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Abstract (English)

In cognitive science, the question of how humans understand the meaning of language
has been intrinsically linked to investigating the representational format of cognitive
processes underlying this unique human ability. Traditional views hypothesizing that
language comprehension operates on an abstract amodal code have been increasingly
challenged by embodied accounts favoring concrete modal representational formats.
The latter ones typically propose that we establish meaning through reactivating and
combining sensorimotor experiences associated with the content of utterances that are
processedt a mechanism which is also referred to as mental simulation. Even though
an enormous amount of studies originated from this framework, important questions
are far from being answered or have barely been investigated in an adequate manner.
In this cumulative dissertation, some of these open issues are tackled. This includes
methodological aspects, the nature of mental simulations created in response to both
isolated words and complete sentences, and the embodiment of the abstract linguistic
property of sentence polarity. First of all, I introduced and evaluated a new method
that can replace actual vertical response movements. This provides researchers with a
web-suited and easy to implement approach to investigating word -based reactivations
of spatial experiences and other types of spatal associations. In further experiments,
the focus wason contributing new insights into issues that are particularly relevant in
the context of assessing to what extent human language comprehension might indeed
rely on creating mental simulations. A series of studies revealed that implicit location
words denoting entities typically located in lower or upper space (e.g., fiworm o0 vs.
ficometd) appear to evoke spatial simulations only if the experimental task involves the
sensorimotor system in an adequate manner.My research alsoshowed that language
comprehenders tend to create mental simulations of sentential meaning merely at the
end of sentencest possibly as a sort of sentential wrap-up effect after amodal meaning
composition has taken place. These findings might suggest that language processing
is not exclusively based on mental simulations, thus supporting the idea of so-called
weak view s of embodiment and hybrid models of cognition that acknowledge the role
of both modal and amodal representational formats. It will be one core topic of future
research to examine under which boundary conditions mental simulations are created

and whether these are functionally relevant for language comprehension. Finally, |



conducted experiments to explore how the abstract linguistic property of sentence po-
larity could be represented in terms of sensorimotor experiences. The idea was that
specific visual experiences related to negation or affirmation have evolved into non -
verbal markers of sentence polarity carrying semantic meaning. Very first results from
this promising new avenue of research indicated that this might not hold true for the
so-called finot faceo or red/green color cues. Since linguistic negation and affirmation
regularly co-occur with various sensorimotor states induced by the use of non-verbal
means of communication (e.g., head shake vs. head nod), future studies should test in
a more systematic manner whether and in which language comprehension scenarios

such experiences can contribute to the embodiment of sentence polarity.



Abstract (German)

In der Kognitionswissenschatft ist die Frage, wie Menschen die Bedeutung von Sprache
erfassen sehr eng mit der Untersuchung des Reprasentationsformats der kognitiven
Prozesseverknlpft , die dieser einzigartigen menschlichen Fahigkeit zugrunde liegen.
Die traditionelle Sichtweise, wonach Sprachverstehenauf einem abstrakten amodalen
Code basiert, wird dabei in zunehmender Weise von Embodiment -Ansatzen heraus-
gefordert, die konkrete modale Repréasentationsformate favorisieren. Typischerweise
gehen diese davon aus, dass Bedeutung hergestellt wird, indem wir sensomotorische
Erfahrungen reaktivieren und kombinieren, die mit dem Inhalt der zu verarbeitenden
sprachlichen Stimuli assoziiert sind ¢ ein Prozess, der auch als mentale Simulation be-
zeichnet wird. Zwar bildeten Embodiment -Ansatze den Ausgangspunkt fir un zahlige
empirische Studien, allerdings sind wichtige Fragen weit davon entfernt, beantwortet
zu sein oder wurden bisher kaum in angemessener Weise untersucht.Die vorliegende
kumulative Dissertation stellt einen Versuch dar, einige dieser Punkte anzugehen. Das
betrifft methodische Aspekte, Charakteristika von wort - und satzbasierten mentalen
Simulationen sowie Ansétze zur mentalen Reprasentation des abstrakten sprachlichen
Konzepts der Satzpolaritat auf Grundlage von sensomotorischen Erfahrungen. Ich
entwarf und evaluierte zunachst ein neues Paradigma, das esermdglicht, in Studien
Reaktionen in Form von vertikale n Bewegungen zu ersetzen.So steht nun ein leicht
implementierbarer und fir die web-basierte Datenerhebung geeignete Ansatz zur
Verfliigung, der zur Untersuchung wort -basierter Reaktivierungen raumlicher Erfah-
rungen und anderer Arten von rdumliche n Assoziationen eingesetztwerden kann. In
weiteren Experimenten lag der Fokus dann darauf, neue Befunde zu generieren, die
insbesondere fir die Beantwortung der Frage relevant sind, inwieweit menschliches
Sprachverstehen tatsachlich aufder Bildung mentaler Simulationen beruh en kénnte.
Hierbei zeigte sich, dasssolche Worter, die Entitaten beschreiben, dietypischerweise
im unteren oder oberen Bereich des Raumesu finden sind (z.B. ANurm fivs. AKomet#),
lediglich dann raumliche Simulationen zu evozieren scheinen, wenn der Aufgaben-
kontext das sensomotorische System iradaquater Weise einbezieht. Auf3erdem gelang
es aufzuzeigen, dass mentale Simulationenkompositorischer Art tendenziell erstzum
Satzendegebildet werden ¢ womdéglich als Widerspiegelung des Inhalts (ANrap-Up-

Effektf) im Anschluss an eine amodale Art von Bedeutungsbildung . Eine Verarbeitung



von Spracheallein auf der Basisvon mentalen Simulation en ist mit solchen Befunden
schwer zu vereinbaren. Vielmehr liefern diese Anhaltspunkte zugunsten sogenannter
schwacher Embodiment-Ansétze und hybrider Modelle, die gleichermalRen die Rolle
modaler und amodaler Reprasentationsformate anerkennen.Eine der zentralen Auf-
gaben fur zuklnftige Forschung wird darin bestehen, genauer zu untersuchen, unter
welchen Randbedingungen mentale Simulationen gebildet werden und ob diese eine
funktional e Relevanz fur das Sprachverstehens besitzen.Abschliel3end beschéftigte
ich mich zudem mit der Frage, wie das abstrakte sprachliche Konzept der Satzpolaritat
in Form sensomotorischer Erfahrungen mental reprasentiert werden konnte. Die Idee
bestand darin, dass sich mit Negation und Affirmation assoziierte konkrete visuelle
Erfahrungen zu non-verbalen Markern der Satzpolaritat entwickeln und entsprechend
semantische Bedeutung tragen.Wie ersteim Kontext diesesvielversprechenden neuen
Forschungsansatzeserhaltene Resultate nahelegen, scheintdies moglicherweise nicht
fiir das sogenannte Anot facefi oder rote und griine Farbreize zu gelten. Negation und

Affirmation gehen allerdings r egelméaRig mit weiteren sensomotorischen Erfahrungen
einher. Diese werden beispielsweise durch non-verbale Formen der Kommunikation

induziert (u.a.Kopfschutteln vs. Kopfnicken). Zukinftige Studien sollten systematisch
prufen, ob und in welchen spezifischen Settings derartige Erfahrungen tatséchlich zur

mentalen Reprasentation von Satzpolaritat herangezogen werden.
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1 Introduction

There are various alternatives to approach the question of what exactly makes
us human. Strategies and methods might highly depend on the research discipline.
However, an answer to the question should most likely include referring to the com-
plexity and the exceptional properties of the human language system¢ such ascom-
positional language use and advanced \ocal control + which cannot be found to the
same extentin non-human species(for an overview, see Zuberbihler, 2015). When
trying to explore the characteristics of human language comprehension,an important
line of research in cognitive science has particularly focused on the format of mental
representations that are created in response tolinguistic input ( e.g., written and spo-
ken words, phrase, or sentences).On the one hand, there is the traditional view of
cognition, which suggests that processesrelated to higher cognitive functions like lan-
guage comprehension operate on abstract amodal representations (e.g., Anderson,
1983; Chomsky, 1980; Fodor, 1975; Pylyshyn, 1984Pn the other hand, the embodied
or grounded view of cognition assumesthat higher cognitive processesare basedon
representations that are rather concrete and modal (e.g., Barsalou, 1999; Bergen, 2012;
Glenberg, 1997; Lakoff & Johnson, 1999; Zwaan & Madden, 2005)The latter view is
sometimesreferred to asneo-empiricism (see, for instance, Machery, 2006, 2007, 2016)
pointing towards the fact that the controversy on the nature of mental representations
has also becomeapparent in the diverging approaches to cognition discussed by phi-
losophers of different epistemological views. As outlined by Kiefer and Pulvermuller
(2012) empiricists such as Aristotle, Locke, and Hume believed that mental represen-
tations rely on sensorimotor (i.e., concrete andmodal) impressions experienced during
the interaction with the environment, whereas rationalists like Platon, Leibniz, and
Kant preferred the idea that cognition work s separated from any sensolimotor input.
Nowadays, a growing number of researchers concerned with the human cognitive sys-
tem favors so-called hybrid views, which acknowledge the role of both abstract, am-

odal and concrete,modal representations(e.g., Dove, 2009; Michel, 2021; Zwaan, 2014)

1.1 The traditional view of cognition and language comprehension

As a result of the cognitive revolution in the middle of the 20th century and

influenced by new trends including computer scienceand artificial intelligence , early
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modern cognitive scientists started to develop ideas on the human representational
system that build the core of what is usually called the traditional view of cognition
(for reviews and comparable types of articles consulted to describe the traditional view
of cognition within this paragraph, see Barsalou, 1999; Foglia & Wilson, 2013; Kiefer &
Pulvermiller, 2012; Wilson, 2002). This approach to human cognition, which was de-
cisively promoted by contributions of Jerry Fodor (1975)and Zenon Pylyshyn (1984)
generally endorses the existence ofdistinct representational systems for perception,
cognition, and action. The perceptual systemserves to gathersensory experiences and
the action systemto perform behavioral actions. Crucially , the perceptual and the ac-
tion system are expected tobe functionally irrelevant in the context of realizing higher
cognitive functions such asthinking , reasoning, or language comprehension. The cog-
nitive system is often described by drawing comparisons with a computer. Specifi-
cally, it is assumed that cognitive processes operate on a languagdike representa-
tional code, involving the manipulation and combination of abstract, amodal symbols.
Sensoly impressions captured by the perceptual system must be converted into this
abstract representational code to be available forthe cognitive system. This procedure
inevitably causesa loss of modality -specific information associated with the original
sensory input and its representation by the perceptual system. Accordingly , physical
characteristics ofan entity encountered in the environment (e.g.,the coat color of a cat)
should not be reflected in the representation of this entity in the cognitive system, re-
sulting in a structurally arbitrary relationship between the sensory input and the cor-
responding representation created to perform cognitive processes. This also suggests
that higher cognitive functions should be realized in highly specialized brain areas that

are independent from those brain areasdealing with sensorimotor processes.

The traditional view of cognition critically shaped the way how cognitive sci-
entists conceived the human cognitive system throughout the second half of the 20th
century. Apart from influences by the rise of new technologies such as the computer,
this might be related to specific beneficial features of such an approach to cognition.
Michel (2021)proposed that there are two major advantages of arepresentational code
that is based onabstract, amodal symbols. First, the free combination of such symbols
allows to capture the systematicity and productivity of the human mind. Second, these
symbols appear to be particularly suitable to represent abstract concepts (e.g., justice

democracy, hate, or love) that do not possess aperceivable physical referent in the
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world . However, the situation concerning empirical evidence in favor of the existence
of abstract,amodal symbols is difficult. For instance, Barsalou(1999)strongly insisted
that there is virtually no direct proof. Dove (2009) in turn, countered that evidence in
cognitive science generally tends to be indirect and therefore recommended that we
should focus on the question whether there is any evidence pointing towards the ex-
istence of abstract, amodal symbols. In this context, he reviewed findings of several
behavioral and neuroscientific studies on number approximation that can be inter-
preted as indicating that at leastthis specific cognitive function might rely o n an ab-
stract, amodal representational code (see also Machery, 2007, 2016)lo mention just
one of the many quoted examples, there is the work by Barth et al. (2006)investigating
arithmetic operations on non -symbolic numerosities. In one of their experiments, the
authors asked participants to carry out numerical comparison s and addition taskson
sets of elements.The sets of elementswere presented in both a unimodal condition
(only visual arrays of dots) and a crossmodal condition (visual arrays of dots and se-
guences of tones).In the comparison task, participants judged which of two sets of
elements (unimodal condition : a visual array of dots followed by a nother visual array
of dots; crossmodal condition : a visual array of dots preceded or followed by a se-
guence of tones) included more elements.For the addition task, three sets of elements
were displayed (unimodal condition : three visual arrays of dots; crossmodal condi-
tion: avisual array of dots and a sequence of tones followed by a visual array of dots
or a sequence of tones)Participants were instructed to decide whether the third set of
elements comprised more elements than the first two sets of elements taken together.
Interestingly, the successn the unimodal and crossmodal condition swascomparable;
thus, no acrossmodality performance costs were observed, suggesting that numerosi-
ties were represented via a common abstract, amodal representational platform. Fur-
ther evidence in favor of the existence of abstract, amodal symbolswas produced in
studies with patients suffering from neurodegenerative diseases For instance, & sum-
marized by Kiefer and Pulvermiller (2012) semantic dementiat a condition associ-
ated with well -circumscribed lesions in the temporal lobe ¢ causesgeneral deficits in
conceptual knowledge, including information from all modalities. Taken together,
there is at leastsome empirical evidence supporting the idea that the human cognitive
system or specific cognitive functions such as number approximation could rely on

abstract, amodal symbols.
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As in cognitive science in general, the traditional view of cognition also played
acrucial role in theories and research on language comprehension.This is particularly
exemplified by the proposal that the meaning of linguistic structures (e.g., sentences
or texts) is mentally represented in terms of a set ofamodal propositions (for a brief
overview, see Kaup & Dudschig, 2017). According to Kintsch and van Dijk (1978) two
of the most prominent exponents of such an approach to language comprehension,
these propositions are built of c oncepts and need to comprise a predicate or relational
concept and at least one argument. Arguments can beconcepts or other propositions
and serve to implement semantic functions (e.g., as agent, object, or goal). Predicates
typically correspond to verbs, adjectives, adverbs,or sentence connectives.As sug-
gested by the authors, ane way to illustrate propositional representations are sorted
lists that are constructed in line with the text sequence, which is realized for an exam-
ple sentencein the following (capital letters are used todemonstrate that entries in the

proposition list indicate concepts):

fiTom is eating broccoli, although he hates vegetableso
Proposition N1: EAT (TOM, BROCCOLI)
Proposition N2: HATE (TOM, VEGETABLEYS)
Proposition N3: ALTHOUGH ( N2, N1)

When referring to empirical evidence endorsing the creation of amodal propo-
sitional representations during language comprehension, the finding sfrom astudy by
Kintsch and Keenan (1973)investigating the effect of the number of propositions on
reading times are typically quoted. These authors presented participants with sen-
tencesthat included anidentical number of words but were constructed from different
numbers of propositions. Indeed, reading times increased when additional proposi-
tions had to be processed, thussuggesting that the linguistic input was mentally rep-
resented in terms of amodal propositio ns. By contrast, Zwaan and Madden (2005)crit-
icized that amodal proposition s are barely suitable to capture physical properties of
entitiesdescribed in asentence. To demonstrate ths issue, they gave the following two

sentences andrespective propositional representation s as examples:

fiJohn pounded the nail into the wall. 0
Proposition N1: POUND (JOHN, NAIL)
Proposition N2: IN (NAIL, WALL)
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fiJohn pounded the nail into the floor. 6
Proposition N1: POUND (JOHN, NAIL)
Proposition N2: IN (NAIL, FLOOR)

Thesesentencesbasically differ with respect to the implied orientation of the nail (hor-
izontal vs. vertical), but there is nothing in the propositional representation to account
for this aspect. This strongly questions whether language comprehension can indeed

exclusively operate on an amodal propositional representational code.

Generally, the traditional view of cognition has been associated with various
problems and shortcomings. For instance ¢ in addition to a fairly limited and shaky
state of empirical evidence ¢ there are neither accounts explaining adequately how
impressions gathered by the sensory system could be transducedinto abstract, amodal
symbols nor findings indicating that such a process takes placeat all (see, for instance,
Barsalou, 1999) However, the probably most prominent and pressing issue is thesym-
bol grounding problem (e.g., Harnad, 1990; Searle, 1980Y his refers tothe question of
how abstract,amodal symbols with an arbitrary relationship to their physical referents
in the world should be able to convey meaning. A straightforward solution to over-
come the symbol grounding problem is to endorse the embodied view of cognition,
which postulates the existence of concrete, modal symbols that show at least some
similarities to the physical structure of their referents. Since the end of the 20th century,
an ever-growing amount of behavioral and neuroscientific studies ¢ also from the area
of language comprehensionresearcht hasaccumulated substantial empirical evidence
supporting the idea that cognitive processesmight indeed involve a representational
code that is based onconcrete, modal symbols (for overviews reviewing portions of
this research, see, for instance, Barsalou, 2008; Barsalou et al., 2003; Dove, 2009; Fischer
& Zwaan, 2008; Kaup et al., 2016; Kiefer & Pulvermiuller, 2012; Meteyard et al., 2012)

thus challenging the traditional view of cognition.

1.2 The embodied view of cognition and language comprehension

The embodied view of cognition has gained increasing attention in virtually all
areas of cognitive scienceover the course of thelast two to three decades(for reviews
consulted to describe the embodied view of cognition within this paragraph, see
Barsalou, 1999, 2008; Foglia & Wilson, 2013; Kiefer & Pulvermdiller, 2012)In contrast
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to the traditional view of cognition, this approach favors the existence of ajoint repre-
sentational platform for perception, cognition, and action. Commonly, it is thought
that higher cognitive functions such asthinking, problem solving, or language com-
prehension are realized by reactivating sensorimotor experiencesstemming from in-
teractions with the environment ¢ a process, which is alsoreferred to as mental simu-
lation. Extracts of sensorimotor representations enriched by information from the dif-
ferent modalities thus build the functional foundation of human cognition. Theserep-
resentations are expected toshow at leastsome structural similarities to the sensorimo-
tor states that are evoked by interacting with their referents. On the neuroscientific
level, higher cognitive functions should be closely linked to modal brain areas that are
responsible for sensorimotor procesang. The idea is thatmentally simulating contents
required to perform a cognitive task causesa partial re-enactment of brain activation

patterns associated with experiencing relevant referents in the environment.

Embodied cognition accounts of human language comprehension focusing on
the functional role of mental simulations (e.g., Barsalou, 1999; Bergen, 2012; Glenberg
& Kaschak, 2002; Zwaan & Madden, 2005)typically propose that language compre-
henders understand the meaning of a word by reactivating sensorimotor experiences
thatare EUUOEDPEUI EwbDPUT wOT T whOUEZ UwUIT | T Ufchddd 6 w% O U u
olateg, this should involve excerpts of sensorimotor states experienced by thecompre-
hender while encountering different types of chocolate in the pastt such asvisual,
olfactory, and gustatory impressions provoked by specific exemplars of chocolate. The
reactivation of these sensorimotor experiences establish a mental simulation of the
P OUE z U w,Whic¢hlisthbudht to underly the comprehension process.The associa-
tion s between single words and sensorimotor experiencesrelated to their referents are
assumed to originate from instances of co-occurrence. This idea is based onthe obser-
vation that words are regularly used in the presence of their referents (e.g., when a
product is labeled with its name or when a person located ata station points at atrain
while saying to another person fiThis is the train going to Berlind). Such processes
could be particularly important in the context of language acquisition during early
childhood (e.g., a mother might hand her son a teddy bear and say fiHere, your teddy
beard). Beyond the word level, language comprehenders are expected to combine
word -based mental simulations to create mental simulations that are consistent with

the meaning of larger linguistic units such as phrasessentences or paragraphs.
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The number of behavioral and neuroscientific studies motivated by embodied
cognition accountsof human language comprehension hasgrown tremendously dur-
ing the last two decades, producing a vast amount of empirical findings. It is clearly
not the aspiration and beyond the scope of this thesis to provide an extensive review.
However, portions of results relevant to the articles that build the foundation of th e
thesis will be discussed in the following chapters, without making claims of complete-
ness.The outlined researchwill therefore relate to the range oftopics addressed by the
experiments reported in th is thesis. On the one hand, this includes the nature of mental
simulations resulting from both isolated words and complete sentencest thus, linguis-
tic units associated with fairly diverging affordances concerning meaning composi-
tion. On the other hand, this comprises potential grounding domains of sentence po-
larity (affirmation and negation), henceaddressing the question of how more abstract

linguistic properties and operators could be captured via sensorimotor experiences
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2 Issue 1: Word -based simulations of location information

One objective of my researchwas to develop and evaluate a paradigm that can
replace vertical response movements in web-based experiments on simulation effects
evoked by word -based stimuli conveying spatial meaning. In a further step, | asked
whether such effects could also emerge from the pure anticipation of visual action ef-
fectsrelated to lower or upper space. This chapter serves to review prior research to
describe the motivation for the experiments | performed, and to summarize findings .

Smilar (but more extensive) elaborations can be found in the corresponding articles:

Schiutt, E., Mackenzie, I. G., Kaup, B., & Dudschig, C. (2023)Replacing vertical actions
by mouse movements: A web-suited paradigm for investigating vertical spatial
associations.Psychological Resear@v(1), 194209. https://doi.org/10.1007/s0042
6-022016506

Schitt, E., Kaup, B., & Dudschig, C. (2022)Investigating vertical language -space asso-
ciations: Can visual action effects induce congruency effects? Unpublished

manuscript] . Department of Psychology, University of Tubingen.

2.1 Empirical background, motivation, and research objectives

There are numerous studies suggesting that language comprehendersindeed
tend to create word-based mental simulations. The investigation of vertical language-
space associationshasturned out to be a particularly fertile testbed in this context. An
important line of researchin this areadeals with the question whether language com-
prehenders mentally simulate spatial experienceswhile encountering words denoting
entities that are physically associated with lower or upper vertical space(implicit loca-
tion wordg. Typically, experimental tasks from the visual domain are prone to produce
spatial congruency effects in terms of both facilitation and interference (for a similar
debate of this issue, see Pecher et al., 2010yor instance, Estes et al.(2008) presented
participants with nouns whose referents are typically located in lower or upper verti-
cal space(e.g.,fifootovs. fheadd). These were followed by unrelated visual targets (the
letters X0 and fO0) displayed at the bottom or top of the screen. Interestingly, t he
results revealed that there was an interference effect: Targetdiscrimination was ham-
pered when the spatial feature conveyed by the noun and the location of the visual

target matched (e.g.,when a word such asfibird 0 was followed by a visual target that
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appeared at the top of the screen) The authors suggestedthat processing implicit lo-
cation words causeda shift of attention and evoked perceptual simulations in the ver-
tical location their referents can usually be encountered. As the simulated entities and
the targets highly differed in their visual properties, they argued that inhibiting the
perceptual simulation was necessaryto identify targetsin the typical vertical location
of the entity in question, hence producing longer response times (for further studies
reporting similar interference effects, see Kaschak et al., 2005; Richardson et al., 2003)
By contrast, Zwaan and Yaxley (2003)observed facilitation in the context of asemantic
relatednesstask. In each experimental trial , two object words describing entities with
a canonical vertical relation (e.g., ibasemenid and fiattico) were displayed concurrently
one above the other on the screa. Judgments on the semantic relatedness of the words
were significantly faster when the vertical arrangement of the words matched com-
pared to mismatched the typical spatial relation of their referents (e.g., fiattico above
fibasemen). Similarly, in a semantic judgment task, participants responded faster to
words denoting entities that are typical ly located in upper vertical space(e.g.,feagleo;
fimoon¢; Ahelicopterd) when they appeared in the upper part of the screen and faster
to words denoting entities that are typically located in lower vertical space (e.g.,
fisnaild; ficarpeto; fiabyssd) when they appeared in the lower part of the screengpg& 1 UDP17 wd w
Domijan, 2007). In addition, Dudschig et al. (2012a)could demonstrate that using im-
plicit location words (e.g., fishoeo vs. ficloud 0) as taskirrelevant verbal cues can facili-
tate the mere detection of simple visual targets (i.e., boxesfilled with white color ) dis-
played in compatible vertical location s. Other studies, however, did not produce any
spatial congruency effects. For instance, Pecher et al(2010)presented words referring
to entities usually encountered in the ocean(e.qg., fisharkd) or the sky (e.g., fiballoono)
at the bottom or top of the screen. The task was toperform an ocean or a sky decision
task. Crucially , the authors did not observe an interaction of spatial word meaning and
word position , even though ocean decisions were faster for words presented at the
bottom of the screen and sky decisions for words presented at the top of the screen.In
sum, there is much variation in spatial congruency effects resulting from visual tasks.

This is most probably due to varying task affordances (see also Pecher et al., 2010)

The situation concerning studies employing tasks from the motor domain is
much clearer, asthese haveregularly produced spatial congruency effects in terms of

facilitation . Much of this research isbased onthe vertical Stroop task. For example, in
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the study by Lachmair et al. (2011) implicit location words such as fisubmarine o or
ficometo appeared in different font colors centered on the screen. Depending on the
font color, participants perform ed a downward or upward arm movement on a verti-
cal response device mounted in front of them. Thus ¢ just as in the original Stroop task
(Stroop, 1935)¢ access tothe word meaning was not required. Nevertheless, the au-
thors observed a gatial congruency effect: Response times were faster when the re-
sponse direction was in line with the typical vertical location of the entity the presented
implicit location word referred to. This strongly suggeststhat implicit location words
are able toautomatically reactivate spatial experiences associated with encountering
their referents in the environment. Other studies using the identical or a highly similar
vertical motor response task reliably replicated this spatial congruency effect (e.g.,
Dudschig et al., 2014, 2015; Ottl et al., 2017; Thornton et al., 2013; Vogt et al., 2018)
addition, the samepattern of results was obtained for further group sof word s carrying
spatial meaning, such asvalence words denoting specific emotional statesthat are as-
sociated with a crouched or upright bodily posture (e.g., idepressed vs. fiexcitedo;
Dudschig et al., 2015) direction -associated motion verbs(e.qg., fito sinko vs. fito jump o;
Dudschig et al., 2012b) or spatial prepositions (e.g., fibelowo vs. fiaboved; Ahlberg et
al., 2018) Another line of research relying on tasks from the motor domain drew on
saccadic eye movements. Dudschig et al(2013)asked participants to perform lexical
decisionson implicit location words (e.g., fisundvs. fiworm 0) and non-words displayed
centered on the screen. Responses were providedhrough eye movements towards the
bottom or top of the screen. In accordance with the findings result ing from the Stroop-
like motor response task involving vertical arm movements, a spatial congruency ef-
fect in terms of facilitation emerged . Saccadic eye movementsn response to implicit
the direction of the eye movements matched (for comparable results, see Dunn et al.,
2014) In conclusion, encountering words denoting entities or concepts that are physi-
cally associated with lower or upper vertical spacecan influence subsequent motor
responseson the vertical axis in a reliable manner, thus indicating that these words

indeed provoke mental simulation s of spatial experiences.

A first article served to present a web-suited counterpart to the vertical Stroop
task involving actual arm movements , which has beenextensively used in lab-based

researchon vertical language-space associationge.g., Ahlberg et al., 2018; Brookshire
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et al., 2010; Dudschig et al., 2014, 2015; Giinther et al., 2018; Lachmair et al., 2011; Ottl
et al., 2017; Thornton et al., 2013; Vogt et al., 2019 his required replacing vertical
response movements by an alternative response mode that can be realized without
specific response devices Implicit location words and emotional val ence words that
are typically associated with vertical body postures served asa test bed. Critically,
introducing such a web-suited paradigm appears to be useful due to several reasons.
First, conducting cognitive research via thelnternet has gainedincreasing importance
over the course of the last years (e.g., Gosling & Mason, 2015; Stewart et al., 2017;
Woods et al., 2015) This development was additionally accelerated by therecentcoro-
navirus pandemic. Second, there is no existing straightforward way to convert the ver-
tical Stroop task into a web-suited paradigm. Third and finally ¢ aside from research
on human language comprehension + many other fields in cognitive science such as
spatial cognition, numerical cognition, or social cognition also have an interest in ver-
tical spatial associations (e.g., Ito & Hatta, 2004; Koch et al., 2011; Schneider, 2020;
Schubert, 2005; Schwarz & Keus, 2004and could benefit from a reliable and easy to

implement web -suited paradigm that can replace actualvertical response movements.

In a second article, | aimed to investigate whether spatial congruency effects
typically observed with implication location words can emerge from the mere antici-
pation of visual action effects located in lower or upper vertical space.This research
question was decisively motivated by the observation that many studies on word -
based vertical language-space associations using tasks from the motor domain(e.g.,
the vertical Stroop task involving actual downward and upward arm movements)
tend to show a confound that has apparently been neglectedso far: Performing vertical
response movementsusually induces several sensory events related tovertical space.
For instance, this includes seing the arms moving downwards and upwards or hear-
ing a click sound coming from lower or upper vertical space due to pressing the lower
or upper response button. Interestingly, t he relevance of such type of events has been
highlighted by ideomotor theory (for reviews, see Badets et al., 2016; Hommel et al.,
2001; Shin et al., 201Q)which suggests that anticipating action effectsis crucial to ac-
tion planning. It is therefore a still to be resolved issue whether spatial congruency
effects in the context of word -based vertical language-space associations might also
originate from the pure anticipation of sensory action consequenceslocated in lower

or upper space(for a similar idea on the space-time congruency effect, which associates
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the mental represenation of time with horizontal space, see Janczyk & Ulrich, 2019)

2.2 Summary of the research articles

Schitt, E., Mackenzie, I. G., Kaup, B., & Dudschig, C. (2023)Replacing vertical actions
by mouse movements: A web-suited paradigm for investigating vertical spatial
associations.Psychological Resear@v(1), 194209. https://doi.org/10.1007/s0042
6-022-016506

This article introduced and empirically tested a web-suited counterpart to the manual
vertical Stroop task, which has been widely used in lab-based research on vertical lan-
guage-space associationge.g., Ahlberg et al., 2018; Brookshire et al., 2010; Dudschig et
al., 2014, 2015; Gunther et al., 2018; Lachmair et al., 2011; Ottl et al., 2017; Thornton et
al., 2013; Vogt et al., 2019)I replaced actual vertical response movements by mouse
movements on the horizontal plane that induced vertical stimulus movements. Specif-
ically, participants used their computer mouse to drag word stimuli appearing in the
center of the screen to a lower orupper target area. The dragging direction was deter-
mined by the font color of the words (see Figure 1 for a more thorough illustration of
the trial procedure). In accordance with prior lab -basedresearchusing the manual ver-
tical Stroop task (e.g., Dudschig et al., 2015; Lachmair et al., 2011; Thornton et al., 2013)
the most important dependent variable was an indicator of response selection and
planning and defined as the time period from the appearance of the word stimulus on
the screen until the initial stimulus movement occurred (response time)t this included
clicking on the word and starting the mouse movement. Moreover, | performed addi-
tional analyses onthe time period from the initial stimulus movement until the word
entered one of the target areas (movement time). Participants were presented with im-
plicit | ocation words denoting entities usually located in lower or upper space (e.g.,
fisubmarineovs. ficeiling 0; Experiments 1 and 2) or emotional valence words related to
a crouched or upright bodily posture (e.g., fijoyful 0 vs. fidepressedd; Experiment 3).
Figure 2 gives an overview of the results. Most importantly, across all experiments,
response times were significantly faster when the vertical association of the entity or
the emotional state described by the word (up vs. down) matched compared to mis-
matched the dragging direction (up vs. down). Similarly, th is effect was marginally

significant (Experiment 1) or significant (Experiments 2 and 3) for movement times.
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The web-suited paradigm produced spatial congruency effects comparable to those
obtained with lab -based paradigms requiring participants to perform actual vertical
response movements on a specifiacesponse device.l thus concluded that a direct real-
time coupling of mouse movements on the horizontal plane and vertical stimulus
movements on the screen is a reliable method toexamine vertical spatial associations.
Consequently, the mouse-based paradigm provides researchers from the different
branches of cogntive scienceinterested in spatial associations (e.g., language compre-
hension; numerical cognition; social cognition; spatial cognition) with an approach
that converts vertical response movements into an easy to implement response moce,

thus making web-baseddata collection feasible and specific input devicessuperfluous.

Figure 1

Trial proceduren Experiments 1 to 3

Correct!

S

800 ms until response 800 ms 1500 ms

Note Each trial started with the presentation of the fixation cross. Concurrently, a frame appeared that
defined the experimentally relevant part of the screen. Then, a lower and an upper target area was
introduced by displaying a borderline at the lower and upper end of the framed part of the screen.
Moreover, the word stimulus replaced the fixation cross. The participants used their mouse to respond
to the font color of the word stimulus: They dragged the stimulus either to the lower or the upper target
area. Once the stimulus was completely located in one of the target areas, it was replaced by thefeed-
back on response accuracy Finally, the intertrial interval followed before the next trial started. This
figure was reproduced with changes from fiReplacing vertical actions by mouse movements: A web-
suited paradigm for investigating vertical spatial associations ¢, by E. Schiitt, I. G. Mackenzie, B. Kaup,
and C. Dudschig, 2023,Psychdtogical Resear¢i87(1), p. 198 Copyright 2022 by the authors. The article,
including all images, is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaption, distribution, and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if any changes were made.To view a copy of the license, pleasevisit the website

http://creativecommons.org/licenses/by/4.0/.
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Figure 2
Response and movement tsas a function of dragging direction and vertical word association

in Experiment 1(upper panel), Experiment 2 (middle panel), and ExperirBdfdgwer panel)
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Note Error bars denote 95% within-subjects confidence intervals calculated as recommended by Morey
(2008) This figure was reproduced with changes from fiReplacing vertical actions by mouse movements:
A web-suited paradigm for investigating vertical spatial associations 0, by E. Schiitt, I. G. Mackenzie, B.
Kaup, and C. Dudschig, 2023, Psychological Resear@v(1), pp. 199203 Copyright 2022 by the authors.
The article, including all images, is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaption, distribution, and reproduction in any medium or format,

as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if any changes were made. To view a copy of the license, please

visit the website http://creativecommons.org/licenses/by/4.0/.
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Schutt, E., Kaup, B., & Dudschig, C. (2022)Investigating vertical language -space asso-
ciations: Can visual action effects induce congruency effects? Unpublished

manuscript ]. Department of Psychology, University of Tubingen.

In this research, | aimed to explore whether spatial congruency effects typically ob-
served in the context of implicit location words (e.g., Agraveovs. fiballoono) can emerge
from the mere anticipation of visual action effects related to lower or upper vertical
space. Experiment lreplicated the prior finding that the direct real -time coupling of
mouse movements on the horizontal plane and vertical movements of implicit location
words on the computer screenproduces spatial congruency effects (see also Schutt et
al., 2023) It might be that integrating anticipated visual word movements towards the
lower or upper screen location into action planning lies at the heart of these effects.
However, it is also possible that participants just re -coded and processedthe mouse
movements on the horizontal plane in terms of vertical response movements. Thus, to
reveal whether and under which conditions visual action effects in vertical space could
be able to evoke spatial congruency effects associated with implicit location words, |
conducted further experiments. Participants responded to the font color of implicit lo-
cation words displayed in the center of the screen by means of simple stationary key-
presses, which caused visual action effectselated to lower or upper vertical space. In
Experiment 2, the response keys were located on the leftright axis of the keyboard.
Visual feedback on response accuracy {iCorrect!0 vs. iWrong! 0) appeared always at
the bottom of the screen when the left response key was pressedand at the top of the
screen when the right response key was pressed (see Figure 3 for a overview of the
trial procedure). There was no processing time advantage for congruent trials with a
match of referent location and feedback location (e.g., when participants responded to
words denoting entities typically encountered in an upper location b y pressing the
right response key that produced visual feedback on response accuracyat the top of
the screen). The question arose whether the salience of the spatial dimension could
critically affect the impact of anticipated visual action effects on the occurrence of the
spatial congruency effects under investigation. Thus, in three follow -up experiments,
contextual task conditions were adapted. | introduced response keys located on the
front -back axis of the keyboard, as | hypothesized that the front -back axis should be
more closely related to vertical space than the leftright axis. Visual feedback on re-

sponse accuracy appearedalways at the bottom of the screen when the response key
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on the front of the keyboard was pressed and at the top of the screen when the response
key on the back of the keyboard was pressed. In Experiment 3a, the experimental setup
produced a spatial congruency effect. Response times were faster when referent loa-
tion and feedback location matched. However, this finding could not be replicated in
Experiment 3b, suggesting that emphasizing the vertical spatial dimension in terms of
introducing response keys located on the front-back axis of the keyboard does not su-
fice to evoke spatial congruency effects in astable manner. In Experiment 4, | decided
to replace the accuracy feedback by vertical stimulus movements, probably making
the spatial dimension even more salient. The implicit location words moved in a step-
wise manner to the bottom of the screen when the response key on the front of the
keyboard was pressed and in a stepwise manner to the top of the screen when the
response key on the back of the keyboard was pressed. Again, no spatial congruency
effect emerged. These results demonstrate thatt in contrast to the direct real-time cou-
pling of mouse movements on the horizontal plane and vertical stimulus movements

¢ associating non-vertical keypress responses with visual action effects in vertical
space cannot rdiably induce spatial congruency effects that are typically obtained for
implicit location words. This indicates that these effects do not originate from the pure
integration of anticipated spatially matching or mismatching action consequences into
action planning. Rather, a more direct and distinct involvement of the motor system
appears to be required, thus supporting the idea that processing implicit location

words is deeply grounded in the sensorimotor system.

Figure 3
Trial procedure in Experiment 2

Wrong!

feedback at the top
of the screen (2500 ms)

+ mole

fixation cross (800 ms) until response to the intertrial interval (1500 ms)

font color of the word

Correct!

feedback at the bottom
of the screen (2500 ms)
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3 Issue 2: Sentence -based simulations of entity shapes

Going one step further, | also aimed to tackle the question whether language
comprehenders createcompositional mental simulations of sentential meaning and if
so, whether theseare built incrementally over the course of sentences or globally at the
end of sentences This chapter serves to review previous studies, to describe the moti-
vation for the research and to summarize findings . Very similar (but more extensive)

elaborations can be found in the corresponding article:

Schitt, E.,Dudschig, C., Bergen, B.K., & Kaup, B. (2023).Sentence-based mental sim-
ulations: Evidence from behavioral experiments using garden -path sentences.
Memory & Cognition, 51(4), 952965. https://doi.org/10.3758s13421022-0136%2

3.1 Empirical background, motivation, and research objectives

Words rarely occur in an isolated manner. Rather, human language usas com-
bine single words to form phrases and sentences.Thus, if concrete, modal representa-
tions indeed play a functional role in language comprehension, comprehenders should
definitely create mental simulations reflecting sentential meaning ¢ even though their
existence would not automatically imply their functional relevance. In contrast to the
situation concerning word -based mental simulations, empirical findings in favor of
sentencebased simulations are still sparse Some evidence comes from a study by Ber-
gen et al (2007) which used sentences describing events that are literally or metaphor-
ically related to lower or upper space (e.g.,fiThe patient rosed vs. fiThe amount roseo).
While listening to these sentences, participants categorized shapes presented in the
lower or upper part of the screen as squares or circles. Interestingly, spatial congruency
effects in terms of interference emerged for literal but not for metaphorical language.
The mere appearance of a singk word associated with lower or upper space (e.g., the
word firoseo in the sentencefiThe amount roseg) did not evoke an interference effect,
suggesting that mental simulations of vertical space were modulated by sentential
meaning aspectsbeyond the word level. Furthermore, some studies on the action-sen-
tence compatibility effect (ACE) indicate that modifying pure linguistic properties of
sentences can influence simulation effects. For example, Bergen and Wheeler (2010)
showed that sensibility judgments on progressive sentencesreferring to concrete sen-

sorimotor events (e.g.,fAshley is stretching her armsad) were faster when the direction
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of the response movementwas in accordancewith the direction of the movement de-
scribed in the sentence(e.g., response movement away from the body for a sentence
such asfAshley is stretching her armsad), whereas such a spatial congruency effect did
not occur for perfect sentences (e.g.fiAshley has stretched her armso). In another study
(Taylor & Zwaan, 2008) on the rotational ACE , participants turn ed a knob device clock-
wise or counterclockwise to read sentencesdescribing clockwise or counterclockwise
manual rotations frame by frame in a selfpaced manner. The ACE persisted when a
postverbal adverb kept the linguistic focus on the action (e.g.,iThe cook/walked/over
to/the oven/which he/turned down/ slowlyo) but stopped to emerge when a postverbal
adverb shifted the linguistic focus to the agent of the sentence(e.g.,fiThe cook/walked/
over to/the oven/which he/turned down/ happilyd). In sum, this suggests that language
comprehenders are able to use information on linguistic properties to adapt mental

simulations in such a way that t hese reflectmeaning aspects beyond the word level.

There are manyfurther studies that used sentential materials and provid ed em-
pirical findings pointing towards the creation of mental simulations during language
comprehension. However, most commonly, it is barely possible to judge whether re-
ported effects emerged from sentencebasedor word -based simulations. For instance,
in a recent study by Hauf et al. (2020) children and adults listened to sentences imply-
ing downward or upward motion ( e.g.,fiThe rocket takes off into spacedvs. fiThe treas-
ure chest sinks to the seabed). Each sentence was followed bya picture of an object
that appeared at the top or bottom of the screen and moved downwards or upwards
to the center of the screenParticipants performed a sentencepicture verification task :
They decided whether the object shown on the picture had beenmentioned in the pre-
vious sentence or not. The results revealed that both children and adults responded
faster when the direction of the motion implied by the sentence matched the direction
of the picture movement. Nevertheless, it is not clear whether these effects resulted
from mental simulations of compositional meaning beyond the word level . It is equally
possible that mere associations with single words referring to entities or concepts re-
lated to upward or downward m otion (e.g., the noun firocketo in the sentencefiThe
rocket takes off into spaced or the verb fito sinko in the sentencefiThe treasure chest
sinks to the seabed) produced the simulation effects. The same issue occurdor the
highly cited study by Zwaan et al. (2002)that investigated the question whether lan-

guage comprehenders mentally simulate the shape ofentities described in sentences.
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In the context of a sentencepicture verification task, participants were presented with
sentencesabout concrete entities. Critically, the shape of these entities varied depend-
ing on their location. For instance, the sentencefiThe ranger saw the eagle in the sky
indicated that the wings of the eagle were outstretched, whereasthe sentencefiThe
ranger saw the eagle in its nesb indicated that the wings of the eagle were folded.
Responsedimes to picture probes were faster when the depicted entity shapematched
the shapeimplied by the sentential meaning. However , these simulation effects could
again result from lexical associations. Encountering the word s fieagled and fiskyo could
have prompted participants to mentally simulat e an eagle with outstretched wings.
Similarly, the words fieagled and finestdo might have provoked mental simulations of
an eagle with folded wings. This type of confound also applies to many other studies
on embodied language comprehension, including the seminal experiments of Glen-
berg and Kaschak (2002)on the ACE and well -known research on the mental simula-
tion of specific manual actions during sentence processing(e.g., Bub & Masson, 2010;
Masson et al., 2013; Masson, Bub, & NewtorTaylor, 2008; Masson, Bub, & Warren,
2008) In a considerable number of cases, simulation effectsin response to sentential
materials cannot be ascribed unequivocally to compositional mental simulations of
sentential meaning ¢ which is the reason why robust evidence in favor of sentence
based mental simulations is still fairly limited. | therefore aimed to conduct experi-
ments that are more appropriate to reveal whether language comprehenders indeed
createmental simulations beyond the word level. For this purpose, | adapted the com-
mon sentencepicture verification framework (e.g., Zwaan et al., 2002)and designed
sentential materials that allow ed disentangling whether simulation effects resulted

from independent word associations or sentencebased mental simulations.

If language comprehenders indeed create compositional mental simulations of
sentential meaning, the question of time course arises. On the one hand, it is conceiv-
able that such simulations evolve in an incremental manner and are thus updated as
soon as further relevant linguistic input is encountered over the course of a sentence
On the other hand, it might be that simulations are created globally at the end of sen-
tences afteramodal meaning composition has taken place, hence reflecting a sort of
sentential wrap -up effect. Sudies exploring the temporal dynamics of mental simula-
tions during sentencecomprehension are really scarce.For instance, it was shown that

the rotational ACE occurs as a function of linguistic input. When participants turned
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a knob device clockwise or counterclockwise to read sentenceson clockwise or coun-
terclockwise manual rotations frame by frame in a self-paced manner (e.g.,fiiCraving/a
juicy/pickle/he took/the jar/off the/shelf and/opened/the/jar 0), motor resonanceeffects
emerged only for the verb region that specified the rotation direction (e.g., iopenedo;
Zwaan & Taylor, 2006). However, these effects extended to a postverbal adverb if it
served to modif y the manual rotation (such asfiquickly oin the sentencefA fan/handed

him/a bottle/of cold/water/which he/opened/quickly ¢; Taylor & Zwaan, 2008). This in-
dicates that motor simulation s are dynamically adapted in accordancewith incoming

linguistic i nformation to represent the current state of affairs. Another study by Sato
et al. (2013)was interested in exploring whether language comprehenders activate spe-
cific object shape representationsearly during sentence processing The authors used
the typical verb-final word order of the Japanese language and hypothesized that na-
tive speakersmight have concreteexpectationsabout the shape of an objectmentioned
In a sentenceeven before processing theverb at the end of the sentence.For instance,
an item paraphrased as fiMother put the shirt neatly in the drawer 0 was arranged in
the specific Japanese word order:fiMother -NOM shirt -ACC drawer -LOC neatly put o.
Importantly, r eading the preverbal arguments of this sentence {.e., imother-NOM,

fishirt &-ACC, and fdrawer 6-LOC) should be sufficient to conclude that the shape of the
shirt was folded. Participants read the sentencesword by word in a self-paced manner.
Prior to the verb, they were presented with a picture probe. The task was to decide
whether the depicted object had been mentioned in the sentence or not. Picture verifi-
cation times were faster when the specific object shape suggested by the preverbal ar-
guments matched the object shape shown on the picture. This might imply that lan-
guage comprehenders generated detailed mental simulations of object shapes early
during sentence comprehension. However, it is also possiblethat the picture probes
provoked such simulations, enabling participants to perform the task ¢ a potential lim-

itation that was acknowledged by the authors themselves. In sum, research onthe time
course of mental simulations during sentence comprehension is barely available and
appears not to permit deciding whether language comprehenders update mental sim-
ulations in an incremental manner. | therefore also presented transitionally ambiguous

garden-path sentencesin the context of the sentencepicture verification paradigm,
which should prompt participants to form an initial and a sentencebasedentity shape

interpretation. This made it possible to explore whether comprehenders tend to create
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and retain mental simulations of entity shape interpretations activated early during

sentencecomprehension.

3.2 Summary of the research article

Schitt, E., Dudschig, C., Bergen, B. K., & Kaup, B. (20235etence-based mental sim-
ulations: Evidence from behavioral experiments using garden -path sentences.
Memory & Cognition, 51(4), 952965. https://doi.org/10.3758s13421022-0136%2

This researchattempted to tackle the question whether mental simulations generated
in response to sentencegesult from independent word associations or compositional
processes beyond the word level. Additionally, | also investigated the time course of
mental simulations: Are they created incrementally over the course of a sentence or
globally at the end of the sentence as a sort of sentential wrapup effect? In two exper-
iments, participants were presented with a sentence-picture verification task. Thus, in
each trial, they read a sentence before a picture probe appeared. The task was to decide
as fast and as acurately as possible whether the entity shown on the picture had been
mentioned in the sentence or not. Most importantly , two different types of sentences
were shown. There were unambiguous sentences including words that are related to
different shapes of the target entity described in the sentence. For instance, the sen-
tencefiThe egg was in the fridge as Mary ated comprised the word fieggo denoting the
target entity and the words ffridge 0 and fAated that are associated with different shapes
an egg can take on:fifridge 0 with an intact egg in its shell and fiateo with a peeled egg
that is ready for consumption (see Figure 4 for corresponding picture probes). How-
ever, only one of these shapest the intact egg in its shell + complied with the sentential
meaning. If language comprehendersindeed build compositional mental simulations
of sentential meaning, responses to picture probes compatible with the sentencebased
entity interpretation (here: the intact egg in its shell) should be faster than responses
to picture probes incompatible with the sentence-based entity interpretation (here: the
peeled egg).As the sentencesalways included the same number of words consistent
with each of the depicted entity shapeinterpretations, such an effect should not occur
if mental simulations result from word -based associations alone Furthermore, there
were transitionally ambiguous garden -path sentences, which had the same meaning

and words as the respective unambiguous sentences (e.g.fiAs Mary ate the egg was
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in the fridge 0). In an early step of the comprehension process, the first verb ofthese
garden-path sentences istypically read as being transitive, provoking an initial inter-
pretation of the entity shape (here: the peeled egg).When arriving at the second verb,
language comprehenders realize that the first verb must be read as being intransitive.
This leads to reanalyzing the sentence and stablishing the final sentence-based inter-
pretation of the entity shape(here: the intact egg in its shell). Previous researchdemon-
strated that the initial entity interpretation generated during garden -path processing
tends to linger even after the sentencehas beenreanalyzed (e.g., Christianson et al.,
2001; Patson et al., 2009; Slattery et al., 201&)onsequently, at the end of garden-path
sentences, representations of both the initial and the sentencebased entity interpreta-
tion should be available. By contrast, the situation was different f or unambiguous sen-
tences These wereexclusively associated with the sentencebasedentity interpretation
(here: the intact egg in its shell). Thus, if sentencelevel simulations evolve in an incre-
mental manner, the sentencepicture compatibility effect was expectedto be smaller
for garden-path sentences than for unambiguous sentences. Figure Summarizes the
findings . In Experiment 1, sentencepicture verification times were faster when the
picture probe was compatible with the sentence-based entity interpretation, indicating
that participants created compositional mental simulations of sentential meaning. This
effect was not modulated by sentence type, hence suggesting that mental simulations
were built globally at the end of sentences. Experiment 2 replicated this pattern of re-
sults, even though unambiguous sentenceswere modified in such a way that the sen-
tence-based entity interpretation was always associated with the opposite shape and
picture. For instance, the sentencefiThe egg was in the fridge as Mary ateo0 (sentence
based entity interpretation: the intact egg in its shell) was replaced by the sentencefiAs
Mary ate the egg the butter was in the fridge 0 (sentencebased entity interpretation:
the peeled egg). This allowed ruling out that the results generated in Experiment 1
were due to participants preferring the picture probes showing the sentence -based en-
tity interpretation or specific shapes being more consistent with the aggregate lexical
associations of the sentences. In sum, participants tended to prodiwce mental simula-
tions that could not originate from word -based associations alone.l therefore con-
cluded that language comprehenders combine reactivated sensorimotor experiences
to build complex mental simulations of sentential meaning. However, these appear to

operate over the sentence as a wholet there was not any evidence pointing towards
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the creation of incremental simulations during garden-path processing, although pre-
vious researchrevealed that encountering such sentencesnduces an intermediate en-
tity interpretation (e.g., Christianson et al., 2001; Patson et al., 2009; Slattery et al., 2013)
This could imply that mental simulations are not a necessary prerequisite of sentence
comprehension. Rather, they might be createdin the context of a sentential wrap-up
effect, possibly after amodal meaning composition has taken place. Further research
using methods permitting a direct look at on -line processes is needed to validatethese
findings and exclude the possibility that mental simulations of early entity interpreta-

tions were built but not sufficiently retained until the critical picture probe a ppeared.

Figure 4

Example of picture probes used in Experiments 1 and 2

Note These picture probes referred to the sentence pairincluding the garden-path sentencefiAs Mary
ate the egg was in the fridgeo and the unambiguous sentencefiThe egg was in the fridge as Mary ated
(Experiment 1) or fAs Mary ate the egg the butter was in the fridge 0 (Experiment 2), respectively. The
peeled egg (picture probe on the left) should show the initial entity interpretation during garden -path
processing, whereas the intact egg in its shell (picture probe on the right) illustrate d the final sentence-
based entity interpretation. For unambiguous sentences, | expected participants to createonly a single
entity interpretation ¢ orresponding to the sentence-basedentity interpretation (Experiment 1: intact egg
in its shell; Experiment 2: peeled eggin its shell). This figure was reproduced with changes from fiSen-
tence-based mental simulations: Evidence from behavioral experiments using garden -path sentence,
by E. Schitt,C. Dudschig, B.K. Bergen, and B. Kaup, 2023,Memory & Cognition 51(4), p. 957. Copyright
2022 by the authors. The article, including all images, is licensed under a Creative Commons Attribution
4.0 International License, which permits use, sharing, adaption, distribution, and reproduction in any
medium or format, as long as you give appropriat e credit to the original author(s) and the source, pro-
vide a link to the Creative Commons license, and indicate if any changes were made. To view a copy of

the license, pleasevisit the website http://creativecommons.org/licenses/by/4.0/.
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Figure 5
Mean response timef®r the sentenepicture verification taslas a function of sentence type

and picture type in Experiment (bn theleft) and Experiment2 (on the right)
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Note Error bars denote 95% within-subjects confidence intervals calculated as recommended by Morey
(2008) This figure was reproduced with changes from fiSentencebased mental simulations: Evidence
from behavioral experiments using garden -path sentence®, by E. Schiitt, C. Dudschig, B. K. Bergen,
and B. Kaup, 2023,Memory & Cognition 51(4), pp. 958-960. Copyright 2022 by the authors. The article,
including all images, is licensed under a Creative Commons Attribution 4.0 International License, which

permits use, sharing, adaption, distribution, and reproduction in any medium or format, as long as you

give appropriat e credit to the original author(s) and the source, provide a link to the Creati ve Commons
license, and indicate if any changes were made. To view a copy of the licensepleasevisit the website

http://creativecommons.org/licenses/by/4.0/.
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4 lIssue 3: Embodi ment of sentence polarity

Finally, |1 was interested in approaching and tackling the question of how sen-
tence polarity + an abstract linguistic propert y without a straightforward physical ref-
erent in the world ¢ could be represented through sensorimotor experiences. Specifi-
cally, | explored whether certain facial expressions and colors facilitate the compre-
hension of negated and affirmative sentences and might thus contribute to the embod-
ied meaning of sentential negation and affirmation. This chapter serves to review pre-
vious studies, to describe the motivation for my research, and to summarize findings.

Related elaborations can be found in the corresponding article:

Schatt, E., Weicker, M., & Dudschig, C. (202)). Mu ltimodal aspects of sentence com-
prehension: Do facial and color cues interact with processing negated and af-
firmative sentences? Journal of Experimental Psychology: Learning, Memory, and
Cognition, 50(6), 957966. https://doi.org/10.1037/xIm0001302

4.1 Empirical background, motivation, and research objectives

Research on embodied language comprehension has focued on language de-
scribing entities, situations, and events that can be experienced directly while interact-
ing with the environment . In thesecasesi|t is indeed clearly conceivable that language
comprehenders might be able todraw on sensorimotor traces to createmental simula-
tions reflecting the meaning of words, phrases, and sentences.The situation becomes
much more challenging for abstractlanguage referring to concepts, contents, andideas
that are not associated with concrete physical referents in the world (e.g.,time; justice;
love). Nevertheless, here have beenseveral approaches totackle this issue within the
embodied cognition framework (for a comprehensive review, see Borghi et al., 2017)
For instance, itwas suggestedthat abstract language could beembodied via metaphor-
ical mappin gs onto experiential domains such as space(e.g., Lakoff & Johnson, 1980,
1999) social, event, and introspective aspectsof situations (e.g., Barsalou & Wiemer-

Hastings, 2005) or affective experiences(e.g., Kousta et al., 2011; Vigliocco et al., 2014)

By contrast, there is barely any researchon the question of how abstractlinguis-
tic properties might be captured by mental simulations of sensorimotor experiences.
This also applies to sentence polarityt particular ly, negation hasusually been investi-

gated in terms of an abstractverbal operator changing the truth -value of a proposition.



36

Interestingly, a recent attempt to gain insight into the embodiment of sentential nega-
tion produced initial evidence indicating that sentential negation processing reuses
neurophysiological mechanism s of inhibition and cognitive control (e.g., Beltran et al.,
2018, 2019, 2021; de Vega et al., 2016; Liu et al., 2020aimed to identify further po-
tential grounding domains of sentence polarity . This was addressed by referring to
non-verbal markers of negation and affirmation that can be experiencedthrough the

sensotimotor system: the so-called finoto face and colorinformation (red vs. green).

Apart from using verbal linguistic operators such asfinoto or finod, humans can
convey negation in a non-verbal manner. In a recent study, Benitez-Quiroz et al. (2016)
explored whether articulating negation is associated with a distinct subset of facial ex-
pressions. They instructed participants of different cultural and ethnic backgrounds to
show facial expressons of negation. This revealed that facial signs of negative moral
judgment, including anger, disgust, and contempt, were typically produced. The au-
thors concluded that th esefacial expressions have beencombined to serve asthe finoto
facet a universal and unique marker of negation in human communication . In a fur-
ther step, they provide d additional evidence in favor of this hypothesis: Participants
were much more likely to expressthe finotdface during reproducing negated sentences
than during reproducing affirmative sentences, demonstrating that the finoto face is
specifically co-articulated in the context of negated utterances. | wondered whether
the finotofacemight be part of the embodied meaning of sentential negation. Although
this is speculative, the finotd face could constitute a sensorimotor precursor of higher-
level verbal negation. For instance, it is well-known that children are able toshow re-
jection by means of specific facial expressions even before they are familiar with the
usage of verbal linguistic operators such asfinoto, finoro, or finoneod (Dimroth, 2010).
Moreover ¢ given that the finoto face isindeed routinely produced during negated ut-
terancest we should experience this non-verbal marker of negation regularly in co-
occurrencewith verbal negation, potentially establishing a closerelationship between
the finotd face and the mental representation of negation. In my research, | therefore
investigated whether visual primes in terms of the finoto face are integrated during

sentential negation comprehension.

Another potential grounding domain of sentence polarity appears to bevisual

color information. On the one hand, numerous experiences ofred color are associated
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with denial and action inhibition. For instance, traffic signals flashing red suggest not
to cross an intersection and thus to refrain from moving the car. On the other hand,
several experiences of green colorare closely related toapproval and action initiati on.
For example, in some trains, green-colored signals imply that passengess can pressthe
button that opens the doors. It is thus conceivable that red and green color evolved
into non -verbal markers of negation and affirmation . Interestingly, arecent study by
Dudschig et al. (2023)investigated the influence of red and green color primes on per-
forming fiyeso and fAnoo responses. In a lexical decision task, participantswere pre-
sented with words and non -words (e.g., figarageo vs. iiknameto). The response key as-
signment was conveyed employing two response button symbols displayed next to
eachother on the screen. In each trial, one ofthe symbols was green-colored, whereas
the other one was red-colored. The mapping of response labels (iyeso vs. finoo) and
colors onto response button symbols was randomized trial by trial. Importantly , fiyeso
responses were faster when the respective response button symbol was green-colored
and finoo responses were faster when the respective response button symbol was red-
colored. This indicates that giving fiyesoresponsesis related to green color and giving
finooresponses to red color.In a series ofstudies, | tested whether this pattern of results
extendsto the comprehension of negated and affirmative sentences, thus clarifying the
potential role of red and green color in the embodied meaning representation of sen-

tential negation and affirmation.

4.2 Summary of the research article

Schutt, E., Weicker, M., & Dudschig, C. (202). Mu ltimodal aspects of sentence com-
prehension: Do facial and color cues interact with processing negated and af-
firmative sentences? Journal of Experimental Psychology: Learning, Memory, and
Cognition, 50(6), 957966. https://doi.org/10.1037/xIm0001302

In three pre-registered experiments, | explored whether specific non-verbal markers
of negation and affirmation might contribute to the embodiment of sentential negation
and affirmation. | referred to the finoto face, which was identified to be a regular co-
articulator of verbal negation (Benitez-Quiroz et al., 2016), and to red and green color
information , which is usually used to indicate denial and approval and wasfound to

facilitate fiyesdo and finooresponses(Dudschig et al., 2023) If visual cuesin terms of the
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finoto face or red and green color information are indeed integrated during sentential
negation and affirmation comprehension, priming effects are expected toemerge. In
Experiment 1, participants were presented wit h instancesof the finotofaceand positive
controls. Shortly after photo onset, a negated or affirmative sentence (e.g.,fiNo, | do
not want to sing ovs. fiYes, | would like to buy a sofa0) appearedright below the photo.
| asked participants to press the space baras soon as theyhad read and understood
the sentence properly. Moreover, one fourth of the sentenceswas followed by a com-
prehension question (e.g.,fiDoes the person want to take photos?0 or fils the statement
of the person about hiking?0). Figure 6 provides an overview of the result s. Both fre-
quentist statistics and Bayes factors from linear mixed effects analysesrevealed that
there was no significant interaction: Reading times for negated and affirmative sen-
tenceswere not differently modulated as a function of photo type. However, partici-
pants were not required to give a responserelated to the sentential meaning when they
pressed the space bar to indicate thatthey had finished reading. It therefore remained
uncertain whether sentence comprehension wasalready completed, which is why the
self-paced reading task was replaced with a sensibility judgment task in follow -up ex-
periments. Participants were primed with instancesof the finotoface and positive con-
trols (Experiment 2) or red and green color patches (Experiment 3). In addition to sen-
sible negated and affirmative sentences,there were non-sensible negated and affirma-
tive filler sentencesshowing semantic violations (e.g.,iYes, | want to solace a ligh
bulb ¢; AiYes, | want to be peeled nowo; fiNo, | would not like to teach a wall socket ¢;
fiNo, | do not want to juggle with arteries 0). The task was to judge as fast and as accu-
rately as possible whether the displayed sentence was sensible or not.In line with Ex-
periment 1, no significant interaction effects emerged. Thus, neither the finoto face nor
red and green color cues were integrated during sentential negation and affirmation
comprehension, although previous researchusing similar presentation modes demon-
strated that extralinguistic information ¢ for instance, on the gender identity of speak-
ers (Ruck et al., 2017)or real-world surface materials (Dudschig et al., 2021)¢ can be
incorporated quickly during sentencecomprehension. This indicates that the influence
of the investigated non-verbal markers of negation and affirmation doesnot extend to
the embodied meaning representation of sentential negation and affirmation . It is even
conceivable that relevant cognitive processesgenerally operate in a more abstract, am-

odal representational format. However, contextual task affordancescould also play a
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crucial role. For instance, thefnoto face might acceleratesentential negation compre-
hension in situations where language comprehenders are used to integratefacial cues
(e.g.,during a face-to-face conversation). As the finoto faceinvolves facial expressions
of contempt, anger, and disgust, effects could also particularly occur for negated sen-
tencesimplying such emotions (e.qg.,fil do not like eating broccoli ¢). Similarly, r ed and
green color cuesmight modulate the comprehension of sentencesdenying or approv-

ing concrete motor actions (e.g.,fiDo not touch my car!o or fiEnter the room, pleaseo).
Further researchis needed to shed some light on these issuesand to evaluate the role

of other non-verbal makers of negation and affirmation (e.g.,head shake vs. head nog.

Figure 6

Readingiimes as a function of sentence polarity and photo type in Experiment 1 (upper panel),
sensibilityjudgment times as a function of sentence polarity and photo type in Experiment 2
(on the left of the lower pafehndsensibilityjudgment times as a function of sentence polarity

and color cue in Experiment 3 (on the right of the lower panel)
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5 General discussion

The researchoutlined in this dissertation was dedicated to investigating issues
related to the question to what extent language comprehenders createembodied men-
tal simulations associated with the content of linguistic structur es and properties. This
included behavioral experiments on the emergence and nature of embodied mental
simulations in response to linguistic structures of highly different complexity ¢ single
words and full sentences Both of them described concrete entities that can be experi-
enced directly by means of the sensorimotor system while interacting with the envi-
ronment. At the word level, | largely focused on vertical language-space associations
in the context of implicit location words whose referents are typically encountered in
lower or upper vertical space (e.g., fimoonovs. fimoled). Language comprehenders pro-
cessing such words are expected to mentally simulate spatial meaning aspectswhich
should be reflected in terms of spatial congruency effects. A considerable amount of
studies in this researchareahas been based orspecific versions of the Stroop task that
require participants to perform vertical arm movements on custom-built response de-
vices (e.g., Dudschig et al., 2014, 2015; Lachmair et al., 2011; Ottl et al., 2017; Thornton
et al., 2013; Vogt et al., 2019) developed and evaluated an easy to implement, web-
suited counterpart to this type of task by replacing actual vertical response movements
with a direct real-time coupling of mouse movements on the horizontal plane and ver-
tical stimulus movements on the screen Furthermore, | conducted a series ofseveral
experiments to explore whether spatial congruency effects usually observed with im-
plicit location words can emergefrom the mere anticipation of spatially matching and
mismatching visual action effects. The results revealed that associating non-vertical
stationary keypress responses with visual action effectsrelated to lower or upper space
does notreliably produce spatial congruency effectst this was also true when the spa-
tial dimension was emphasized by modifying contextual task conditions. At the sen-
tence level, it is still a matter of debate whether language comprehenders create com-
positional mental simulations of sentential meaning. Adapting th e standard sentence
picture verification task (e.g., Zwaan et al., 2002)| presented participants with senten-
tial materials that allow ed me to decide whether simulation effects indeed resulted
from sentencebased mental simulations and if so, whether these are built incremen-

tally over the course ofthe sentence.l found that language comprehenders produced
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mental simulations of sentential meaning that can hardly be attributed to independent

word associations alone. However, these appear to be established only globally at the
end of sentences.A last series of experiments was designed totackle the challenging
question how the abstract linguistic propert y of sentence polarity might be grounded
in sensorimotor experiences. | tested whether primes in terms of visual information

that hasbeen associated with negationor affirmation ¢ namely the finot faceo (Benitez-
Quiroz et al., 2016)and red/green color cues(Dudschig et al., 2023)t can facilitate the
processing of negated and affirmative sentences No effects emerged, indicating that
these specific visual markers of negation and affirmation do not contribute to the em-

bodied meaning of sentence polarity. Crucially , the findings presented in this disser-
tation relate to important topics and issuesdebated in the researchon embodied lan-

guage comprehension. This will be discussedin detail in the following sections.

5.1 Context -dependence of embodiment effects

Embodied cognition accounts of language comprehension(e.g., Barsalou, 1999;
Bergen, 2012; Glenberg & Kaschak, 2002; Zwaan & Madden, 2008ssumethat we un-
derstand the meaning of linguistic structures by mentally simulating the entities, situ-
ations, and events they describe.For instance, language comprehendersare expected
to activate sensorimotor features associated with experiencing the referent of a word.
This might include the typical color, shape or spatial location of the denoted entity.
Much research on embodied language comprehensionis basedon the reasoning that
the activation of sensorimotor features as part of a mental simulation should affect the
performance in tasks involving corresponding perceptual or motor aspects and thus
lead to embodied congruency effects. However, there isincreasing empirical evidence
and consensusthat the emergenceand characteristics ofsuch effectshighly depend on
the experimental context (e.g., Areshenkoff et al., 2017; Brookshire et al., 2010; Huettig
et al., 2020; Ibafez et al., 2023; Lebois et al., 2015; Miller & Kaup, 2020; Tsaregorodtseva
et al., 2023; van Dam et al., 2014; Willems & Casasanto, 201I0his is also reflected in
the research onlanguage-space associationsoriginating from implicit location words
(seesection 2.1). As already described, tasks from the visual domain have been prone
to evoke spatial congruency effects in terms of both facilitation and interference ¢ and
somestudies could not find any effect sat all. Details such as thetiming of the processes

of mental simulation and the presentation of visual target stimuli have beensuggested
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to be potential factors of influence (Pecher et al., 201Q)In addition, although tasks from
the motor domain have regularly induced spatial congruency effects in terms of facil-
itation, their occurrencealso seemsto be modulated by task conditions (e.g., Dudschig
& Kaup, 2017). In my research,| could reveal further constraints for the emergenceof
spatial congruency effectsin the context of implicit location words : These can bereal-
ized by means of a direct real-time coupling of mouse movements on the horizontal

plane and vertical stimulus movements but not through associating simple stationary

keypress responses with visual action effects related to lower or upper space.Hence,
the mere anticipation of spatially matching or mismatching action consequences does
not suffic eto produce spatial congruency effects. A more distinct and suitable involve-

ment of the sensorimotor system ¢ just asin terms of bringing together mouse move-
ments and vertical stimulus movements ¢ is apparently needed. These findings arein

line with the suggestion by Lebois et al. (2015)that word sdo not have conceptual cores
that areroutinely activated irrespective of the context. The authors emphasize that this

even applies to the most significant components of a word & meaning. For this reason,
embodied congruency effects are expected tovary as a function of the experimental

context ¢+ and their absence under certain conditions should not be interpreted as im-

plying that the activation of sensorimotor experiencesdoes not contribute to language

comprehension. Ostarek and Huettig (2019)classified the systematicexploration of the

context-dependence of embodiment effects as one of the most important challenges for
future research on embodied language comprehension. Crucially , they also proposed

to draw on more natural settings resembling everyday communication instead of fo-

cusing overly on experimental tasks that possibly prompt participants to rely on sen-

sorimotor processest this might help to understand to what extent mental simulations

are indeed routinely created during language comprehension.

5.2 Sentence -based mental simulations

Human language use is characterized by the combination of words and phrases
to form sentencesconveying meaning beyond the word level. Hence, any comprehen-
sive theoretical account of language comprehension needs to be able to explainhow
mental representations of sentential meaning might be established.Embodied cogni-
tion views of language comprehension(e.g., Barsalou, 1999; Bergen, 2012; Glenberg &

Kaschak, 2002; Zwaan & Madden, 2005usually suggest that sensorimotor experiences
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reactivated by words are combined to createcompositional mental simulation s of sen-
tential meaning. Critically , the existenceof such type of mental representation is indis-
pensableif mental simulations should indeed play a functional role for language com-
prehension processes Providing robust empirical evidence in favor of sentence -based
mental simulations is th erefore of utmost theoretical interest. However, many previ-
ous studies using sentential materials do not allow to judge whether reported simula-
tion effects originated from independent word associations or meaning composition
beyond the word level (see section 3.1)Findings on the temporal dynamics of mental
simulations during sentence processing are rare as well (for exceptions, see Sato et al.,
2013; Taylor & Zwaan, 2008; Zwaan & Taylor, 2006) Specifically ¢ if language compre-
henders build mental simulations of sentential meaning ¢ the question arises whether
theseare created in an incremental manner over the course of sentences or only glob-
ally at the end of sentences as a sort of wrap-up effect. In two experiments, | adapted
the standard sentencenpicture verification framework (e.g., Zwaan et al., 2002and pre-
sented participants with specific materials that allowed me to provide insights into the
nature and time course of mental simulations generated in response to sentencesThe
results suggested that language comprehenders tend to create compositional mental
simulations of sentential meaning . However , there was no evidencethat entity shape
interpretation s induced early during sentence processing were simulated, indicating
that mental simulations of sentertial content merely operated over the sentence as a
whole. Given the theoretical importance of sentence-based mental simulations for em-
bodied accountsof language comprehension and the scarce availability of studies pro-
ducing simulation effects that can be attributed unequivocally to meaning composition
processes beyond the word level,further research isneededto investigate the stability
and boundary conditions of thesefindings. This might particularly include using other
methods than the picture -verification framework, as it has been questioned whether
matching effects in such tasks indeed rely on perceptual simulations (e.g., Ostarek et
al., 2019) Finally, to be able tomake more decisive conclusions on the time course of
mental simulations during sentence comprehension, it will be necessary to draw on

methods that allow a more direct look at on -line processes.

5.3 Functional relevance of mental simulations

Even if language comprehenders should routinely establish mental simulations
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reflecting the meaning of linguistic structures they encounter, this does notnecessarily
imply that these are indeed functionally relevant. Mental simulations could be mere
by-products of amodal meaning composition processes that are not causally involved
in language comprehension. Likewise, it is well conceivable thatthe influence of men-
tal simulations highly depends on the specific task affordances at hand. Surprisingly,
previous research has mostly focused on the pure activation of sensorimotor meaning
aspectst and the very few behavioral studies addressing the question of functional
relevance are usually limited to word -based stimuli and provided mixed results (see
Pecher, 2013; Shebani & Pulvermiuller, 2013; Strozyk et al., 2019; Yee et al., 201Byen
though the primary goal of my research on sentencebased mental simulations was not
to investigate their causal role during language comprehension, the findings appear to
provide some preliminary insights into this issue. This is particularly due to the fact
that participants were presented with transitionally ambi guous garden-path sentences
prompt ing them to mentally represent both an initial and afinal sentencebased entity
shape interpretation (Christianson et al., 2001; Patson et al., 2009; Slattery et al., 2013)
If mental simulations are indeed functionally relevant, one would thus expect to see
evidence in favor of mental simulations related to the initial entity shape interpreta-
tion. However, this was not the case: he results rather suggested that mental simula-
tions were created only globally at the end of sentences possibly as a sort of wrap-up
effect following amodal meaning composition. As already described, studies varying
the experimental context and involv ing measurementsof on-line processeswould help
to probe theseoutcomes and arrive at robust and differentiated conclusions. Research
on embodied cognition should generally be more ambitious and try harder to come up
with designs that permit causal inferences with respect to the functional role of mental
simulations during language processingt for instance, by using behavioral interfer-
ence paradigms or applying transcranial magnetic stimulation (TMS) to sensorimotor
brain areas (e.g., Ostarek & Bottini, 2020; Ostarek & Huettig, 2019) This is the actual
litmus test and will give the opportunity to verify and refine or reject embodied views

of language comprehension.

5.4 Embodiment of sentence polarity

The sophisticated human ability to reasonand communicate about abstractcon-

cepts such asdemocracy or love is unique and must thus be addressed adequately by
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any theoretical framework of higher-order cognition (e.g., Borghi et al., 2017)This is
particularly challenging to embodied views of cognition and language processing, as
abstract concepts do notpossessa straightforward physical referent in the world that
can becaptured by the sensorimotor system. There is noclearway to build associations
between linguistic structures denoting abstract conceptsand experiential states. None-
theless, several attempts have been made to approach this isste (for comprehensive
overviews, see Borghi et al., 2017; Kiefer & Harpaintner, 2020) The situation is much
different when it comes to the vital question of how abstract linguistic properties might
be grounded in mental simulations of sensorimotor experiences. This also applies to
the case ofsentence polarity, although there is some initial evidence indicating that
sentential negation processing is embodied by means of reusing neurophysiological
mechanisms of inhibition and cognitive control (e.g., Beltran et al., 2018, 2019, 2021; de
Vega et al., 2016; Liu et al., 2020)A complex phenomenon such assentence polarity is
likely to depend on various experiential meaning aspects. | therefore aimed to explore
further po tential grounding domains by investigating whether specific visual infor-
mation related to negation or affirmation ¢+ namely the finot faceod (Benitez-Quiroz et
al., 2016)and red/green color cues (Dudschig et al., 2023)¢ can beintegrated during
the comprehension of negated and affirmative sentences However, no priming effects
could be detected, which might suggest that this type of perceptual experiences does
not contribute to the embodied meaning representation of sentence polarity. These are
first insights from a promising new avenue of research.N egation and affirmation tend
to co-occur with several other sensorimotor statesevoked by gesturesor similar non-
verbal ways of communication that could have gained semantic meaning. The task of
future studies will be to examine in a more systematic manner whether some of these
experiencesare more than mere by-product s of language use. If not, this might imply
that mental processesenabling us to comprehend sentence polarity generally depend

on a more abstract representational format.

5.5 Methodological aspects

Apart from providing new empirical findings related to theoretically important
issuesin the researchon embodied language comprehension such as thecreation of
sentencebased mental simulations or the grounding of abstract linguistic properties ,

my work addressed aspects of practical relevanceby introduc ing and testing an easy
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to implement , web-suited method for investigating vertical spatial associations. This
particularly included replacing actual vertical response movements on specific input
devices with a direct real-time coupling of horizontal mouse movements and vertical
stimulus movements . Given the ever-increasing importance of data collection via the
Internet (e.g., Gosling & Mason, 2015; Stewart et al., 2017; Woods et al., 2015uch a
web-suited paradigm makes contemporary research onsimulation effects induced by
implicit location words much more feasible. Moreover, there areseveral other lines of
research on embodied languagecomprehension and human cognition in general that
are interested in investigating vertical spatial associations and might therefore benefit
from a reliable method permitting researchersto refrain from gathering actual vertical
response movements.For instance, an influential and extensively researchedapproach
to explaining the mental representation of abstract conceptsproposes that these are
grounded in sensorimotor experiences by means of a metaphorical mapping onto do-
mains that can be experiencedin a direct manner (e.g., Lakoff & Johnson, 1980, 1999)
Vertical space has turned out to be a particularly fertile experiential domain and was
linked with the embodiment of numerous abstract concepts suchaspower (e.g., Jiang
& Henley, 2012; Schubert, 2005; Wu et al., 2016; Zanolie et al., 201 Zpcial status(e.g.,
Lu et al., 2014; TowerRichardi et al., 2014; von Hecker et al., 2013)dominance (e.g.,
Moeller et al., 2008; Robinson et al., 2008)morality (e.g., Hill & Lapsley, 2009; Zhai et
al., 2018) divinity (e.g., Chasteen et al., 2010; Meier et al., 200nd emotional valence
(e.g., Ansorge et al., 2013; Meier & Robinson, 2004; Santiago et al., 2012nother area
of application for the newly introduced paradigm might be numerical cognition, as
number processing was shown to activate not only horizontal but also vertical spatial
associations(Gevers et al., 2006; Ito & Hatta, 2004; Schwarz & Keus, 2004However,
it is also easily possible to convertthe paradigm into a tool for investigating horizontal
spatial associations Apart from the case of numerical cognition, horizontal spatial as-
sociations play an important role in the research on the mental representation of time.
It has beendemonstrated that humans typically tend to map temporal information on
a culturally salient horizontal mental timeline (von Sobbe et al., 2019)Likewise, testing
the body-specificity hypothesis (Casasanto, 2009js closely related to horizontal spatial
associations.Originating from the assumption that cognitive processesrely on mental
simulations of sensorimotor experiences, the basic idea is that humans with varying

bodily characteristics make different experiences and should therefore create different
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mental representations. In particular, a lot of researchhasfocused on theissue whether
acting more fluently on the side of space that is associated with our dominant hand

can modulate the mapping of positive and negative valence onto horizontal space (e.g.,
Casasanto & Henetz, 2012; Casasanto & Jasmin, 2010; de la Fuente et al., 2015; de la
Vega et al., 2012; Li & Cao, 2019)Thus, to sum up, the newly introduced paradigm is
extremely versatile and flexible and can help cognitive scientists from various areas of

interest to exploit the full potential of web -based data collection

5.6 Conclusions and outlook

Even though the number of publications dealing with embodied language com-
prehension has been growing tremendously during the last two decades,the current
state of the art still appears to be quite primitive. Several aspects that must be tackled
adequately by any serious approach to human language processing have been barely
investigated in sufficient quantity and quality. For instance, this includes the question
whether language comprehenders really create compositional mental simulations of
sentential meaning and whether these are functionally relevant. Similarly , researchhas
been inclined to report simulation effects in terms of both facilitation and interference ,
but thereis ¢ to the best of my knowledge t no theoretical account that integrates such
findings and cansuccessfully predict the direction of effects. The experiments outlined
in this dissertation might contribute to a better understanding of some of theseunder-
studied and unresolved issues in the area of embodied language comprehension.For
example, | presented a promising avenue of research that aims to ground sentence
polarity in perceptual experiences that typically co-occur with negation or affirmation.
Another highlight is certainly the finding that language comprehenders tend to create
sentencebased mental simulations only globally at the end of sentences,possibly as a
sort of wrap -up effect after amodal meaning composition processes havetaken place.
This could suggestthat human language comprehension is not exclusively basedon
mental simulations, thus supporting the idea of so-called weak views of embodiment
and hybrid models of cognition that acknowledge the role of both modal and amodal
representational formats (e.g., Dove, 2009; Meteyard et al., 2012; Zwaan, 2014ndeed,
such approaches might be seenas avery first but important step on the indispensable

way of revising and refining theories of embodied cognition and language processing
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Abstract

The number of web-based studies in experimental psychology has been growing tremendously throughout the last few
years. However, a straightforward web-based implementation does not exist for all types of experimental paradigms. In the
current paper, we focus on how vertical response movements—which play a crucial role in spatial cognition and language
research—can be translated into a web-based setup. Specifically, we introduce a web-suited counterpart of the vertical Stroop
task (e.g., Fox & Shor, in Bull Psychon Soc 7:187-189, 1976; Lachmair et al., in Psychon Bull Rev 18:1180-1188, 2011;
Thornton et al., in J Exp Psychol Hum Percept Perform 39:964-973, 2013). We employed nouns referring to entities typi-
cally located in lower or upper vertical space (e.g., “worm” and “bird”, respectively) in Experiments 1 and 2, and emotional
valence words associated with a crouched or an upward bodily posture (e.g., “sadness” and “excitement”, respectively)
in Experiment 3. Depending on the font color, our participants used their mouse to drag the words to the lower or upper
screen location. Across all experiments, we consistently observed congruency effects analogous to those obtained with the
lab paradigm using actual vertical arm movements. Consequently, we conclude that our web-suited paradigm establishes a
reliable approach to examining vertical spatial associations.

Introduction

Within the last decade, the Internet has become increas-
ingly relevant for behavioral research. This development
is currently being boosted by the coronavirus pandemic.
Experimental psychologists started to employ the Inter-
net as a research tool in the middle of the 1990s (Krantz &
Dalal, 2000; Reips, 2000, 2002a). Up to the present day, the
number of studies using the Internet for delivering surveys
and running experiments has grown tremendously (Gosling
& Mason, 2015; Stewart et al., 2017; Woods et al., 2015).
Nevertheless, the potential of the Internet with respect to
conducting behavioral research—especially in terms of
chronometric studies—is not yet entirely realized. In the
present article, we focused on providing a setup that replaces
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vertical response movements by means of mouse movements
on the horizontal plane inducing vertical stimulus move-
ments on the computer screen. Importantly, this setup is easy
to implement, allows web-based data collection, and can also
simplify research in the lab.

Web-based data collection provides the opportunity
to overcome several issues associated with classical lab
research. Particularly, the Internet and online labor markets
(e.g., Amazon Mechanical Turk or Prolific) enable research-
ers (1) to gather data of participants with a much more
diverse background than the typically recruited university
students (for issues with “WEIRD” samples in behavioral
science see Henrich et al., 2010), (2) to sample data in short
periods of time, and (3) to recruit participants with special
characteristics (Birnbaum, 2004; Reips, 2000; Stewart et al.,
2017, Woods et al., 2015). Naturally, we also face challenges
and disadvantages when we decide to deliver surveys or con-
duct experiments via the Internet. Especially, researchers
must deal with the fact of losing experimental control (e.g.,
Duffy, 2002; Gosling & Mason, 2015; Nosek et al., 2002).
For example, the experimenter has reduced options for mak-
ing sure that the participants follow the instructions and take
their participation seriously. Due to the lack of personal
interaction, there is no way of clearing up misunderstandings
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or answering questions (Reips, 2002b). Moreover, several
authors mention problems with respect to data security and
research ethics, such as the issue that the experimenter can-
not guarantee that the participants read and comprehended
the informed consent statement (e.g., Buchanan & Williams,
2010; Emery, 2014; Kraut et al., 2004; Rhodes et al., 2003).
In addition, lab paradigms and their web-based counterparts
will rarely be fully identical (for a similar issue regarding
psychological tests see Buchanan, 2002). However, there
are ways and means of mitigating, managing, and (partially)
solving the challenges and disadvantages that are typically
related to conducting psychological research via the Internet
(see, for example, Aust et al., 2013; Reips, 2000, 2002a,
2002b, 2009).

Before turning to the paradigm introduced and evaluated
in the present research, we will briefly discuss the issue of
timing in web-based reaction time (RT) experiments. Cer-
tainly, there exist some reservations mainly arising from
arguments such as software and technology constraints and
the increasing situational and technical variance in web-
based data collection (Hilbig, 2016). However, it seems that
the respective issues are significantly less severe than origi-
nally expected. For instance, Reimers and Stewart (2015)
systematically investigated the accuracy of RT measure-
ments in web-based experiments across different computers,
operating systems, ways of implementation (Adobe Flash vs.
HTMLS5), and browsers. Their results showed that RT effects
can be detected accurately in most setups. Importantly, for
a between-subjects design with two conditions, they dem-
onstrated that the noise generated by hardware and software
variability can easily be compensated by slightly raising the
sample size. Moreover, for a within-subjects design with
two conditions, they detected virtually no disadvantages
(see Neath et al., 2011, for results with Apple computers).
In a recent review, Stewart et al. (2017) stated that “it is
now possible to measure reaction times sufficiently accu-
rately in web experiments using HTMLS5 and Javascript” (p.
739). Additionally, several (classical) RT paradigms have
been tested and validated in online settings, mostly either
by replicating the results of the original lab studies or by
administering the paradigm in a lab setting and in an online
setting. For instance, lab and online results were compara-
ble for the Stroop effect, the Simon effect, the flanker task,
the attentional blink task, task-switching costs, visual cuing,
visual search, the word frequency effect, the right-visual-
field advantage for word recognition, and syntactic priming
in sentence production (Corley & Scheepers, 2002; Crump
et al., 2013; Hilbig, 2016; Linnman et al., 2006; McGraw
et al., 2000; Semmelmann & Weigelt, 2017; Simcox & Fiez,
2014).

In general, web-based experimenting seems to be com-
pletely feasible and acceptable with respect to experimental
designs that require keypresses on a standard keyboard. In

addition, in recent years, mouse-based paradigms have been
successfully used across various research domains to gain
insights into cognitive processes (for reviews, see Freeman,
2018; Schoemann et al., 2021; Stillman et al., 2018). For
instance, researchers employed mouse-tracking to examine
semantic categorization (Dale et al., 2007), to study social
categorization (Freeman et al., 2010), to detect response
difficulty in online surveys (Horwitz et al., 2017), and to
establish a potential early marker of mild cognitive decline
(Seelye et al., 2015). In the present article, we aimed at
making use of these developments for introducing a web-
suited counterpart to vertical response movements typically
recorded in lab-based settings. This sort of vertical response
mode plays a crucial role in various branches of behavioral
research, such as spatial cognition, numerical cognition,
social cognition, and cognitive control (e.g., Dudschig &
Kaup, 2020; Ito & Hatta, 2004; Koch et al., 201 1; Schneider,
2020; Schubert, 2005; Schwarz & Keus, 2004).

We based our work on research using the vertical Stroop
task. For example, Lachmair et al. (2011) employed such
a setup (see also Dudschig & Kaup, 2017; Thornton et al.,
2013) for verifying assumptions that were derived from
the experiential-simulations view of language comprehen-
sion (Barsalou, 1999; Glenberg & Kaschak, 2002; Zwaan
& Madden, 2005). In their vertical Stroop task, Lachmair
et al. (2011, Experiment 2) presented participants with
nouns referring to entities that are typically located in lower
or upper vertical space (e.g., “worm” and “bird”, respec-
tively). Critically, each noun was displayed in one of four
font colors. Depending on the font color, the participants
performed a downward or upward arm movement employ-
ing a vertical response device mounted in front of them (see
Fig. 1). Concretely, they pressed down the two middle keys
of the device using their right and left hand to initiate a
trial. To respond to the font color of the noun, they released
the relevant middle key, pressed the corresponding lower or
upper response key and returned to the released middle key.
Importantly, the time period from the appearance of the noun
until releasing one of the middle keys (releasing time) served
as the dependent variable. In line with the original Stroop
task (Stroop, 1935) correct responses solely demanded pro-
cessing the font color. Thus, the task did not require par-
ticipants to process the nouns. Nevertheless, Lachmair et al.
observed a congruency effect of response direction and ref-
erent location, indicating that spatial features are indeed acti-
vated in a rather automatic manner when people encounter
nouns that are associated with a typical vertical location (see
Thornton et al., 2013, for converging results). Remarkably,
the results suggest that the setup is able to detect spatial con-
gruency effects that are likely smaller than those obtained
with the standard spatial Stroop task using the words “up”
and “down” (Fox & Shor, 1976; Fox et al., 1971). Hence,
establishing a reliable web-based counterpart to this type of

@ Springer
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Fig. 1 Examples of setups used in research on vertical language-
space associations. The illustration on the left shows the experimen-
tal setup used by Lachmair et al. (2011, Experiment 2). Participants
performed a downward or an upward arm movement to respond to the
font color of nouns. The vertically mounted response device had four
keys: two middle keys, a lower response key, and an upper response
key. Participants initiated a trial by holding both middle keys. A
downward (an upward) arm movement included releasing the cor-

setup seems to be highly valuable. Moreover, in recent years,
setups with a vertical response dimension have become
increasingly relevant in the various fields of behavioral
research (e.g., spatial cognition; language comprehension;
numerical cognition; social cognition) that have an interest
in spatial associations (e.g., Ahlberg et al., 2018; Dudschig
etal., 2012, 2014, 2015; Gevers et al., 2006; Giinther et al.,
2018, 2020; Hill & Lapsley, 2009; Ito & Hatta, 2004; Meier
et al., 2007; Ottl et al., 2017; Schubert, 2005; Vogt et al.,
2019; Zanolie et al., 2012; Zhai et al., 2018).

In our web-suited counterpart to the manual vertical
Stroop paradigm, participants used their computer mouse to
respond to the font color of words: They dragged each word
either to the lower or to the upper screen location. Conse-
quently, spatial congruency was operationalized via the cor-
respondence of spatial information associated with the lan-
guage stimulus (e.g., “grave” vs. “satellite”) and the mouse
movement that was directly coupled with visually sensible
action effects (i.e., perceiving the word moving downwards
or upwards, respectively). Noteworthy, in a series of five
experiments (Schiitt et al., 2021), we recently tested a similar
paradigm. In this paradigm, our participants responded to
the font color of nouns by performing stationary keypresses.
Importantly, pressing a response key consistently produced
an immediate visual feedback at the lower or upper end of

@ Springer
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responding middle key, pressing the lower (the upper) response key,
and returning to the middle key. The non-responding hand remained
on the middle key. The illustration on the right shows the modified
setup used by Vogt et al. (2019). In this case, participants performed
downward and upward movements with a single arm. Subsequent to
the auditory presentation of the language stimulus, they responded to
the color of a circle displayed at the center of the screen

the screen. Interestingly, we did not reliably observe congru-
ency effects, indicating that visual feedback following sim-
ple keypress responses does not suffice to induce the sort of
congruency effects studied in research domains that typically
demand vertical responses. However, we hypothesized that
coupling visual action effects with a more distinct involve-
ment and activation of the motor system—as realized by
introducing mouse movements—might be more similar to
previous lab-based approaches.! Additionally, using mouse
movements seems to be a rather convenient solution: The
computer mouse is one of the standard input devices avail-
able for web-based research and allows implementing exper-
imental procedures that involve the motor system in a more
prominent way.

In three mouse movement experiments we explored
whether our web-suited paradigm is appropriate for studying
language-space associations in a reliable manner. We started
by running web-based replications of the study by Lachmair
et al. (2011, Experiment 2) that investigated the automatic
activation of spatial information during processing implicit

' Of course, a mouse-based paradigm also has the potential to
replace specific response devices requiring vertical actions in future
lab-based research on spatial associations.
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location words, once with native English speakers (Experi-
ment 1) and once with German native speakers (Experiment
2). In Experiment 3, we applied the web-suited paradigm
to another group of words, namely valence words referring
to emotions that are typically associated with a slouched
or an upright bodily posture (i.e., with spatial experiences
that are characterized by having a down vs. an up compo-
nent; see Dudschig et al., 2015; Meier & Robinson, 2004).
Importantly, using the lab-based vertical Stroop paradigm of
Lachmair et al., it has already been shown that these words
influence subsequent vertical arm movements in accordance
with the spatial experiences they are related to (see Dudschig
et al., 2015, Experiment 3). Therefore, the third experiment
enables us to assess the generalizability of our web-suited
paradigm by means of testing it with respect to yet another
well documented lab-based finding.

Experiment 1
Method
Transparency and openness

For all experiments, we report our procedure to determine
the exact sample size. All data sets and the original and
an updated version of the jsPsych plugin for implementing
the mouse movement task are publicly available at https://
doi.org/10.5281/zenodo.4557024. We will upload analysis
scripts at the same place upon publication. All data exclu-
sions, software employed for statistical analyses, and study
materials are mentioned and described in the Method sec-
tions at an appropriate place. The current research was not
preregistered. Ethics approval for the study was obtained
from the Ethics Committee for Psychological Research at the
University of Tiibingen (Identifier: 2018_0831_132).

Participants

We based the sample size of the experiment on the lab-
based work that served as the starting point for the current
research (i.e., Lachmair et al., 2011, Experiment 2
[N =24]). First, we conducted a power analysis using
MorePower (Version 6.0.4; Campbell & Thompson, 2012).
For this purpose, we referred to the results Lachmair et al.
(2011, Experiment 2) reported for the critical congruency
effect of response direction and referent location (by-par-
ticipants analysis of variance; ns = 0.24). This revealed
that 36 participants are needed for having a test power of
0.90 with respect to the congruency effect of response

direction and referent location (for similar results obtained
with a simulation-based procedure, see Giinther et al.,
2018). Given that primary studies in behavioral research
tend to overestimate effect sizes (Fanelli & loannidis,
2013), we then also considered the advice of Simonsohn
(2015) that replications should have 2.5 times as many
observations as the original study. To incorporate both
criteria when setting the sample size, we aimed at collect-
ing the data of 60 participants. In Experiment 1, we
recruited native English speakers via Amazon Mechanical
Turk. In accordance with Lachmair et al., we discarded
participants with a low accuracy rate (less than 90% of
correct trials in at least one experimental condition). This
procedure resulted in a final sample of 55 participants (i.e.,
five participants were excluded due to the accuracy rate
criterion). The age of the participants (30 males, 25
females; 46 right-handed, eight left-handed, one ambidex-
trous) ranged from 21 to 65 years (M =38.62 years, SD =
10.88 years). The experiment took about 25 min to com-
plete. All participants gave informed consent and received
$4.00 in return for participation.

Apparatus and stimuli

We created our online experiments by use of jsPsych
(Version 6.1.0; de Leeuw, 2015), which is an open-source
JavaScript library for generating web-based behavioral
experiments. To implement the mouse movement task,
we employed a custom-made jsPsych plugin (publicly
available at https://doi.org/10.5281/zenodo.4557024). We
instructed our participants to use only either a desktop
computer or a laptop and a standard computer mouse for
conducting the experiments.

A black colored plus sign served as fixation cross. The
experimental stimuli were derived from the word list of
Lachmair et al. (2011, Experiment 2), which comprised
German nouns denoting objects that are typically associ-
ated with a lower or an upper vertical location. First, we
translated the word list into American English. As a result
of the translation, some of the nouns were composed of
more than a single word (e.g., “roof beam”; “high wire™;
“sole of foot™). However, this was not the case for any of
the original German nouns. Therefore, we deleted these
nouns. Finally, we randomly excluded further nouns to
have a list with the same number of down and up words.
This produced a final word list with 32 down words and
32 up words (see Appendix). We examined the nouns with
respect to length and frequency. For determining frequency
classes, we used an English news corpus that was based on

@ Springer
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Fig.2 Procedure of a correctly answered trial in Experiment 1. Each
trial started with the presentation of a fixation cross. Concurrently, a
frame appeared that marked the experimentally relevant part of the
screen. Then, a lower and an upper target area was introduced by dis-
playing a borderline at the lower and at the upper end of the framed
part of the screen. Moreover, the stimulus replaced the fixation cross.

texts from 2016 (available at https://wortschatz.uni-leipz
ig.de). Down words (M =5.47 letters, SD = 1.41 letters)
and up words (M =5.53 letters, SD = 1.92 letters) did not
differ significantly in length, #(62) = — 0.15, p=0.883.
Likewise, there was no significant difference in terms of
frequency, {(61)=0.67, p=0.504 (down words: M=12.45,
SD = 2.10; up words: M=12.06, SD = 2.49).2 Sixteen
additional nouns (e.g., “book”; “letter”; “machine™) served
as stimuli in the training session. These nouns were not
associated with any typical vertical location (see Lachmair
et al., 2011, Experiment 3). The stimuli were presented in
blue (RGB: 0, 0, 255), orange (RGB: 255, 165, 0), green
(RGB: 0, 128, 0), and red (RGB: 255, 0, 0) font color
on a white background. In the training session as well
as in the experimental session, we gave feedback by dis-
playing either “Correct!” (if the response was correct) or
“Wrong!” (if the response was wrong). The feedback was
shown in black letters.

Procedure

We instructed our participants to run the experiment in an
interference-free environment. The experiment consisted of
a training session and an experimental session. During the
training session, participants should get familiar with the
task. We presented each training stimulus once in one of the
four font colors. Thus, the training session comprised 16 tri-
als. All font colors appeared equally often. The order of tri-
als was randomized. After the training session, a self-paced
break followed. This break included performance feedback
(i.e., information on the percentage of correct responses and
the average response time) and a reminder with respect to
the experimental task.

? The corpus that we used for determining the word frequency
classes did not give a value for the noun “subfont”. Thus, we dis-
carded this noun from the analysis of frequencies, which reduced the
number of degrees of freedom in the r-test.
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The participants used their mouse to respond to the font color of the
stimulus: They dragged the stimulus either to the lower or to the
upper target area. Once the stimulus was completely located in one of
the target areas, it was replaced by the feedback. Finally, the intertrial
interval followed before the next trial started

Participants then proceeded with the experimental ses-
sion, which was composed of four blocks. In each block, we
displayed each of the down words and each of the up words
once in one of the four font colors. Hence, an experimental
block contained 64 trials. We presented each noun in a dif-
ferent font color in each block. Since there were four blocks
and four different font colors, all nouns appeared exactly
once in each font color during the experimental session. Fur-
thermore, we balanced the font colors within the blocks (i.e.,
all font colors were used equally often per block). The order
of the trials and the order of the blocks were randomized.
After each block, there was a self-paced break. Again, this
break included a performance feedback and a reminder
regarding the experimental task.

Figure 2 illustrates the trial procedure. Each trial started
with showing simultaneously (1) a frame that marked the
experimentally relevant part of the screen (90% of the avail-
able display height and 90% of the available display width)
and (2) the fixation cross (800 ms). Subsequently, a lower
and an upper target area was introduced by displaying a bor-
derline at the lower and at the upper end of the framed part
of the screen. At the same time, the stimulus replaced the
fixation cross. The task was to react to the font color of the
stimulus as fast and as accurately as possible. For this pur-
pose, the participants clicked on the stimulus and dragged
it either to the lower or to the upper target area using their
mouse. We always mapped two font colors to one response
direction (e.g., blue and orange to downward dragging and
green and red to upward dragging). The combination of
colors to color pairs (blue-orange and green—red; blue-green
and orange-red; blue-red and orange-green) and the map-
ping of color pairs to response directions (i.e., which of the
two color pairs was assigned to which of the two response
directions) was balanced between participants, resulting in
six experimental versions. Once the stimulus was completely
located in one of the target areas, it was replaced by the cor-
rectness feedback (800 ms). Finally, the intertrial interval
(1500 ms) followed before the next trial started.
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Fig.3 Mean response and mean movement times for correctly answered trials as a function of referent location and response direction in Experi-
ment 1. Error bars denote 95% within-subjects confidence intervals calculated as recommended by Morey (2008

Design and data analysis

The experiment had a 2 x 2 within-subjects design, with
the factors referent location (down vs. up) and response
direction (down vs. up). As dependent variables we used
measures that likely match the dependent variables consid-
ered in the context of the lab-based vertical Stroop task we
referred to (see, for example, Dudschig et al., 2015; Lach-
mair et al., 2011; Thornton et al., 2013). This particularly
included a marker reflecting the time period until initiating
aresponse to the presented stimulus (i.e., response selection
and planning). Thus, the time period from the appearance
of the noun on the screen until the initial movement of the
noun (response time) served as a dependent variable. More
concretely, the noun needed to be selected via mouse button
press, followed by the mouse movement being started (there
was no need for moving a certain distance).

We prepared and analyzed response times using the free
statistical software R (Version 3.6.2). First, we removed
training trials, trials with more than a single mouse click,
and incorrectly answered trials. Then, we excluded trials
with response times shorter than 100 or longer than 3000 ms.
In line with Lachmair et al. (2011), we subsequently applied
the two-step procedure suggested by Kaup et al. (2006) to
eliminate further outliers. Hence, in a first step, we con-
verted the response times of each participant to z-scores.
Following this, we discarded response times with a z-score
that deviated more than two standard deviations from the
mean z-score of the respective noun in the respective condi-
tion. Thus, both differences among the participants and dit-
ferences among the items were considered. In sum, outlier
elimination reduced the data set by less than 7%. We used
the R packages Ime4 (Version 1.1-21; Bates et al., 2015) and

ImerTest (Version 3.1-1; Kuznetsova et al., 2017) to per-
form a linear mixed effect analysis (see Baayen et al., 2008).
Our base model contained fixed effects for referent location
and response direction. In contrast to Lachmair et al., we
collected data of participants with varying handedness and
a rather broad range of age. Consequently, to account for
any possible effects of handedness and age, we also added
fixed effects for handedness and age to our base model. For
determining a suitable random effect structure, we employed
the data-driven model selection criterion of Matuschek et al.
(2017), which aims at providing a mixed model that balances
Type I error rate and power. When performing the proce-
dure, we omitted models that had a singular fit or did not
converge. This resulted in incorporating random intercepts
for participants and items. For testing our hypothesis (i.e.,
the interaction of referent location and response direction),
we compared our base model to a model that contained an
additional fixed effect for the interaction of referent location
and response direction by means of a likelihood ratio test.

The time period from the initial movement of the noun
until the noun crossed one of the response boundaries
(movement time) served as a second dependent variable. We
prepared and analyzed movement times in the same way as
response times, except that extreme outliers were defined as
movement times longer than 1000 ms. Outlier elimination—
comprising the two-step procedure recommended by Kaup
et al. (2006)—reduced the data set with respect to movement
times by less than 6%. The mixed models included random
intercepts for participants and items.

Finally, we looked at response correctness. For this pur-
pose, we referred to all correctly and incorrectly answered
experimental trials, excluding trials with response times
shorter than 100 or longer than 3000 ms (less than 2% of
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all trials). The analysis followed the procedure used for
response and movement times, apart from the fact that we
formulated generalized linear mixed models (i.e., mixed
effects logistic regressions) to handle the binary outcome
variable (response: correct vs. incorrect). These models
comprised random intercepts for participants and items.

Results and discussion

Figure 3 illustrates the mean response and mean move-
ment times as a function of referent location and response
direction. For response times, the analysis revealed that the
model with an additional fixed effect for the interaction
of referent location and response direction explained the
data significantly better than the base model, ¥*(1)=6.18,
p=0.013, effect of referent location: f = 10.81, t=1.99,
95% CI10.15, 21.47], effect of response direction: f=3.15,
t=0.64, 95% CI [— 6.45, 12.76], interaction of referent loca-
tion and response direction: f = — 17.24, t = — 2.49, 95%
CI [— 30.82, — 3.65]. This indicates that responses times
were significantly faster when the referent location matched
(M =723 ms) compared to mismatched (M =734 ms) the
response direction. For movement times, the model with an
additional fixed effect for the interaction of referent location
and response direction showed a marginally better fit than
the base model, y*(1)=3.58, p=0.058, effect of referent
location: f = 2.25, t=1.02, 95% CI [— 2.09, 6.58], effect
of response direction: f = 3.22, r=1.56, 95% CI [—- 0.84,
7.28], interaction of referent location and response direction:
f=—5551t=-1.89,95% CI [- 11.30, 0.20]. Movements
times were slightly faster when the referent location matched
(M =167 ms) compared to mismatched (M= 170 ms) the
movement direction of the noun on the screen. There was no
evidence for an interaction of referent location and response
direction with respect to response correctness, y2(1)=0.91,
p=0.340, effect of referent location: f = —0.16,z = — 0.71,
95% CI [— 0.60, 0.28], effect of response direction: ff =
—0.07,z=-0.31,95% CI [- 0.51, 0.37], interaction of
referent location and response direction: f = 0.30, z=0.95,
95% CI [— 0.32, 0.92]. Error rates were virtually identical
when the referent location matched (M =1.20%) compared
to mismatched (M =1.31%) the response direction.

‘We were successful in replicating the congruency eftect
of referent location and response direction, which provides
first support in favor of our paradigm. Particularly, the effect
emerged for response times (i.e., the period until initiating
the mouse movement). Therefore, the stage of action plan-
ning seems to be crucial. Interestingly, this is in line with
findings of previous lab-based work on language-space
associations (e.g., Dudschig et al., 2015; Giinther et al.,
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2018; Lachmair et al., 2011; Ottl et al., 2017). The effect
also clearly tended to be mirrored in movement times. Fur-
thermore, error rates were low, indicating that participants
focused on the experimental task.

Experiment 2

In Experiment 2, we aimed at obtaining further support
regarding the validity of our web-suited counterpart to the
manual vertical Stroop paradigm. Therefore, we ran a rep-
lication of Experiment | with German materials and native
German speakers.

Method
Participants

We again collected the data of 60 participants. We recruited
native German speakers by sending a circular email to the
students at the University of Tiibingen. The exclusion of
participants followed the same accuracy rate criterion as
in Experiment 1. This yielded a final sample of 57 par-
ticipants (i.e., three participants were excluded due to the
accuracy rate criterion). The participants (40 females, 17
males; 54 right-handed, two left-handed, one ambidextrous)
were between 18 and 36 years old (M =23.67 years, SD =
3.51 years). The experiment took about 25 min to complete.
All participants gave informed consent. In return for partici-
pation, the participants either received partial course credit
or participated in a lottery of three vouchers with a value of
€60 each.

Apparatus and stimuli

In general, apparatus and stimuli were the same as in Experi-
ment 1. This time, however, we conducted the experiment in
German. Thus, we presented the original German counter-
parts of the nouns that we used in Experiment 1 (see Appen-
dix). Again, we examined the nouns with respect to length
and frequency. For determining frequency classes, we made
use of a German news corpus that was based on texts from
2018 (available at https://wortschatz.uni-leipzig.de). Down
words (M =5.88 letters, SD = 1.70 letters) and up words
(M =5.69 letters, SD = 1.42 letters) did not differ signifi-
cantly in length, 7(62)=0.48, p=0.634. Likewise, there was
no significant difference in terms of frequency, #(62)=0.57,
p=0.571 (down words: M=11.91, SD = 1.87; up words:
M=11.63, 5D = 2.08).
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