported data are from 2005, we have no reason to think that
the trend has stopped there: The probability associated with the structure is
increasing, making them less informational.

The information formula discussed above is also known as surprisal in the
literature and is at the core of Surprisal Theory, a theory hypothesizing that a word’s
processing difficulty is proportional to its surprisal (Levy, 2008): More informative
(surprising) words should lead to more processing difficulty. Given the calculated
information values above, it may be worth asking whether Surprisal Theory would
have fared better at predicting the processing difficulty experienced by
participants.!! Considering the aforementioned factors affecting the results, we
would expect surprisal (information) to be a bad predictor of processing difficulty.
Unfortunately, we do not have enough data to add item information values to our
models. However, Fig. 13 shows the information content of each item of Experiment
1 along with the observed FPD values in ROI1. As expected, there does not seem to
be a clear relationship between FPD values and information.!? Further research
should address this question in a more careful way.
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Overall, this highlights the role of experience in language processing in general
and in particular in the processing of complex structures. Even though NCs are
generally dense, they may not be so for our specific combination of participants
and items.

Conclusion

This study provides evidence in favor of the UID hypothesis through the
investigation of a structure typically considered hard to process, namely complex
nominal compounds consisting of three or more words. In one of the first studies to
investigate the UID hypothesis from the point of view of comprehension, we
compared NCs with a much longer structure (PPs) that spreads the information
conveyed more evenly through time. The results reported in Experiments 1 and 2
indicate that NCs do lead to comprehension difficulty, although the pattern of
results was not as clear as predicted.

The results reported here have two key implications for the UID. First, we
interpret our results as reflecting differences between the processes of production
and comprehension, namely the fact that production tends to be harder than
comprehension. As a result, it may be beneficial in future reading studies to include
an additional parallel task in order to increase participants’ cognitive load and this
way evoke the effects predicted by the UID hypothesis. Second, these results
highlight the importance of considering the role of experience in the design of UID
studies. NC use is becoming more common in recent years, especially among the
academic population that is typically recruited in psycholinguistic studies, and we
argue that in our case their experience with the structure led to less difficulty in its
processing.

In sum, this study gives rise to two key areas that should form an integral part of
our understanding of the UID, namely how the comprehension-production
asymmetry and experience with a given register impact the way the UID hypothesis
has been operationalized in the literature.

Replication package. All research materials, data, and analysis code are available at: https://osf.io/tqspf.

Supplementary material. The supplementary material for this article can be found at https://doi.org/10.
1017/50142716424000092
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Notes

1 NCs have been treated inconsistently in the literature, with studies varying widely on their terminology
and on their definition. In particular, they often vary on what they allow in premodifying position (e.g.,
whether they allow adjectives or only nouns). We ignore these differences in our discussion of the literature.
2 All research materials, data, and analysis code are available at https://osf.io/tqspf

3 Note that our definition of First Pass Duration is slightly different from that used in other studies (e.g.,
Cook & Wei, 2019; Schaeffer et al., 2019). The measure we use has been referred to by names such as right-
bounded reading time (Gordon et al., 2006) or quasi-first-pass time (Traxler et al., 2002). Contrasting with
the rest of the literature, it is also called gaze duration by the script we used to extract it (Dan, 2020).

4 All models used the formula DV ~ OPT + DST + length*type + (1 + length * type | subject) + (1 + DST +
OPT + type*length | item).

5 However, note that the information content of a sentence may also be a way to explain garden path effects
(see e.g., Hale, 2001; Levy, 2008). By this explanation, as the participant reads the sentence, they produce a
partial parse along with a probability distribution of the likely content to appear next. A garden path effect
would happen when the probability assigned to the content that is observed next is very low. From the point
of view of information theory, this low probability would be translated into a very high amount of
information transmitted by that content (say, a word). If this amount of information is higher than the
channel capacity, the UID hypothesis would predict difficulty.

6 Here, we use the term collocation broadly, meaning any “familiar recurrent expression” (Gledhill, 2000,
p. 6) commonly found in the English language and easily identifiable by native speakers, such as “strong
coffee” or “social media”.

7 All models used the formula DV ~ OPT + SpellingScore + length*type + Verbal WM + VisualWM +
(1 + length * type | subject) + (1 + VerbalWM + VisualWM + type*length | item)

8 The Variance Inflation Factor is a measure of the reliability with which one of the variables in the model
could be estimated based on the other variables of the model. As a rule of thumb, VIFs higher than 10 are
problematic (see, e.g., Craney & Surles, 2002). We used R’s car package (Fox & Weisberg, 2019) in order to
compute these values.

9 However, this latter effect should be considered with care. One reviewer suggested that this effect, as well as
the effect of phrase type discussed in the subsequent paragraph, could be explained by the difference between
the lengths of the critical region in the two types of structures: longer structures and PPs would lead to more
regressions simply because readers have a higher chance of landing on them upon performing saccades. In

order to take the length difference into account, we fit two new models normalizing the regression count by the

Number of regressions to the critical region
Number of characters of the critical region

length of the critical region. That is, the new models predict instead the rate

In R, this is done by simply adding the term offset(log(length_in_characters)) to the Reg2CR model formulas.
Indeed, in the new models the effect of length vanishes, (see Tables C6 and D6), demonstrating the

importance of controlling for length in future experiments. In addition, the effect of phrase type becomes non-

significant in Experiment 1, but remains significant in Experiment 2, where PPs still led to significantly more

regressions than NCs. We discuss possible reasons for this effect in the next paragraph.

10 Note that there is no special reason why we calculate density by dividing the total amount of information

by the number of words in the structures. However, this is a common choice in the literature (see Meister

et al,, 2021, for a discussion).

11 We thank a reviewer for this suggestion.

12 Similar graphs were made for FPD and TD, for ROI1 and ROI2, for both experiments. However, they

look substantially similar to Figure 13 and are not reported here (see Supplementary Materials).
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Appendix A Experiment 1 items

Table Al. List of all items with length 4

1 NC In some cases, pharmaceutical market size increase is driven by the competition in
Western countries.

PP In some cases, increase in size of the pharmaceutical market is driven by the
competition in Western countries.

2 NC For our investigation, conventional household water consumption is considered by our
team in numerous ways.

PP For our investigation, consumption of water in a conventional household is considered
by our team in numerous ways.

3 NC In some cases, intellectual property protection strength is increased by a reform to
national patents.

PP In some cases, the strength of protection of intellectual property is increased by this
reform to national patents.

4 NC In present times, the domestic consumer protection level is strengthened by the
governments of wealthy countries.

PP In present times, the level of protection for domestic consumers is strengthened by the
governments of wealthy countries.

5 NC In current times, EU employee transfer effectiveness is debated by the experts in the
foreign office.

PP In current times, effectiveness of transfer of EU employees is debated by the experts in
the foreign office.

6 NC In present times, health insurance economy effects are researched by the analysts of
financial institutions.

PP In present times, effects of the economy on health insurance are researched by the
analysts of financial institutions.

7 NC In many countries, current voter gender distribution is evaluated by the Office of Voter
Registration.

PP In many countries, the distribution of genders of current voters is evaluated by the
Office of Voter Registration.

8 NC In some cases, finance committee member decisions are impacted by the theories of
modern economics.

PP In some cases, the decisions of members of the finance committee are impacted by the
theories of modern economics.

9 NC In current times, commercial agriculture production cost is altered by the location of
available land.

PP In current times, the cost of production for commercial agriculture is altered by the
location of available land.

10 NC In this study, the corporate tax analysis strategy is pursued by the use of multiple
methods.

PP In this study, the strategy of analysis for corporate taxes is pursued by the use of
multiple methods.

(Continued)
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Table Al. (Continued)

11 NC In many countries, the industrial emission rate balance is controlled by the Agency of
Environmental Protection.

PP In many countries, the balance of rates in industrial emissions is controlled by the
Agency of Environmental Protection.

12 NC In many countries, consumer protection commerce regulations are enforced by the
Commission of Federal Trade.

PP In many countries, the regulations of commerce for consumer protection are enforced
by the Commission of Federal Trade.

Table A2. List of all items with length 6

1 NC In present times, the Mexican city skilled labor centralization process is driven by the
desire for greater efficiency.

PP In present times, the process of centralization of skilled labor in Mexican cities is driven
by the desire for greater efficiency.

2 NC In current times, United States factory employee insurance costs are decreased by the
changes in union policies.

PP In current times, the cost of insurance for factory employees in the United States is
decreased by the changes in union policies.

3 NC In many countries, modern era general election campaign corruption is created by the
hostility of the political atmosphere.

PP In many countries, the corruption of campaigns in general elections of the modern era is
created by the hostility of the political atmosphere.

4 NC For our investigation, college graduate career earnings lifetime potential is calculated by
the use of statistical analysis.

PP For our investigation, the potential of a lifetime of career earnings for college graduates
is calculated by the use of statistical analysis.

5 NC In current times, the online marketplace frozen inventory storage cost is balanced by the
strength of popular demand.

PP In current times, the cost of storage of frozen inventories for online marketplaces is
regulated by the strength of popular demand.

6 NC In some cases, food product nutrition information labeling laws are drafted by the
members of the Codex Committee.

PP In some cases, the laws for the labeling of nutrition information on food products are
drafted by the members of the Codex Committee.

7 NC In this study, the married woman financial treatment equality index is developed by the
workers of a nonprofit organization.

PP In this study, the index of equality for the financial treatment of married women is
developed by the workers of a nonprofit organization.

8 NC In some cases, developing country school choice program significance is judged by the
researchers of the new study.

PP In some cases, the significance of programs for school choice in developing countries is
judged by the researchers of the new study.

(Continued)
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(Continued)

In present times, the European state financial investment return value is increased by
the policies of the European Union.

In present times, the value of returns on financial investments in European states is
increased by the policies of the European Union.

In this study, national trade business model prediction improvement is anticipated by
the introduction of advanced technologies.

In this study, improvement in the predictions of business models for national trade is
anticipated by the introduction of advanced technologies.

In current times, high school business marketing education programs are approved by
the committee of the relevant organization.

In current times, programs for education in business marketing in high schools are
selected by the committee of the relevant organization.

In some cases, discount supermarket soft drink advertising proposals are delivered by
an associate of the marketing team.

360
Table A2,
9 NC
PP
10 NC
PP
11 NC
PP
12 NC
PP

In some cases, proposals for the advertising of soft drinks in discount supermarkets are
delivered by an associate of the marketing team.

Appendix B Experiment 2 items

Table B1. List of all items with length 4. The parenthesis indicates the parts that need to be removed in
order to build the items with length 3

In present times, the (currency) inflation constraint action is implemented by the board
of the National Bank

In present times, the action for the constraint of inflation (of the currency) is
implemented by the board of the National Bank

In many countries, the (factory) automation legislation advice is given by a committee
of elected representatives

In many countries, the advice for the legislation on automation (of factories) is given by
a committee of elected representatives

In some cases, the (employee) insurance payment reduction is approved by the
members of the labor union

In some cases, the reduction of the payment of the insurance (of the employee) is
approved by the members of the labor union

In many countries, the (nutrition) fact disclosure regulation is enforced by the Institute
for National Health

In many countries, the regulation of the disclosure of facts (of nutrition) is enforced by
the Institute for National Health

In other words, the (office) technology adjustment period is anticipated by the
introduction of advanced computers

1 NC
PP
2 NC
PP
3 NC
PP
4 NC
PP
5 NC
PP

In other words, the period of adjustment to technology (in the office) is anticipated by
the introduction of advanced computers

(Continued)
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Table B1. (Continued)

6 NC In present times, the (alcohol) producer advertisement group is motivated by the
competition in Western countries

PP In present times, the group for the advertisement of producers (of alcohol) is motivated
by the competition in Western countries

7 NC In certain instances, the (border) taxation consequence summary is approved by the
office of foreign trade

PP In certain instances, the summary of the consequence of the taxation (at the border) is
approved by the office of foreign trade

8 NC In many countries, the (transit) energy performance standard is controlled by the
Agency of Environmental Protection

PP In many countries, the standard for the performance of energy (of transit) is controlled
by the Agency of Environmental Protection

9 NC In most situations, the (product) quality assurance department is motivated by the
perception of brand performance

PP In most situations, the department of the assurance of the quality (of the product) is
motivated by the perception of brand performance

10 NC In some cases, the (highway) construction equipment subsidy is decreased by the
changes in infrastructure policies

PP In some cases, the subsidy for the equipment for the construction (of the highway) is
decreased by the changes in infrastructure policies

11 NC In other words, the (utilities) monopoly operation condition is driven by the desire for
greater efficiency

PP In other words, the condition for the operation of the monopoly (of utilities) is driven by
the desire for greater efficiency

12 NC In other words, the (internet) commerce growth expectation is increased by a reform to
national patents

PP In other words, the expectation of the growth of commerce (on the internet) is
increased by a reform to national patents

13 NC In current times, the (company) acquisition oversight council is regulated by the
Committee of Fair Competition

PP In current times, the council for the oversight of the acquisition (of the company) is
regulated by the Committee of Fair Competition

14 NC In this study, the (capital) allocation efficiency analysis is pursued by the use of multiple
methods

PP In this study, the analysis of the efficiency of the allocation (of the capital) is pursued
by the use of multiple methods

15 NC In certain instances, the (welfare) fraud investigation committee is examined by the
analysts of financial institutions

PP In certain instances, the committee for the investigation of the fraud (of welfare) is
examined by the analysts of financial institutions

16 NC In other words, the (aluminum) shipment application paperwork is increased by the
policies of the European Union

PP In other words, the paperwork for the application for the shipment (of the aluminum) is
increased by the policies of the European Union

(Continued)
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(Continued)

17

NC

In most situations, the (military) aircraft transaction proposal is delivered by an
associate of the marketing team

PP

In most situations, the proposal for the transaction of aircraft (of the military) is
delivered by an associate of the marketing team

18

NC

In current times, the (gender) employment equality movement is supported by the
workers of nonprofit organizations

PP

In current times, the movement for the equality of employment (of genders) is
supported by the workers of nonprofit organizations

19

NC

In some cases, the (investment) portfolio diversity strategy is calculated by the use of
statistical analysis

PP

In some cases, the strategy of diversity of the portfolio (of investment) is calculated by
the use of statistical analysis

20

NC

In this study, the (business) revenue maximization principle is impacted by the theories
of modern economics

PP

In this study, the principle of the maximization of revenue (of the business) is impacted
by the theories of modern economics

21

NC

In certain instances, the (candidate) campaign speech presentation is assessed by the
commentators of the news network

PP

In certain instances, the presentation of the speech of the campaign (of the candidate)
is assessed by the commentators of the news network

22

NC

In this study, the (potato) shortage problem management is affected by the location of
available land

PP

In this study, the management of the problem of the shortage (of potatoes) is affected
by the location of available land

23

NC

In certain instances, the (healthcare) policy disapproval response is created by the
hostility of the political atmosphere

PP

In certain instances, the response of the disapproval of the policy (for healthcare) is
created by the hostility of the political atmosphere

24

NC

In most situations, the (history) education modernization agenda is furthered by the
governments of wealthy countries

PP

In most situations, the agenda for the modernization of education (of history) is
furthered by the governments of wealthy countries

25

NC

In many countries, the (machinery) rental agreement negotiation is balanced by the
strength of the increasing demand

PP

In many countries, the negotiation of the agreement of the rental (of machinery) is
balanced by the strength of the increasing demand

26

NC

In some cases, the (minority) voter participation statistic is evaluated by the Office of
Voter Registration

PP

In some cases, the statistic of the participation of voters (of the minority) is evaluated
by the Office of Voter Registration,

27

NC

In most situations, the (hurricane) relief organization donation is appreciated by the
people of impacted communities

PP

In most situations, the donation to the organization for the relief (of the hurricane) is
appreciated by the people of impacted communities

(Continued)

https://doi.org/10.1017/50142716424000092 Published online by Cambridge University Press



Applied Psycholinguistics 363

Table B1. (Continued)

28 NC In present times, the (politics) newspaper coverage commentary is criticized by the
president of the United States

PP In present times, the commentary of the coverage of the newspaper (on politics) is
criticized by the president of the United States

Appendix C Experiment 1 models

Table C1. Experiment 1: First pass duration - region of interest 1

b SE t p
Intercept 425.294 12.469 34.108 <.001
OPT 3.848 11.782 0.327 744
DST —29.376 12.286 —2.391 .017
Length 19.064 18.248 1.045 .296
Type —2.880 17.285 —0.167 .868
Length:Type 34.139 36.509 0.935 .350

Note: Significant (p < .01) findings are indicated in bold.

Table C2. Experiment 1: First pass duration - region of interest 2

b SE t p
Intercept 388.056 13.632 28.466 <.001
OPT —3.396 12.464 —0.272 .785
DST —12.757 12.247 —1.042 .298
Length —0.790 17.097 —0.046 .963
Type 29.340 16.922 1.734 .083
Length:Type —45.818 34.484 —-1.329 .184

Table C3. Experiment 1: total duration - region of interest 1

b SE t p
Intercept 785.050 31.650 24.804 <.001
OPT 60.150 27.266 2.206 .027
DST —126.326 28.930 —4.367 <.001
Length 46.216 32.450 1.424 .154
Type 7.657 33.466 0.229 .819
Length:Type 45.218 56.499 0.800 424

https://doi.org/10.1017/50142716424000092 Published online by Cambridge University Press



364 John C. B. Gamboa et al.

Table C4. Experiment 1: total duration - region of interest 2

b SE t p
Intercept 849.482 31.542 26.932 <.001
OPT 63.417 24.740 2.563 .010
DST —129.954 26.981 —4.816 <.001
Length 17.586 44.005 0.400 .689
Type —63.951 35.620 —1.795 .073
Length:Type 2.803 80.130 0.035 972

Table C5. Experiment 1: Regressions onto the critical region. Note that the effect of OPT was driven by a
single outlying participant

b SE z p
Intercept 1.016 0.099 10.269 <.001
OPT 0.256 0.098 2.621 .009
DST —0.099 0.096 —1.031 .303
Length —0.347 0.072 —4.796 <.001
Type —0.362 0.071 —5.091 <.001
Length:Type —0.082 0.119 —0.690 490

Table C6. Experiment 1: Regressions onto the critical region (normalized by the length in characters of
the critical region). Note that the effect of OPT was driven by a single outlying participant

b SE z p
Intercept —2.881 0.100 —28.812 <.001
OPT 0.257 0.098 2.627 .009
DST —0.098 0.096 —1.020 .308
Length —0.003 0.079 —0.039 .969
Type -0.124 0.071 -1.751 .080
Length:Type —0.114 0.120 —0.948 .343
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Appendix D Experiment 2 models

Table D1. Experiment 2: First pass duration - region of interest 1. Note that the effect of visual WM was
driven by a single outlying participant

b SE t p
Intercept 426.850 12.490 34.178 <.001
OPT 22.320 13.890 1.607 .108
Spelling —18.750 14.340 —1.307 191
Length 18.460 15.580 1.185 .236
Type —12.950 16.850 —0.769 442
VerbalWM —21.340 12.160 —1.756 .079
VisualWM 45.800 12.940 3.540 <.001
Length:Type —22.850 23.780 —0.961 337

Note: Significant (p < .01) findings are indicated in bold.

Table D2. Experiment 2: First pass duration - region of interest 2. Note that the effect of visual WM was
driven by a single outlying participant

b SE t p
Intercept 390.145 13.438 29.034 <.001
OPT 6.643 13.883 0.478 .632
Spelling —36.080 14.897 —2.422 .015
Length 18.161 18.128 1.002 316
Type 44.968 15.120 2.974 .003
VerbalWM —20.084 12.860 —1.562 118
VisualWMm 33.914 12.637 2.684 .007
Length:Type —9.494 33.492 —0.283 77

Table D3. Experiment 2: Total duration - region of interest 1

b SE t p
Intercept 785.350 27.770 28.285 <.001
OPT 38.460 31.450 1.223 221
Spelling —22.540 32.360 —0.696 486
Length 17.510 31.020 0.564 .573
Type —18.940 33.250 —0.570 .569
VerbalWM —57.810 28.700 —2.014 .044
VisualWM 48.330 27.750 1.742 .082
Length:Type —15.400 75.120 —0.205 .838
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Table D4. Experiment 2: Total duration - region of interest 2

b SE t p
Intercept 872.603 33.493 26.053 <.001
OPT 84.636 34.828 2.430 .015
Spelling —92.529 35.970 —2.572 .010
Length 5.502 37.501 0.147 .883
Type 46.029 36.500 1.261 .207
VerbalWM —39.468 30.778 —1.282 .200
VisualWMm 1.813 29.680 0.061 951
Length:Type —93.602 74.110 —-1.263 207

Table D5. Experiment 2: Regressions onto the critical region

b SE z p
Intercept 1.055 0.108 9.753 <.001
OPT 0.050 0.106 0.475 .635
Spelling 0.092 0.113 0.821 411
Length —0.272 0.064 —4.276 <.001
Type —0.742 0.076 -9.821 <.001
VerbalWM —0.029 0.097 —0.293 770
VisualWMm —0.024 0.092 —0.265 791
Length:Type 0.027 0.143 0.187 .851

Table D6. Experiment 2: Regressions onto the critical region (normalized by the length in characters of
the critical region)

b SE V4 p
Intercept —2.712 0.108 —25.106 <.001
OPT 0.056 0.105 0.535 .593
Spelling 0.086 0.112 0.775 438
Length —0.011 0.065 —0.174 .862
Type —0.397 0.076 —5.241 <.001
VerbalWM —0.034 0.096 —0.352 725
VisualWM —0.016 0.091 —0.180 .857
Length:Type —0.003 0.142 —0.024 981
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Appendix E Calculating item information

Calculating information depends on estimating the probability of a word given the surrounding context.
A number of methods exist for such an estimation, which have been shown in the literature to correlate with
other behavioral measures such as self-paced reading times and ERP patterns, including n-gram models (see,
e.g., Lopopolo et al., 2017; Willems et al., 2016) and models based on neural networks (e.g., S. L. Frank et al.,
2019; Merkx & Frank, 2021). We use Python 3.8.10 and the HuggingFace transformer library (Wolf et al.,
2020) version 4.8.2 with OpenAI’s GPT-2 neural network-based language model (Radford et al., 2019)
accessible through the transformer’s interface to make our estimations. Given a sequence of words (e.g., “the
cat sat on the”) composing the context ¢, the model produces a probability distribution P(t|c) over all tokens
t in its vocabulary. For example, in this case, the probability assigned by the model to the word “mat” is
P(“mat” |“the cat sat on the”) = 0.0000000145 (a very low probability), and the highest probability is
assigned to the word “floor” (P(“floor” |“the cat sat on the”) = 0.06707). To calculate the information in
“mat,” we use

info("mat"|"the cat sat on the’) = —log(P("mat”|"the cat sat on the")).

This formula is known as Shannon’s amount of information and is identical to a value known as surprisal in
the psycholinguistic literature (cf. Hale, 2001; Levy, 2008).

In order to calculate the information contained in a text segment, we start by tokenizing the text into a
sequence of tokens. The library provides its own tokenizer class (AutoTokenizer) which, given a sequence of
characters, say, hello world, breaks the sequence into tokens that are recognized by the language model. In
this case, it would produce the tokens “hello” and “world.”

Out of the original text segment, the tokenization procedure produces a sequence of tokens ¢, . . .,t,. In
order to calculate the amount of information in this sequence, we take advantage of the assumption that
information is additive and sum the amounts produced for each token composing the sequence. In
particular, we calculate the sum

info(th R tn) = _log(P(tl |t0)) - log(P(t2|t0a tl)) T log(P(tn|t0a tla v tn—l))
where t, is a placeholder context used for the first token. In our calculations, #, is always the token “the.”
For a concrete example, the segment “the United States factory employee insurance costs” was tokenized
as the tokens “the,” “ United,” “ States,” “ factory,” “ employee,” “ insurance,” and “ costs.” Then, we
calculated:

» <«

info(” United States factory employee insurance costs”” ) = —log(P(”"United”|"the”™))
—log(P("States"”|"the United” ™))
—log(P("factory”|"the United States” ™))
—log(P("employee”’|"the United States factory” ™))
~

—log(P("insurance’”|"the United States factory employee” ™))

—log(P("costs”|"the United States factory employee insurance”™)).

Cite this article: Gamboa, J. C. B., Fernandez, L. B., & Allen, S. E. M. (2024). Investigating the Uniform
Information Density hypothesis with complex nominal compounds. Applied Psycholinguistics 45, 322-367.
https://doi.org/10.1017/S0142716424000092
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Abstract

While the Uniform Information Density (UID) hypothesis has been widely investigated
for production, little attention has been given to comprehension. In this paper, we
extend the study of Gamboa, Fernandez, and Allen (2024), focusing on the reading
comprehension of complex nominal compounds (CNC). CNCs are an informationally
dense structure that occurs frequently in scientific texts. We follow Gamboa et al.,
(2024) and compare them with another, less dense structure formed by a noun followed
by prepositional phrases (NPP). Based on the UID hypothesis, they predicted CNCs to
cause more reading difficulty than NPPs because NPPs spread the information through
more words. While Gamboa et al. did find evidence in favor of the UID hypothesis,
their pattern of results was unclear. They suggested that this was because reading is
less cognitive demanding than production, and that participants were experienced with
CNCs. In this paper, recruiting L2 speakers in an attempt to increase the cognitive
demand of the reading task. We also investigate experience by comparing
Portuguese/Spanish (inexperienced with CNCs) and German speakers (experienced).
Our results showed no cross-linguistic difference, and an unclear result pattern,
suggesting cognitive demand and experience were not why Gamboa et al. found unclear

results.



INVESTIGATING THE UID HYPOTHESIS IN L2 3

Introduction

Recently, a substantial number of psycholinguistic research has focused on whether
speakers consciously or unconsciously consider the amount of information contained in
their utterances (for a review, see Gibson et al., 2019). Research investigating the role
of information in language use has suggested that speakers prefer utterances that
transfer information at a constant rate. In other words, they prefer to keep the
information density of their utterances uniform, avoiding, for example, producing bursts
of too much information at once. This has been shown extensively for production, but
there are not many studies investigating whether this is also true for comprehension,
and the few studies we are aware of have focused on L1 processing (Collins, 2014; Sikos,
Greenberg, Drenhaus, & Crocker, 2017; Meister et al., 2021; Gamboa, Fernandez, &
Allen, 2024). In one reading study (Gamboa et al., 2024), the unclear findings led the
authors to suggest that reading may not be a hard enough task to evoke the predicted
effects. In the present paper, we repeat their study with a population for which reading
in English is typically considered to require more cognitive effort, namely, English L2
speakers. The experiments we report take advantage of a particularly dense structure
referred to as complex nominal compound (CNC) to investigate whether L2 processing is
influenced by the amount of information transferred per unit of signal. In addition, by
comparing two contrasting groups of speakers that differ in the use of CNCs in their L1,
we investigate how these differences may lead their mental models to assign different
probabilities to the CNCs in their L2. In the rest of this introduction, we describe the
concept of information, define the Uniform Information Density hypothesis, review some
of the previous research investigating its predictions on L1 speakers, motivate our
predictions for L2 speaker processing of CNCs, briefly discuss the literature on L2 CNC

processing, and introduce the two eye-tracking experiments reported in this study.

Information and the Uniform Information Density hypothesis

In the sense used above, “information” is a concept imported from a mathematical

theory of data communication (known as Information Theory; Shannon, 1948) where it
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is defined in terms of probabilities. For Information Theory, the information content of
a given event is operationalized as a number, associated with the event, which depends
on its probability of ocurrence. The exact value of this number is related to the notion
of surprisal: unlikely (i.e., “surprising”) events contain a lot of information, and
therefore are associated with a big number; likely events are not informative (intuitively,
the information about their ocurrence is already available), and therefore are associated
with a small number. Crucially, this operationalization of the “amount of information”
contained in an event may also be conditioned on other events. For example, after the
words “former US President Barack”, the probability of finding the word “Obama” is
quite high. Therefore, the amount of information associated with “Obama” is lower
than if the word “Obama” stood alone. Thus, if an unlikely event becomes very likely
because of its context, then its information content (its surprisal) is reduced; conversely,
if a likely event becomes very unlikely given the conditioned-on events, then the
information associated with it will change to a higher number.

When the theory was proposed, events were originally messages being transmitted
by a given device (e.g., a telegraph) through a channel (e.g., a network cable, or radio
signals) to a receiver device. To transmit these messages, the transmitter would send a
number of symbols through the channel, which, when composed together, would form
the message. A well known example of this is Morse code. Each message corresponds to
a letter, and is encoded into a sequence of dots and dashes, separated by spaces. Thus,
the letter a is encoded as o —, the letter b is encoded as — o« o o and so on. The
spaces, dots and dashes of the Morse code could be (for example) rerepresented as the
symbols 0, 1 and 2 respectively. In this way, the letter @ would be represented by the
sequence of symbols 102.1

In their applications, both the transmitter and the receiver had knowledge about
the probabilities associated with these messages, and by using this knowledge one could
define a code (a mapping between symbol sequences and messages) to transmit
messages between them in an efficient way. Efficient in this sense meant “with the least

number of symbols”. Following our Morse code example, let us assume that the
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messages were English letters. In this case, it is worth noting that not all English letters
occur with the same probability in English sentences, i.e., some letters are more
common than others. In particular, the letter e is very common, while z is quite
uncommon (see Solso & King, 1976 for a list of the letter probabilities in English). For
this reason, it would be smart to associate with e a very short code (in Morse code,
“17), while z could have a longer code, since it is so uncommon.

The goal of the field, however, was to devise ways to encode the messages not only
efficiently, but also in such a way that the transmitted messages could be reliably
decoded by the receiver even if some symbols came through the channel incorrectly
(e.g., because the network cable was damaged). These errors were generally caused by
noise present in the channel, which corrupted the transmitted symbols (e.g.,
transforming them into other symbols, or deleting some of them). Note that, because
each message was associated with a probability, it also carried some amount of
information. In our English example, e has a high probability of occurrence, and
therefore carries less information than z which has a low probability.? Shannon showed
that the transmitter and the receiver could communicate through the channel with an
arbitrarily low amount of errors, as long as the communication did not exceed the
channel capacity. The channel capacity was the maximum amount of information that
could be sent through the channel without errors, and was only dependent on the types
of symbols being sent and the amount of noise present in the channel. If the transmitter
transferred information above this capacity, there would be no way to guarantee the
absence of errors. Thus, efficient and reliable communication was generally achieved by
keeping the amount of information sent through the channel at the capacity level at all
times (i.e., a constant rate of information transmition).

In Psycholinguistics, early work described a principle of entropy rate constancy
(Genzel & Charniak, 2002), later extended as the Uniform Information Density (UID)
hypothesis (Jaeger, 2010). According to this principle, communication between speakers
could be viewed as a channel, through which a maximum amount of information (its

capacity) can be passed per unit of signal (say, time, or number of words), much in the
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same way as the channel from Information Theory. Speakers, then, would produce their
utterances in such a way that they would be the closest possible to this maximum most
of the time, therefore maintaining the amount of information transmitted generally
close to a constant. This way, whenever two syntactic structures are available to express
the same meaning, a preference would be given to whichever structure would keep the
transmitted amount of information per signal unit (i.e., the density) closer to this
contant. For example, the work of Jaeger (2010) showed that speakers omit the
complementizer that more often when it is predictable than when it is not (e.g., my boss
thinks (that) I'm absolutely crazy), therefore avoiding a trough of information when a
complement clause is expected, and avoiding a peak of information when it is not; and
Ferreira and Dell (2000) showed a similar effect with that-deletion in relative clauses
(e.g., this is the friend (that) I told you about).

Note that this approach seems to assume that the information present in a
word /structure is known by all speakers. It is as if each speaker had access to a central
authority that determines the probability of each symbol, and therefore its information
content. Of course, this is not how it really works. Different speakers may vary in their
mental model, but this variation is typically presumed to be small and therefore is
usually neglected in experiments investigating the UID hypothesis and its relation to L1

processing.

A particularly dense structure: Complex Nominal Compounds (CNC)

A nominal compound is a sequence of words that, together, define one single concept
(e.g., university faculty member, or stomach ulcer medication). The last word (the head)
is always a noun, and the preceding words (the modifiers) can be either adjectives or
nouns. In this paper, we focus on long NCs containing at least 3 words (which we refer
to as complexr nominal compounds, CNC), and contrast them with another structure
composed of a noun followed by prepositional phrases (NPP; e.g., member of faculty of
the university, or medication for ulcers in the stomach), that expresses roughly the same

meaning through the use of prepositions.
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An important difference between the two structures is how much they spread the
information they convey through the signal. If each word is counted as a unit of
information,® then it is easy to see how an NPP is composed of more information units
than CNCs: the same information is conveyed in three words by university faculty
member and in six words by member of faculty of the university. If the final amount of
information transmitted by both structures is roughly the same, then we can say that
NPPs are less “dense” than CNCs. Indeed, in the experiments below we use items from
Gamboa et al., who used a language model to estimate the information of their items,
showing that their CNCs do convey on average more information than their NPP

counterparts.

Uniform Information Density predictions for Comprehension

If speaker productions conform to the predictions made by the UID hypothesis, it would
be natural to expect that the language system would have evolved to also decode
messages in a similar fashion. However, most of the research related to this hypothesis
has focused on speakers’ production, and only a few previous studies have focused on
comprehension (Collins, 2014; Meister et al., 2021; Sikos et al., 2017; Gamboa et al.,
2024), of which two are especially relevant for this paper.

First, Sikos et al. (2017) reports one experiment in which participants read
sentences in a G-maze task (Forster, Guerrera, & Elliot, 2009). Sentences began with a
frame that was either predictive of the verb object (The journalist published the...) or
not (The man evaluated the...) and contained verb objects that were either pre-modified
nouns (e.g., ... carefully written essay) or post-modified nouns (... essay that was
carefully written). Sikos et al. then analysed the response times at the object noun
(essay), predicting that participants would experience less difficulty in predictive than
in unpredictive contexts, since the head noun in the predictive contexts was assumed to
convey less information. Similarly, they expected less difficulty when the object noun
was premodified than when it was post-modified, because the head noun in a

premodified context is assumed to convey less information. Their results indicated that
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participants indeed processed the head noun (a) faster in predictive contexts than in
non-predictive ones; and (b) faster in the pre-modification condition than in the
post-modification condition. They argue that both findings constitute indirect evidence
for the UID hypothesis from a comprehension point of view. That is, for their first
finding, predictive contexts increase the probability of the target word, making it less
informative, allowing readers to proceed faster. Intuitively, if the target word causes the
information transmission rate to be below the channel capacity, then the reader should
compensate by proceeding to the next word. For their second finding, pre-modifiers
change the probability distribution of the upcoming head noun, making plausible
continuations less informative. In their experiment, the target word was always a
plausible head noun.

Second, Gamboa et al. (2024) investigated the UID hypothesis focusing on CNCs.
Their two eye-tracking studies compared the reading patterns of English L1 speakers
reading English sentences containing either a CNC or an NPP. Their predictions were
that participants would find CNCs harder to process than NPPs, arguing that CNCs
would transmit a larger amount of information at once. This is justified especially
because the structures were presented close to the beginning of the sentence, with little
context to support their understanding. Gamboa et al. also manipulated the length of
the CNCs in order to assess the impact of peaks of different intensity, predicting that
longer items would lead to more difficulty. Examples (1) and (2) illustrate the four
conditions of the items of their first experiment: two containing items composed of four

words, and two containing items of six words.*

(1) a. In present times, health insurance economy effects are researched by the
analysts of financial institutions (CNC)
b. In present times, effects of the economy on health insurance are

researched by the analysts of financial institutions (NPP)

(2) a. In some cases, food product nutrition information labeling laws are

drafted by the members of the Codex Committee (CNC)
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b. In some cases, the laws for the labeling of nutrition information on

food products are drafted by the members of the Codex Committee (NPP)

To measure difficulty, Gamboa et al. counted the number of regressions made onto
the critical region (i.e., onto the CNC/NPP), and, since the two structures have
considerably different lengths, measured the time participants spent looking at the text
segments following the critical region. The assumption was that longer times and more
regressions meant more reading difficulty. In particular, after the critical region, the
target sentences contained two segments that were separately analysed: a passive
construction (are researched, are drafted), and its agent (by the analyst, by the
members).

In both experiments, they found more regressions toward the critical region after
longer structures. In their second experiment, they also found longer reading times for
the segment denoting the agent. Both findings were interpreted as evidence in favor of
the UID hypothesis, under the assumption that longer structures, and CNCs represent
peaks in the information density of the communication signal.

However, they did not find significant effects in the majority of the analysed
reading measures. They suggested two reasons why this was the case. First, they noted
the role of experience in the processing of CNCs: their participants were mostly
university students who may be more used to reading this type of structure than the
general population. A population with less experience with CNCs may have behaved
differently. Second, they pointed out that reading is much less resource-intensive than
either production or the G-Maze task used by Sikos et al. (2017). They suggested that
increasing the task’s associated cognitive load could lead to a clearer pattern of results.

In order to explore these two suggestions, in this study, we repeat their
experiments with speakers for which these arguments may not hold, namely, L2
speakers of English. While we do recruit participants from a university environment, we
still presume that reading in a second language imposes higher cognitive load demands

than reading in a first language.
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UID in the Second Language

As mentioned earlier in the discussion on Information Theory, both the transmitter and
the receiver need to have knowledge of the probabilities associated with each message,
and most UID experiments (focusing on L1) just assume that word probabilities are
“agreed” between, or independent of, speakers. But if these probabilities are high in the
mental model of a certain speaker and low in the mental model of another speaker,
some problems might occur: the former might believe they are sending a constant
amount of information while the latter may perceive certain portions of the signal as
more or less dense, potentially finding them hard to process. While L1 speakers may
indeed have roughly the same probabilistic model of word occurrences, this is most
likely not true for non-native speakers whenever their second language differs
substantially from their first language in the use of either a set of words or a given
structure. Of course, the resulting difficulty might be modulated by the amount of
resources available for each individual. For example, it is possible that individuals with
a higher working memory capacity would deal with information peaks more easily than
those with a lower capacity. Similarly, proficiency or vocabulary in the second language
is likely to have an influence on how hard certain structures are perceived to be, and on
the probability speakers assign to each word or structure.

In this paper, we explore the impact of the aforementioned ‘mental model” by
recruiting L2 speakers with different L1s that make different use of CNCs. We recruit
two groups of English L2 speakers: one composed of L1 speakers of languages that
rarely use (and therefore are less experienced with) CNCs — Portuguese and Spanish
(P/S) —, and one composed of L1 speakers of a language that does use them often —
German. In addition, we take into account the aforementioned individual differences,

namely, working memory and proficiency.

L2 processing of CNCs

Most of the existing work in (C)NC processing in L2 has not taken into account this

information theory perspective. If L1 speakers experience difficulty with the peaks of
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information caused by CNCs, it is natural to expect that L2 speakers will experience
even more difficulty, due to their more limited processing ability in the L2 compared to
that of native speakers. Additionally, it is widely assumed that L2 speakers at all but
the most advanced levels have more difficulty in linguistic processing than their native
speaker counterparts, although accounts differ for why this is the case (Clahsen &
Felser, 2006; Hopp, 2010; Jiang, 2007; Kaan, 2014; McDonald, 2006). In general, due to
their comparative lack of experience with the language, L2 speakers dedicate more
processing resources than native speakers to the basic task of parsing sentences, and/or
parse sentences at a more surface level than native speakers, and thus are less able to
integrate detailed information into their parsing during real-time processing.

Although several studies have investigated L2 speakers’ comprehension of CNCs in
behavioral studies using paraphrasing, definitions, and translations (e.g., Bartolic, 1978;
Carri6 Pastor, 2008; Carrié Pastor & Candel Mora, 2013; Horsella & Pérez, 1991;
Olshtain, 1981; Pabén Berbesi & Dominguez, 2009; Trimble & Trimble, 1977; van
Helmond & van Vugt, 1985), none have investigated it using on-line methods that
would provide more information about real-time processing difficulties, and none have

explicitly compared groups of L2 speakers with contrasting L1s.

Present Study?®

In this paper, we assess the processing of English L2 speakers using the materials and
methodology of Gamboa et al. (2024), comparing two sets of speakers with L1s that
differ particularly on their use of CNCs. As mentioned earlier, our rationale is that L2
speakers who speak L1s where CNCs are rare (e.g., Spanish, Portuguese: Carri6é Pastor,
2008; Jullian, 2001; Oliveira et al., 2006; Richman, 1969) will perceive CNCs as more
informationally dense than will L2 speakers with L.1s where CNCs are pervasive (e.g.,
German: Berg, 2012, 2016), because the latter group have more experience overall with
strategies for comprehending dense structures of this type, and because their mental
models assigns a higher probability to this kind of structure, making it comparatively

less dense.
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We report findings of two eye-tracking experiments, both of which are very similar:
participants read sentences containing either a CNC or an NPP, which were additionally
manipulated in length. In Experiment 1, CNCs had either 4 or 6 words, but were not
fully factorial, limiting direct comparisons between them; in Experiment 2, we overcome
this limitation by using items with 3 and 4 content words that were fully factorial.

For both experiments, our hypotheses are similar to those of Gamboa et al.
(2024). We expect participants to have more difficulty with CNCs than with NPPs,
reflecting the higher information density of the CNCs. We also expect participants to
have more difficulty with longer structures than shorter structures, since longer
structures will have a higher information density overall. In particular, for both
experiments, participants will regress more often, as well as produce longer reading
times in sentences containing CNCs than in sentences containing NPPs. In addition,
this behavior will be modulated by their previous experience with CNCs in their native
language. That is, we expect P/S speakers to have more difficulty when processing
CNCs than German speakers, yielding an interaction between speaker L1 and the type
of structure (CNC/NPP) present in the sentence. Finally, as discussed above, we expect
the aforementioned effects to be affected by participants’ working memory abilities and
proficiency levels, so that higher working memory and proficiency scores would lead to

shorter reading times overall.

EXPERIMENT 1
Method
Participants

Participants were recruited from the community of the [removed for review]. All
participants had normal or corrected-to-normal sight and were compensated with
payment or course credit.

In the German-speaking group, we recruited 35 German native speakers (15
female, 20 male; mean age: 25 years; sd: 3.5) all of which were from Germany. In the

Portuguese/Spanish speaking group, participants were 33 native speakers (15 female, 18
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male; mean age: 27 years; sd: 4.1) of either Portuguese (10 participants, from Brazil
and Portugal) or Spanish (23 participants, from Chile, Colombia, Ecuador, Honduras,

Mexico, Spain and Venezuela).

Materials

The materials were the same as those of Gamboa et al.’s (2024) Experiment 1.

Eye-tracking reading task. Participants read sentences and answered easy
comprehension questions while having their eye movements recorded by an eye-tracker.
Critical sentences (see Table 1) contained either a CNC or an NPP composed of either 4
or 6 content words. Each critical sentence was divided into five parts: a preamble
containing three words and ending with a comma, a critical region containing the
critical structure, a post-critical region of interest 1 (ROI1) composed of a passive
construction, a spillover region of interest 2 (ROI2) containing its agent, and a wrap up
region ending the sentence. Given CNCs N1-N2-N3-N4 and N1-N2-N3-N4-N5-N6,
corresponding to lengths 4 and 6, respectively, the associated NPPs had structure
N4-P-N3-P-N1-N2 and N6-P-N5-P-N3-N4-P-N1-N2, respectively. Given the sentence
length, item presentation was such that the preamble and the critical region were on the
first text line, and the remaining regions were on the second text line. See Gamboa et
al. (2024) for detailed information about item creation and norming.

Oxford Placement Test Part 1 (OPT). As a measure of English proficiency,
participants answered the OPT, composed of 50 sentence frames containing a gap,
along with three suggested completions, only one of which results in a grammatical
sentence. In each case, the participant’s goal is to pick the correct alternative.

Language Background Questionnaire (LBQ). Participants additionally
filled out a language background questionnaire containing questions about their
language use, their self-assessed proficiency, and the contexts in which they used each
language. The collected data was used to ensure that participants were not significantly
exposed to English before the age of 5.

Digit span test (DST). Participants’ working memory was assessed with a

DST. Participants saw sequences of digits and had to recall them in their correct order.
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Sequences progressed from 2 to 9 digits. A participant’s final score was the longest

length for which they recalled two sequences correctly.

Design

Items of length 4 were not related to items of length 6. Thus, two counterbalanced
presentation lists were constructed so that each list contained six NPPs and six CNCs
of each length.

Each participant read four practice sentences, followed by a set composed of 24
target sentences and 40 fillers, with a break halfway through the set, producing two
blocks of 32 trials, presented in a random order per participant. Practice and filler
sentences were similar to target sentences, but contained no long CNC or NPP. Each
sentence was followed by a comprehension question (see bottom of Table 1), which
participants answered by pressing the letters X or M. Questions were easy to answer to
prevent participants from developing strategies which could influence their reading

patterns.

Apparatus

The Experiment Builder software from SR Research was used to program the
eye-tracking task, which was run with a color monitor at a resolution of 1280 x 1024
and an EyeLink 1000 recording the right eye at 1000Hz. Participants read with both
eyes at approximately 100cm from the monitor, using a chin rest in order to keep their
head stable. Stimuli were presented with font Courier New. Eye-tracker calibration was
performed before the task, after the break, and as needed throughout the study. Drift

correction was used with a fixation cross at the beginning of every trial.

Procedure

After signing the consent form, participants were administered the OPT, followed by
the LBQ, the DST and the eye-tracking task. They were informed that the eye-tracking
sentences were related to economics, and were always followed by a question. Sentences

started with a drift correct at the position of their first letter. Participants were
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instructed to read at their own pace, and then press spacebar in order to proceed to the
comprehension question. In the eye-tracking task, critical sentences were shown with
the preamble and the critical region in the first line of text, and the rest of the sentence
in the second line.

Instruction to all computer tasks was given verbally and in written form before

the task and after the practice trials.

Analysis
Eye-tracking data preprocessing

Prior to analysis, trials with incorrect answers to the comprehension question were
discarded. From the remaining data, a fixation report was exported containing the
position and duration of the fixations performed on each trial. Following the same
procedure as in Gamboa et al. (2024), we reduced systematic noise by running their
fixation position correction algorithm. We additionally removed trials that were too
noisy prior to correction (for which we expected the correction procedure would produce
results that looked reasonable, but that did not reflect the participant’s reading
behavior), or that remained too noisy after correction.® (see Table 2).

Each word was associated with an interest area around it. Fixations positioned
inside a word’s interest area were treated as fixations on that word. Using the corrected
data, we extracted the same reading measures analysed by Gamboa et al. (2024) in
ROI1 and ROI2 for each trial.” These were First pass Duration (FPD), the sum of
the duration of all fixations made on a region when the reader first arrives at it from
the preceding text, Total Duration (TD), the sum of the duration of all fixations
made on a region, and the number of regressions onto the critical region
(Reg2CR), fixations on a word of the critical region (say, health in Table 1) whose
previous fixation was positioned inside the interest area of a subsequent word,
regardless of whether the previous fixation was inside the critical region (e.g., economy)
or outside of it (e.g., researched).

In order to analyse the extracted measures, and following Gamboa et al. (2024)’s
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procedure, we fit four models for the duration measures (FPD and TD), and one
additional model for the analysis of Reg2CR. Because we are analysing five reading
measures, models were Bonferroni corrected so that only p-values smaller that

0.05/5 = 0.01 were considered significant (von der Malsburg & Angele, 2017).

Analysis of the duration measures

Before analysis, trials with extreme measure values were trimmed. During the analysis
of FPD, trials with FPD shorter than 80ms or longer than 1000ms were discarded;
during analysis of TD, trials with TD shorter than 80ms or longer than 2000ms were
discarded (see Table 3).

We fit a separate generalized mixed model for each duration measure (FPD in
ROI1, FPD in ROI2, TD in ROI1 and TD in ROI2) using a Gamma distribution with
the identity link function using the R language (R Core Team, 2013) and the lme4
package (Bates, Méachler, Bolker, & Walker, 2015). The calculated p-values are
produced using the lmerTest package (Kuznetsova, Brockhoff, Christensen, et al., 2017).
Models were maximally specified (Barr, Levy, Scheepers, & Tily, 2013) with random
effects for subjects and items and fixed effects including the structure type (CNC vs.
NPP), length (4 vs. 6) and language (P/S vs. German), as well as the OPT scores, and
the DST scores. Factor variables were sum coded and continuous variables were scaled

and centered.®

Analysis of the regression count

For the regression count, we follow Gamboa et al. (2024) and fit a maximally specified
generalized mixed model passing family = poisson(link=log) using the same fixed and

random effects as in the other models.

Results

Accuracies were high in both groups and are not further discussed (see Table 2). The

German group scored a mean of 76.97% (SD: 11.73) on the OPT and a mean of 6.57
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out of 9 (SD: 1.12) on the DST. The P/S group scored a mean of 74.42% (SD: 11.05) on
the OPT and a mean of 6.85 (SD: 0.87) on the DST.

Turning to the eye-tracking data, Table 3 shows the number of trials trimmed
before analysis of the duration measures, and Table 4 shows the average value for each
measure. There were no significant effects for FPD in either ROI1 or ROI2 (Figure la
and 2a, respectively). For TD, we found a significant effect of structure type in ROI1
(t=3.828, p<.001), indicating that CNCs took significantly longer to process than NPPs
for both groups; and of language (t=2.579, p<0.005), indicating that German speakers
gazed significantly longer at ROI1 than P /S speakers (see Figure 1b). For ROI2, we
found no significant effects for TD. As for Reg2CR (Figure 3), P/S speakers regressed
significantly more toward the critical region than German speakers (z=-3.130, p<.005).
In addition, NPPs (z=-5.802, p<.001) and longer structures (z=-6.138, p<.001) led to
more Reg2CR than CNCs and shorter structures, respectively. Full model results are
available in Appendix A. We found no effects of proficiency or DST in any reading

measure.

Discussion

Experiment 1 followed the design used by Gamboa et al. (2024) in an attempt to
investigate the processing of CNCs and NPPs based on the predictions made by the
Uniform Information Density (UID) hypothesis. Participants read sentences containing
either a CNC or an NPP, and these were composed of either 4 or 6 words. In order to
increase the cognitive load associated with the processing of CNCs, we recruited L2
speakers of English. Furthermore, in order to explore the impact of experience in the
processing of CNCs, these speakers were L1 speakers of Portuguese and Spanish (P/S)
and of German. We predicted that CNCs would be perceived as harder to process than
NPPs, and that this difficulty would be starker for the P/S group, given that it is not a
common structure in their L1. We also predicted that longer structures would lead to
more difficulty, and that the difficulty would be modulated by working memory (WM)

abilities and by proficiency scores, as measured by a digit span test (DST) and the
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Oxford Placement Test (OPT), respectively.

Our findings do suggest that CNCs were harder to process than NPPs: we
analysed duration measures extracted from the regions succeeding the manipulated
structure (First Pass Duration, FPD; and Total Duration, TD), and found longer total
durations (TD) in the region of interest 1 (ROI1). In addition, participants also
regressed more after 6-word items than after 4-word items, in accordance with the more
prominent peak in information associated with 6-word items. We interpret these finding
as evidence in favor of the UID hypothesis.

However, our findings are not completely consistent with the UID hypothesis.
First, none of the duration measures was significantly affected by structure length. We
believe this is because of the large variability presented by the measures, which was
observed regardless of structure length (Figures 1 and 2), and may also explain why
measures were not significantly affected by individual differences such as proficiency or
working memory. Second, participants also, perhaps unexpectedly, regressed
significantly more in sentences containing NPPs than CNCs. We come back to this
latter counterintuitive result in the General Discussion.

Turning to the differences between the two languages, contrary to our
expectations, we found no structure:language (nor length:language) interaction. That
is, experience with CNCs did not play a particular role in determining reading difficulty.
Interestingly, however, while German speakers gazed significantly longer at ROI1 than
P/S speakers, P /S speakers performed more regressions than German speakers, possibly
reflecting different reading strategies used by speakers of the two language groups.

Our findings, however, are limited in a number of other ways which are discussed
by Gamboa et al. (2024) and also apply to the L2 case. First, it is not clear the extent
to which the presence of adjectives in the items may have helped with the processing of
CNCs. For example, upon seeing the CNC modern era general election campaign
corruption, speakers may be led to expect a noun after modern and general. This may
have also disproportionately facilitated the CNC processing for the P/S group: While

noun-noun (e.g., business model) structures are not common in Portuguese or Spanish,
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adjective+noun structures are ubiquitous, allowing for several adjectives to follow one
another (e.g., mercado financeiro/financiero especulativo internacional — international
financial speculative market). Second, the experimental design is not ideal to compare
the two lengths (4 and 6) used in the experiment, since the items used with each length
are completely different. In order to be able to compare lengths, it would be useful to
have a fully factorial set of items. Third, many of the content words used in Experiment
1 could be used as verbs, potentially leading participants to be garden pathed. Fourth,
the items contained a number of collocations (e.g., United States), which may again
have helped participants in their processing. Finally, when measuring WM, it was not
clear whether the DST measured verbal or visual WM, and it would be beneficial to
find a way to disentangle these two storage units (see, e.g., Baddeley, 2011, for a review
on the WM construct). Hence, in the following, we attempt to address the

aforementioned limitations by conceptually replicating Gamboa et al.’s Experiment 2.

EXPERIMENT 2

In Experiment 2, items do not contain collocations and are composed solely of nouns
that cannot be used as verbs. In order to make lengths comparable, we use items of
length 3 and 4: length-4 items are built by adding a single word to length-3 structures,
such that any difference in behavioral measures between the two can only be attributed
to the additional word. Instead of the DST, we measure WM with a verbal and a visual
serial order reconstruction task (Jones, Farrand, Stuart, & Morris, 1995, SORT),
reflecting the phonological loop (used for processing language) and the visuo-spatial
sketchpad (used for visual processing and typically assumed not to be involved with the
processing of language), respectively (for more details on the WM construct, see
Baddeley, 2011). In addition to measuring proficiency with the OPT, we also use a
misspelling identification task (MSIT) to measure quality of lexical representation
(Perfetti & Hart, 2002), since these have been shown to explain different variance in
priming and eye-tracking data (see, e.g., Andrews, Veldre, & Clarke, 2020). Finally, we

decided to recruit only Spanish speakers for the P/S group (here renamed as “Spanish”)
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in an attempt to reduce the noise associated with different L1s.

As before, following the UID hypothesis, we predict that CNCs and longer items
would lead to longer duration measures and more regressions than NPPs. We also
predict an interaction between L1 and structure type, and that reading measures would
be significantly influenced by proficiency and verbal WM scores, but not by visual WM

scores.

Method
Participants

In Experiment 2, we do not include Portuguese speakers. Participants were 31 Spanish
L1 speakers (12 female, 19 male; mean age: 26 4 5.6 years old) from Bolivia, Colombia,
Costa Rica, Ecuador, Mexico, Peru, Puerto Rico, Spain and Venezuela, and 29 German
L1 speakers (9 female, 20 male; mean age: 26 £ 6.1 years old) from Germany, all of
which were recruited at [removed for review] and received either course credits or 15
Euros for their participation. All participants had normal or corrected-to-normal sight.
Three Spanish and one German speakers were subsequently discarded because
they were exposed to another language before the age of 5. Additionally, one German
speaker reported to be dyslexic in the Language Background Questionnaire and was
removed from analysis; and one German speaker could not be calibrated with the
eye-tracker and was also removed from analysis. Below we report the data of the

remaining 28 Spanish speakers and 26 German speakers.

Materials

The materials were the same as those used in Experiment 2 of Gamboa et al. (2024).
Participants filled out the language background questionnaire, then performed an
eye-tracking reading task, followed by OPT, the misspelling identification task, and two
serial order reconstruction tasks assessing their visual and verbal working memory.
Eye-tracking reading task. As discussed above, the materials are similar to

those of Experiment 1, with a CNC/NPP appearing close to the beginning of each
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critical item. Items were created with CNCs that are composed exclusively of nouns,
which cannot be used as verbs, and were checked for collocations by three English
native speakers.

The items are fully factorial (see Table 5), allowing for a clearer comparison
between lengths 3 and 4. Four-word CNCs were created by taking the 3-word CNCs
and preceding them with an additional noun (e.g., inflation contraint action — currency
inflation contraint action). NPPs were created from the CNCs.

Language Background Questionnaire (LBQ). This was the same as used in
Experiment 1.

Oxford Placement Test Part 1 (OPT). This was the same as used in
Experiment 1.

Misspelling identification task (MSIT). Participants received a list of 215
words and were tasked with circling those that were incorrectly spelled (50 out of the
215). Following Lemhofer and Broersma (2012), participants’ final score was calculated
as % (%W + %N W), where W and NW indicate the number of correctly identified
words and nonwords, respectively.

Serial Order Reconstruction Task (SORT). Participants were additionally
administered two SORTS, assessing their visual and verbal working memory. In both
tasks, participants saw sequences on the screen (visual: 7 dots in different locations;
verbal: 8 letters at the center of the screen). After the end of the sequence, all elements
reappeared on the screen, and participants were tasked with selecting the elements in

the order in which they had appeared. There were 3 practice and 20 critical trials.

Design

Each item had four versions, and four presentation lists were created forming a Latin
square design. Each participant only saw one version of each item.

The eye-tracking reading task was divided into a first block containing 4 practice
sentences, plus two randomized blocks, separated by a short break, containing a total of

68 trials (40 fillers and 28 critical trials). Fillers contained no long CNC or NPP. Each
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sentence was followed by a comprehension question and the participant answered by

pressing the letters X and M (see bottom of Table 5).

Apparatus

We used the Experiment Builder software from SR Research to program the
eye-tracking task. The task was run with a color monitor at a resolution of 1280 x 1024,
font Courier New, and an EyeLink 1000 recording the right eye at 500Hz. Presentation
was binocular at approximately 90cm using a chin rest. Calibration was performed
before the task, after the break, and as needed. Drift correction was used with a

fixation cross at the beginning of every trial.

Procedure

Participants started by signing the consent form, after which they were administered
the OPT and the misspelling identification task in paper.

They then proceeded to a computer where they performed the eye-tracking task,
the visual SORT and the verbal SORT. As in Experiment 1, the critical sentences in the
eye-tracking task were shown with the preamble and the critical region on the first line,

and the rest of the sentence on the second line.

Analysis
Eye-tracking data preprocessing

As in Experiment 1, the gaze data was corrected with the correction algorithm
described in Gamboa et al. (2024), and trials that were either too noisy before
correction or too noisy after correction were excluded. From the corrected data, we
extracted FPD and TD for ROI1 and ROI2, as well as Reg2CR. In total, we fit 5
models, one for each of the extracted measures. To account for multiple comparisons,

we consider significant only p-values smaller than 0.05/5 = 0.01.
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Analysis of the duration measures

For the duration measures, we fit separate maximally specified Gamma distributed
generalized mixed models with the identity link function, using structure type (CNC vs.
NPP), length (3 vs. 4) and language (Spanish vs. German) as our main predictors (all
of which were sum coded), as well as the OPT score, the misspelling identification task
score, and the two working memory scores as covariants (all covariants were scaled and

centered).”

Analysis of the regression count

Regression counts were analysed with generalized mixed effects models with the Poisson
distribution and the log link function (i.e., passing family = poisson(link=log), using an

effects structure similar to that of the duration measures.

Results

Due to a problem with item presentation, one item (item 22) was removed from the
data. As in Experiment 1, accuracies were high and are not considered further (see
Table 6). Spanish L1 speakers scored a mean of 37.4 out of 60 (SD: 5.78) on the OPT,
and a mean of 76.6 out of 100 (SD: 7.11) on the MSIT. German L1 speakers scored a
mean of 41.4 (SD: 4.98) on the OPT, and a mean of 77.6 (SD: 9.67) on the MSIT.
Visual and verbal SORT scores were correlated both for the Spanish group (r=0.424,
t=2.389, p<.05) and for the German group (r=0.544, t=3.176, p<.005).

Turning to the eye-tracking data, Table 7 shows the number of trials trimmed
before analysis of the duration measures, and Table 8 shows the average value for each
measure. Figures 4 and 5 show the duration measures for ROI1 and ROI2, respectively,
for each condition and group. We found a significant effect of spelling for FPD (see
Figures 7a and 7b) both in ROI1 (t=-3.077, p<0.005) and in ROI2 (t=-5.274, p<0.001),
such that better spelling led to shorter FPD and TD. In addition, we found a significant
effect of verbal WM for TD (see Figures 7c and 7d) both in ROI1 (t=-3.147, p<.005)
and in ROI2 (t=-3.173, p<.005), such that higher verbal WM scores led to shorter TDs.
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Figure 6 shows the Reg2CR for each condition and group. We found an effect of
Spelling (t=3.035, p<.005), such that better Spelling led to more regressions. As can
be seen in Figure 7e, this effect seems to be driven by the German group, with the
Spanish group keeping a relatively constant number of regressions regardless of their
spelling scores. We found an effect of length (t=-3.209, p<.005) and structure type
(t=-9.982, p<.001), such that longer structures and NPPs led to higher regression
counts. Full model results can be found in Appendix B. In order to better evaluate the
relation between the significant predictor covariates and the reading measures, the
graphs from Figure C1 were also produced with cubic splines and are available in
Appendix C.

Following Gamboa et al. (2024), we additionally used R’s car package (Fox &
Weisberg, 2019) to calculate Variance Inflation Factors'® (VIF) for all models to ensure
that models were not affected by any potential correlations between the included
variables. Despite the significant correlation between visual and verbal WM scores

reported above, all VIF scores were lower than 2.

Discussion

Experiment 2 proceeded with our investigation of the UID hypothesis in L2 by
addressing a number of limitations of Experiment 1. As in Experiment 1, we predicted
CNCs and longer structures to lead to longer reading measures and more frequent
regressions, and expected Spanish speakers to have more difficulty in CNC processing
than German speakers, as reflected by an interaction between L1 and structure type.
Contrary to the predictions derived from the UID hypothesis, we found no effect
of structure type, length or language for any of the duration measures, despite the more
controlled items used in this Experiment. As for the regressions, Experiment 2 results
mirror those of Experiment 1: participants regressed more toward longer vs. shorter
structures (as predicted) and more toward NPPs than for CNC (not as predicted). We
discuss why this was the case in the general discussion, where we also compare our

findings with those of Gamboa et al. (2024).
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When it comes to the language differences, Experiment 2 yielded no
structure:language interaction, indicating, again, that experience with CNCs did not
substantially affect reading difficulty. In addition, we observed no significant effect of
language in the regression model, raising doubts on whether the two groups do use
different reading strategies.

Finally, as opposed to Experiment 1, in Experiment 2 FPDs were affected by
spelling, and TDs were affected by verbal WM, potentially reflecting the more
controlled items we used in this experiment. However, better spellers also regressed

more. This is unexpected, and we come back to this result in the General Discussion.

General Discussion

This study aimed to contribute to the body of research investigating the Uniform
Information Density (UID) hypothesis from the point of view of comprehension, a
perspective that has been given little attention relative to production. We followed the
operationalization of Gamboa et al. (2024) and compared the processing of complex
nominal compounds (CNC), structures that arguably constitute peaks of information
density, with that of nouns followed by prepositional phrases (NPP), which spread the
information through more words. We also used two different structure lengths (4 vs. 6
in Experiment 1; 3 vs. 4 in Experiment 2) in order to compare the different degrees of
density evinced by these structures, and included covariates measuring English
proficiency and working memory (WM). Recall that Gamboa et al. (2024) explained
their unclear pattern of results by appealing to the differences between production, a
resource-demanding task, and comprehension, which tends to be less resource-intensive.
In an attempt to make our eye-tracking reading task require the engagement of more
cognitive resources, we recruited English L2 speakers. We further compared the reading
behavior of speakers of languages that do not typically use CNCs (Portuguese and
Spanish in Experiment 1; Spanish in Experiment 2) with that of speakers of a language
that does (German), not only looking for potential cross-linguistic influences emanating

from their L1, but also exploring the UID prediction that different L1 speakers may
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have different intuitions about what constitutes a peak in information density. Thus, we
predicted that participants would regress more from and look longer at the text
segments succeeding the critical region when it contained a CNC than an NPP, and
that English proficiency and working memory would be significant predictors of this
reading behavior. In addition, we expected Portuguese/Spanish (P/S) L1 speakers to be
more affected by CNCs than German L1 speakers.

Table 9 shows a summary of our results for the critical region, the region of
interest 1 (ROI1) and the region of interest 2 (ROI2), and also provides a comparison
with the L1 results reported by Gamboa et al. (2024). As predicted by the UID
hypothesis, participants did regress more in both experiments towards longer structures,
a finding that is in line with the L1 results. In addition, participants looked longer in
ROI1 after CNCs than after NPPs in Experiment 1, but this effect was not replicated in
the better controlled Experiment 2.

Apart from these results, the two experiments reported here have in common with
Gamboa et al. (2024) the fact that they present very little evidence in favor of the UID
hypothesis. That is, despite the new significant effect of structure type on Total
Durations (TD) in ROI1 in Experiment 1, we were unable to reproduce the main effect
of First Pass Duration (FPD) in ROI2 found in their Experiment 2. Indeed, against our
predictions, but replicating their findings, participants also regressed more after NPPs
than CNCs. Gamboa et al. (2024) suggest that this might be an artifact of the head
noun position in the two structures. They argue that, presumably, participants have to
regress after an NPP in order to recall its head noun and parse its agreement with the
tense in ROI1, since it is far away from the tense verb. In the CNC condition, they read
the head noun right before the ROI1, so this regression is not needed.

L1 speakers of both P/S and German were roughly equally affected by the two
structures in L2 English, as evidenced by the lack of an interaction between structure
type and language in both experiments. That is, the considerably different use of
compounds in the speakers’ L1 did not lead to a measurable difference in the processing

of compounds in their L2 (English). In addition, the two groups differed in Experiment
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1: P/S speakers regressed more often than the German speakers, while German
speakers looked longer at ROI1 than P/S speakers. It is unclear why these differences
between groups emerged, and we hesitate to interpret too much from these findings:
they were not present in Experiment 2, suggesting they may have been spurious results
that were mitigated by the better controlled items employed in that experiment.

Still, if we were to try interpreting this effect, one possibility is that they reflect
cultural differences in reading patterns of the different populations. That is, maybe
German readers simply adopt a more careful reading strategy, gazing longer at the
regions that cause them difficulty, while P/S speakers adopt a ‘riskier’ strategy,
proceeding more quickly in the hope that the subsequent words will clarify the overall
meaning of the sentence, but then regressing more often. Further research is necessary
in order to confirm this explanation and shed more light on these findings.

Turning to the individual differences, the effects we found in this study were
substantially different from those of Gamboa et al. (2024). In particular, we were
unable to replicate the working memory effect they found for TDs in Experiment 1; and
only found working memory effects in Experiment 2, the experiment in which they had
found no such effect. These ‘new’ working memory effects were as predicted: while
visual working memory had no effect in reading measures, participants with better
verbal working memory spent significantly less time in ROI1 and ROI2.

In addition, in Experiment 2, spelling had a major impact in all regions analyzed.
Participants who performed better at the spelling task had shorter FPD in ROI1 and
ROI2. Surprisingly, however, they also regressed more. That is, the better the quality
of lexical representations possessed by speakers, the more regressions they performed
towards the critical region (regardless of whether it contained a CNC or an NPP). It is
unclear why this happened. For example, perhaps the better spellers had better
intuitions about the word combinations used in English, and thus had difficulties with
the items because they did not contain collocations. Or perhaps the high cognitive
demand caused by the target structures led them to regress more to recheck the words.

Further research is needed to investigate this effect.
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One of the main contributions of this study is the way we derived our predictions
from the UID hypothesis for the L2 speakers. As discussed earlier, the amount of
information associated with a given symbol (word, phoneme, structure, etc.) is
dependent on its probability. Without this probability, it would be impossible to know
the amount of information of the symbol. In most studies devoted to investigating the
UID hypothesis, this probability has been treated as absolute, as if given by a central
authority that speakers are capable of accessing whenever they want the probability of
a symbol. While this may work for L1 speakers, L2 speakers may differ drastically on
the probability they assign to each symbol. That is, a German speaker, used to
compounds, may assign them a much higher probability than a Spanish speaker, in
whose language compounds are not common. We believe this is a useful
conceptualization for studying the UID hypothesis in the L2.

While our results are somewhat different from those of Gamboa et al. (2024), both
experiments are consistent in their relatively weak support for the UID hypothesis.!! In
other words, it seems that the lack of findings in their experiments does not stem from
the cognitive costs associated with the reading task, or, if it does, that reading in a
second language is still not as demanding as we had predicted, and that a still harder
task (say, the G-Maze task used by Sikos et al., 2017) may be needed to evince results
aligned with the UID hypothesis.

Alternatively, it is also possible that experience with CNCs may have played a
stronger role than previously assumed in hiding the predicted effects. Note that the
participants in the two experiments we reported here were mostly University students
(many were Master’s students), who were presumably used to reading scientific papers
in English, a register in which compounds are especially common (see Biber & Gray,
2011). In addition, the P/S group in Experiment 1 and the Spanish group in
Experiment 2 was composed of participants living in Germany, who had learnt at least
some German and were at least partially used to reading compounds in their everyday
lives.!? Therefore, it might be that recruiting L2 speakers from a different environment,

who do not frequently read CNCs, would lead to clearer effects of structure type and
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length.

Repeating the experiments with such a less experienced group of P/S (or Spanish)
speakers may also be an interesting way to examine how robust such a cross-linguistic
effect (from an L1 to an L2) may be. In that case, finding an interaction between
language and structure type or between language and length (that we did not find in
our experiments) would suggest that it was indeed the participants’ experience with
these structures that led to our null findings and blended the two groups together.
Finding no difference, on the other hand, would also be interesting, given how starkly
the two groups of Lls differ in their use of compounds.

Finally, Gamboa et al. (2024) discuss a number of technical limitations that might
also have affected the results, and that also apply to the L2 case. First, the a priori
choice of eye-tracking measures was somewhat arbitrary (one early measure and one
late measure), and it is not clear whether we would have found a clearer pattern of
results had we chosen a different set of measures. Second, because CNCs and NPPs
vary substantially in length, they opted for a spill-over based study design in which they
analysed the subsequent text segments. While this is not an uncommon choice (e.g.
Christianson, Luke, Hussey, & Wochna, 2017; Jared & O’Donnell, 2017; Paape &
Vasishth, 2022; Pickering & Traxler, 1998) for the analysis of eye-tracking measures, it
may partly explain the aforementioned inconsistencies between studies and experiments
— note that Reg2CR results, analysing the critical region itself, were much more
consistent. Third, because of the length of the sentences, these subsequent segments
were presented in a separate text line. This may have further impacted the duration
measures, since participants had to perform a long return saccade from the end of the
first text line to the beginning of the second, often fixating in unintended positions.
These limitations may have contributed to the weak findings of this study.

Despite these limitations, the results reported here suggest that the Uniform
Information Density hypothesis may not hold for comprehension as well as it does for
production. Further research is needed to better understand in what situations it does

hold, if any.
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Conclusion

In this paper, we investigated the predictions of the Uniform Information Density (UID)
hypothesis from the point of view of comprehension. For that, we compared the
processing of long complex nominal compounds (CNCs) with that of a longer structure
composed of a noun followed by prepositional phrases (NPPs). The experimental
procedure and items were identical to those of Gamboa et al. (2024), but the
participants were L2 speakers of English. We recruited these participants in order to
increase the difficulty of the reading task, since Gamboa et al. had suggested that their
unclear pattern results may have stemmed from the fact that comprehension tends to
be an easier task than production. We focused on two groups of L1 speakers: one whose
L1 does not use compounds frequently (Portuguese and Spanish), and one whose L1
does use compounds frequently (German). We predicted, based on the UID hypothesis,
that CNCs would lead to more difficulty than NPPs, and that this difficulty would be
starker for German speakers than for Portuguese and Spanish speakers.

Our results did partially support the UID, but were not as clear as expected.
They indicate the Uniform Information Density hypothesis may not always hold for
comprehension. Further research is encouraged to uncover the specific situations in

which it does.
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Footnotes

1 While this conversion of the Morse code into sequences of 0, 1 and 2 is possible, it is certainly
not how Morse code is implemented in real applications. This is because most symbols 0 would be
unnecessary or redundant: they appear only as a separator between dots and dashes. This would reduce
the amount of information that could be sent through time, and therefore is an example of a code that
is not efficient (see below). We use this example here only for illustration purposes.

2 Of course, this is only true if we disregard the context in which these letters occur. For example,
given a message containing the sequence of letters “m, vy, f, a, v, o, 7, i, t, e, m, u, s, i, ¢, g, €, n, T,
e t, 8, j, a, 2", one would quite strongly expect that the next letter is a z, and therefore the amount of
information transmitted by z would be low.

3 As has been previously done in the literature (see, e.g. Levy & Jaeger, 2006; Genzel & Charniak,
2002)

4 Note that the experiment reported by Sikos et al. (2017) used structures that look similar to CNCs
(carefully written essay) and NPPs (essay that was carefully written). However, their predictions were

about the processing time for the head noun and not about the structures as a whole. The head noun,
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being the last word of CNCs and first word of NPPs; is likely less informative in CNCs than NPPs, even
if CNCs are more informative as a whole. Therefore, their predictions are inverted in comparison to
those of Gamboa et al. (2024) and the experiments reported here.

5 All items, data and code used in this study can be found in the associated OSF page https://
osf.io/cg89w/?view_only=023459fb0f 184e6daa07bbd420dabe93 .

6 Gamboa et al. (2024) also excluded trials that contained five or fewer fixations. This was not the
case for any trial in our data.

7 These measures were calculated using the Get Reading Measures tool (Dan, 2020).

8 We used the following R formula for all models, including the one used for the regression count (see
below): DV ~ OPT + DST + lengthxtypexlanguage + (1 + length*type | subject) + (1 + DST +
OPT + typexlengthxlanguage | item) . In cases where the models did not converge, we removed the

model covariance terms using the afex package (Singmann, Bolker, Westfall, Aust, & Ben-Shachar, 2024).

44|7’ 44||77

For that, we used their lmer_alt function and replaced every of the formula above with

9 We used the following formula in R for all models, including the one used for the regression
count (see below): DV ~ OPT + Spelling + lengthxtype*language + VerbalWM + VisualWM + (1
+ length*type | subject) + (1 + VerbalWM + VisualWM + typexlength*language | item) . Dif-
ferent from Experiment 1, no model presented convergence problems, so we did not need to remove
covariance terms for any model.

10 The Variance Inflation Factor measures how well a given variable can be estimated based on the
other variables of the model. Typically, one should avoid VIF scores above 10 (Craney & Surles, 2002).

11 Tndeed, for Experiment 2, we do not believe that our non-significant findings are due to poorly fit
models resulting from the significantly correlating proficiency variables, since the VIF values were all
very low.

12 Gtill, note that the majority of the participants in these groups were recruited among international

Master students enrolled in English-language programs. We presume most of them did not reguarly read

in German or use academic German.
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Table 1
Ezxample sentences for each experimental condition in FExperiment 1. Adapted from
Gamboa et al. (2024)
Region of | Region of
Condition Preamble Critical Region Interest 1 | Interest 2 | Wrap Up
(ROI1) (ROI12)
In present health insurance are by the of financial
4-CNC
times, economy effects researched analysts | institutions
In present effects of the economy are by the of financial
4-NPP
times, on health insurance researched analysts | institutions
In current United States factory are by the in union
6-CNC
times, employee insurance costs decreased changes policies
In current | the cost of insurance for factory are by the in union
6-NPP
times, employees in the United States | decreased changes policies
Condition Comprehension Questions
Financial institution analysts research health insurance
4-CNC/NPP
X: yearly costs M: economy effects
Union policy changes decrease employee insurance costs in
6-CNC/NPP

X: the United States

M: France
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Table 2
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Participant accuracy for Experiment 1, along with the number of discarded trials.

Language Type Length Mean Accuracy SD  # Trials Correct Total Trials
German NP 4 0.957 0.074 201 210
German NP 6 0.924 0.117 194 210
German PP 4 0.967 0.068 203 210
German PP 6 0.967 0.079 203 210

P/S NP 4 0.934 0.102 185 198
P/S NP 0.970 0.077 192 198
P/S PP 4 0.949 0.088 188 198
P/S PP 6 0.980 0.055 194 198
TOTAL 1560 (95.59%) 1632

DISCARDED TRIALS Total incorrect 72

Too noisy before correction 6

Too noisy after correction 3
Final dataset analysed 1551

Table 3

Trials trimmed prior to analysis of duration measures in Fxperiment 1.

Region of Interest 1

Region of Interest 2

Discarded Kept Discarded Kept
FPD | 345 (22.24%) | 1206 | 187 (12.06%) | 1364
TD | 148 (9.54%) | 1403 | 157 (10.12%) | 1394
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Table 4

40

Mean and standard deviation of Experiment 1 measures (in ms for duration measures,

and in number of occurrences for the regression). Regression values should be taken with

care, since the distribution is not normal (see Figure 3).

FFD TD FFD TD
Length Structure Language Reg2CR
ROI1 ROI1 ROI2 ROI2
531.9 1002.2 481.2 9134 1.9
German
200.1 462.7) (206.9) (438.5 2.0
NG (200.1) (462.7) (206.9) (438.5)  (2.0)
503.6  937.7  426.3  905.1 2.9
Spanish
3 (197.9) (441.6) (184.0) (439.6)  (2.9)
Nouns 537.3  870.9 5189  949.1 2.8
German
186.2 426.0 232.4 465.6 2.5
o (1862) (426.0) (2824) (465.6)  (25)
486.1 819.4 440.4 907.5 4.1
Spanish
(170.1) (430.6) (206.3) (464.4)  (3.6)
564.2 9774  495.1 948.5 2.8
German
206.7 462.2 236.6 448.6 2.7
oNC (206.7) (462.2) (236.6) (448.6)  (2.7)
545.8 9173  446.7  913.3 4.5
Spanish
4 (189.4) (437.1) (209.7) (418.6) (4.1)
Nouns 527.5  923.7 4429 8914 4.1
German
184.4 463.5 225.3 455.3 3.7
\PP (184.4) (463.5) (225.3) (455.3)  (3.7)
476.7  816.2  436.5 8435 5.8
Spanish
(167.1) (404.3) (201.4) (441.2) (5.5)
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Table 5
An ezample critical item. Adapted from Gamboa et al. (2024)
Region of | Region of
Condition Preamble Critical Region Wrap Up
Interest 1 | Interest 2
the inflation is by the of the
3-NC In present times,
constraint action implemented board national bank
the currency inflation is by the of the
4-NC In present times,
constraint action implemented board national bank
the action for the is by the of the
3-PP In present times,
constraint of inflation | implemented board national bank
the action for the
is by the of the
4-PP In present times, | constraint of inflation
implemented board national bank
of the currency
The national bank board implements
Comprehension
X: inflation constraint actions
question

M: deflation constraint actions
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Table 6

Participant accuracy for Experiment 2, along with the number of discarded trials.

Language Type Length Mean Accuracy SD  # Trials Correct Total Trials

German NP 3 0.925 0.112 162 175
German NP 4 0.863 0.155 151 175
German PP 3 0.910 0.123 161 177
German PP 4 0.875 0.109 153 175
Spanish NP 3 0.962 0.068 182 189
Spanish NP 4 0.903 0.133 171 189
Spanish PP 3 0.941 0.096 177 188
Spanish PP 4 0.912 0.113 173 190
TOTAL 1330 (91.22%) 1458

DISCARDED TRIALS Total incorrect 128
Too noisy before correction 17

Too noisy after correction 8
Final dataset analysed 1305

Table 7

Trials trimmed prior to analysis of duration measures in Experiment 2.

Region of Interest 1 | Region of Interest 2

Discarded Kept Discarded Kept

FPD | 235 (18.01%) | 1070 | 137 (10.50%) | 1168

TD | 138 (10.57%) | 1167 | 134 (10.27%) | 1171
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Table &8
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Mean and standard deviation of Experiment 2 measures (in ms for duration measures,

and in number of occurrences for the regression). Regression values should be taken with

care, since the distribution is not normal (see Figure 6).

FFD TD FFD TD
Length Structure Language Reg2CR
ROI1 ROI1 ROI2 ROI2
576.6  896.2 5354 9159 1.5
German
215.6) (419.9 195.4) (404.9 1.6
NG (215.6) (419.9) (195.4) (404.9)  (L.6)
482.0 8855  457.4  854.0 1.7
Spanish
3 (198.5) (439.4) (212.3) (440.5)  (1.9)
Nouns 532.2  906.7 5134  936.2 2.7
German
194.4) (425.6) (227.7) (398.7 2.6
NPP (194.4) (425.6) (227.7) (398.7)  (2.6)
472.3 8152  459.7  855.7 3.2
Spanish
(188.7) (454.1) (220.6) (417.8)  (2.8)
527.0  844.0  499.8  885.2 1.5
German
168.5 418.1 221.8 368.8 1.8
NG (168.5) (418.1) (221.8) (368.8) (L8
495.8 841.1 460.2 823.9 2.3
Spanish
4 (197.7) (445.7) (211.9) (392.8)  (2.5)
Nouns 532.4  843.6 4645  897.5 3.5
German
207.7) (427.9) (219.0) (436.0 3.6
\PP (207.7) (427.9) (219.0) (436.0)  (3.6)
459.7  813.8  451.1  815.3 4.3
Spanish
(184.6) (409.1) (202.8) (416.0) (3.8)
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Table 9
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Summary of results of this study, along with the L1 results from Gamboa et al. (2024).

Experiment 1

L1 L2
Finding Predicted? Finding Predicted?
Critical | Reg2CR: NPP > CNC No Reg2CR: NPP > CNC No
Region | Reg2CR: 6 > 4 Yes Reg2CR: 6 > 4 Yes
Reg2CR: P/S > DE No
ROI1 | 1DST — |TD Yes TD: CNC > NPP Yes
TD: DE > P/S No
ROI 2 | 1DST — |TD Yes
Experiment 2
L1 L2
Finding Predicted? Finding Predicted?
Critical | Reg2CR: NPP > CNC No Reg2CR: NPP > CNC No
Region | Reg2CR: 4 > 3 Yes Reg2CR: 4 > 3 Yes
TSpelling — TReg2CR No
ROI'1 TSpelling — |FPD Yes
TVerbal WM — | TD Yes
ROI 2 | FPD: CNC > NPP Yes 1Spelling — JFPD Yes
TVerbal WM — | TD Yes
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Figure 1. Experiment 1: First Pass Durations and Total Durations in Region of Interest

1. The error bars are 95% confidence intervals.
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Figure 2. Experiment 1: First Pass Durations and Total Durations in Region of Interest

2. The error bars are 95% confidence intervals.
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Figure 4. Experiment 2: First Pass Durations and Total Durations in Region of Interest

1. The error bars are 95% confidence intervals.
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Figure 5. Experiment 2: First Pass Durations and Total Durations in Region of Interest

2. The error bars are 95% confidence intervals.
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Histogram of the Number of Regressions to the Critical Region per Trial
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Figure 7. The relation between the covariates and the reading measure they were found

to predict. Data points are made transparent for a sense of density. Gray shading

indicates 95% confidence intervals for the regression line.
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Appendix A
Experiment 1 Full Model Results

Significant (p<.01) are highlighted in bold.

Table Al

Experiment 1: First Pass Duration — Region of Interest 1.

b SE t p
Intercept 550.102 10.828 50.802 <0.001
OPT -4.757 9.290  -0.512 0.609
DST -8.018 8.675  -0.924 0.355
length -8.716 17.027  -0.512 0.609
type 20.039  14.553  1.377 0.169
language 37.150  19.607  1.895 0.058
length:type -45.592  28.330  -1.609 0.108
length:language 2.350 27.682  0.085 0.932
type:language -19.050 24912  -0.765 0.444

length:type:language  19.093  48.005  0.398 0.691
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Table A2

Ezperiment 1: First Pass Duration — Region of Interest 2.

b SE t p
Intercept 475.376 10.978 43.302 <0.001
OPT 1.204 10.162  0.118 0.906
DST 9.499 9.828 0.966 0.334
length 15.857  18.167  0.873 0.383
type -1.391 15.528  -0.090 0.929
language 38477 19.985  1.925 0.054
length:type -52.206  29.191  -1.788 0.074
length:language 39.612  30.848  1.284 0.199
type:language -0.739 27.634  -0.027 0.979
length:type:language -28.683  51.502  -0.557 0.578

Table A3
Ezxperiment 1: Total Duration — Region of Interest 1.

b SE t p
Intercept 1007.120 26.530 37.963 <0.001
OPT -52.070 24.690 -2.109 0.035
DST 18.450 22.730  0.812 0.417
length 18.020 40.230  0.448 0.654
type 102.850  26.870  3.828 0.000
language 115.660  44.840  2.579 0.010
length:type 23.890 55.830  0.428 0.669
length:language -3.770 54.450  -0.069 0.945
type:language -18.640 46.680  -0.399 0.690
length:type:language 9.000 98.170  0.092 0.927

o1
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Table A4

Ezperiment 1: Total Duration — Region of Interest 2.

b SE t p
Intercept 1011.716 27.143 37.273 <0.001
OPT -17.140 22.718  -0.754 0.451
DST 1.813 23.012  0.079 0.937
length -1.739 40.522  -0.043 0.966
type 15.990 29.471  0.543 0.587
language 68.639 46.405 1.479 0.139
length:type -92.129 58.465  -1.576 0.115
length:language -21.287 55.596  -0.383 0.702
type:language -16.091 50.550  -0.318 0.750
length:type:language 10.509 100.115  0.105 0.916

Table A5

Ezperiment 1: Regressions onto the Critical Region.

b SE zZ p
Intercept 1.039 0.075 13.789 <0.001
OPT 0.071  0.073  0.969 0.332
DST 0.034 0.073  0.463 0.643
length -0.384 0.063 -6.138  0.000
type -0.368 0.064 -5.802  0.000
language -0.453 0.145 -3.130 0.002
length:type -0.085  0.122  -0.694 0.488
length:language 0.030 0.074  0.401 0.688
type:language -0.070 0.096  -0.727 0.467
length:type:language 0.023  0.180  0.126 0.900

02
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Appendix B
Experiment 2 Full Model Results

Significant (p<.01) are highlighted in bold.

Table B1

Experiment 2: First Pass Duration — Region of Interest 1.

b SE t p
Intercept 547.800 11.190 48.951 <0.001
OPT 12.640  13.060  0.967 0.333
Spelling -34.740  11.290 -3.077  0.002
length 11.170  11.040  1.012 0.311
type 22.090  14.350  1.540 0.124
language 47.050  23.280  2.021 0.043
Verbal WM -28.800  13.190 -2.184 0.029
Visual WM 22.100 11480  1.925 0.054
length:type 38.390  26.160 1.467 0.142
length:language 15.410 22140  0.696 0.486
type:language 12.390  26.040  0.476 0.634

length:type:language 1.890 50.080  0.038 0.970
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Table B2

Experiment 2: First Pass Duration — Region of Interest 2.

b SE t p
Intercept 501.677 11.585 43.305 <0.001
OPT 19.800  13.527  1.464 0.143
Spelling -61.173  11.598  -5.274  0.000
length 24.867  13.189  1.885 0.059
type 16.224 12,725 1.275 0.202
language 27.330  24.012  1.138 0.255
Verbal WM -10.288  13.160  -0.782 0.434
Visual WM 9.164 11.731  0.781 0.435
length:type 2.605 23.531  0.111 0.912
length:language 41.986  23.562  1.782 0.075
type:language 30.895 27.654  1.117 0.264

length:type:language  -8.981 51.801  -0.173 0.862
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Table B3

Experiment 2: Total Duration — Region of Interest 1.

b SE t p
Intercept 842.039 26.662 31.582 <0.001
OPT 8.894 30.495  0.292 0.771
Spelling -44.648  26.341  -1.695 0.090
length 27.952  24.740  1.130 0.259
type 22.250  29.461  0.755 0.450
language 105.229  55.852 1.884 0.060
Verbal WM -92.284  29.326  -3.147  0.002
Visual WM 59.210  28.539  2.075 0.038
length:type 34.844  56.282  0.619 0.536
length:language 76.513  47.659 1.605 0.108
type:language -30.295  57.414  -0.528 0.598

length:type:language -29.524 112.884 -0.262 0.794
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Table B4

Experiment 2: Total Duration — Region of Interest 2.

b SE t p
Intercept 941.775 24.606 38.274 <0.001
OPT 33.733  27.055  1.247 0.212
Spelling -18.757  23.888  -0.785 0.432
length 47.104  23.943  1.967 0.049
type -8.722  27.705  -0.315 0.753
language 92.233  50.968  1.810 0.070
Verbal WM -85.648  26.996 -3.173  0.002
Visual WM 51.115  24.858  2.056 0.040
length:type 37.226  55.579  0.670 0.503
length:language 51.620  40.730  1.267 0.205
type:language -4.554 52.678  -0.086 0.931

length:type:language -99.717  99.854  -0.999 0.318
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Table B5

Experiment 2: Regressions onto the Critical Region.

b SE zZ p
Intercept 0.626 0.086 7.249 <0.001
OPT -0.057  0.108 -0.527  0.598
Spelling 0.287 0.094 3.035 0.002
length -0.196  0.061 -3.209 0.001
type -0.747  0.075 -9.982 <0.001
language -0.184 0.201 -0.920  0.358
Verbal WM -0.160  0.106 -1.509  0.131
Visual WM 0.115 0.097 1.185  0.236
length:type 0.094 0.101 0.933 0.351
length:language 0.169 0.120 1.406 0.160
type:language -0.107 0.122 -0.875  0.382
length:type:language 0.156  0.216  0.723 0.470

o7
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Appendix C

Experiment 2 Covariate Results
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YEAH, T LEARNED ABOUT IT WHEN T LAS
RESEARCHING ANOMALOUS ELECTROWEAK
SPHALERON TRANSITION BARYOGENESIS,

CoocoL. Five Word Jargon

P

MY HOBBY: COLLECTING REALLY SATISFYING-
SOUNDING FIVE-WORD TECHNICAL PHRASES.
CURRENT FAVORITES
« TRANSTUGULAR INTRAHEFATIC /\/Iouseoyer text: My othe.r (much harqer)

PORTOSYSTEMIC SHUNT PLACEMENT hobby is trying to engineer situations
® GENERALIZED AUTOREGRESSIVE where | have an excuse to use more than
CONCITIONAL. HETEROSKEDHSTICITY MODEL one of them in short succession.
& UNICELLULAR DIAZCTROPHIC
CYANOBACTERIA GROUP A
© ANOMALOUS ELECTROLIEAK. SPHALERON
TRANSITION BARYOGENESIS

MUNROE, 2020A

Contents

6.1 How CNCs are set up in scientific papers

6.2 The role of context in the perceived difficulty of CNCs

In this chapter, the publications associated with the second research question are reprinted.

Once again, the publications are inserted as they were published and/or submitted, and the
page numbers may not align with the page numbers of this dissertation.
The two publications are described in the following sections.

6.1 How CNCs are set up in scientific papers
The first publication in this chapter is:
Gamboa, J., Braun, K., Jarvikivi, J. & Allen, S. E. M. (2024). The distributional properties

of long nominal compounds in scientific articles: an investigation based on the uniform

information density hypothesis. Corpus Linguistics and Linguistic Theory, 21 (1), 137-171.
https://doi.org/10.1515/c11t-2023-0028

The authors contributed to the publication in the following ways:
e Conceptualization: Allen, Braun, Gamboa, Jarvikivi;
e Corpus construction: Braun, Gamboa;

e Methodology: Braun, Gamboa;
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6.2

The

Software: Braun, Gamboa;

Visualization: Gamboa;

Quantitative analysis: Gamboa;

Qualitative analysis: Braun, Gamboa;

Interpretation of results: Allen, Gamboa;

Writing (first draft): Gamboa,

Writing (review and editing): Allen, Braun, Gamboa, Jarvikivi;
Supervision: Allen, Jarvikivi;

Funding acquisition: Allen;

All authors approved the submitted version of the manuscript.

The role of context in the perceived difficulty of CNCs

second publication in this chapter is:

Gamboa, J., Gvozdeva, D., Ito, F., Jarvikivi, J. & Allen, S. E. M. (2025). How does the context

preceding a long nominal compound influence its comprehension difficulty? [Manuscript
submitted for publication]. Psycholinguistics and Language Development Research Group,
RPTU University of Kaiserslauter-Landau.

The authors contributed to the publication in the following ways:
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Conceptualization: Allen, Gamboa, Jarvikivi;
Methodology: Gamboa, Gvozdeva, Ito;
Software: Gamboa, Gvozdeva, Ito;
Visualization: Gamboa, Gvozdeva, Ito;

Data collection: Gamboa, Gvozdeva, Ito;
Data curation: Gamboa, Gvozdeva, Ito;
Data analysis: Gamboa;

Interpretation of results: Allen, Gamboa;
Writing (first draft): Gamboa,

Writing (review and editing): Allen, Gamboa, Gvozdeva, Ito, Jarvikivi;
Supervision: Allen, Jarvikivi;

Funding acquisition: Allen;

All authors approved the submitted version of the manuscript.



DE GRUYTER MOUTON Corpus Linguistics and Ling. Theory 2025; 21(1): 137-171 a

Article

John Gamboa*, Kristina Braun, Juhani Jarvikivi and
Shanley E. M. Allen

The distributional properties of long
nominal compounds in scientific articles: an
investigation based on the uniform
information density hypothesis

https://doi.org/10.1515/cllt-2023-0028
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1 Introduction

All languages of the world allow for some form of compounding (Dressler 2006). In
English, the result of this process can be a word (e.g., outstanding, snowman,
strawberry, highlight), or a more complex structure composed of multiple words
(e.g., blood moon, health care provider, dopamine production suppressor protein).
This process of word formation is so pervasive that it has been referred to as the
“universally fundamental word formation process” (itself a compound), offering “the
easiest and most effective way to create and transfer new meanings” (Libben 2006).
In English, the vast majority of compounds are nouns (Algeo and Algeo 1991: 7). These
are ubiquitous in everyday language, comprising 2.6 % of the British National Corpus
and 3.9 % of the Reuters corpus (Baldwin and Tanaka 2004).

In this paper, we are concerned with the sort of compounding that leads to the
formation of complex structures composed of multiple words. In particular, we turn
our focus to structures we refer to as nominal compounds (NC), multiword structures
that, as a whole are categorized as nouns. For concreteness, we will focus on
examples such as water waste or addictive substance (both of which, taken as a
whole, form a noun) and not on resource poor (an adjective), or ambulance-chase
(a verbh).

On the surface, such NCs are typically composed of a head noun and one or more
modifiers. For example, the NC health care is composed of the head noun care and the
modifier health. On a deeper level, NCs present a hierarchical structure. For example,
health care could be reused recursively as a single unit in a subsequent compounding
process to construct more complicated structures such as health care provider
(in which it is used as a modifier) or geriatric health care (in which it is used as a head
noun).! In addition, the way in which the NC words are linked can vary widely. For
instance, olive oil can be interpreted as an “oil FROM olives”, but baby oil is typically
an “oil FOR babies” and an olive tree is a “tree THAT HAS olives”. While the exact set
of possible linking relations between the NC words has been a topic of debate,
a number of studies have demonstrated that they have an effect on processing
(see, e.g., Gagné and Shoben 1997; Levi 1978; Spalding et al. 2010).

NCs are particularly frequent in scientific texts (Bhatia 1992). In this register,
between 9 % and 16 % percent of all words are part of an NC, and NCs tend to be
longer than in everyday English (Salager 1984). Biber and Gray (2011), in an analysis
of NC use since the 18th century in different English registers, found that their

1 Less often, the head noun may actually precede the modifiers (e.g., vitamin C, attorney general).
Despite their order being reversed, they do follow the same rules as the more common NCs when
reused to build other structures. For example, vitamin C may be used as a modifier (vitamin C
deficiency) or as a head noun (calcium-regulating vitamin C). In this paper, we ignore these cases.



DE GRUYTER MOUTON Nominal compounds in scientific articles === 139

prevalence in the scientific register increased 10-fold between 1875 and 2005. They
also found that their complexity increased, with three-word compounds being
initially uncommon but becoming common by the 1950s. They attributed this
increase in complexity to a “principle of economy” inherent to these registers. This
conclusion echoes those of Montero (1996), who additionally suggested that NC use is
the result of a “desire for novelty”; and of Salager (1984: 142), for whom an NC is “a
new concept for which the language code has no name ... crystallized into a fixed
expression owing [sic] a scientific meaning which the individual constituents do
not have”. According to Salager’s analysis, this new concept, once used for the first
time, can be reused or referred to as an entity that the writers know the readers can
understand.

In this paper, we refer to longer NCs (composed of three or more words) as
complex nominal compounds (CNC). CNCs are sometimes considered hard to
understand, and are typically discouraged in “good writing” guidelines (e.g., Tobin
2002). Indeed, a number of studies have shown that they may lead to difficulty in
some circumstances. For example, individuals have been shown to be unable to
identify the head of a given CNC (Geer et al. 1972; Limaye and Pompian 1991), and the
CNCs themselves are ambiguous sometimes (cf. Montero 1996): as noted by Kvam
(1990), a kitchen towel rack may be a rack for kitchen towels or a towel rack in the
kitchen. In addition, L2 speakers (who are common producers and consumers of
scientific literature) often translate CNCs in inconsistent ways (Carrié Pastor 2008;
Carrio Pastor and Candel Mora 2013), and are sometimes unable to recover the
implicit semantic links between the NC words (Horsella and Pérez 1991).

1.1 Information density

Since the beginning of the century, an increasing number of studies have suggested
that language use is efficient in an information theoretic sense (see, e.g., Genzel and
Charniak 2002, 2003; Hale 2001). Communication, from the point of view of Infor-
mation Theory (see Shannon 1948), is a transfer of symbols between a transmitter
and a receiver through a communication channel, which may be noisy (i.e., some
symbols may either arrive to the receiver corrupted or not arrive at all, and the
receiver may receive symbols never sent by the transmitter). Under this framework,
the transmitter could be a speaker or writer, the receiver could be an interlocutor or
a reader, and the communication channel could be the air or paper/screen. The
system, therefore, has two goals. First, communication should be performed reli-
ably, i.e., all messages and only the messages sent by the transmitter should arrive to
the receiver, and they should arrive correctly. Second, communication should be
performed efficiently: the system should use the minimum amount of resources
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possible. Shannon showed that reliable communication using minimum resources is
achieved with information being transmitted at a constant rate, the so-called
capacity of the channel. If the capacity is exceeded, then communication is still
possible, but errors are more likely to occur.

What exactly constitutes information is the topic of considerable debate
(see Floridi 2009 for a brief review). However, from an information theoretic
perspective, the amount of information conveyed by a symbol is proportional to how
unexpected the symbol is. That is, if a symbol a is expected, then it conveys little
information; if a is surprising, then it conveys a lot of information. This “expectation”
can be modulated by any number of factors. For example, if half of the times a is
transmitted it is preceded by b, then the appearance of b increases the expectation of
seeing a, therefore decreasing the information conveyed by a.

Implicit in these models is the idea that both transmitter and receiver have
perfect knowledge of (or at least agree on) the probabilities of all symbols that can
pass through the communication channel. In the case of telegraphs communicating
English letters, this allowed for the development of encoding systems (e.g., the Morse
code) that were efficient by taking into account the frequency of each letter (e.g., in
the Morse code, the encoding of the letter e — the most common letter in English — is
much shorter than that of the letter z — the least frequent letter in English; see Solso
and King 1976).

When applied to Psycholinguistics, models based on Information Theory have
been quite successful in explaining data at several linguistic levels (e.g., Benjamin
and Schmidtke 2023; Frank and Jaeger 2008; Levy and Jaeger 2006; Maurits et al. 2010;
Schmidtke et al. 2016). For example, speakers often omit the complementizer that
when a new clause is expected (i.e., when the that is unsurprising), allowing for a
more efficient transmission of information (Levy and Jaeger 2006). In addition, the
processing of 2-word compounds written together (e.g., snowball, newsroom) has
been shown to be affected by the information associated with the relation linking its
two constituents. In a lexical decision task with existing compounds (Schmidtke et al.
2016) and in a self-paced reading task (Benjamin and Schmidtke 2023) with both
lexicalized and novel compounds, NCs that could be linked by a large number of
competing relations (the relations’ probability distribution has a high average®
amount of information) needed longer to be processed than NCs that are more
decidedly linked by one or just a few options (the typical choice of relation is
unsurprising). For example, NCs such as newsroom, which have been strongly
interpreted as “room FOR news”, were processed faster than NCs such as floodlight,
which have been variously interpreted as (among others) “light FROM flood”, “flood
IS light”, and “light DURING flood”.

2 This average information amount is typically referred to as Entropy.



DE GRUYTER MOUTON Nominal compounds in scientific articles = 141

Given the successful application of Information Theory models on Psycholin-
guistics, Jaeger (2010: 24) suggested that “language production at all levels of lin-
guistic representation is organized to be communicatively efficient” (emphasis
added). Thus, he proposed the Uniform Information Density hypothesis (UIDh),
stating that “speakers prefer utterances that distribute information uniformly across
the signal (information density)” (p. 25). When it is not distributed uniformly (e.g., a
peak of information is transmitted at once), the capacity of the communication
channel may be exceeded, potentially causing comprehension difficulty.

In the scientific register, longer nominal compounds are arguably dense pack-
ages of information, and therefore are good candidates for structures that lead to
comprehension difficulty. As a simplified example, consider the CNC waste water
treatment facility. The whole CNC is composed of four words, and therefore each
word transmits on average 25% of its information. Now consider an alternative
structure which conveys the same meaning through the use of prepositions: facility
for the treatment of water from waste (8 words). If we consider the information
contained in both structures to be roughly the same, then each word in the second
structure carries on average half of the information contained in each words of the
CNG, i.e., the information is better “spread” through the linguistic signal.

It is easy to see how CNCs such as start arm barrier, listener network rank or
reliable stop signal reaction time, when considered in isolation, make little sense and
could lead to comprehension difficulty. Following Jaeger’s words, speakers should
prefer utterances that distribute information more uniformly across the signal — for
example, by using prepositional phrases. Surprisingly, however, as mentioned
above, scientific articles do contain many CNCs. The aforementioned CNCs are from
real articles: they were the chosen form! What is going on here?

Applying information theoretic models to natural language communication is
difficult because the probabilities of the words are not only unknown, but also
depend on extralinguistic information that is often not available to the system. For
example, the word program is likely to have different meanings (and probabilities)
depending on whether it is used by a computer programmer talking to their peers or
a musician preparing for a concert. If neither the transmitter nor the receiver has
perfect information about the probabilities of one another then it is not possible to
calculate the amount of information conveyed by any symbol. We propose that
these probabilities are estimated by the receiver based on the previous symbols
communicated by the transmitter (and vice versa). In this framework, both trans-
mitter and receiver keep a probabilitistic model of the communication process, and
update this model as each new symbol is communicated through the channel. Words
that have been used recently become more expected, i.e., more “available” in the
mind, and therefore less informative.
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This would explain why long CNCs appear so often in scientific articles, and also
would highlight the predictions of the UIDh about the presence of CNCs in the
scientific register. First, the commonality of CNCs in the scientific register should
make them more expected (less informative, easier to understand) both for writers
and for readers. In other words, we suggest that CNCs convey less information in
scientific articles than they normally would in other contexts. Since it is not clear how
to estimate the amount of information present in a given CNC, we do not investigate
this prediction in this paper.

Second, especially for those CNCs that are not easy to understand in isolation and
therefore do constitute peaks of information density, the context should play an
important role in clarifying their meaning. Assuming that the authors’ goal is to
communicate reliably with the readers, these CNCs should, as suggested by Bhatia
(1992), only be used in situations where the context is more strongly supportive of
their appearance.® This support could be produced in any number of ways. For
example, authors could slowly construct a CNC such as listener network rank over the
course of several paragraphs, by first juxtaposing its constituent words in smaller
structures (e.g., speaking of a listener network, and of ranks of such networks), until
finally reaching the full CNC form.

Third, as also suggested in Bhatia (1992), CNCs should appear more often toward
the end of the texts. This follows from Genzel and Charniak (2002). If the amount of
information of a given word w; is dependent on its context, then we can break the
context into two pieces: The local context, containing the information of the present
sentence; and the global context, containing all other sentences. Assume that the
amount of information I(w;) transmitted by each word wj; is constant. As the global
context increases, more and more words become predictable based on it. In order
for I(wy) to remain constant, the information contained in each word locally,
disregarding the global context, needs to increase too, to compensate for how pre-
dictable these words have become when we do consider the global context.

3 It may seem circular to assume that harder-to-understand CNC “do constitute peaks of information
density”. This is not the case. In fact, the reasoning would only be circular if we assumed that these
CNCs exceed the channel capacity (and that their difficulty arises from this fact). We do not make that
assumption.

Intuitively, when considered in isolation, we argue that the probability of harder-to-understand
CNCsis atleast on average lower than the probability of easier-to-understand CNCs, and therefore the
first do convey more information than the latter, irrespective of what the UIDh has to say about it. We
do not know for sure if these CNCs do “exceed the channel capacity”, but this is not necessary for the
predictions in the text to follow from the UIDh: if speakers do convey information at a constant rate,
then the context should still be more helpful in clarifying the meaning of harder-to-understand CNCs
than that of CNCs that are easy to understand.
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This has been shown to hold for written text by Genzel and Charniak (2002). It
has also been shown to hold inside paragraphs (Genzel and Charniak 2003), even
when sentence length is controlled for (Keller 2004). More recently, this has also been
shown to hold in dialogues between two speakers by Xu and Reitter (2018), although
they also showed that the amount of local information tends to decrease during topic
shifts, presumably because the context becomes less informative in these situations
(see also Qian and Jaeger 2011 for a similar finding for written text). Of course, if
“language production at all levels of linguistic representation is organized to be
communicatively efficient”, then this should also be true for CNCs.

Finally, as discussed above, once a CNC is used for the first time, we expect
readers to update their probabilitistic model of the text they are reading, making the
CNCs more “available” (i.e., more expected, less informative) for future reuse. As
such, they should become part of the reader’s “vocabulary”, not requiring much
reintroduction, and presumably reappearing often in the text that follows.

1.2 The present study*

In this study, we investigate the use of CNCs in scientific articles. We use the UID
hypothesis as a basis from which we explore the distributional properties of CNCs.
Previous research has shown that the number of CNCs increases with the technical
level of the scientific publication: the higher the level, the higher the frequency and
complexity of CNCs (Horsella and Pérez 1991). Despite this and other previous studies
reporting on the frequency (Biber and Gray 2011) and on the difficulty (e.g., Geer et al.
1972) of CNCs, little is still known about their distributional properties in the scientific
register. In particular, it is not clear how the preceding text supports their intro-
duction, how often they are reused, or whether they cluster in certain regions of the
article. As discussed above, the UIDh makes clear predictions about these questions.
To answer them, we constructed a corpus of scientific articles from high impact
journals in different fields, identified their CNCs, and performed a qualitative and a
quantitative analysis of the identified CNCs. In our quantitative analysis, we counted
the number of CNCs in the different parts of the corpus articles, counted how often
they were reused, and how often two-word subparts appeared in the text passage
preceding the CNCs (e.g., for the CNC water treatment facility, we counted the bigrams
water treatment and treatment facility). In our qualitative analysis, we took a closer
look at how CNCs are set up by their context, identifying the strategies used by
authors when introducing a new CNC.

4 The data and code used for the analyses reported here are available in OSF: https://osf.io/4a9y5/.
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The structure of this paper is as follows. In the next section, we discuss how the
corpus data was collected and processed. We then proceed with the quantitative and
the qualitative analyses. Finally, we discuss how our results relate to the UIDh and to
other theories of sentence processing, and consider how our quantitative measures
could be improved and what they reveal about the relation between the UID
hypothesis and the use of NCs.

2 Corpus construction

We formed a dataset containing research articles from nine high-impact journals in
the fields of Biology, Economics and Linguistics, published either in 2016 or 2017. The
choice of these fields was arbitrary, but we purposefully included texts from both the
Natural Sciences (Biology), and from the Social Sciences (Linguistics and Economics).
For each field, we collected exactly 54 articles, but the number of articles from each
journal varied (see Table 1). The full list of articles can be found in the supplementary
materials.

We downloaded each article in PDF format and converted it to TXT using the
AntFileConverter (Anthony 2017), which outputs text files in Unicode format. We
then manually removed all abstracts, headers, references, appendices, tables, notes
and pages numbers from the resulting text files. In addition, we manually replaced a
number of mathematical formulas from the text files with a more natural textual
continuation. For example, the sentence “To test this idea, we estimate the following
regression: FORMULA where all variables have been defined previously” was changed

Table 1: The list of all journals from which the corpus articles were collected. Impact factors for all
journals came from their respective webpages as retrieved in April 13th 2021.

Field Journal Impact Year Number of
articles

Economics Ecological Economics 4.482 2017 1
Energy Economics 5.203 2017 20

Journal of Accounting and Economics 3.723 2016 and 2017 23

Biology Behavioural Brain Research 2.977 2017 23
Biological Psychology 2.763 2017 18

Current Biology 9.601 2017 13

Linguistics Applied Psycholinguistics Journal of Child 1.412 2017 16
Language 1.620 2017 24

Journal of Sociolinguistics 1.630 2017 14




DE GRUYTER MOUTON Nominal compounds in scientific articles = 145

to “To test this idea, we estimate the following regression, where all variables have

been defined previously”.® This latter manual text editing step was performed in an

attempt to improve the output of the part of speech (POS) tagger, and did not affect
results of the further analysis, because the changes were made on function words or
punctuations.

We then manually inserted section tags in each of the files. In particular, we
added the tags <Introduction>, <Middle> and <Conclusion> to the files as follows:

— Introduction: added at the very beginning of each file. An Introduction extended
from the beginning of the file until just before the Methods section. Since articles
differ widely in their structure, this may include theoretical sections and
descriptions of the related literature.

— Middle: added just before the header corresponding to the Methods section. The
Middle part generally contained the Methods and the Results sections. In articles
reporting more than one experiment, the Middle part also included the
Discussion sections associated with each single experiment.

— Conclusion: added just before the header corresponding to the Discussion sec-
tion of a given file. In articles reporting a single experiment, the “Conclusion”
corresponded to the Discussion and Conclusion sections. In articles reporting
several experiments, it contained the General Discussion and the Conclusion
sections.

In the rest of this paper, we use the word section to refer to each of these article parts.

The TXT files also contained a number of spurious Unicode characters that
needed to be cleaned before analysis. Hence, a Python (van Rossum and Drake 2009)
script was used to remove all non-printable characters from the dataset, and replace
all typographic ligatures with their constituent characters (e.g., the single character
representing “ffi” was replaced by two letters “f” and one “i”). This did not remove
special characters such as “é” or “d”, which only appeared casually throughout the
dataset.

The dataset was then tokenized, part-of-speech (POS) tagged and parsed using
the spaCy library (Honnibal et al. 2019). The final output of this procedure was a table
where each row contained a token,® its lemma, its POS tag, its head, the relation
between the word and its head, the file where the word came from, the field (Biology,
Economics or Linguistics) of that file, the word’s position in the sentence, its position

5 Inmost cases, we just removed the formula, as in the example. Sometimes, we also removed related
punctuation (e.g., the sentence “we use the following model: FORMULA” was replaced with “we use the
following model.”), and sometimes we also added a pronoun (e.g., the sentence “Specifically, we
estimate: FORMULA where ...” was modified into “Specifically, we estimate it where ...”).

6 We use word and token here interchangeably to refer to the any form output by the tokenizer
including punctuations, hyphens, brackets, etc., and even bound morphemes such as ’s or n’t.
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in the section, its position in the file, and a unique ID for the whole word in the
dataset. This yielded a dataset containing 336,466 words originating from Biology
papers, 510,685 words from Economics papers, and 550,992 words from Linguistics
papers. For the sake of simplicity and ease of future reference, we call this the Sciper
(SClIentific paPER) corpus.

3 Quantitative study of CNCs in research articles

In order to analyse the distributional properties of the CNCs in the Sciper corpus, we
needed to first identify them. We start this section by describing the procedure used
to identify CNCs. We then follow with an analysis of each of the aforementioned
questions: We analyse the position of CNCs across the articles, the number of times
CNCs are preceded by their subparts, and the number of times they repeat.

3.1 Identifying CNCs in Sciper

Recall that the corpus is a table containing the words of 162 articles such that each
row represents a word. We used this table to count the number of CNCs by article
and, inside the articles, by section. Since article length varied widely (see Figure 1) we
also calculated the proportion of words pertaining to CNCs for each 1,000 words in
the articles.

Length of the files in the corpus
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Figure 1: Histogram of the length of the corpus files.
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A sequence of words was deemed a CNC if it followed either the structure
(Adjective)+ (Noun){2,} (at least one adjective followed by at least 2 nouns) or the
structure Noun{3,} (three or more nouns in sequence).” This yielded 24,519 sequences
of 3 or more tokens. These sequences found were quite noisy. Many contained
incorrectly POS-tagged tokens, tokens with spurious characters (letters in other
languages, such as Greek, Chinese or Hebrew), or words from other languages that
used the Latin alphabet (such as German, Finnish or French). Sometimes, the con-
struction “ProperName et al.” was POS-tagged in a way that would yield a CNC.
Sometimes, the tokens were single letter characters (such as “M E T H O D”), or the
sequences contained words such as “A.” or “i.”. Sometimes, the PDF to TXT conver-
sion led to incorrectly separated words (e.g., “inbothFrenchandZulu” or “Na ture”).
Finally, many of the articles used cryptic acronyms (like “GABA”, “AgCl” or “trkA”) or
unity values (like “ms” or “kg”) that were not of interest to us.

Therefore, we applied the following cleaning procedure to the data. First, we
automatically identified and discarded all CNCs containing any non-letter symbols
except for the “.” (period) character. Examples of non-letter symbols were numbers,
Greek letters (mostly used in formulas), hyphens and mathematical operators. If
a number appeared preceded by a “” at the very end of the last CNC token
(e.g., “earnings response coefficient.9”), we assumed that it corresponded to a foot-
note, and the CNC was not discarded. In addition, capitalized words containing up to
three letters were also removed, as well as words containing 2 characters ended by a
“.”, or words composed of a single character.

In a final step, all items were manually inspected, producing a number of
exceptions to the aforementioned rules (such as “AI”, “IQ”, “CEO”, “US”, “GDP” or
“EFL”), and a number of words we considered unlikely to constitute CNCs despite
conforming to the rules above (e.g., “vs.”, “Inc.”, “Ltd” or “Rev.”). We also manually
listed many foreign words (from Dutch, German, Portuguese, French, Finnish, Jap-
anese and other languages) that were found among the sequences, and whenever a
CNC contained any of them it was discarded. Finally, this manual inspection also
allowed us to find a number of items that conformed to all criteria but were not CNCs.
This was typically the case when the item words were, for example, at the border of
an adverbial clause (1) or constituted an apposition (2).

)] Table 2 shows that animacy significantly affected children’s performance: across
all sentence types children performed better on sentences that contained
inanimate head nouns. (Kirjavainen et al. 2017: 133)

7 Although we use regular expressions to describe the expected structure of the CNCs, the fact that
the data was organized into a table meant that our implementation actually did not use regular
expressions to look for CNCs.
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)] We analyzed the data using mixed-effects logistic regression models to test the
effect of four predictors on the continuation selected by participants: sentence
type (cleft or canonical), grammatical function of the focus (subject or object),
language group (English control, French control, or L2 French) and proficiency
for the French data (native controls, low, intermediate, or advanced). Prior to
analysis, the two predictors sentence type and grammatical function were
effect coded (i.e., sum-coding with values -1 for cleft and +1 for canonical/-1 for
object and +1 for subject). (Destruel and Donaldson 2017: 715)

This cleaning procedure led to the exclusion of 7,599 sequences. The remaining 16,920
CNCs were analysed as reported in the following sections.

3.2 How are CNCs distributed through scientific articles?

To analyse whether CNCs are more common toward the end than toward the
beginning of scientific articles, we counted the number and length of CNCs in each
section and paper. We analysed these counts using a Linear Mixed Effects Models
(LMEM). Following Biber and Gray (2011), we calculated the sum of the lengths of the
CNCs (i.e., the number of words of the CNCs) in a given article section divided by
the section length and multiplied by 1,000. We refer to this measure as the CNC
Proportion. For example, if a section contained exactly 1,000 words, 50 3-word CNCs,
and 10 4-word CNCs, then:

(50 CNCs x 3words) + (10 CNCs x 4 words)
1000 words in article

CNC proportion = x 1000
A visual inspection of the distribution of this measure made it clear that it is not
normal. Therefore, we log-transformed the data (compare Figure 2a with Figure 2b).
This led us to discard two data points (two article sections) because they had no CNCs.
In Figure 2 each data point represents the proportion of CNCs in a given section.
Both plots show values calculated for the same data. Linguistics articles seem to
have on average a lower proportion of CNCs than Biology, and Economics a higher
proportion of CNCs than Biology; but there does not seem to be an effect of the article
section.
These results were confirmed in the LMEM whose coefficients are shown in
Table 2. The LMEM model was fit using the log-transformed data,® with section and

8 We also fit the untransformed data in order to compare the model fit of the two datasets. As
expected, the model fit was better with the transformed data.
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Distribution of CNC Proportion by field and section
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Figure 2: The CNC proportion by field and section. Each datapoint is a file section in the corpus. (a) Raw
values; (b) log-transformed values.

field of study as fixed effects, and random intercepts by file.” In other words, the
model used the formula:

9 Note that it would not be possible to add a random slope by section because the number of random
slopes would be the same as the number of files.
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Table 2: Results of the linear mixed effects model.

CNC proportion (log-scaled)

Estimate Std. error df t Value Pr(>|t|)
(Intercept) 3.498 0.063 160.573 55.776 0.000 ki
Intro vs. middle 0.013 0.040 321.177 0.328 0.743
Middle vs. conclusion 0.012 0.040 321.177 0.305 0.761
Biology vs. economics 0.421 0.089 160.821 4.745 0.000 ok
Biology vs. linguistics -0.387 0.089 160.821 -4.359 0.000 *kk

***p <0.001; **p < 0.01; "p < 0.05.

DV~section + field + (1] file)

The Field factor was treatment coded with Biology as the reference factor. The
Section factor was difference coded in the order Introduction, Middle, Conclusion.

When controlling for article length, we found no evidence that CNCs cluster
around the Conclusion, or that the number of CNCs increases toward the end of the
articles, as previously predicted based on the UIDh. We return to this point in the
Discussion.

3.3 Are CNCs preceded by their subparts?

In this analysis, we take a first step in understanding the strategies authors use when
introducing CNCs. A deeper discussion will be presented in the qualitative analysis.

For each CNC, we count the number of bigram subparts that appeared in the
whole text before the CNC. For example, given the CNC left feeder reward probability,
we counted how many times left feeder, feeder reward and reward probability
appeared in the whole portion of the article preceding it.'° We count bigram subparts
because they are the simplest structure we could count that is more complex than a
word.

Figure 3a shows the distribution of the CNCs by the number of subparts before
them. Since CNCs at the end of a paper have much more text before them, we
also calculated the distribution only considering the CNCs in the Conclusion section
(all of which have, of course, a large portion of text preceding them; Figure 3b).

10 The script that performed this count did not take into account any other source of information
and did not consider the possibility that the CNC may appear as a whole in the preceding text. That is,
if the entire CNC left feeder reward probability appeared in the preceding text, then the script would
consider each of the subparts left feeder, feeder reward and reward probability as a “match”, therefore
summing 3 to the final count.
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Count of subparts per CNC
10000-
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count
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# of subparts of the CNC before the CNC
(a)

Count of subparts per CNC (only Conclusion)

1000-

count
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0 50 100 150 200
# of subparts of the CNC before the CNC
(b)

Figure 3: The distribution of two-word subparts of the CNCs preceding the CNC. (a) Histogram of
number of subparts found in the whole article text preceding the CNC. (b) Histogram of number of
subparts found in the whole article text preceding the CNC (only considering CNCs in the Conclusion).

As can be seen, very few subparts appear before the vast majority of the CNCs in
our corpus. A third of the CNCs in the corpus (34.1 %) are not preceded by any subpart
at all. This percentage increases to 61.6 % if we add to this set the CNCs preceded by
their subparts once (10 %), twice (8.16 %), thrice (5.05 %), four times (4.21 %) and five
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times (3.26 %). Analyzing it from the opposite perspective, less than 20 % of the CNCs
(19.47 %) are preceded 15 or more times by their subparts."* This was unexpected, but
we return to this matter in the qualitative analysis below.

3.4 Do CNCs repeat often after their first use?

As discussed above, authors such as Salager (1984) suggested that CNCs are ‘ad hoc
names’, used to refer to new concepts. In addition, we suggested earlier that words
that have been used recently become more “available” in the reader’s mind. Both
views predict that, once a CNC has been used for the first time, it would enter the
reader’s vocabulary and be reused again and again in the scientific article.

To test this possibility, we counted the number of times each CNC appeared in the
same article. Table 3 shows the results of this count. There was a total of 12,136 unique
CNCs in all articles of the corpus.’ Interestingly, the vast majority of CNCs (83.7 %)

Table 3: Number of CNCs by number of occurrences. The same CNC was counted separately if it
appeared in a different article.

Number of occurrences Number of CNCs Number of CNCs
in the same article (exact matches) (after stemming)
1 10,158 9,731
2 1,189 1,184
3 363 382
4 145 158
5 73 92
6 53 59
7 32 26
8 28 28
9 15 19
10 16 11
More than 10 64 75

11 We also tried stemming and decapitalizing each CNC. For example, after this processing, the CNC
Drosophila DRPLA models would become drosophila drpla model. Then we also stemmed/decapi-
talized all sequences word;word, in the corpus and looked for all cases in which they matched. This
yielded a very similar distribution.

12 Note that the same CNC was counted twice if it appeared in two different articles. For example, the
CNC oil price volatility appears in two Economics articles, and was therefore counted two times.
The rationale for this was that the context of the CNCs (i.e., the information that presumably sets up
the CNC so that it can be succesfully interpreted) would not be shared between the two articles.
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Table 4: Distribution of CNC Occurrences according to CNC length.

Number of occurrences Number of CNCs Number of CNCs with
in the same article with length 3 length 4 or more
1 8,211 (82.47 %) 1,947 (89.31 %)
2 1,023 (10.28 %) 166 (7.61 %)
3 325 (3.26 %) 38 (1.74 %)
4 133 (1.34 %) 12 (0.55 %)
5 66 (0.66 %) 7 (0.32 %)
6 49 (0.49 %) 4 (0.18 %)
7 29 (0.29 %) 3(0.14 %)
8 28 (0.28 %) 0 (0.00 %)
9 15 (0.15 %) 0 (0.00 %)
10 16 (0.16 %) 0 (0.00 %)
More than 10 61 (0.61 %) 3(0.14 %)

only occurs once in a given article, and this proportion grows to 96.5 % if we add to
this set the CNCs that appeared twice (9.8 %) and three times (2.99 %) in the same
article. Table 3 also shows how the results change if we apply stemming/decapital-
ization to the CNCs before performing the count. Based on this data, CNCs are more
often than not “disposable” words.

We also considered the possibility that the length of these structures may have
an impact on whether they may become an ad hoc name or not. Arguably, on
average, the longer the CNC the “denser” it is: a CNC such as unconditional mean
audited statement collection rate represents probably a higher peak in information
density than something like Chinese stock market. Hence, it may be that the distri-
bution of short CNCs would be different from that of longer ones. Table 4 shows the
distribution of 3-word CNCs compared to that of CNCs composed of 4 or more words.
As can be seen, although 3-word CNCs are much more frequent, the distributions of
the two groups are quite similar.”®

In summary, in our quantitative analysis, we found no evidence that CNCs
cluster in certain parts of the scientific articles. In addition, CNCs are not often
preceded by their bigram subparts, and are not often repeated after their first use.
We discuss these results in more details in the General Discussion below.

13 Similar results were found for the subpart count.
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4 Qualitative analysis of CNC use

We then analysed CNC use from a qualitative perspective. We investigated the way in
which CNCs are preset by their context. In particular, we looked for strategies
authors might employ to introduce the CNCs in a way that makes their understanding
easier. Since only 3.5 % of CNCs occur more than three times in a given paper, we
decided to investigate what differentiates these CNCs from the others. Therefore, in
the description below, we make a distinction between “recurrent” CNCs (those that
appeared four or more times in a paper) and “disposable” CNCs (those that appeared
up to three times). We randomly selected 50 disposable and 26 recurrent CNCs from
our corpus for manual analysis. This produced a total of 259 CNC occurrences. We
selected fewer recurrent CNCs because by definition they led to a much higher
number of occurrences, that had to be analysed individually (see Table 6 for a list of
all CNCs analysed, as well as the number of times they appeared in a given article).
For each CNC occurrence, we examined the text surrounding the CNC, looking for
similarities between the different CNC uses in our dataset. Three items (all of which
were disposable CNCs) had to be discarded: Two of them were not CNCs upon closer
analysis, and one of them was in a part of the corpus in which the PDF to TXT
conversion did not work properly.

From this dataset, a number of strategies emerged that authors seem to
commonly employ when introducing CNCs. Although some CNCs may not be
perfectly categorized in one or the other strategy, we believe this is still a useful first
step toward explaining the data. Table 5 shows the number of CNC occurrences that
were categorized according to each strategy. As can be seen, the distribution of
strategies was substantially similar for both recurrent and disposable CNCs, both in
their first occurrence and whenever they were reused. In other words, we found no
factors that explain what specifically distinguishes the CNCs that occur often in the
articles from those that appear only a few times. In the following, we describe each of
the strategies.

4.1 CNC first use
4.1.1 Gradual presetting

The vast majority of the CNC use in our dataset (see Table 5) followed a gradual
presetting strategy, in which the authors start by using simpler constructions or
introducing the meaning of certain words, which are then slowly put together into
more complex structures. When the reader arrives at the CNC, the CNC is already
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Table 5: The number (and proportions) of CNCs categorized according to each strategy.

CNC introduction - first use

Strategy Recurrent CNCs Disposable CNCs
Gradual presetting 17 (65.38 %) 30 (63.83 %)
No preset: not required 1 (3.85 %) 4 (8.51 %)
No preset: general scientific lingo 0 (0 %) 3 (6.38 %)
No preset: field terminology 7 (26.92 %) 8 (17.02 %)
No preset: refer to paper 1 (3.85 %) 2 (4.26 %)
Total 26 47
CNC reuse
Simple reuse 119 (70.00 %) 10 (76.92 %)
Long-distance reuse 51 (30.00 %) 3 (23.08 %)
Total 170 13

established as a natural shorthand for the structures that preceded it. As can be seen
in (3), this kind of CNC presetting happens over the course of several paragraphs,
some of which discuss topics that are only tangentially related to the final meaning of
the CNC.

6))

Although newborns begin life with the ability to discriminate both native and
non-native phonological contrasts attested in the world’s languages (...), their
ability to discriminate non-native consonants and vowels gradually declines
between 6 and 12 months [...]

Such phonological contrasts of different spoken languages can be divided into
segmental units, including consonants and vowels, and suprasegmental units,
such as stresses and tones. Almost 60—70% of the world’s languages are tone
languages, [...] Moreover, developmental changes in tone perception were
systematically explored by Yeung, Chen and Werker (2013). Their results
demonstrated that language experience might affect the perception of lexical
tones as early as 4 months: English-, Cantonese-, and Mandarin-exposed
infants each demonstrated different discrimination abilities that accorded
with the properties of their native language at this stage. [...]

Modern Mandarin is a tone language with relatively simple syllable structure
[...]1. The phonological saliency hypothesis (Hua and Dodd 2000) might
account for the order of phonological production in Mandarin, with
Mandarin tones being the most salient. [...]

For Mandarin tone perception, although the study of ... (Chen et al. 2017:
1414-1416)
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It is important to note that “Gradual Presetting” does not necessarily mean that the
CNC was easily understandable at the point of its use. Many CNCs in the Gradual
Presetting category were quite “jargon heavy”, as example 4 shows.

4) Polyglutamine (polyQ) diseases are neurological conditions due to an
expanded CAG repeat resulting in polyQ stretches in the encoded protein.
This family of disorders includes Huntington’s disease, dentatorubral-
pallidoluysian atrophy (DRPLA), and several spinocerebellar ataxias.
DRPLA is caused by the expansion of a CAG stretch in the ATROPHIN-1
(ATN1) gene [...].

Several DRPLA mouse models have been previously generated, all
recapitulating important aspects of the disease [11-13]. We have predicted
dysfunctional autophagy from previous Drosophila studies on DRPLA
[... the text goes on about DRPLA mice for two paragraphs ...]

Previous Drosophila studies indicated a blockage of autophagic clearance in
DRPLA [... six more paragraphs on other things ...]

Despite robust similarities indicating block at lysosomal level as observed in
Drosophila DRPLA models, in DRPLA mice we detected additional events
that ... (Baron et al. 2017: 3626—-3630)

Examples (3) and (4) also illustrate how counting the number of bigram subparts in
the whole text preceding the CNC may not be a good way to investigate the way CNCs
are introduced: In the more than two pages of text preceding the Mandarin tone
perception CNC, and although the text clearly establishes its meaning, there are only
two occurrences of tone perception, and five occurrence of Mandarin tones."* Even
more dramatically, the two text pages preceding Drosophila DRPLA models have
not a single occurrence of DRPLA models or Drosophila DRPLA (it does have two
occurrences of DRPLA mouse models, which would not be considered with the
bigram counting strategy).

In addition, note that it is not only the words composing a given CNC that are
relevant for its presetting. In some cases, other words, semantically related to the
CNC words, may have an influence on our expectations. In (4), the word studies is
used in a similar sense to the word models, indicating that both can be combined in
similar ways to form complex structures. Similarly, since it is clear that the
Drosophila is an animal, words such as mouse and mice may also be used as analogies

14 Note that this is a plural, and would only be correctly counted when the stemming operation was
applied prior to the counting procedure. Without this stemming operation, none of the (five)
occurrences would have been considered.
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in potential combinations with Drosophila. We return to this topic in the General
Discussion.

4.1.2 No presetting

As Table 5 shows, we found a number of CNCs in our dataset that were used without
any previous explanation about its words. In these cases, authors varied substan-
tially in how much they seemed to expect readers to know about the CNC meaning.
We further divide these strategies into four subcategories: No presetting required,
general scientific lingo, field terminology, and refer to paper. We discuss each of these
strategies below.

4.1.2.1 No presetting: not required
In some cases, the CNCs were very easy to understand despite very little surrounding
contextual information. These are composed of familiar words organized in familiar
structures. In some cases, contextual information is necessary, but only to disam-
biguate the various possible senses in which a given word can be used. For example,
the word energy may assume several senses in a CNC such as lowest energy usage: in a
Biology context, a cell may require “energy” to live, and there may be a type of cell
that has the “lowest energy usage” in the body; in a game, a character may have skills
that can only be used when it has enough “energy”, and there may be a skill that
requires the “lowest energy usage”; in an Economics sense, “energy” could be
interpreted as “what is needed for things to move”, and a type of car may have the
“lowest energy usage” among all possible cars.

The four disposable CNCs that were categorized in this group were specific brain
areas, Peking University Health Science Center, average familiarity score,” and lowest
energy usage.”® The only recurrent CNC was Chinese stock market.

4.1.2.2 No presetting: general scientific lingo
In these cases, the CNC was generally composed only of words that are commonplace
in scientific texts, related, for example, to the study design, to statistics or the

15 This was a Biology article (Goto et al. 2017) in which participants rated the worth of certain
products (how pleasant they were, how much they wanted them, how familiar they were with the
product, and whether they would buy them or not) while having their EEG waves recorded. At the
point where the CNC is used, the word familiarity was not explained. The explanation is only given at
the end of the page, in a separate subsection, when the task the participants performed is described.
16 This is in a context where the article is speaking about the energy used by several countries,
among which “Morocco has the lowest energy usage”.
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previous work done on the topic. The three CNCs pertaining to this category were
baseline comparison condition, theoretical disclosure literature’’ and significant
standard deviation parameters.

4.1.2.3 No presetting: field terminology

Sometimes, the CNC was not introduced, but its meaning was clearly assumed to be
understood based on the reader’s knowledge of the field. Of course, from the point of
view of the writers, it is possible that there is no difference between this and the
previous substrategies: the writer would assume some amount of knowledge
from the reader, and write based on this assumed knowledge. However, we believe
that the type of knowledge is different: in one case, the knowledge is broad and
accessible to novice readers; in the other, it is field specific and highly technical. Of
course, what counts as “field terminology” is open for debate. For example, should
the CNC “linear mixed-effects model” be viewed as just “general scientific lingo”
(since it is used in many different scientific fields), or should it be considered “field
terminology” when it is used in a Psycholinguistics article? Here, we categorized as
“field terminology” anything that would likely not be obviously understood by
readers of the other fields in our corpus. Example (5) shows a dramatic example from
Biology where the CNC appears in the second paragraph of the article (i.e., the
example contains the whole context preceding the CNC).

(5) Sleep is an essential and evolutionarily conserved behavior from worms to
humans [1,2]. It is tightly governed by two independent processes: the
circadian clock that determines the timing of sleep and the homeostatic
mechanism that controls the amount and depth of sleep [1, 3]. The circadian
clock contains a negative transcriptional feedback loop to synchronize the
physiology and behavior of most animals to daily environmental
oscillations [4-6]. The timing of sleep can be thought of as an output of
the circadian clock. Several molecules, such as melatonin, prokineticin 2,
and WAKE, have been identified as clock output molecules that regulate the
timing of sleep [7-9].

17 This is one CNC for which the categories we defined do not work perfectly. The word “disclosure”
appears several times in the preceding text, and probably has a well understood meaning in the
Economics field, since its meaning is not explained in the article. This would have been an argument
for inserting this CNC into the Gradual Presetting category. However, the two words “theoretical” and
“literature” were not at all introduced in the preceding text. They are only easily understood because
the typical Science reader is used to finding these words in article introductions.
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The circadian clock also regulates the electrical activity of pacemaker neurons,
which modulate the status of sleep and wakefulness [10-13]. In vertebrates and
invertebrates, the circadian clock drives antiphase oscillations of sodium and
potassium conductance to control the daily cycling of membrane potential in
pacemaker neurons [14]. It also drives rhythmic transcription of several ion
channels in the mammalian suprachiasmatic nucleus, including L- and
T-type Ca** channels, BK channels, and K2P K' channels [15,16]. [...]
(Li et al. 2017: 3616)

Other examples of field terminology CNCs were adverse selection costs (Economics),
final pitch contour (Linguistics), chronic restraint stress (Biology).

4.1.2.4 No presetting: refer to paper

Finally, three CNCs presented no presetting at all, but were followed by a reference,
pointing the reader to a source where they could find more information (one of
them was recurrent: emotional stop signal task; and the other two were disposable:
increased nearest neighbor distance and reliable stop signal reaction time). Two of
these were found in the same article, which may mean that this is just the result of the
authors’ style.

4.2 CNC reuse

As discussed earlier, our initial assumption had been that CNCs are ‘names’ that can
be often reused once they have been introduced. In this qualitative analysis, we
classified CNC reuse according to how available in the reader’s mind the CNC
probably is at the point of reuse. We considered “Simple Reuse” the cases in which
the CNC has just been used; and “Long-Distance Reuse” the cases in which other
(often unrelated) topics were discussed between the previous uses.

4.2.1 Simple Reuse

Sometimes, after a CNC occurrence, the same CNC reappears in the same sentence,
the next sentence, or the next paragraph. These immediate reappearances were
categorized as “Simple Reuse” (see Example [6]). In these cases, the meaning of the
CNC can presumably be easily retrieved and no further introduction is needed for its
understanding. In some cases, we also considered “Simple Reuse” when two CNCs
were somewhat far apart, but subparts of the CNC appeared often in the intervening
text.
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(6) The significant negative association between aggregate earnings and one-
month-ahead returns that becomes insignificant when one-month-ahead
policy surprises are included in the regression suggests that the market does
not fully anticipate the upcoming policy news in aggregate earnings. To shed
further light on this results, we examine whether the FOMC announcement-
day returns are also predictable. We find a significant negative association
between aggregate earnings and one-month-ahead FOMC announcement-day
returns when policy surprise is negative. This association is muted when we
control for the one-day policy surprises. This finding confirms that the market
does not fully anticipate the policy news in aggregate earnings prior to FOMC
announcement. More importantly, it provides direct evidence that the negative
aggregate earnings-returns association is driven at least in part by the
market’s reaction to the upcoming policy news. (Gallo et al. 2016: 104-105)

4.2.2 Long-Distance Reuse

In other cases, after the CNC was used a few times, it vanished for a long stretch of the
text. In these cases, it was common for the text to go into a different direction,
discussing other topics not related to the CNC. For example, the CNC may have been
used in the Introduction of an Economics article, and then disregarded during the
Methods section, where mathematical formulas are introduced along with the data
where they are applied. Finally, at the end of the Methods section, the authors may
bring back why they are using those formulas/data, reintroducing the CNC. This is
precisely the case with the CNC in (6): after appearing twice in the article’s intro-
duction (the quoted paragraph is on pages 104 and 105), the CNC (and, in fact, even
the word upcoming) is not used again until page 113, where the article has already
moved on to discuss its results (see Example [7]).

In these kinds of situations, we categorized the CNC reuse as a “Long-Distance
Reuse”. While the CNC upcoming policy news in (7) is quite well reintroduced
(the bigram policy news appears eight times in the preceding text in the same page as
the CNC), this was often not the case. In other words, despite the fact that we applied a
different categorization, there was not much difference in the way the two types of
CNCs were reused: in most cases, the authors seemed to consider the CNCs clear.

(7) The significant negative association between aggregate earnings and one-
month-ahead returns suggests that the market does not fully anticipate the
upcoming policy news in aggregate earnings. (Gallo et al. 2016: 117)

In summary, this qualitative analysis of 76 CNCs (26 recurrent; 50 disposable)
identified five strategies used by authors when introducing a CNC for the first time,
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and two ways in which CNCs can be reused. We found no difference in the distri-
bution of the strategies used for recurrent and disposable CNCs. These results, as well
as those of the quantitative analysis, are discussed below.

5 General discusion

In the analyses above, we investigated a number of distributional properties asso-
ciated with complex nominal compounds made up of three or more words. In this
investigation, we used the Uniform Information Density hypothesis to make pre-
dictions concerning these properties. In particular, we predicted that we would find
the following results: CNCs would cluster toward the end of scientific articles, CNCs
would be supported by the context in which they are used, and CNCs would be reused
often once they are introduced. To answer these questions, we performed a quan-
titative analysis of the 16,920 CNCs present in 162 scientific articles collected from the
fields of Biology, Linguistics and Economics, which in turn were divided into
Introduction, Middle, and Conclusion sections, and a qualitative analysis of a small
subset of them. The CNCs present in these sections were automatically identified
and subsequently filtered using both an automatic and a manual method.

For the first prediction, we fit a linear mixed-effects model using as the depen-
dent variable a log-scaled CNC Proportion (to control for section and CNC lengths).
We found no differences in CNC Proportion between Introduction, Middle and
Conclusion. In other words, we found no evidence in favor of our initial prediction.
However, we found significant differences in the CNC use in the three fields of our
corpus: Economics articles had a higher CNC Proportion than Biology articles, which
in turn had a higher CNC proportion than Linguistics articles. Future research should
examine the specific characteristics of CNC use in each of these research fields.

One could suggest that the lack of differences in CNC use between the sections
reflects the audience that writers had in mind when preparing their text: authors
could try to make the Introduction and Conclusion friendlier to broader audiences,
but to concentrate the study’s technical aspects in the Methods and Results sections.
Figure 2, however, does not support this idea: the proportion of CNCs in the Middle
section is not higher than in the other sections. Indeed, in this case we would still
expect more CNCs in the Conclusion than in the Introduction, but that is not what we
found.

For the second prediction, we performed both a quantitative analysis investi-
gating whether CNCs are preceded by their subparts in the article text, and a qual-
itative analysis identifying the strategies used by authors to introduce them. From
the quantitative analysis, we found that the majority of CNCs are preceded by very
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few bigram subparts, and a third of them are not preceded by bigram subparts at all,
suggesting that CNCs were not supported by their context.

A better picture of the contextual support provided to CNCs was then acquired
through the qualitative analysis. It showed that CNCs are supported by the context,
but in ways that are more sophisticated than simple word-pattern repetitions, which
therefore could not be captured by our quantitative measure. Indeed, the majority of
the CNCs examined were gradually preset over the course of several paragraphs,
with strategies that included embedding in more complex structures single words
(rather than bigrams) that were ultimately part of the CNC, or using semantically
similar words to hint at the CNC meaning. Among those that were not introduced,
there was a number of CNCs that constituted either field or scientific jargon, so
that (we assume) the author(s) considered that explicit introduction was not
necessary. This pattern is consistent with the predictions of the UIDh. Once the
simpler structures are introduced, we assume that the mental model kept by the
reader about the linguistic characteristics of the text is updated, making them more
‘available’, increasing the probability that these structures will recur, and there-
fore reducing their informativeness. With the simpler structures conveying less in-
formation, the channel capacity would be underused if newer and more complex
structures are not introduced that carry more information.

Note that the scientific articles we analysed were collected from high impact
journals. While these may be representative of what ‘good” scientific articles look
like, they may not be representative of the scientific register as a whole. That is, it is
possible that the fact that the CNCs are normally gradually preset in the analysed
articles is an artifact of their higher impact, and that scientific articles published in
lower impact journals may contain a higher proportion of CNCs used in contexts
that are not helpful for their understanding. Indeed, we believe that articles that are
judged as ‘hard to read’ may be ‘hard’ precisely because they contain frequent
peaks of information, many of which may involve CNCs.

Throughout this study, we made assumptions about the difficulty associated
with CNCs, claiming that, based on the UIDh, a CNC should only appear in a scientific
paper if its context introduces it enough. We made no distinction between CNCs
such as “heart rate variability” (quite familiar to a lay reader) and “start arm barrier”
(not common at all). Indeed, we had no way to assess the real difficulty associated
with any given CNC. Therefore, in the future it may be useful to approach this
question experimentally, comparing the difficulty participants experience when
confronted with familiar versus unfamiliar CNCs, presented in context versus in
isolation. In addition, given the difference in familiarity between the aforemen-
tioned examples, it is likely that the first would require much less contextual
introduction (and would cause a lower density peak) than the latter. This may have
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Number of subparts vs. CNC familiarity (all CNCs)
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Figure 4: Points represent CNCs with a given familiarity score and a given number of preceding
subparts. While in (a) we consider all 3-word CNCs (14,357 data points), in (b) we consider only the first
occurrence of a CNC in a given article (9,956 data points).

been one reason why so many CNCs were not preceded by bigram subparts.’® In
order to consider this possibility, we looked up the CNCs of our corpus on Wikipedia,
assuming that, if a sequence has its own Wikipedia article, then it is familiar. Denote

18 We thank one anonymous reviewer for highlighting this point.
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by inW(wy, __,) a function that is 1if the sequence of words wy __, has its own article
in Wikipedia, and 0 otherwise. We calculated a familiarity score f for each CNC
composed of words wy, w, and ws using the formula below, producing scores ranging
from 0 to 2.75, composed by the sum of three terms: one in which the entire CNC is
looked up in Wikipedia (which will be either 0 or 1); a second term in which the CNC’s
bigram subparts are looked up in Wikipedia (resulting in 0, 0.5 or 1, depending on
how many bigram subparts have their own pages); and a final term corresponding to
whether each of the CNC words have their individual Wikipedia articles (producing
0, 0.25, 0.5 or 0.75)."

InW (wy2) + inW (ws3) s inW (wy) + inW (w,) + inW (ws)

=inW
f n (Wl,z’g) + 5 a

Figure 4 shows how the number of preceding subparts relates to CNC familiarity. In
all familiarity levels (except for f= 2.5, for which we only have a single CNC repeating
14 times), the median number of preceding subparts is between 1 and 4, i.e., very
close to zero. While there is no clear trend indicating that more familiar CNCs are
preceded by fewer subparts, we cannot rule out this possibility either. Future studies
should consider in more detail the effect of familiarity on the degree to which CNCs
are preset. Since familiarity may change over time (a CNC like “database manage-
ment system”, familiar today, barely existed 60 years ago), it might be useful to
include date of publication as an additional covariate in such an analysis.*

Given the failure of the quantitative measure we used to capture the kind of
preset used by authors when introducing CNCs, and given the complex character-
istics we found during the qualitative analysis, we believe that a better quantitative
measure might have been the number of semantically related words preceding the
CNC. Consider (8), where the target CNC is high reward probability side, the previous
occurrences of the CNC words are bold, and the semantically related words are
underscored.” In addition, each underscored word is tagged with a number

19 Several CNCs are composed of pluralized words (e.g., “greater information asymmetries”).
Wikipedia often redirects these plurals into the singular pages (e.g., “information asymmetries”
leads to “information asymmetry”; and “language group” and “language groups” both lead to
“language family”), but not always (“gender distinction” leads to “Sex-gender distinction”, but
“gender distinctions” does not exist). Surprisingly, sometimes pages in the pluralized form do not
have a singular version (“Brain regions” leads to the article “List of brain regions in the human
brain”; but “Brain region” does not exist). For this analysis we simply search for the words exactly as
they are in the corpus, without considering this variability. In addition, we restricted our analysis to
3-word CNCs (a total of 14,357, i.e., 84.85 % of the data) because comparing CNCs of different lengths
would be unfair, given the formula we used.
20 We again thank one reviewer for this suggestion.
21 We manually decided which words are semantically related to the compound words. An actual
implementation may use, e.g., word vectors produced by an NLP model.
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indicating the CNC word that it is related to (for example, the word low is tagged with
a1because it is related to the first word of the CNC, high). It is clear that the CNC high
reward probability side is preset not only by having high reward, reward probability
and probability side appear before it, but also by having contextual cues that imply
the possibility that these word combinations are likely to occur. For example, the
words choice, left and right indicate that there is a side, even if the word side never
appears in the article before the CNC. Similarly, upon reading about the probability of
receiving a reward, the reader is naturally able to expect the wording reward
probability.

8) An additional cohort of female rats (n = 11) performed a reversal® learning task
in the same operant conditioning chambers. Animals were trained* on the
same schedule as cohort 1. Trial initiation was self-paced and began with a
nose-poke in the central port. A non-informative tone then prompted the rat to
select® a sucrose delivery feeder”. Correct feeder choices* were rewarded with
sucrose solution. No reward was given for incorrect choices” In contrast to
the Competitive Choice* Task, the probability of receiving a reward at a
particular feeder* was fixed over blocks of 60 trials to either a high or low'
reward probability. These reward probabilities reversed* at the beginning
of each block of trials. For example, the left* feeder* would be the high reward
probability side on trials 1-60, and would then reverse to become the low'
reward probability side for trials 61-120. (Wong et al. 2017: 138)

Of course, this measure also has shortcomings. For example, it does not take into
account sentence complexity, and does not consider how the words are combined in
the context. In addition, counting the number of semantically related words is
subjective, requires a large amount of resources, and is beset by problems. For
example, how can we best define what constitutes the “preceding text”? Should we
consider only the section where the CNC appears, or should we consider the whole
article? If the whole article, how can we fairly compare longer versus shorter arti-
cles? How can we compare a CNC that appears around the beginning of an article
with another one that appears near the end? Some of these problems may be solved
with computational approaches that can tag large amounts of data and require fewer
resources; however, whether these approaches would lead to results that are similar
to those produced by humans is an open question. We intend to explore this issue in
future work.

As for the last prediction investigated in this paper, that CNCs would be reused
often after their first use, we also found no evidence that this is the case. Indeed, the
vast majority of CNCs (83.7 %) were never reused. CNCs do not seem to become ‘ad
hoc names’ for new concepts as suggested by Salager (1984), and instead have a very
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local use, being immediately discarded. This held true both for CNCs composed of
three words, and for those composed of four or more words.

One should be careful before treating this as evidence against the UIDh for two
reasons. First, while we did not investigate this possibility in this paper, it is possible
that very dense CNCs become acronyms after their first use. Like CNCs, acronym use
has substantially increased in the last decades (e.g., Barnett and Doubleday 2020).
Note that this was precisely the case with the two most commonly used CNCs in this
very paper (i.e., complex nominal compound and Uniform Information Density
hypothesis). Second, it is possible that repeating CNCs actually conveys too little
information, and that, instead of repetition, CNCs would actually undergo deletion of
some of their words after their first use. For example, a CNC such as high reward
probability side could be reused as high reward side or even high side in contexts
where the missing words are obvious. If that is the case, then we should find very
different results if we use a relaxed version of the quantitative measure used in this
paper. We intend to explore this idea in future work.

The three predictions discussed above were made taking into account the fact
that the transmitter does not have full knowledge about the expectations of the
receiver, and is therefore not able to calculate perfectly the amount of information of
each word from the perspective of the receiver. As discussed earlier, we suggested
that each communication partner keeps a probabilistic model of the communication
process and updates this model as new words are transmitted through the channel.
As the reader progresses through the text, the two models would slowly converge
toward similar probabilities for most words. But is this really the case? The results of
our second prediction point in that direction. As Table 5 suggests, authors seem to
organize their articles so that, in most cases, CNCs are only used when they can be
understood. This makes it surprising that we did not find more CNCs toward the end
of the articles. Further research is necessary to investigate why this was the case.

In summary, in this paper, we found no evidence that CNCs are more frequent
toward the end of scientific articles, nor that CNCs become ‘ad hoc names’ after
their first use in an article. These possibilities, however, could not be completely
discarded, and thus our findings constitute no evidence in favor of or against the
UIDh. On the other hand, we found that CNCs are preset in their context, but that the
way in which this presetting occurs is complex, and could not be captured by the
strict quantitative measure we used. This latter finding constitutes evidence in favor
of the UIDh. In addition, this finding suggests that speakers do keep a probabilistic
estimation of the communication process, updating this model as the communication
unfolds.
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6 Conclusions

In this study, we investigated the distributional properties of complex nominal
compounds composed of at least three words. To do so, we performed a quantitative
and a qualitative analysis of the CNCs identified in our corpus, the Sciper Corpus.
Some of our results constitute evidence in favor of the Uniform Information Den-
sity hypothesis. From the qualitative analysis, a number of improvements arose that
can be made on the quantitative measures we used. In the future, we intend to
investigate how the quantitative results differ if performed considering these
improvements.
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How does the context preceding a long nominal compound influence its comprehension difficulty?

Anonymous authors
Anonymous universities

Abstract

Nominal compounds (NC), i.e., structures such as stock market anomalies or world market oil price, are
very common in the scientific register, but have been argued to be hard to process. In this paper, we focus
on the influence of the support provided by the preceding context on the difficulty perceived by readers
when comprehending NCs. In two experiments, participants filled out a questionnaire in which they read
NCs presented either in their original context or in isolation, and responded how hard to comprehend the
NCs were. Items were selected from a corpus of scientific papers comprising the fields of Biology,
Linguistics and Economics, and contextual support was measured by calculating the number of words in
the preceding text that were semantically similar (as quantified by a large language model) to the words in
the NCs. The results of Experiment 1 showed no effect of context. However, in Experiment 2, NC
familiarity was additionally manipulated. In Experiment 2, while high familiarity NCs were not judged very
different in the different categories, low familiarity NCs did show a substantial difference between weak
and strong contextual support. In addition, items presented in context did not differ from items presented
in isolation.



As the title suggests, this paper focuses on nominal compounds (NC). We use the term nominal
compound to refer to structures that, on the surface, look like sequences of nouns, such as brain cell, stock
market anomalies, or world market oil price (see, e.g., Gamboa et al 2024a for a review; and Bauer et al.,
2013, Chapter 19 for a more general view on compounds). These are especially common in scientific
texts, a register in which their use has surged in the last century (Biber & Gray, 2011). As Biber and Gray
note, this surge has been accompanied by an increase in length, so that, by the 1950’s, 3-word compounds
had already become “relatively common, and even [4-word] sequences [were] not unusual” (p. 238). In
addition, it has been accompanied by an increase in complexity — as reflected by the fact that “[t]he set of
possible meaning relationships” between the words of the NCs “expand[ed] greatly in the late nineteenth
century and throughout the twentieth century, associated with the wider range of premodifying nouns.”
(p- 239).

In this paper, we focus on these longer, more complex NCs, with 3 or more words, that became
more popular through the twentieth century. Bartolic (1978) explains their popularity by referring to a
principle of word economy (p. 258), suggesting that “the information is conveyed in a more condensed
form which has a greater impact upon the reader” (Bartolic, 1978, p. 260). Alternatively (or in addition),
Salager (1983) points out that they allow for the creation of a “new concept for which the language code
has no name”, a “fixed expressions owing [sic] a scientific meaning which the individual constituents
do not have” (p. 142; see Montero, 1996 for a deeper discussion on these arguments). Their frequent use,
however, is surprising, since they should arguably lead to processing difficulties. In this paper, therefore,
we investigate the processing of long NCs, considering the role of one additional aspect that might
partially explain why they are used: The preceding context. Although the processing of two-word
compounds has been the focus of much research! (Gagné & Spalding, 2013; Schmidtke et al., 2021;
Benjamin & Schmidtke, 2023), compounds made up of three or more words have received less attention
in the processing literature (but see e.g. Kuperman et al., 2008; Sikos et al., 2017; Gamboa et al., 2024a;
Cohen & Staub, 2014). In addition, while the influence of the context on the processing of compounds
has been investigated for two-word NCs (e.g., Cohen & Staub, 2014), little is known about the way the
context influences the processing of longer NCs.

There is a number of reasons why NCs in general, and long NCs in particular, should be
complicated to process (for a deeper discussion, see Nakov, 2013). First, NCs can present relational
ambiguity (the several “possible meaning relationships” mentioned by Biber and Gray above): The
relation linking the words of an NC is left implicit, and it is up to the parser to decide the best
interpretation. For example, compare a phrase such as “oil from olives” with “olive 0il”: while in the first
case the relationship between the words is overt and clear, this is not true in the latter. In a typical
situation, the parser does manage to easily figure out that “olive oil” refers to an oil from olives, and, say,
that “baby oil” refers to an oil for babies (Gagné & Spalding, 2009). But the other, discarded
interpretations are still possible, and, in scenarios where they would make sense (say, a horror movie), the
parser still has to realize that baby oil could, in principle, also refer to an oil from babies (see Cohen &
Staub, 2014 for an example of how the context influences this parsing). This kind of ambiguity,
associated with the relation between the NC words, increases with longer NCs. Research investigating the
psychological reality of these relations has mostly focused on two-word NCs, and not really considered
longer structures.

Second, NCs with three or more words can present structural ambiguity: As the number of NC
words increases, so does the number of possible structures of the NC. For example, three-word NCs can

! That research has been intimately related to the processing of compound words (such as snowball or healthcare).



follow an AB+C structure (sperm bank donor), an A+BC structure (police narcotics control), or even be
unclear on their structure (science degree course; Kvam, 1990). This number of possible structures grows
rapidly along with NC length, and should arguably make longer NCs harder to interpret.

Third, the NC head is typically located at the end of the NC, complicating the incremental
integration of the preceding NC words, especially for longer NCs. For example, upon reading a sentence
such as (1), the parser is only able to tell that changes is not a verb once it reaches are. Related to that,
identifying the head of longer NCs has been shown to be challenging (Gleitman & Gleitman, 1970; Geer
etal., 1972, Limaye & Pompian, 1991): Participants asked to paraphrase NCs sometimes produce
paraphrases that treat the first word as its head (e.g., from our own results reported below, the NC
acquisition negotiation process was paraphrased as the acquisition of the process of negotiation).

(1) This happens because the chip production market changes are driven by competition with
foreign companies.

Given that long NCs are so problematic to process, it may be surprising that they are so common,
in particular in scientific texts. Could it be that they are actually more understandable than the research
discussed above would lead us to believe? Most of the existing research on long NC processing either
disregards the support offered by the broader context for the understanding of the NCs (e.g., Gamboa et
al., 2024a, 2025) or acknowledges its importance but does not control for its influence (e.g., Sikos et al.,
2017). But if the context surrounding a long NC supports it well enough, then the NC might be less
difficult to comprehend than one would expect upon seeing it in isolation. A dramatic example is shown
in (2).2 Without the context, the NC start arm barrier would be arguably uninterpretable; but it becomes
fairly clear when the whole paragraph is taken into consideration. Therefore, in this paper we explore how
the context preceding an NC may explain its use, supporting its meaning and making it easier to
comprehend. We then explore a way to operationalize this contextual support, and investigate in two
experiments how this support influences the difficulty perceived by readers upon encountering them.

(2) Each session consisted of six trials and all animals completed one session a day. Each session
consisted of three correct left and three correct right trials, presented in a pseudorandom order.
Each trial comprised two stages, a ‘sample run’ followed by a ‘test run’. At the beginning of each
trial, two sucrose pellets were placed in each food well and a metal obstacle was placed at the
choice point of the T-maze, thereby closing one perpendicular path (Fig. 8). On a sample run, the
animal was placed in the start area and the aluminium obstacle removed, allowing the rat to run
down the start arm. Because of the metal barrier blocking the entrance to one of the cross arms,
the rat could only enter the one open section. Once the rat had collected the sucrose pellets from
the well at the end of the open section, the rat was returned to the beginning area, where it
remained for 10s while the barrier at the choice point was removed and the same arm as
previously visited was rebaited. The test run started as the start arm barrier was raised, allowing
the animal a free choice between the two cross arms of the T-maze.

(Powell et al., 2017; emphasis added)

2 For the sake of the argument put forward in the subsequent paragraphs, some occurrences of the words start, arm
and barrier were replaced with synonyms in the example two. This did not make the text easier to read. If anything,
it should have made it harder to read. The full original paragraph can be read in Figure 1.



Gamboa et al. (2024b), investigating a similar structure® in a corpus of scientific papers, noted
that these structures are often preset (i.e., supported) by their surrounding context. They analyzed the
compounds in two ways. Initially, given a compound (e.g., world market volatility index), they counted
bigram substrings (world market, market volatility, volatility index) in the whole text preceding the
compound, all the way from the beginning of the paper (henceforth referred to as the bigram-counting
measure). They expected this count to reflect how well preset a given compound was, i.e., to be an easy-
to-implement measure of contextual support. However, for most compounds in their corpus, they found
very few occurrences of these substrings, presumably indicating that compounds are not very much
introduced by their context.

In addition to this measure, they also performed a qualitative analysis of a small set of the
compounds in their corpus, finding that a large portion (but not all) of them are introduced by their
context, but in ways that were not captured by the simple bigram-counting strategy. In other words, this
bigram-counting measure did not seem to be a good measure of contextual support. Instead, they
suggested that a better measure could have been counting the number of words in the preceding context
that were semantically similar to those of the compound (henceforth referred to as the similar-words
measure). For example, consider the compound start arm barrier in (2), which is preceded not only by
the words start, arm and barrier themselves, but also by words such as beginning (similar to start),
obstacle (similar to barrier) or section (in the sense used in the example, similar to arm). These words
presumably hint at the meaning of the NC as a whole, so that the reader, upon arriving at the NC, has a
pretty decent expectation of how to interpret it. Thus, NC contexts containing a large number of words
that are semantically similar to the NC words (including the NC words themselves) would arguably
support the NC more than NC contexts containing fewer similar words.

In this paper, therefore, we have two interconnected goals, one methodological and one
theoretical. First, in order to quantify the way in which long NCs are supported by their context, we
implement the similar-words measure of Gamboa et al. (2024b), discussing a number of practical
considerations necessary for its use. We report the amount of contextual support of the NCs in Gamboa et
al.’s corpus (as measured by the similar-words count), showing that there is great variability in the
amount of support NCs receive in their immediately preceding contexts. We hope that this measure will
be used in future studies trying to quantify contextual support.

Second, in order to understand how the preceding context influences the processing of long NCs,
we use the similar-words measure to produce items for experiments that compare the difficulty
experienced by readers when comprehending NCs with low and high contextual support, presented in
context and isolation. The results of these experiments shed some light on how or why NCs can be so
frequent in scientific papers. We predict, based on the discussion so far, that readers should have less
difficulty processing well-supported long NCs than less-supported ones. If this is not the case, then it may
be useful to look at the difficulty perceived when NCs are presented in isolation, since the context may be
leveling the difficulty of the NCs, making them all similarly difficult. If well-supported NCs are well-
supported by their context because they require support, then we should expect them to be more difficult
to process in isolation than less-supported ones. This latter prediction would be in line with Information
Theory-based models of language comprehension (e.g., Surprisal Theory, Levy, 2008; Uniform
Information Density Hypothesis, Jaeger, 2010). In the first experiment, participants filled out a
questionnaire where they read three-word and four-word NCs with varying degrees of support presented

3 The structure they investigated has a broader definition, which includes N-N compounds, as well as other
compounds containing preceding adjectives (e.g., financial market volatility index).



either in context or in isolation and answered how hard they perceived the NCs to be. In the second
experiment, NCs were controlled using a measure of familiarity, since some of the compounds used in the
first experiment were noticeably familiar (e.g., heart rate variability, word order patterns). We expected
familiar compounds to be comprehensible regardless of context, producing an interaction between
contextual support and familiarity.

Some considerations on counting semantically similar words

Counting the number of words in the preceding context that are similar to the words in the compound
may seem deceivingly simple. What exactly it means to say that two words are similar, however, is hard
to define. For example, it is easy to say that “happy” and “joyful” are similar. But should right and wrong,
or love and hate be considered similar words? What about left and right? Resnik (1999) speaks of
similarity as “a special case of semantic relatedness: for example, cars and gasoline would seem to be
more closely related than, say, cars and bicycles, but the latter pair are certainly more similar.” (p. 95) It
would seem that we need to answer these questions before we can actually implement Gamboa et al.’s
similar-words measure.

One way to avoid these issues is to resort to today’s algorithms of language processing (e.g.,
Mikolov et al., 2013; Devlin et al., 2018; Vaswani et al., 2017). This is the strategy we follow in this
paper. These algorithms are trained on large swathes of texts, and, once the training is over, they are able
to convert any word that is input to them into a word vector (a list of numbers). Typically, these
algorithms are based on the Distributional Hypothesis (see Sahlgren, 2008 for a review), i.e., the idea that
a large portion of the meaning of a word can be described by how it is used along with other words. They
will produce similar vectors for words that occur in similar contexts, i.e., that are normally surrounded by
the same other words. So, if love and hate usually appear surrounded by the same words (compare
common sentences such as “I love ice-cream!” and “I hate ice-cream!”), then they both will end up being
assigned similar vectors, indicating that they are similar (even if their meanings are arguably opposite, as
in the case of good and bad, or left and right).

Once the algorithm outputs a vector for a word, we can then use the vector to perform any sort of
calculations. One common way to interpret a vector is as an arrow pointing in a given direction (see
Figure 2). To assess the degree of similarity between two vectors (two words), we can then measure the
angle between them. Similar words (vectors) point in similar directions, forming a small angle.
Conversely, dissimilar words will point in very different directions, forming larger angles. Typically, we
use the cosine of the angle to measure similarity, since it ranges from -1 to 1, and the smaller the angle the
closer the cosine is to 1.

The problem thus becomes one of deciding when is it that an angle is “small enough” for two
words to be considered similar. In this paper, we made this decision empirically, by choosing the angle
that best mimicked the annotations performed by humans on a small number of long NCs.

Determining the strength of contextual support for NCs*

Having a clear procedure to automatically count the number of semantically similar words in the context
of an NC, we then applied the similar-words measure to all the long NCs of the corpus used by Gamboa
et al. (2024b), aiming to explore how much support NCs receive from their context. The corpus is a
dataset of 162 journal articles in English containing 1.398.559 tokens collected from the fields of Biology

4 All scripts used in this paper are available in:
https://osf.io/6p2c3/?view only=52aedbb4a3c845549a9c8cfecal8c359



(336.628 tokens), Economics (510.847 tokens) and Linguistics (551.084 tokens), POS-tagged using the
Python spaCy library (Honnibal et al., 2020). We automatically identified 6006 sequences of three or
more words that were tagged in the corpus as nouns, out of which we automatically excluded sequences
containing one-letter words (e.g., “generator type g”), “non-English characters” (characters that are not
letters, spaces or hyphens; e.g. “+ age rating”), or spaces around hyphens (e.g., “letter co - occurrence”).
This led to a final pool of 5234 NCs (see Table 1), whose context was analyzed.

Table 1. Total number of NCs in the corpus.

3-word Compounds 4-word Compounds Longer Compounds
Biology 1077 96 9
Economics 2830 238 25
Linguistics 903 51 5
TOTAL 4810 385 39

In order to make the contexts comparable, contexts were restricted to a text snippet of roughly
200 words® before the NCs. A compound’s snippet was constructed by locating the token positioned 200
tokens before the compound, and then finding the beginning of its sentence (see Figure 1). Every snippet
ended at the end of the NC’s sentence. Out of the 5234 NCs, 134 appeared too early in the articles to have
a preceding context of at least 200 words, and were therefore discarded. This left a total of 5100 that were
analyzed.

To decide whether two words were semantically similar, we used the BERT language model
(Devlin et al., 2018), that received a sentence as input and produced a list of word vectors as output,
corresponding to each of the sentence’s tokens. We chose BERT because it was an easily available state-
of-the-art large language model at the time we performed this task. Using the vectors produced by BERT,
we counted, for each snippet, how many words preceding the NC were semantically similar to the
compound. That is, we calculated the cosine between each word in the snippet and each of the
compound’s component words and counted those whose cosine was larger than a certain threshold 8 (see
the next paragraph). Function words and words containing non-English characters were not considered
(BERT word vectors for function words tend to be similar to a very large number of other vectors, since
they appear in almost any kind of context). Figure 3 shows the results, i.e., the distribution of the number
of similar words in a compound’s snippet.

5 This number was arbitrarily chosen; but reflected the fact that we intended to use these snippets in Experiment 1.



5.1.4. Behavioural training

5.1.4.1. T'maze matching—to—place.’Each session consisted of six trials
and all animals completed one session a day. Each session consisted of
three correct left and three correct right trials, presented in a
pseudorandom order. Each trial comprised two stages, a ‘sample run’
followed by a ‘test run’. At the start of each trial, two sucrose pellets
were placed in each food well and a metal barrier was placed at the
choice point of the T-maze, thereby closing one cross arm (Fig. 8).

On a sample run, the animal was placed in the start area and the
aluminium barrier removed, allowing the rat to run down the start arm.
Because of the metal barrier blocking the entrance to one of the cross
arms, the rat could only enter the one open arm. Once the rat had
collected the sucrose pellets from the well at the end of the open arm,
the rat was returned to the start area, where it remained for 10 s while
the barrier at the choice point was removed and the same arm as pre-
viously visited was rebaited. The test run started as the start arm barrier
was raised, allowing the animal a free choice between the two cross
arms of the T-maze. The animal was deemed to have chosen an arm

200 tokens

Figure 1. The procedure used to produce an NC snippet. From the NC, we counted 200 tokens back,
landing in the word “animal” (blue). Then, we located the first token of the sentence that contained
“animal” (green). (Adapted from Powell et al., 2017)

In order to find the best value for 6,° three annotators (all native or near-native English speakers)
manually annotated the similar words in 20 NC snippets. These annotations were then used as a gold
standard for the BERT annotation. A good 6 should tag as “similar” roughly the same words as the gold
standard. In addition, we noted that, on average 23.6% of the words in an NC context were annotated as
similar to the NC. Thus, our choice of 8 tried to mimic this average: we considered 8 candidate values
that would lead, on average, a certain number of snippet words (15%, 20%, 23.6%, 25%, 30% and 35%)
to be considered similar to the NC. Among the candidates, 8 = 0.503 best mimicked the human
annotation, and, on average, tagged 25% of the NC snippets as similar. Thus, a word in an NC context
was treated as similar to the NC if the cosine of the angle between its vector and any of the NC vectors
was bigger than 0.503.

% The 8 selection procedure was complicated and is fully described in the supplementary materials.



Once the rat had collected the sucrose pellets from the well at the end of the open arm, the rat was returned to the start area, where it
remained for 10 s while the barrier at the choice point was removed and the same arm as previously visited was rebaited.

| The test run started as the start arm barrier was raised, allowing the animal a free choice between the two cross arms of the T-maze. |
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Figure 2. A sketch of the procedure used to calculate the similarity between the words in the NC
snippet and the NC words. In step 1, each sentence of the snippet is fed into BERT, generating a vector
(a list of numbers) for each word. These vectors can be interpreted as arrows pointing in a direction. In
step 2, the cosine of the angle between these arrows and the NC words is calculated (the arrows shown
in the image are fictitious: the real arrows cannot be represented in 3D). Similar words will point in a
similar direction, producing cosines closer to 1; dissimilar words, pointing in different directions, will
produce lower cosine values, up to -1. Finally, in step 3, we count the similar vectors. Note that, even
though we feed BERT each sentence separately, we only count as similar words that precede the NC.
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Figure 3. The distribution of presetting words preceding the corpus’ NCs. The graph is Poisson
distributed, as is typical of count data. The colors illustrate the categories used in Experiment 1.

As can be seen, there is a large variability in the number of presetting words immediately
preceding an NC. We are now left with the question of whether this measure of contextual support can be
empirically validated by behavioral measures of language processing. Thus, we ask whether NCs that
receive more contextual support do lead to less processing difficulty.

Experiment 1

Participants
A total of 79 university students from the University of <KREDACTED>, aged between 18 and 35 (Mean:

20.72, SD: 3.14), took part in the experiment for course credit. They were all English native speakers.

Materials
Given the distribution of Figure 3, we defined three categories of interest for the NCs. These ranges were

arbitrarily defined, but chosen to avoid the extremes of the distribution.

e Weak support: the NC is preset by between 10 and 19 words
e Medium support: the NC is preset by between 20 and 29 words
e Strong support: the NC is preset by between 30 and 39 words



Table 2. Total number of NCs in the categories of Experiment 1.

Weak support Medium support Strong support
3-word NCs 1093 1337 990
4-word NCs 72 82 91
Longer NCs 0 12 11

Table 2 shows the number of compounds in each category. From this pool, we selected 60 3-word
compounds (20 in each category), and another 60 4-word compounds (20 in each category), roughly
balanced by field of study. These 120 items were distributed into 6 lists of 20 items. Since a list of 20
items cannot have the same number of items for each condition, lists were constructed so that they
contained at least 3 items of each condition (totalling 18 items), and then 2 additional items of two
different conditions (see Figure 4a). We then used these 6 lists to produce 6 additional lists by merging
them in pairs (see Figure 4b).

Procedure

We used the lists to create questionnaires where NCs were presented in context and in isolation (see
Figure 5) and participants responded about the difficulty they perceived when reading them. There were a
total of 12 questionnaires corresponding to the 12 lists. These questionnaires were fixed: All participants
assigned to the same questionnaire saw the same questions in the same order. However, before creating
the questionnaires, the lists were randomized, which ensured that most items appeared in two different
positions in the two lists they were in.

Questionnaires were divided into three sections. In the first section, compounds were presented
along with their context (4 practice trials, 20 critical trials; 3 catch trials” — see below) and participants
answered two questions (Q1 and Q2 in Table 3). In the second section, compounds were presented in
isolation (20 critical trials) and participants responded to one question (Q3). At the end of section 2, we
also asked (QR) how much participants actually read the text snippets. Finally, in the third section,

7 Out of the 23 critical trials, the trials 6, 11 and 15 were “catch trials” that were created in an attempt to determine
whether participants were in fact paying attention to the questionnaire. Each catch trial was constructed by taking an
NC from one field (e.g., Biology) and using it in a text snippet from another field (e.g., Linguistics). We initially
expected the responses for Q2 in catch trials to be always a low value (say, smaller than 4), because participants
would not be able to use the text passage in order to understand the NC, and therefore expected them to differ
markedly from the Q2 in critical trials. Hence, we planned to exclude participants whose Q2 response in any catch
trial was 5 or higher (criterion 1), or whose Q2 answer in critical trial was lower than 5 (criterion 2). After collecting
the data, however, we noted that this approach would exclude 78 participants (out of 79). We therefore decided not
to use this criterion in our analysis. Note, however, that this does not mean the participants were not reading any
paragraphs. Looking better at the catch trials texts (see Appendix B), it is clear that the NCs were not as implausible
as we initially expected: the paragraphs were composed of many technical terms that could be skipped by readers
unfamiliar with the content. That is, even though it is true that some participants were not reading the whole
paragraphs, this is not the reason why so many participants did not respond to the catch trials the way we expected.
Indeed, many of them left thoughtful comments about the experiment in a final free text box at the end of the
questionnaire suggesting they actually took it seriously. A comparison of Q2 in critical and catch trials is available
in the Supplementary Materials.
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participants answered simple questions about their language background (e.g., age, gender, education
level, current study program, self-rated proficiency in the languages they speak, etc.).

Design

The experiment followed a within subjects 3x2x2 design (Context support x Compound length x
Context/Isolation). Each participant saw all conditions presented in context, and all conditions presented
in isolation, but all items presented in context were different from the items presented in isolation.

Analysis
Prior to analysis, participants who responded less than 5 to QR were excluded.

With the data of the remaining participants, we used the R programming language (R Core Team,
2024), and the ordinal R package (Christensen, 2023) to fit two Cumulative Linear Mixed Models
(CLMM) using the probit link function (following Liddell & Kruschke, 2018). One of the models used
the responses for Q1, and the other one used the responses for Q3. The probit link function is a Gaussian
function with mean 0 and standard deviation 1. The threshold coefficients produced by the model are
positions in this Gaussian that indicate the probability assigned by the model to a given response. For
example, if the thresholds 1|2 and 2|3 are -0.5 and -0.1, respectively, then the probability (assigned by the
CLMM) to the thresholds 1 and 2 are the areas under the curve from -oo to -0.5, and from -0.5 to -0.1,
respectively.

Both models were maximally specified (Barr et al., 2013).® Context support was sum-coded and
ordered Weak, Strong, Medium, so that the results below show effects for the levels Weak and Strong;
compound length was sum-coded.

Results
Out of the 79 participants, 16 (20.3%) responded less than 5 to QR and were therefore excluded from
analysis.” The rest of the data was analyzed.

The in-context model analyzing Q1 yielded a main effect of compound length (b=-0.230,
p=0.003), so that 4-word compounds led to higher response values than 3-word compounds (see Table
Al). Figure 6a shows the distribution of the in-context responses for the different conditions.

Similarly, the in-isolation model analyzing Q3 yielded a main effect of length (b=-0.325,
p<0.001) so that 4-word compounds led to higher response values than 3-word compounds (see Table
A2). Figure 6b shows the distribution of the responses for the different conditions.

8 The calls to clmm used the following formula:
answer ~ 1 + support*length + (l|item) + (l+support+length|participant)
° We also reran the models with all 79 participants, producing very similar results.
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List 0

3 A urine cotinine levels

3 A forest carbon stock

3 A drag queen culture

3 B emotion recognition difficulties
3 B electricity spot price

3 B stock performance bias

3 C luciferase reporter expression

3 C equity analyst coverage

3 C word order patterns
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List 2

4 A stop signal reaction time

4 A target announcement day return
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4B variance quantile threshold violations
4B language production performance error
4 C  bait approach latency data

4C firm-level credit risk management
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task

(b)

Figure 4. (a) One of the 6 non-overlapping item lists (these were numbered 0, 2, 4, 6, 8, 10) before it
was randomized. (b) In order to produce the 6 additional lists (numbered 1, 3, 5, 7,9, 11) we merged the
first half of the next list with the second half of the previous one.
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Please read the text and answer the questions below.

Each session consisted of six trials and all animals completed one session a day. Each session
consisted of three correct left and three correct right trials, presented in a pseudorandom order.
Each trial comprised two stages, a 'sample run’ followed by a ‘test run’. At the start of each trial,
two sucrose pellets were placed in each food well and a metal barrier was placed at the choice
point of the T-maze, thereby closing one cross arm (Fig. 8). On a sample run, the animal was
placed in the start area and the aluminium barrier removed, allowing the rat to run down the
start arm. Because of the metal barrier blocking the entrance to one of the cross arms, the rat
could only enter the one open arm. Once the rat had collected the sucrose pellets from the well
at the end of the open arm, the rat was returned to the start area, where it remained for 10s
while the barrier at the choice point was removed and the same arm as previously visited was
rebaited. The test run started as the start arm barrier was raised, allowing the animal a free
choice between the two cross arms of the T-maze.

How hard is it to understand the highlighted noun phrase after you have read the *
text passage?

1 2 3 4 5 6 7 8 9 10

Part 2
ey 0000000000 mw | T

start arm barrier

How much did you use the text passage in understanding the highlighted noun  *

phrase? How hard is it to understand the given noun phrase? *
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
notatall o O O O O O O O O O alot very easy O O O O O O O O O O very hard

(a) (b)

Figure 5. Example questions for Section 1 (a) and 2 (b) of a questionnaire of Experiment 1. Items in
Part 1 were different from those in Part 2 (so, a given participant who saw start arm barrier in Part 1

would not have seen it in Part 2, and vice-versa).

Table 3. Questions responded to by the participants, which were considered in the analysis.

Experiment 1 Experiment 2
Section Question Question text Answer Question text Answer
How hard is it to understand the Likert scale After reading the text passage, how Likert scale
Q1 highlighted noun phrase after you 1: very easy hard was it for you to understand the 1: very easy
1 have read the text passage? 10: very hard highlighted noun phrase? 10: very hard
How much did you use the text Likert scale .
. . Please provide a paraphrase for the
Q2 passage in understanding the 1: very easy hiehlichted noun phrase Text response
highlighted noun phrase? 10: very hard gLig P
- . Likert scale . . Likert scale
How hard is it to understand the given How hard is it to understand the given
@ noun phrase? L1 very easy noun phrase? L: very easy
2 P ’ 10: very hard P ) 10: very hard
Q4 ) ) Please‘pro.wde a paraphrase for the Text response
highlighted noun phrase.
In the first part of the experiment, Likert scale In the first part of the experiment, Likert scale
End of 2 QR how often did you actually read the 1: never how often did you actually read the 1: never
*entire* text passages? 10: always *entire* text passages? 10: always
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Experiment 1: (Q1) Perceived difficulty when Experiment 1: (Q3) Perceived difficulty when
reading NCs in context reading NCs in isolation
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Figure 6. The distribution of Experiment 1 responses for Q1 (a) and Q3 (b).
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Discussion

In this experiment, we aimed at testing the influence of contextual support on the processing of long NCs.
In particular, we analyzed the self-rated difficulty perceived by readers when interpreting NCs presented
either in context or in isolation. We manipulated length (3 or 4 words), and quality of contextual support
(Weak, Medium, Strong) operationalized as the number of words preceding the NC that were similar to
the NC words. This latter manipulation aimed at empirically validating our implementation of the
counting measure proposed by Gamboa et al. (2024).

We expected longer NCs to cause more difficulty to readers. This is what we found: Length did
lead to higher difficulty both when the NCs were presented in isolation and in context. In addition, we
expected difficulty ratings to be significantly influenced by contextual support, at least for NCs presented
in context, but no such influence was found either for NCs in context or in isolation. This may have to do
with the fact that some of our items were quite familiar, composed of words that are often linked together
(e.g., heart rate variability, drag queen culture, control group participants). Participants reading them
would experience little difficulty regardless of the context, introducing noise into the data. Indeed, Table
4 shows the NCs rated as easiest and hardest when presented in context and in isolation for each
condition. In Experiment 2, we extend Experiment 1 by manipulating NC familiarity.
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Table 4. The NCs rated as easiest in Q1 in Experiment 1.

In Context
Difficulty  Support 3-word NC Median 4-word NC Median
employment history information 1 short-term memory word span 1
Weak carbon reduction policies 1 stop signal reaction time 3
drag queen culture 1 securities class action lawsuits 3
Easiest health information content 1 heart rate variability changes 2
NCs Medium podium guest entrance 1.5 world market oil price 2
stock market anomalies 2 language production performance error 2
start arm barrier 1 short-term object recognition memory 1
Strong word recognition errors 1 vehicle fuel economy ratings 1
sentence repetition errors 1 multiple-choice sentence comprehension task 1
urine cotinine levels 4 reference memory probe trial 6
Weak forest carbon stock 4 digit span recall task 6
tail suspension test 5 target announcement day return 6.5
electricity spot price 4 eye movement artifact correction 6
Hardest . . e . .
NCs Medium anaphor comprehension abilities 5.5 heat shock protein family 6
head noun phrase 6.5 index fund ownership effect 7
chloroplast genome replication 4.5 consensus analyst sales forecast 6
Strong commodity futures returns 5 compound symmetry covariance structure 7
wh-question comprehension task 6 signal space separation method 7
In Isolation
Difficulty  Support 3-word NC Median 4-word NC Median
stress response genes 1 heart rate perception test 2
Weak heart rate variability 1 heart rate variability index 2
heart rate acceleration 1 press release disclosure measures 2
. control group participants 1 world market oil price 1
Easiest . . . . .
NCs Medium stock market anomalies 1 gender identification accuracy data 2
eye movement data 1 heart rate variability changes 2
response times analyses 1 vehicle fuel economy ratings 1
Strong word recognition errors 1 multiple-choice sentence comprehension task 1
sentence repetition errors 1 infant speech perception findings 2
forest carbon stock 4.5 arm maze memory impairments 6.5
Weak bottleneck approval structure 4.5 speech production elicitation methodology 6.5
cell surface expression 5 digit span recall task 7
force control task 5 repatriation tax cost variable 7
H;rg:st Medium core clock molecule 6 index fund ownership effect 8
response reversal stages 7 variance quantile threshold violations 8
equity analyst coverage 6.5 bait approach latency data 7
Strong referent selection trials 6.5 ingenuity pathway knowledge base 7
start arm barrier 7 signal space separation method 7

Experiment 1 had two other limitations. First, we note that it is not really clear, based solely on
self-rated difficulties, whether the participants truly understood the NCs, especially if the NC was not
among the familiar ones discussed in the previous paragraph. An NC rated as “easy” may very well have
been incorrectly understood. To address this issue, in Experiment 2 we removed Q2 and instead asked
participants to paraphrase the NC in both sections of the questionnaire.

The second limitation has to do with the NC contexts we selected. As Gamboa et al. (2024)
suggested, when an NC appears for the first time in a paper, it is typically well introduced by its context.
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But once used, it can be reused without necessarily being thoroughly reintroduced. In Experiment 1, we
did not ensure that the NC contexts (which were extracted from real scientific articles) contained only the
first occurrence of a given NC in a paper. This is ensured in Experiment 2.

Experiment 2

In Experiment 2 we repeated Experiment 1 addressing some of its limitations. Participants filled out
questionnaires where they rated the difficulty of and produced paraphrases for familiar and unfamiliar
NCs presented either in context or in isolation.'® Contexts were shortened to about 100 words'! in order to
encourage reading, and only first-usage NCs were selected. We simplified the experiment design by only
considering 3-word NCs and only selecting NCs from the categories “Weak” and “Strong”.

In order to decide whether an NC was familiar or not, we calculated a familiarity score based on
the frequency of the NC (using the Google Ngram viewer; Michel et al., 2010) and the existence of
Wikipedia pages referring to the NC or to its subparts (more details can be found in the supplementary
materials).

Participants
A total of 79 university students from the University of <REDACTED>, aged between 17 and 29 (Mean:
20.5, SD: 2.64), took part in the experiment for course credit. They were all English native speakers.

Materials

Similarly to the items of Experiment 1, contexts were constructed with the procedure of Figure 1, but
counting 100 tokens back from the NC (instead of 200). We then arbitrarily selected 96 NCs along with
their contexts from the corpus and arranged into 4 lists of 24 items. Each list contained an equal number
of familiar and unfamiliar NCs, with Weak and Strong contextual support, forming a 2x2 design. In
addition, each list had an equal number of items from Biology, Economics and Linguistics. Four
additional lists were produced using the procedure depicted in Figure 4b.

Procedure
The procedure was similar to that of Experiment 1. Participants answered questionnaires containing NCs
presented in context and in isolation, divided into the same 3 sections. There were a total of 8
questionnaires corresponding to the 8 lists, which were randomized before questionnaire construction and
presented always in the same order. The phrasing of the questions was slightly modified, and Q2 was
replaced by a paraphrasing task (see Table 3).

In order to encourage participants to produce clear paraphrases, we provided examples of
paraphrases for the practice items (see Figure 7a). In addition, Q2 and Q4 displayed the cue (in smaller
font) “Make sure that your paraphrase explains how each word is related”.

10°A first version of Experiment 2 had participants see the same list of items both in context and in isolation, and in a
non-randomized order. Since these characteristics may have affected the results of the experiment, we do not report
on those results.

1 With shorter contexts, we recounted the number of similar words in the (new) contexts for all NCs and
recategorized NCs according to the three contextual support categories used in Experiment 1. This recategorization
was made so that the amount of NCs in each category remained the same (see Supplementary Materials).
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Practice for Part 1

Practice question

Please read the text and answer the questions below.

Recently, Cai et al. (2016) regional icipated to the pollution
reduction mandates imposed by China's central government in 2001 and concluded that the
enforcement of pollution discharge fee collection is more lenient in most downstream counties
within a province, and that private enterprises make more contributes to such a downstream
effect than state-owned and foreign ones. As mentioned above, although the CICP proposed
in 2009 is a significant measure of controlling carbon emissions in China, the existing related
studies pay little attention to the effect of such a carbon regulation policy on the GPP.

weekday evening announcements
After reading the text passage, how hard was it for you to understand the
highlighted noun phrase?

. . -
1 2 3 4 5 6 7 8 9 10 How hard is it to understand the given noun phrase

OOOOOOOOOOVEWham o3 4 s e 789
OO0O0OO0O0000O0O0

very easy

very easy very hard

Please provide a paraphrase for the highlighted noun phrase *
Make sure that your paraphrase explains how each word is related (e.g., you may respond

“palicy for regulating the emission of carben® or “policies in which carbon emissicns are
regulated")

Your answer

(a)

Please provide a paraphrase for the given noun phrase *

Make sure that your paraphrase explains how each word is related

Your answer

(b)

Figure 7. Example questions for Section 1 (a) and 2 (b) of a questionnaire of Experiment 2. The
example in Section 1 is a practice trial, showing paraphrase suggestions.

Design

The experiment followed a within subjects 2x2x2 design (Context support x Familiarity x
Context/Isolation). Each participant saw all conditions presented in context, and all conditions presented
in isolation, but all items presented in context were different from the items presented in isolation.

Analysis
Prior to analysis, participants who responded less than 5 to QR were excluded.

Three annotators (two L1 English speakers) independently tagged the paraphrases produced by all
participants (Q2 and Q4). These tags were used as votes and each paraphrase was assigned the tag that
received the most votes. Annotators could tag the paraphrases as correct, incorrect but plausible,
incorrect, or weird (the latter indicating that the participant did not engage in the task — e.g., paraphrases
such as “I don’t know” or “X”). In addition, annotators could use the tag unsure to renounce their vote.
Then, the three discussed their votes for all tied cases (e.g., each annotator used a different tag for the
paraphrase; or all annotators used the tag unsure), and assigned a final tag to the paraphrase according to
their discussion. We used these tags to calculate accuracy for each of the conditions.

In order to analyze Q1 and Q3 (the difficulty perceived when reading the NCs), items whose final
paraphrase (Q2 and Q4, respectively) was not correct were discarded. The remaining items were then fed
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(as in Experiment 1) into two maximally specified CLMM models:'? one for the NCs in context and
another for the NCs in isolation. Both Context support and Familiarity were sum coded.

Experiment 2: (Q2 and Q4) Accuracy of the paraphrases

In context In isolation

0.9-

o
©

=)
3

o
>

Context support
(when the NC
was in context)

Weak
Strong

Accuracy
o o o
w R o

o
[N}

0.1~

0.0~

Low High Low High
Item familiarity

Figure 8. The proportion of paraphrases tagged as correct for each condition in Experiment 2. Error bars
indicate confidence intervals.

Results
Out of the 79 participants, 27 (34.1%) responded less than 5 to QR and were therefore excluded from
analysis. The rest of the data (2496 trials) was analyzed.

Figure 8 shows the proportion of paraphrases tagged as correct by the annotators when the NCs
were presented in context (Q2) and in isolation (Q4). A total of 681 (27.3%, 297 in context, 384 isolated)
responses were not tagged as correct and were therefore excluded from the subsequent analysis.'?

The remaining answers (951 in context, 864 in isolation) were used to fit the two models. The in-
context model (Table A3) analyzing Q1 yielded a main effect of familiarity (b =0.694, p < 0.001), so that
more familiar NCs were rated easier than less familiar ones. In addition, it yielded a significant interaction
between context support and familiarity (b =0.167, p = 0.033), indicating a larger difference in difficulty
ratings for low familiarity items than for high familiarity items. Figure 9a shows the distribution of the in-
context responses for the different conditions.

The in-isolation model (see Table A4) analyzing Q3 also yielded a main effect of familiarity (b =
0.808, p <0.001) so that more familiar NCs were rated easier than less familiar ones. Figure 9b shows the
distribution of the responses for the different conditions.

12 The calls to clmm used the following formula:

answer ~ 1 + support*familiarity + (l|item) +
(l+support+tfamiliarity|participant)

13 Given the large data losses, we additionally ran models (1) without excluding participants, and (2) without
excluding either participants or incorrect trials. In both cases, results were very similar to those reported here.
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Experiment 2: (Q1) Perceived difficulty when Experiment 2: (Q3) Perceived difficulty when
reading NCs in context reading NCs in isolation

Context support Context support
Weak (when the NC
a0 H eal 40- was in context)
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(a) (b)
Figure 9. The distribution of Experiment 2 responses for Q1 (a) and Q3 (b).

Discussion

In Experiment 2, we ran a similar procedure to Experiment 1, addressing some of its limitations, and
trying to find evidence suggesting that contextual support, as operationalized through the similar-words
measure, influences the difficulty perceived by participants when reading NCs.

As expected, both models showed a clear effect of familiarity: Participants produced more
accurate paraphrases for high familiarity NCs, and judged them easier than low familiarity ones. When it
comes to contextual support, as expected, the significant interaction between familiarity and support
found for the NCs presented in context did indicate that low familiarity NCs are much more influenced by
the context than high familiarity ones. Interestingly, this interaction was not found for NCs presented in
isolation.

General Discussion

In this study, we had one main focus: to understand how (much) the preceding context affects the
processing of nominal compounds (NCs). Exactly what we mean by context, however, is difficulty to
quantify. In order to represent it, we turned to the similar-words measure proposed in Gamboa et al.
(2024Db). Thus, associated with this measure, we defined two goals. Our first goal was to implement it,
highlighting the practical considerations involved in such an effort, and evaluating the use of such a
measure in psycholinguistic experiments, i.e., verifying whether their results conform to our expectations,
and exploring how or whether this measure can be useful in future studies. Assuming that it is useful, and
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in an attempt to partially explain why long NCs are used in scientific texts, our second goal was to use
this measure to investigate how the context affects the difficulty perceived by participants when reading
long NCs with 3 or more words, thus exploring how or whether it advances our knowledge on how NCs
are comprehended.

We implemented the similar-words measure and applied it on a pool of 5100 NCs. In order to
implement it, we used BERT to produce word vectors for each NC, as well as for all words in the vicinity
of the NC. Using these vectors, the similar-words measure output was a count of how many words
(vectors) in the NC vicinity were similar to the NC itself (Figure 3).

We then selected a number of NCs from this pool to use as items in Experiments 1 and 2,
dividing them into three categories (Weak, Medium and Strong contextual support). We expected shorter
NCs, as well as NCs with more contextual support, to lead to lower difficulty judgments. The results
initially (Experiment 1) did not follow our expectations. While there was a clear effect of length (4-word
NCs were generally judged harder then 3-word NCs), we found no effect of context support, neither for
NCs presented in context nor in isolation.

We found clearer results after controlling for item familiarity (Experiment 2). The significant
interaction for NCs presented in context indicated that, while high familiarity NCs were not judged very
different in the different categories, low familiarity NCs did show a substantial difference between weak
and strong contextual support. However, this interaction was not present in the model we fit for the NCs
in isolation. It seems, therefore, that it is not the case that well-supported NCs are well-supported by their
context because they require support, as alluded to in the introduction. Rather, the fact that even NCs that
are not particularly difficult receive a substantial amount of contextual support may help explain why
NCs are so frequent in scientific papers. An NC is not typically a complicated concept coined ad hoc, but
a natural shorthand term used to succinctly express concepts that are already clear from the context.

How NC difficulty compares for NCs presented in context vs. in isolation

In Experiments 1 and 2, we did not compare the difficulty perceived by participants when reading NCs in
context vs. in isolation. Participants always saw the NCs presented in context first, in Part 1 of the
questionnaire, and only then proceeded to Part 2, where they read NCs in isolation. Here, we attempt a
post-hoc comparison of the two presentation modes: For each experiment, we use the two models we fit
for NCs presented in context (i.e., for the Q1 responses) and in isolation (i.e., for the Q3 responses).

We follow the ideas from Liddell and Kruschke (2018), in their analyses of ordinal data. Given
the thresholds produced by their ordinal model, they derived a “latent mean” for the model, i.c., a
continuous value (in principle, ranging from - to +o) indicating the mean of the latent distribution from
which the responses would be sampled.'* This was then used to produce estimated responses by item in
this latent domain (e.g., an item with latent mean 3 would be easier than an item with latent mean 8). We
adapt their procedure to produce latent mean values for each of the items in both experiments.

Figure 10a shows the calculated latent mean for all items in Experiment 1. As can be seen,
besides the clear effect of length discussed earlier, there is a clear correlation between the difficulty
experienced for items in context and in isolation: items that were rated as harder to comprehend in context
were typically also rated as harder in isolation. Similar results can be seen in Figure 10b. Besides the clear
effect of familiarity, it is possible to see how, on average, weakly supported items were rated as a bit

14 Their discussion is based on a Bayesian model, but this specific conversion is agnostic to the type of model being
used.
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harder than strongly supported items. (Interestingly, the graph suggests that there could also have been an
interaction for the model in isolation, but this interaction did not reach significance — see Table A4.)

We stress that this analysis should be taken with caution. Given the high number of items in both
experiments, each item received a very small number of responses (on average, around 10.5 and 9.5
responses per item for each model of Experiment 1 and Experiment 2, respectively). Hence, the
variability per item was large, and could not be compensated by the random slopes by item used in the
CLMMs, causing the model to not fit the data very well. While we do not believe that this would have
affected the aggregate results (the main results of Experiments 1 and 2 reported above), we would
recommend caution in interpreting per item values.

Experiment 1: Latent mean difficulty ratings Experiment 2: Latent mean difficulty ratings
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Figure 10. The latent mean of all items in Experiments 1 (a) and 2 (b), in context and in
isolation. The highlighted points indicate the average latent mean of all items of a given
condition.

Limitations, possible improvements, and future uses of the similar-words measure

It should be noted that the similar-words measure, the way it is implemented here, has some limitations.
First, it does not take into account the structure of the sentences preceding the NC. All it does is to count
words, and the decision on whether the words are used in a way that is related to the NC meaning is left to
the language model (here, BERT). For example, in (3), an ideal language model should probably treat fire
and firing as different words, even if they share the same root, because the sense and the structure of the
sentences suggest completely different meanings. We argue this is not a severe limitation, given the
advances in language modeling in the last few years (e.g., BERT did produce dissimilar vectors for the
two words).
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(3) The catastrophic damage of these extreme weather events in the region has led to upper
management layoffs, especially in the case of companies located in communities affected by forest
fire. Company board minutes often mention such external events as relevant to their CEO firing
decision.

Second, some words may not be present in BERT’s vocabulary. This was the case for many words in our
items, such as idiosyncratic, siting, untabulated, CEO, IPO, SPAC, etc. In these cases, BERT will still
produce a word vector, but it will not necessarily correspond well to the word. Similarly, some words
may be “hidden” in acronyms and abbreviations, which BERT will likely ignore even if a real reader
would have no trouble in realizing the acronym meanings. This was the case for words such as RO/
(containing return and investment), OPEC (containing, e.g., petroleum) or IPO (i.e., initial public
offering).

Finally, even though it is not the case with BERT, the tokenization of many modern language
models does not map words into tokens in the way depicted in Figure 2 (e.g., a word such as bicycle may
be sometimes tokenized as b and icycle; but note that this often ends up usefully breaking words such as
globalization into global and ization). While it is possible to blindly use similar-tokens measure with this
kind of tokenization, the measure partially loses its intuitive appeal.

We believe, however, that these limitations are not serious enough to render the similar-words
measure useless. Indeed, implementations of the similar-words measure using more recent language
models may improve performance, and allow for more context to be taken into account. That is, instead of
inputting each sentence separately to BERT, newer language models may be able to handle the paragraph
as a whole, generating higher-quality word vectors.

In addition, alternative versions of the measure may be able to completely avoid the empirical
threshold selection process we followed in this paper. We only needed a threshold because we needed to
make a binary decision on whether two words were similar or not. If, however, the similarity values
between the words were always positive (as was surprisingly often the case with BERT), then, instead of
counting the number of similar words, we could have just summed the similarity values of the words
preceding the NC. This would allow for a continuous measure and better distinguish between words that
are completely different from the NC components from words that fell just a bit short of the threshold.

In summary, Experiments 1 and 2 show how the similar-words measure implemented here does
capture some important properties of the support provided to a given NC by its context. We hope that this
measure may be used in future studies trying to quantify contextual support.

Conclusion

In two experiments, we investigated the difficulty perceived by readers of long NCs, and how the context
influences this difficulty. Our results showed that the contextual support received by NCs does not
depend on how difficult they are to read in isolation. In addition, after controlling for familiarity, we
found that the comprehension difficulty associated with unfamiliar NCs is more affected by the context
than that associated with familiar ones.

These experiments were based on items that manipulated the support given to NCs by their
preceding context. In order to quantify this contextual support, we implemented a measure based on how
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many words in the NC context are similar to the NC. We hope that the experiments reported here may be
useful inspiration for future studies seeking to measure contextual support.
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Appendix A
Full Model Outputs

Experiment 1

Table Al. Experiment 1 model results for the question “How hard is it to understand the highlighted
noun phrase after you have read the text passage?” (Q1), with compounds presented in context.

Estimate Std. Error z value Pr(>|z|)
Support 1 -0.040 0.110 -0.366 0.714
Support 2 -0.048 0.108 -0.442 0.658
Length 1 -0.230 0.077 -2.986 0.003**
Support 1: Length 1 -0.153 0.108 -1.417 0.156
Support 2 : Length 1 0.099 0.108 0.913 0.361

Threshold coefficients

12 -1.274 0.114 -11.185
23 -0.619 0.110 -5.634
3|4 -0.055 0.109 -0.503
4|5 0.417 0.109 3.807
5|6 0.747 0.111 6.759
6|7 1.156 0.113 10.242
7|8 1.574 0.117 13.486
8|9 2.031 0.123 16.456
9|10 2.693 0.142 18.927
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Table A2. Experiment 1 model results for the question “How hard is it to understand the given noun
phrase?” (Q3), with compounds presented in isolation.

Estimate Std. Error z value Pr(>|z|)
Support 1 -0.140 0.137 -1.026 0.305
Support 2 0.055 0.135 0.408 0.683
Length 1 -0.325 0.096 -3.378 0.001%**
Support 1: Length 1 -0.066 0.135 -0.488 0.625
Support 2 : Length 1 0.199 0.135 1.475 0.140

Threshold coefficients

12 -1.244 0.122 -10.167
23 -0.610 0.119 -5.127
34 -0.115 0.118 -0.977
45 0.353 0.119 2.983
5|6 0.695 0.120 5.819
6|7 1.093 0.121 9.006
7|8 1.564 0.125 12.516
819 2.091 0.132 15.897

9|10 2.584 0.142 18.174




Experiment 2

Table A3. Experiment 2 model results for the question “After reading the text passage, how hard was it
for you to understand the highlighted noun phrase?” (Q1), with compounds presented in context.

Estimate Std. Error z value Pr(>|z|)
Support 0.073 0.080 0.916 0.360
Familiarity 0.694 0.091 7.587 <0.001***
Support: Familiarity 0.167 0.078 2.136 0.033*

Threshold coefficients

12 -1.132 0.150 -7.539
23 -0.267 0.147 -1.825
34 0.389 0.147 2.655
4|5 0.909 0.149 6.109
5|6 1.306 0.152 8.612
6|7 1.625 0.155 10.471
7|8 1.947 0.160 12.147
8|9 2.665 0.178 14.937
910 3.293 0.208 15.846
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Table Ad. Experiment 2 model results for the question “How hard is it to understand the given noun
phrase?” (Q3), with compounds presented in isolation.

Estimate Std. Error z value Pr(>|z|)
Support 0.070 0.081 0.860 0.390
Familiarity 0.808 0.083 9.692 <0.001***
Support: Familiarity 0.123 0.078 1.576 0.115

Threshold coefficients

12 -0.951 0.142 -6.686
213 -0.186 0.140 -1.328
34 0.442 0.140 3.151
4|5 0.922 0.143 6.463
5|6 1.209 0.145 8.332
6|7 1.503 0.149 10.117
7|8 1.886 0.155 12.180
8|9 2.293 0.165 13.924

9|10 2.704 0.180 15.006




Appendix B
Catch trials of Experiment 1

The following were the three catch trials used in Experiment 1.

These results, along with those in Table 2, offer preliminary evidence that aggregate earnings
convey monetary policy news that can contribute to the negative aggregate earnings-returns
association. Analyzing the role of monetary policy news at the quarterly frequency presents
several concerns that can be mitigated by short-window tests. In this section, we discuss our
short-window tests, in which we employ both monthly and FOMC announcement-day measures
of returns and surprises. We begin with monthly analyses for the 1989-2007 period. Table 3
reports descriptive statistics for monthly aggregate earnings changes, the expected and
surprise components of changes in the target rate, and macroeconomic forecast errors. We
again partition our sample into periods of “Decrease”, “Increase” or “No Change”. The monthly
descriptive statistics are consistent with our quarterly numbers. In particular, we find that the
target rate decreases (increases) in 18.4% (13.9%) of the sample months and, as expected,
average and median aggregate earnings growth is positive (negative) during periods of
increasing (decreasing) rates. Further, the picture naming speed level is more negative during
periods of decreasing rates than during periods of increasing rates.

Figure B1. Catch trial 1, always shown as the sixth target item of the questionnaire.

Results of these experiments reveal the sucrose preference of control mice was not different
from that of stressed mice (Fig. 4E; t(14) = 2.14, p = 0.13). These results suggest that chronic
predator stress does not induce anhedonia, a hallmark symptom of human depression [49-51].
Neurotrophins were not altered in response to chronic predator stress. Stress in humans is
often associated with altered neurotrophin signaling [52,53]. Furthermore, brain neurotrophin
signaling is altered in response to stress and also in depression, one of the adverse behavioral
phenotype of stress disorders [54-56]. Therefore, using western blot analysis we measured the
levels of NGF and BDNF in the hippocampus. Mature/pro-BDNF ratio of stressed mice was not
different from that of the controls (Fig. 5A; {(6) = 2.44, p = 0.22). Similarly mature/precursor
ratios of NGF were also not different between the stressed and control groups (Fig. 5B;
t(6) = 2.44, p = 0.05). These results suggest BDNF and NGF signaling was not affected by the
chronic stress. In the following, we discuss how the home country audit market was modified by
chronic predator stress.

Figure B2. Catch trial 2, always shown as the eleventh target item of the questionnaire.
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The adults’ response patterns were compared with those in a previously published study that
used a very similar set of visual and audio stimuli. Kurumada et al. (2004) conducted a
laboratory-based eye-tracking experiment using the current construction “it looks like an X!” and
“it LOOKS like an X...” while, unlike the current study, providing no feedback after each frial.
They found that adult participants selected the mentioned animal on 65% of critical trials with
noun-focus prosody, but only 13% of trials with verb-focus prosody. Adult participants in the
current experiment selected the mentioned animal on 90% of the two practice trials and on 83%
of the fourteen critical trials with noun-focus prosody, and on 78% of the practice trials and 59%
of the critical trials with verb-focus prosody (Figure 5). Taken together, these results support the
view that constant feedback helps adult listeners derive clearly distinguished interpretations
based on noun-focus versus verb-focus intonation contours. Children, however, do not seem to
use the feedback as effectively as adults do. We conducted a heat shock gene expression with
the response data for critical trials produced by the four-year-olds (Gelman & Hill,1998).

Figure B3. Catch trial 3, always shown as the fifteenth target item of the questionnaire.
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7 General Discussion
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As T described in the introduction, this thesis has two goals. The first goal (Goal 1), associated
with Research Questions 1 (RQ1) and 2 (RQ2) is to better understand a structure I refer to
as complex nominal compounds (CNC), which I described in detail in Chapter 2. Despite their
common use in scientific texts, little is known yet about their online processing or about their
distribution in these texts. Knowing more about this structure might contribute to improving
the scientific register, popularly known to be hard to read.

In addition, my second goal (Goal 2) is to test two (different, but strongly related) previously
proposed frameworks of language processing and use: the Entropy Rate Constancy (ERC)
Principle posed by Genzel and Charniak (2002), and the Uniform Information Density (UID)
Hypothesis posed by Jaeger (2010), which I described in Sections 3.3 and 3.4, respectively. In a
nutshell, these frameworks presume that human communication is efficient, that speakers avoid
transmitting too much information at once (i.e., avoid “peaks” of information density), and
that, when they do, communication disruptions might occur. Since CNCs, as argued in Section
3.2.2 “condense large amounts of information in few words” (Jullian, 2001, p. 239), probably
constituting “peaks” in information density, they are a good tool for testing predictions that
can be derived from these frameworks.

The studies reported in this thesis put together these two goals by investigating the research
questions (of Goal 1) while deriving predictions from the frameworks I wanted to test (Goal
2). In the following, I briefly summarize the results of these studies and how they answer
the research questions. I organize the chapter based on the questions, but, since the studies’
predictions and their results have implications for the validity of the to-be-tested frameworks,
these implications are also included along in the research question discussions.

Again, for the sake of convenience, I restate each research question at the beginning of each
section.

7.1 RQ1: the evidence related to CNC processing

RQ1 How are CNCs processed during reading? In particular, do complex nominal compounds
pose difficulties for L1 and L2 sentence processing, as suggested by the literature?

Studies 1 and 2, reported in Chapter 5, used eye-tracking to investigate the processing of
CNCs during reading. As far as I am aware, this is the first time the difficulties associated with
CNC reading have been investigated with an online measure either in an L1 or in an L2. We
compared the CNCs with another structure referred to as NPP (noun followed by prepositional
phrase), and derived predictions stemming from the UID Hypothesis applied to comprehension.
This aimed additionally at filling a gap in the literature, since the UID Hypothesis has not
been investigated very much from the point of view of comprehension. The predictions were
the following:
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7 General Discussion

1. Readers should have longer reading times in the areas of text following the CNCs (the
difficulty is predicted to “spill over” to the subsequent text areas);

2. Readers should make more regressions towards the CNCs;
3. Longer structures should also lead to longer reading times and more regressions;

4. For the L2 speakers, we should find an interaction between group and structure, indicating
that L2 speakers whose L1 does not use CNCs often have more difficulty with them than
L2 speakers whose L1 does make frequent use of CNCs.

The overall pattern of results found in both papers, however, was not very clear. For predic-
tion 1, while we did find that CNCs led to longer reading times than NPPs, this was the case
in only one reading measure in one experiment with L1 speakers (Study 1 was composed of two
experiments), and only one reading measure in one experiment with L2 speakers (Study 2 also
was composed of the same two experiments, but performed with L2 speakers), and these were
not the same measures in the different groups, and happened in different experiments.

For prediction 2, concerning regressions, our findings were actually the reverse of what had
been predicted: we consistently found (across all experiments in both Studies 1 and 2) more
regressions towards NPPs than towards CNCs. In this case, however, we believe this was due
to differences in the position of the head noun in the two structures. That is, while the head
noun of CNCs is typically at the end of the CNC, the head noun of NPPs is typically at their
beginning. Since the critical structure (i.e., the CNC or the NPP) was typically followed by a
tense (i.e., is / are), readers probably needed to regress towards the beginning of the NPP in
order to “revisit” the head noun and parse the agreement between the head noun and the tense;
but this was not needed for CNCs because their head noun had been just read.

For prediction 3, we did find a clear and consistent effect of length on the number of regressions
towards the critical region, but no effect of length on the other reading measures, related to
reading times.

For prediction 4, we did not find the predicted interaction in either experiment of Study 2.
Indeed, surprisingly, in one experiment, we found that the Portuguese/Spanish group regressed
generally more than the German group towards the critical region (regardless of whether the
sentence contained a CNC or an NPP), but that the German group spent longer times in the
critical region (also regardless of the critical structure). While this may reflect some different
strategies in the way that different L2 speaker groups may process these structures, we hesitate
to interpret these effects, since we had no reason to predict them, and we only found them in
one experiment.

What do these results mean for the UID Hypothesis? In Study 1 we argued that these
results constituted at best weak support for the UID Hypothesis. This relatively weak support,
however, may have been caused by the fact that comprehension (in this case, reading) is much
less cognitively demanding than production. This was, in part, the reasoning behind Study 2.
Study 2 was conceived as an attempt to have participants perform the exact same tasks, but in
circumstances that would lead the task to be perceived as “more difficult”, i.e., performing the
task in a second language. However, Study 2 also yielded results that only weakly supported
the UID Hypothesis.

This leads us to two possible interpretations. One possibility is that reading in an L2 is still
not difficult enough to cause difficulty that is detectable through the eye-tracking measures we
used. Maybe the UID Hypothesis does hold for comprehension, but we need a task with higher
cognitive load requirements. For example, we could maybe ask participants to keep certain
words in memory while reading, to see if this does lead to more clearly observable differences
between the processing of CNCs and the processing of NPPs. Alternatively, maybe the UID
Hypothesis simply does not hold as clearly for comprehension as it does for production. In this
sense, further research is needed to better understand these results.
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Overall, and responding to the research question more directly, it looks like CNCs are pro-
cessed not very differently from other structures, such as NPPs, but do cause slightly more
difficulty than NPPs, at least in the kinds of sentences used in the experiments reported in
Studies 1 and 2, where the critical structure (CNC or NPP) appeared at the beginning of the
sentence, without any supporting context. However, we found no evidence that this difficulty is
modulated by the way CNCs are used in speakers’ L1. In this sense, we did find some evidence
in favor of the UID Hypothesis, but this evidence was not very strong, and it is still unclear
how well it holds for comprehension. Further research is necessary to better understand why
this evidence was not strong, and how the limitations of Studies 1 and 2 (such as the position
of the head noun) impacted these results.

7.2 RQ2: the evidence related to CNC use

RQ2 How are CNCs used in scientific articles? In particular, how are they distributed through
scientific articles, how are they set up, and how does their set up influence the difficulty perceived
by readers when understanding them?

As mentioned earlier, despite the fact that CNCs are frequently used in scientific papers,
little is known about the way they are distributed. Aiming to fill this gap, in Study 3, reported
in Chapter 6, we set out to examine some characteristics of this distribution. For that, we
constructed a corpus of academic papers containing papers from the fields of Biology, Economics
and Linguistics and identified the CNCs present in the corpus. Based on the ERC Principle
(and, of course, the assumption that CNCs are informationally dense), the following three
predictions were posed:

1. CNCs should increase in frequency from the beginning to the middle to end of scientific
papers;

2. CNCs should be set up by their context;
3. Once a CNC is used, it should repeat frequently;

Study 3 aimed at answering the first part of RQ2, related to how CNCs are distributed in
scientific texts. The second part, related to how the support given by the context to a CNC
influences the difficulty perceived by readers when encountering them, is answered by the two
experiments reported in Study 4. In these experiments, participants read CNCs in the context
where they originated and responded as to how difficult they found it to understand the CNCs.
The CNCs used in the experiments were selected from the corpus constructed in Study 3. The
contexts surrounding the CNCs (i.e., the actual text in the scientific papers from which the
CNCs were selected) were categorized into different groups, according to how much support
they provided to the CNC. This categorization was performed using a measure of contextual
support calculated using word vectors produced by a large language model.

Study 4’s Experiment 2 differs from Experiment 1 in two important ways, that will be relevant
in the discussion below. First, it additionally considers the role of familiarity, that had been
neglected in Experiment 1. CNCs were additionally categorized on whether they were familiar
or not familiar, the measure of familiarity being based on Google Ngram Viewer (Michel et
al., 2011) and the presence of the CNC or of its parts on Wikipedia. Second, in addition to
responding how difficult they found it to understand the CNC, participants were also asked to
produce paraphrases that explained how the words of the CNC were connected. The paraphrases
were then tagged by three annotators as to whether they were correct or not, and the analysis
only considered paraphrases that were deemed correct. This guaranteed that participants did
not find “easy” CNCs that they had actually interpreted incorrectly.

Based on the UID Hypothesis, we thus posed our last prediction:
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7 General Discussion

4. Readers should experience less difficulty when reading CNCs that received a lot of con-
textual support than when reading CNCs that received little contextual support.

For prediction 1, we found no significant increase in the numbers of CNCs, either between the
beginning (the Introduction) and the middle of the papers (Method and Results), or between
the middle and the end of the papers (Discussion and Conclusion). This was consistent across
the different academic fields investigated. It is unclear why this was the case.

One possibility (suggested by a reviewer in an early submission of the paper) is that this might
reflect the way in which academic papers are structured, and how the different sections of the
papers typically have different roles that require the paper authors to write in very different
ways. For example, in a typical scientific paper, the Introduction poses a research question and
explains how the research question is related to other studies (that have already been published),
as well as how this question has not yet been answered by them. This differs considerably from
the Methods and Results sections (here taken as the middle part of the papers), which are
much more direct (commonly following a boilerplate structure, say, describing participants,
procedure, analysis, etc.), and often contain only a small amount of additional information,
typically in the form of citations (which assume that the interested reader will be willing to
read the cited papers if they want to know more) about the apparatus used in the experiment
and the types of statistics performed to analyze the data. Thus, it is not surprising that the
Methods and Results sections do not necessarily build much upon the Introduction, and do not
have more CNCs than the Introduction. However, this would not explain why the end of the
papers (comprising the Discussion and Conclusion sections) do not have more CNCs: even if
the Discussion and Conclusion do contain some boilerplate structure, and even if the Discussion
often reintroduces certain topics from the Introduction that might have already been forgotten
by the reader, the Discussion normally does contain a substantial amount of new content that
certainly builds upon the previous sections, and thus should have been found to have more
CNCs than those previous sections.

A similar possibility, discussed in Study 3, is that the different parts of an academic paper
might focus on different audiences. For example, the Introduction would be written for a broader
audience, and the Methods would be written for more specialized readers. The problem with
this idea, however, is the same as the one mentioned in the previous paragraph: it does not
explain why the Conclusion does not have more CNCs than the previous sections.

Finally, a third possibility, that might only partially explain the negative result of prediction
1, is that certain CNCs (especially those that appear often in a paper) might become acronyms.
In that case, even if there were new CNCs added to the text in the middle and in the end of
the papers, the final number of CNCs would not be affected much. However, as we will see in
prediction 3, not many CNCs repeat often. Therefore, even if the frequently repeated CNCs
did become acronyms, the impact of creating these acronyms would be minimal on the final
number of CNCs in a given section of a paper. Further research is necessary to understand why
the number of CNCs does not seem to increase towards the end of scientific papers.

For prediction 2, our qualitative analysis of the way CNCs were used in the corpus papers
showed that CNCs are indeed often introduced by their contexts (around 64% of the CNCs
analyzed followed what we termed a “Gradual presetting”, in which the preceding text slowly
built up to the point where the CNC was clearly understandable). Most of the remaining CNCs
(that were not introduced) either did not seem to require context support (e.g., specific brain
areas), or used field-specific terminology (presumably assumed to be understood by the reader,
e.g., mammalian suprachiasmatic nucleus), or used general scientific terminology (e.g., baseline
comparison condition).

For prediction 3, CNCs were not found to repeat often. The vast majority (96.5%) of the
CNCs in the corpus appeared up to three times in a given scientific paper. This goes against the
ideas discussed in Section 2.6, which suggested that one of the functions of CNCs is to create
new terms that can be subsequently referred to. Again, it is not clear why this is the case.
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7.2 RQ2: the evidence related to CNC use

One possibility is that, instead of being repeated in full form, CNCs undergo what Norman
(2003) termed reductive head-repetition. That is, a CNC such as waste water treatment
facility, instead of reappearing with all of its words, may be just as easily (in contexts where
there is no ambiguity) repeated as a treatment facility, or even just as facility. The discussion of
Section 2.6 might actually provide the reason for this kind of abbreviation: if one of the reasons
for using CNCs is to save space, skipping some of their words may be the obvious next step for
saving even more space.

Turning to Study 4, we initially found (in Experiment 1) no effect of contextual support
on the difficulty reported by participants. However, once we controlled for CNC familiarity
(Experiment 2) and only considered responses that had been correctly paraphrased, we found
that, while familiar CNCs were not affected by the contextual support, unfamiliar CNCs were.

What does this all mean for the ERC Principle? The results associated with prediction 2 do
support the ERC Principle. CNCs do not come “out of the blue”, and seem to follow a pattern
that “smooths” the amount of information conveyed by them by accumulating into the global
context enough content about their meaning before they are first used. However, the results
associated with predictions 1 and 3 are at odds with the ERC Principle. While for prediction 3
the phenomenon of reductive head-repetition may explain our negative results, further research
is needed to identify the reasons why the number of CNCs do not increase towards the end of
scientific papers, as one would expect if the ERC Principle were true. Thus, taken as a whole,
these results do partially support the ERC Principle, but raise questions about its full validity.

What about the UID Hypothesis? In addition to the discussion of the previous paragraph
(that is also valid for the UID Hypothesis), the results of Study 4 do generally favor the UID
Hypothesis, in its version related to comprehension.

Overall, CNCs are distributed roughly evenly through scientific articles, do not repeat fre-
quently, and are mostly gradually introduced in the preceding text. This gradual set up has an
effect on the perceived difficulty in comprehending unfamiliar CNCs but not on familiar ones.
The results of Study 3 do favor the ERC Principle and the UID Hypothesis, but raise some
questions about their validity. Those of Study 4 generally favor the UID Hypothesis.
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8 Conclusion

We believe this resolves
all remoining questions
on this topic. No further
research is needed.

Further Research is Needed

References
Mouseover text: Further research is AR I o
needed to fully understand how we man- 3. e, s e e,y 4(1) e
aged to do such a good job. JUST ONCE, T WANT TO SEE A RESEARCH

PAPER WITH THE GUTS TO END THIS WAY.
MUNROE, 2020B

The work presented in this dissertation was motivated by the view, shared by many academics,
that scientific texts are hard to read. The research was guided by the belief that it is probably
worth understanding what the characteristics of these texts are if we are to find ways to improve
this status quo. It was also guided by two models of language processing and use, and the
predictions that they produced. My goals, therefore, were to further, even if just a little, the
scientific understanding of one particular aspect of scientific texts (namely their frequent use of
Complex Nominal Compounds), and to test the validity of these two models.

I thus posed two research questions, that accompanied us through the thesis. The first of them
inquired about how CNCs are processed, or, more specifically, whether they are structures that
cause processing difficulty to readers. Given the arguments of Chapter 2 (especially in Section
2.5) and Chapter 3 (especially Sections 3.2.2 and 3.4), CNCs were predicted to be difficult to
process, and this was partially born out by the data (in Chapter 5), both for L1 and for L2
speakers.

The second question was related to how CNCs are used: how they are distributed, whether
they repeat often, whether they are typically set up by their preceding context, and whether
this context set up influences the difficulty readers perceive when reading them. Again, given
the arguments in Chapter 2 (especially in Section 2.6) and Chapter 3 (especially Sections 3.2.2
and 3.3), CNCs were predicted to cluster towards the end of papers, to repeat often, to be set
up by the context, and for the context to influence reading difficulty. While the first two of
these predictions were not supported by the studies (in Chapter 6), the latter two were.

The results of this thesis offer an empirical validation of some recommendations typically
found in writing guides. These guides often suggest that too long compounds should be avoided,
or used with parsimony not to overwhelm readers. While these results do indicate that CNCs
are hard to process, they also suggest that this difficulty can be mitigated by the support offered
by the context when encountering them, and that familiar CNCs may not need to be avoided
as much as unfamiliar ones. It is my hope that future writing guides will take these findings
into consideration.

The results of this thesis also offer an empirical validation of the two models that were used to
derive predictions for the studies reported in Chapters 5 and 6. They investigated the Uniform
Information Density Hypothesis from the point of view of comprehension (a perspective that
received little attention so far in the existing literature) and applied the Entropy Rate Constancy
Principle to a domain that had not been considered yet, namely the use of CNCs. With these
results, I hope to have contributed to the body of research investigating the application of
information theoretic models of language processing and use in the field of Psycholinguistics.
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The data presented in this thesis, however, are just a small step towards our understanding
of these structures, and of scientific text in general. Nominal compounds have been studied
for a long time (many of the papers I referred to in this thesis are many decades old), and the
publications in this thesis do not settle any important scientific debate. Indeed, they actually
raise more questions: why did the data seem to not support so strongly the UID Hypothesis?
Why did we not find a cross-linguistic influence of speakers’ L1 on the L2 processing of CNCs?
Why did CNCs not repeat often, as had been predicted? Why do CNCs not cluster towards the
end of scientific papers? Was this the result of the way we identified the CNCs in the corpus?
Or could these unpredicted results be explained by a lack of power? I leave these questions for
further research(ers) to consider, accepting that every project needs to eventually come to an
end, and that this is the end of this one.
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