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Abstract

The Abstract Conceptual Feature (ACF) framework predicts that word meaning is represented

within a high-dimensional semantic space bounded by weighted contributions of perceptual, affec-

tive, and encyclopedic information. The ACF, like latent semantic analysis, is amenable to

distance metrics between any two words. We applied predictions of the ACF framework to

abstract words using eyetracking via an adaptation of the classical “visual word paradigm”

(VWP). Healthy adults (n = 20) selected the lexical item most related to a probe word in a 4-item

written word array comprising the target and three distractors. The relation between the probe and

each of the four words was determined using the semantic distance metrics derived from ACF rat-

ings. Eye movement data indicated that the word that was most semantically related to the probe

received more and longer fixations relative to distractors. Importantly, in sets where participants

did not provide an overt behavioral response, the fixation rates were nonetheless significantly

higher for targets than distractors, closely resembling trials where an expected response was given.

Furthermore, ACF ratings which are based on individual words predicted eye fixation metrics of

probe-target similarity at least as well as latent semantic analysis ratings which are based on word

co-occurrence. The results provide further validation of Euclidean distance metrics derived from

ACF ratings as a measure of one facet of the semantic relatedness of abstract words and suggest

that they represent a reasonable approximation of the organization of abstract conceptual space.

The data are also compatible with the broad notion that multiple sources of information (not

restricted to sensorimotor and emotion information) shape the organization of abstract concepts.

While the adapted “VWP” is potentially a more metacognitive task than the classical visual world

paradigm, we argue that it offers potential utility for studying abstract word comprehension.
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Keywords: Abstract knowledge; ACF ratings; LSA cosines; Visual world paradigm; Eye

movements

1. Introduction

The nature and organization of abstract concepts have received relatively little atten-

tion compared with their more concrete counterparts, although abstract and concrete

words occur with comparable frequencies in the English lexicon (Reilly, 2005; Reilly &

Kean, 2007). In the neuropsychological literature, studies of abstract and concrete word

processing include many reports of double dissociations between patients showing rela-

tive preservation of concrete concepts (e.g., Coltheart, Patterson, & Marshall, 1987;

Franklin, Howard, & Patterson, 1995; Katz & Goodglass, 1990; Martin & Saffran, 1992;

Roeltgen, Sevush, & Heilman, 1983; Warrington, 1975) or abstract concepts (e.g., Bree-

din, Saffran, & Coslett, 1994; Cipolotti & Warrington, 1995; Marshall, Pring, Chiat, &

Robson, 1996; Papagno, Capasso, Zerboni, & Miceli, 2007; Reilly, Peelle, & Grossman,

2007; Sirigu, Duhamel, & Poncet, 1991; Warrington, 1975; Warrington & Shallice, 1984;

although see Hoffman, Jones, & Lambon Ralph, 2013a). In the functional neuro-imaging

literature, the most common finding is that relative to concrete words, abstract words eli-

cit more extensive activation within left hemisphere brain regions such as inferior frontal

gyrus (LIFG; Binder, Westbury, McKiernan, Possing, & Medler, 2005; Fiebach & Frie-

derici, 2004; Jessen et al., 2000; Noppeney & Price, 2004; Perani et al., 1999) and the

superior temporolateral cortex (Binder, Desai, Graves, & Conant, 2009; Binder et al.,

2005; Kiehl et al., 1999; Mellet, Tzourio, Denis, & Mazoyer, 1998; Wise et al., 2000). In

contrast, concrete words tend to evoke more extensive bilateral activation (Binder et al.,

2005; Fiebach & Friederici, 2004; Grossman et al., 2002; Sabsevitz, Medler, Seidenberg,

& Binder, 2005).

Numerous theoretical models have emerged to account for the word concreteness

effect, a collective advantage manifested by concrete relative to abstract words across a

wide range of cognitive domains. One dominant approach specifies quantitative differ-

ences in the amount of featural support available for concrete relative to abstract words.

Dual coding theory, (Paivio, 1971, 2013), for example, holds that concrete words are rep-

resented in both a verbal and an imagistic format, while abstract words are represented

solely through a verbal code. Plaut and Shallice (1993) similarly argued that concreteness

effects emerge at least in part due to a more extensive network of features for concrete

words (Plaut & Shallice, 1993). The context availability hypothesis reflects an alternative

account emphasizing discrepancies in the capacity of concrete and abstract words to

rapidly engage event schemas (Schwanenflugel, 1991; Schwanenflugel & Shoben,1983).

That is, concrete words more rapidly and effectively evoke a network of related contex-

tual information (e.g., picnic evokes sun, sandwiches, ants, grass, lemonade, etc.). A dif-

ferent approach, known as the semantic diversity hypothesis (Hoffman, Lambon Ralph, &

Rogers, 2013b), highlights how abstract word meaning is more variable, subjective, and

nuanced relative to concrete words that tend to more often denote fixed entities.

2 S. Primativo, J. Reilly, S. J. Crutch / Cognitive Science (2016)



Straddling these positions, the qualitatively different representational (QDR) framework

hypothesis suggests that featural and contextual information are important for both types

of words but that their relative contribution differs along the concreteness continuum:

information about semantic similarity (largely based on concept features) is relatively

more important in the organization of concrete concepts, while information about seman-

tic association (largely based on context) has disproportionate weighting in the organiza-

tion of abstract concepts (Crutch & Jackson, 2011; Crutch & Warrington, 2005;

Du~nabeitia, Avil�es, Afonso, Scheepers, & Carreiras, 2009).

Despite the predominance of semantic association over similarity engendered for

abstract words within the QDR hypothesis, many questions remain over how semantic

similarity between abstract words is represented and, more broadly, what actually consti-

tutes an abstract word. After all, the great majority of studies and theories on abstract

words have considered their relationship with concrete concepts, rather than studying

their development and processing in their own right. Mirman and Magnuson (2008)

investigated the effect of semantic neighborhood density (SND) on semantic representa-

tion. The authors explored facilitative and inhibitory effects played by neighbors and sug-

gested that different dynamics are likely to emerge when taking into account neighbors’

number and distance. Results suggested that semantic processing is slower for dense near

neighborhoods and faster for dense but distant neighborhoods (Mirman & Magnuson,

2008).

Andrews, Vigliocco, and Vinson (2009) proposed that semantic representation should

be conceived as the combination of two types of information: experiential data (derived

by the interaction with the physical world) and distributional data (which represent the

statistical distribution of words in the language). A further step forward in the understand-

ing of semantic knowledge representation has been the importance attributed to affective

information, along with experiential and linguistic information (Andrews et al., 2009;

Kousta, Vinson, & Vigliocco, 2009; Kousta, Vigliocco, Vinson, Andrews, & Del Campo,

2011; Newcombe, Campbell, Siakaluk, & Pexman, 2012; see Pecher, Boot, & Van Dant-

zig, 2011 for a review). As with the QDR model, the distinction between abstract and

concrete stimuli is relative and continuous rather than absolute and discrete. It is claimed

that both concrete and abstract words convey many different types of information (e.g.,

sensory-motor, affective, and linguistic), but they differ in terms of which kind of infor-

mation has the greatest weight: concrete words are characterized by a statistical prepon-

derance of sensorimotor information, while abstract words are statistically marked by

affective and linguistic information (Kousta et al., 2009).

Two main reasons are provided to explain why emotion information might have privi-

leged status in the development and processing of abstract words. First, emotion words

largely refer to abstract, introspective states. Second, emotion development tends to pre-

cede linguistic development and may constitute a crucial prerequisite or rate limiting step

in the development of abstract semantic representations (Bloom, 1998). For example, the

acquisition of abstract words such as melancholy or malaise requires shades of experience

with the more fundamental human emotion of sadness. Yet, it is also clear that many

other cognitive systems also demonstrate development prior to language acquisition.
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Thus, emotion may be only one of a number of latent factors driving the representation

of abstract concepts.

Recently we have introduced a new approach to studying the semantic attributes of

single abstract words, referred to as the abstract conceptual feature (ACF) rating method

(Crutch, Troche, Reilly, & Ridgway, 2013; Crutch, Williams, Ridgway, & Borgenicht,

2012; Troche, Crutch, & Reilly, 2014). This involves requesting healthy individuals to

provide Likert scale ratings of how much different types of cognitive information con-

tribute to their understanding of individual concepts. The premise underlying this

approach is that mapping abstract semantic space requires the identification and quantifi-

cation of not only sensorimotor and emotional information, but also of a broader set of

cognitive domains. A further motivation was to measure the content or semantic attributes

of abstract words based on different cognitive dimensions in a manner comparable to the

feature listing approach used to study the structure of concrete conceptual knowledge

(e.g., Cree & McRae, 2003; Garrard, Lambon Ralph, Hodges, & Patterson, 2001). One

advantage of this method relative to word co-occurrence metrics like latent semantic anal-

ysis (LSA; Landauer & Dumais, 1997) is that all ratings are gathered on individual

words, not word pairs, thus eliciting data from which more flexible, context-independent

semantic similarity metrics can be derived.

The cognitive dimensions taken into account were: sensation, ease of teaching, ease of

modifying, action, time, emotion, morality, polarity, social interaction, thought, space,

and quantity. Sensation, action, emotion were included owing to their inclusion in weak

embodiment models of Vigliocco et al. (Andrews et al., 2009; Kousta et al., 2009, 2011).

Social interaction and thought were included following work by Borghi and Cimatti

(2012) and Barsalou (1999) in which the contributions of social interaction and introspec-

tion on abstract word acquisition and representation are emphasized. Similarly, Allman

and Meck (2012) highlighted the importance of the time, whereas Lakoff and Johnson

(2008) and Zwaan and Yaxley (2003) describing the organization of geographic concepts,

denote the importance of considering spatial information as a key attribute of abstract

words. The distinction between numerical and non-numerical abstract concepts (Gather-

cole, 1985) leads to considering quantity among the important abstract word’s features.

Ease of teaching refers to the learning style and/or age of acquisition, while ease of modi-
fying represents an index of the contextual availability of a word. Polarity refers to the

positive or negative feelings associated with a word. Finally, morality is thought to reflect

the cognitive emotions associated with social mores, driver of many human behaviors

(Moll, Zahn, de Oliveira-Souza, Krueger, & Grafman, 2005).

These ACF ratings have been used to generate a high-dimensional representation of

abstract conceptual space, from which Euclidean distance metrics (how far apart are two

abstract concepts within this space) have been derived. In previous studies, these semantic

distance metrics have been shown to predict at least as well as LSA the performance of a

globally aphasic stroke patient on two verbal comprehension tests (Crutch et al., 2013),

suggesting they represent a relevant measure of at least one aspect of semantic related-

ness. ACF metrics have also been used to help explain a pattern of superior antonym than

synonym comprehension performance in three aphasic patients (Crutch et al., 2012).
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Fig. 1 represents a contour plot depicting how abstract and concrete words cluster within

the multidimensional semantic space bounded by a series of factors representing emotion,

magnitude, and perceptual salience.

In the present paper we examined whether the ACF distance metrics could predict

healthy individuals’ eye movements when examining the semantic relationship between

written words. For this purpose we used an adapted version of the well-established visual

world paradigm (VWP). Originally Tanenhaus, Spivey-Knowlton, Eberhard, and Sedivy

(1995) developed the methodology to systematically investigate the temporal relationship

between eye movements and language processing by verbally presenting sentences with

different level of syntactic complexity to participants and recording their visual explo-

ration of a screen containing multiple objects. Since then, many different studies (Cree &

McRae, 2003; Huettig & Altmann, 2005; Myung, Blumstein, & Sedivy, 2006; Yee &

Sedivy, 2006) provided evidence in favor not only of the reliability of the paradigm but

also of the presence of a semantic relatedness rule that mediates between language and

eye movements (Altmann, 2011). Moreover, Farris-Trimble and McMurray (2013) have

shown that the eye tracking data obtained using the VWP provide a stable measure of

individual performance (for a review about the using of VWP for studying language pro-

cessing, see Huettig, Rommers, & Meyer, 2011). Recently the same paradigm has been

used by Du~nabeitia et al. (2009) to investigate the differences in representation between

abstract and concrete words. In their pictorial visual world paradigm, participants were

presented with an abstract or a concrete word target included in a verbally presented sen-

Fig. 1. The topography of abstract and concrete nouns across twelve cognitive dimensions. Each row in the

heat map matrix above represents one English noun. The 400 rows are rank ordered on the Y-axis by word

concreteness from most abstract to most concrete. The twelve cognitive dimensions across the x-axis are

ordered corresponding to their aggregative properties via factor analysis (for detailed discussion, see Troche

et al., 2014). The heat map color range reflects the average Likert scale rating (1–7 range) across participants

(n = 365).
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tence. Afterward, line drawings of four objects (one target and three distractors) were

shown, one in each quadrant of the screen, while participants’ eye movements were

recorded. The results showed that participants tended to fixate more (and earlier) on

depicted objects that were associates of abstract words than associates of concrete words,

consistent with the predictions of the QDR framework (Crutch & Warrington, 2005).

However, the focus of the current paper is exclusively on abstract words that, by defini-

tion, cannot be visually depicted given their intrinsic low image ability. In an effort to

study abstract as well as concrete words, a printed word version of the visual world para-

digm has emerged (Huettig & McQueen, 2007; Mcqueen & Viebahn, 2007). Participants

listened to sentences containing target words that were similar semantically to concepts

invoked by concurrently displayed printed words. Here we further adapt the visual world

paradigm by substituting orthographically presented words for pictures. As compared to

the classical visual world paradigm, where pictures of real objects are used in order to

keep the task as ecological as possible, in our case, the focus is on the words’ processing

(Huettig & McQueen, 2007; Mcqueen & Viebahn, 2007; Salverda & Tanenhaus, 2010).

Our aims here were two-fold. From a theoretical standpoint we evaluate the claim that

multiple cognitive systems (not restricted to sensorimotor and emotion information) influ-

ence the organization and processing of abstract conceptual knowledge. This hypothesis

was based on previous evidence and the premise that the ACF rating procedure provides

both a window into the semantic attributes of individual abstract concepts and a quantita-

tive metric for measuring similarity between two or more concepts (as opposed to their

paradigmatic association, which is better captured by co-occurrence-based metrics such as

LSA). The hypothesis was tested by examining the utility of semantic similarity metrics

derived from ACF ratings of individual concepts to predict eye movement behavior

within arrays of written abstract words. From a methodological perspective, our goal was

to adapt the classical visual world paradigm in order to create a within-modality VWP

suited to exploring the semantic attributes of and relationships between abstract words.

2. Methods

2.1. Participants

Twenty healthy adults completed the experiment (Mean [SD] age = 45.9 [21.6]; 12/20

female). This participant group was comprised of 10 young volunteers (Mean [SD]

age = 25.6 [4.03]; 5/10 female) and 10 older volunteers (Mean [SD] age = 67.1 [7.4]; 7/

10 female). The two groups were recruited in order to examine the impact of age upon

performance in the experimental paradigm, with an eye to the future use of the experi-

mental paradigm in both cognitive studies involving a typical young (largely student) par-

ticipant population and neuropsychological studies of individuals with stroke or

degenerative disease-related language dysfunction in which healthy age-matched controls

may be required. All participants had normal or corrected to normal vision. Only individ-

uals who had British English as their native language were recruited for the study.
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2.2. Stimuli

The stimuli were 40 probe words and 40 four-item written word arrays. For each probe

word (e.g. logic), the matching array comprised a target and three distractors (e.g. wis-

dom, evidence, establishment, darkness; see Appendix A). The list of stimuli used as well

as the probe’s average relatedness in the ACF matrix (and standard deviations, min and

max), and the semantic relatedness of each target and distractor to the probe are also

reported.

Probe, target and distractor words were selected from 208 abstract words (concreteness

rating <450; MRC Psycholinguistic Database; Coltheart, 1981) which formed part of a

larger corpus of 400 nouns on which ACF ratings were previously acquired (Troche

et al., 2014). Following Crutch et al. (2012), ratings were gathered by asking participants

to rate individual concepts on 12 unique dimensions using 7-point Likert scales. The Lik-

ert ratings from 7 (agree) to 1 (disagree) indicated participants’ level of agreement with

statements concerning the target word’s salience in the following 12 cognitive dimen-

sions: sensation, ease of teaching, ease of modifying, action, time, emotion, morality,

polarity, social interaction, thought, space, and quantity. Three further rating scales con-

cerning the extent to which a concept was positive or negative (polarity) and the ease

with which the concept could be modified or taught were also completed. A description

of these parameters as presented to raters can be found in Appendix B (see also Troche

et al., 2014). Examples of words with different values (high, medium and low) for each

different cognitive dimension are reported in Appendix B.

A symmetric matrix of pairwise semantic similarity ratings was derived for the 208

word set. Values denoted the Euclidean distance between words in a given pair based

upon ACF ratings on the 12 dimensions specified above, with low values indicating

semantic relatedness (semantically close items) and high values indicate semantic un-

relatedness (semantically distant items).

In this study, five words were used in each trial: a probe, a target and three distractors.

The similarity relationships between the probe and the target and between the probe and

each of the three distractors were defined on the basis of the ACF ratings:

1. Target: closely related words (e.g. logic-wisdom; ACF Euclidean distance-from-

probe value: 1.0–2.5)
2. Distractor 1: moderately related words (e.g. logic-evidence; ACF Euclidean

distance-from-probe value: 3.0–4.0)
3. Distractor 2: minimally related words (e.g. logic-establishment; ACF Euclidean

distance-from-probe value: 4.0–5.0)
4. Distractor 3: unrelated words (e.g. logic-darkness; ACF Euclidean distance-from-

probe value: 5.5–8.0)

For all selected probe-target and probe-distractor word pairs, pairwise Latent Semantic

Analysis (LSA; www.lsa.colorado.edu) cosines were also obtained (see Table 1). In addi-

tion, data showing the mean and standard deviation word frequency (CELEX; Baayen,

Piepenbrock, & van Rijn, 1993), word length, concreteness, and age of acquisition are
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shown in Table 1. Words were all nouns and were matched for length, orthographic and

phonological neighborhood, and concreteness.1 Targets were significantly more frequent

than the three distractors (all ps < .01). Significant differences in the AoA variable

emerged also between target and Distractor 1, Distractors 1 and 3, and Distractors 2 and

3 (all ps < .01). We corrected for all these psycholinguistic variables adding them as

covariates in the regression analyses (see below, Statistical analysis section).

All word stimuli were presented in lowercase Courier New font (letter height subtending

a maximum of 1.1° visual angle). Probe words were presented at the center of the screen.

Target and distractor words in the written word response array were located in the center

of each quadrant of the screen (�10.5° horizontally and �7.3° vertically from the center

of the screen). Each word type appeared equally often at each location within the array.

2.3. Procedure

Each trial commenced with a fixation cross subtending 1.5° being presented at the center

of the screen. We employed a gaze contingent response trigger to ensure that each partici-

pant started the exploration from the center of the screen. This gaze trigger worked by estab-

lishing a bounding box area of interest (AOI) around the fixation cross. When the eye

tracker accumulated >100 ms of consecutive dwell time in the bounding box AOI, the trial

automatically advanced to the next screen which consisted of a 4 word preview array. Fol-

lowing Odekar, Hallowell, Kruse, Moates, and Lee (2009), the written word response array

was then previewed for 4 s, followed by the probe word for 2 s, and then the written word

response array was re-presented for 4 s. Participants were requested to look at each word in

the response array preview, and then to look at the probe word and then decide as quickly as

possible which word in the response array was most related to the probe. Participants were

asked to indicate the target word by clicking on the item using a standard mouse placed in

their dominant hand. The mouse indicator was not visible during the preview and the probe

presentation, but it appeared only during the postview period, and its initial position was

always centered in the middle of the screen. Eye movements and fixation patterns were

recorded throughout each trial, plus the response latencies of participants’ word selection.

Table 1

Mean (and standard deviation) ACF Euclidean distance, LSA cosine, frequency, length, concreteness, age of

acquisition, orthographic and phonologic neighborhood data for probe, target, and distractor stimuli

Probe Target Distractor 1 Distractor 2 Distractor 3

ACF Euclidean distance to probe — 1.66 (0.37) 3.45 (0.23) 4.53 (0.24) 6.10 (0.48)

LSA cosine with probe — 0.26 (0.16) 0.14 (0.09) 0.14 (0.12) 0.07 (0.07)

CELEX frequency 44.8 (49.9) 60.2 (52.7) 33.4 (39.7) 27.9 (52.7) 34.0 (31.1)

Length (number of letters) 8.10 (2.44) 8.43 (2.33) 9.00 (2.17) 9.25 (2.36) 8.23 (2.55)

Concreteness 314 (54) 299 (52) 316 (53) 297 (46) 334 (63)

Age of acquisition 8.9 (2.6) 9.0 (2.0) 10.0 (2.2) 9.6 (1.8) 8.1 (2.6)

Orthographic neighbourhood (N) 0.3 (0.6) 0.4 (0.9) 0.3 (0.9) 0.3 (0.6) 0.4 (1.0)

Phonological neighbourhood (N) 1.5 (2.4) 1.3 (1.5) 1.0 (1.1) 1.0 (1.0) 1.6 (1.6)
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2.4. Apparatus

Stimuli were presented on a Dell 2120 desktop computer. Eye movements were

recorded using a head-mounted infrared video-based eye tracker (Eyelink II; SR

Research, Canada). Gaze position was recorded at 250 Hz, and corneal reflection was

used for the 20 participants). Fixations and saccades were parsed by the Eyelink system,

using standard velocity and acceleration thresholds (30°/s and 8000°/s2). We used built-in

programs provided with the eye tracker for calibration and validation purposes (9 points

presented in a random sequence). All the data analyzed were obtained from recordings

with an average Cartesian prediction error of <1° during the validation procedures. Partic-

ipants used a chin rest (wide HeadSpot; University of Houston College of Optometry) to

provide stability and maintain viewing distance throughout the experiment.

2.5. Analysis

2.5.1. Data processing:
Eye movement data were processed using EyeLink Data Viewer software (SR

Research Ltd., Mississauga, Ontario, Canada). Blinks were identified and removed using

Eyelink’s automated blink detection. Each trial was split in three different time intervals:

preview, probe presentation and postview. For each time interval three eye movement

parameters were measured separately for each participant on each stimulus presented on

the screen: number of fixations, mean fixation duration, and total fixation duration. We

also measured in both the preview and the postview condition the ending point of the first

saccade. Technically, there were no correct or incorrect responses, so we labeled those

responses when participants chose the target as expected responses and responses when

they chose one of the distracters instead as unexpected responses. Following this classifi-

cation, for each participant we measured the percentage of expected responses (i.e., num-

ber of mouse clicks on the target word) and the reaction times (i.e., time from the

postview array onset to the participant mouse click).

2.5.2. Statistical analysis
In order to assess the relation between the eye movement pattern and the relatedness of

the words to the probes, separate hierarchical regression models were constructed for the fol-

lowing dependent variables: number of fixations, mean fixation duration, and total fixation

duration. Although indexing different dimensions of visual attention allocation, the three

dependent variables were highly correlated (all ps < .0001). For this reason, a single multi-

variate model including the three dependent variables could not be run. We, therefore, con-

ducted separate hierarchical multiple regression models between the three dependent

variables. Each analysis included the following predictors: relatedness of the words to the

probe (see below for details), position on screen (top left, top right, bottom left, bottom

right), word length, frequency, age of acquisition, concreteness, and trial number, with

responses clustered by participant in order to adjust for repeated measures. Wald tests were

carried out to explain main effects, pairwise comparisons of different levels of factors, and
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interactions. The words’ relatedness to the probe was initially modeled as a discrete variable

(“ITEM TYPE”; target, Distractor 1, Distractor 2, Distractor 3), following the stimuli selec-

tion described in the method section. However, we also aimed at obtaining an indirect ACF-

LSA comparison in order to further validate ACF metrics as a relevant marker of one facet

of semantic relatedness. To this end we conducted an additional analysis excluding ITEM

TYPE and including the ACF (continuous measure of Euclidean distance from probe) and

LSA values (cosine between probe and response item).

Finally, in order to describe the eye movement pattern associated with different behav-

ioral responses as a post hoc analysis we re-ran the models isolating trials with expected

and unexpected responses and omissions (see below).

3. Results

Three metrics of eye movement behavior when viewing the written word arrays both

before (preview) and after (postview) presentation of the probe are shown in Fig. 2: num-

ber of fixations (Panel A), mean fixation duration (Panel B), and total fixation duration

(Panel C).

3.1. Item type

Considering the results of the postview condition in terms of the ITEM TYPE as

defined by the semantic relatedness of each word to the probe (left hand side of Fig. 2),

targets (low ACF Euclidean distance from the probe) were shown to be fixated signifi-

cantly more frequently than distractors (high ACF Euclidean distance from the probe;

p < .001). These fixations were also found to be of significantly greater mean duration

(p < .001) and the total fixation time was higher (p < .001). By contrast, in the preview

period, there were no differences in the number, mean duration or total duration of fixa-

tions between targets and distractors (p > .9, p = .08 and p > .2). A significantly higher

percentage of first saccades were also made toward the target word relative to distractors

during the postview (37.6%; chance = 25%), while this was not true for the preview con-

dition (24.2%). During the 2 s probe presentation, a small proportion of fixations (23%)

were not on the probe itself but on the position occupied by the four words during the

preview and postview periods. Considering these fixations, 27% of them, just above

chance level, were directed toward the position occupied by the target although the word

was not there at that moment.

3.2. ACF factor

In the postview period, ACF Euclidian distance predicted the number of fixations

(t = �14.06, p < .001), mean fixation duration (t = �8.95, p < 0001), and total fixation

duration (t = �17.92, p < .001) indicating that words that had a closer semantic rela-

tionship with the probe (smaller ACF distance) were fixated more frequently and for
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Fig. 2. Mean and standard error (A) number of fixations, (B) mean fixation duration, and (C) total fixation

duration, considering results both by semantic relatedness and position on screen.
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longer. Words having higher LSA cosines (indicating greater co-occurrence of items)

were also associated with significant increases in number of fixations (t = 6.05;

p < 0.001) and total fixation duration (t = 4.81; p < .001) but not mean fixation dura-

tion (t = 1.38; p > 0.2).

We further explored the relationship between the number of fixations and the ACF rat-

ings of the three distractors. Results indicate the presence of a graded effect, with a smal-

ler number of fixations on distractors having a higher distance from the probe

(r = �.234, p = .005). We believe that the observed effect is an underestimate, due to

the task instructions which required participants to click on the most related word, while

no explicit judgment was required for the remaining stimuli. This has probably deter-

mined a specific search strategy aimed at finding and focusing on the single most related

target.

3.3. Position on the screen

The mean and standard error fixation data for words in each position (top left, top

right, bottom left, bottom right) in the preview and postview periods are shown in Fig. 2

(right hand side). Word position had a significant effect upon number of fixations

(p < .001) and total fixation duration (p < .001) but not mean duration (p > .3) during

the preview period. By contrast, word position had no significant effect upon number of

fixations, mean duration or total fixation time in the postview period (p > .3, p > .5 and

p > .5, respectively).

3.4. Psycholinguistic variables

During the critical postview period, word frequency was associated with all three eye

movement metrics (all p < .01), AoA was associated with mean fixation duration (both

p = .01) but not with number of fixations and total fixation duration (p = .9 and .7,

respectively) and word length with number of fixations (p < .05) but neither mean nor

total fixation duration (p > .2 and p > .8, respectively). Concreteness was associated with

total fixation duration (p < .01) but neither with number of fixations nor with fixation

duration (p = .14 and .1, respectively).

3.5. Response type

The total number of expected response on the task was 72.4%. Of the remaining

responses, 17.3% were unexpected and 10.3% were omissions (reflecting participants

either stating they did not know the answer or being unable to respond within the

4000 ms period for which the postview written word array was visible). Scoring of unex-

pected responses indicated that in 40.2% of responses participants selected the moderately

related word, in 30.6% of cases the minimally related and in 29.2% the unrelated word.

Mean reaction times were 2842 ms for expected responses and 3473 ms for unexpected

responses.
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The mean and standard deviation fixation number and duration for each of these

response types, is shown in Table 2. Eye movement behavior was re-analyzed according

to response types. For items with an expected response, ACF ratings were a significant

predictor of fixation number, mean and total fixation duration (t values = �15.8, �11.7

and �18.5, respectively; all p < .001). LSA cosines did not predict any eye movement

measure (t values = 1.3, 0.8 and 1.8, respectively; p = .2, .4 and .1, respectively). For

items with an unexpected response, ACF ratings were again a significant predictor of all

three fixation metrics (number of fixations number: t = 3.41, p = .003; mean fixation

duration: t = 3.17, p = .005; total fixation duration: t = 5.13, p < .001, respectively).,

LSA cosines again did not predict any eye movement measure (t = 1.59, p = .1; t = .13,

p = .8 and t = 1.87, p = .08). For these items with an unexpected response, Distractor 1

(moderately related) was fixated most frequently, with longer fixation duration and for

the greatest total duration. Most notably, for items with no response, the fixation metrics

most closely resembled those of expected responses, with fixation activity focused most

upon the target. ACF ratings continued to be a significant predictor of fixation number

(t = �2.3, p = .03) and total duration (t = �3.3, p = .004). LSA cosines were not a sig-

nificant predictor of any of the three metrics (fixation number: t = .97, p = .35; mean

duration: t = �1.9, p = .07; total duration: t = .2, p = .84).

Unexpected responses were well distributed across trials. Globally 26 trials were

affected by unexpected responses, even if most of them (16 trials, 61%) were only mini-

mally affected, with less than 30% of participants choosing the unexpected word as a

response.

We looked at the difference in terms of ACF PROBE-TARGET in trials obtaining

100% of correct responses and trials triggering errors. Results suggest a higher similarity

between target and probe in those trails obtaining 100% of target responses (1.53) and

compared to trials eliciting “errors” (1.72, p = .058).

Table 2

Mean (and standard deviation) number of fixations and mean and total fixation duration upon target and

distractor words for items where participants gave correct responses (n = 579), unexpected responses

(n = 139) or made no response (n = 82)

Target Distractor 1 Distractor 2 Distractor 3

Number of fixations

Expected responses 6.7 (2.7) 2.5 (1.7) 2.5 (1.6) 2.4 (1.6)

Unexpected responses 3.0 (1.8) 4.4 (2.7) 4.0 (2.5) 3.5 (2.5)

No response 5.0 (2.5) 3.9 (2.2) 3.8 (1.9) 3.0 (1.8)

Mean fixation duration (ms)

Expected responses 327 (143) 211 (91) 218 (97) 212 (90)

Unexpected responses 226 (95) 258 (103) 247 (106) 268 (207)

No response 295 (163) 254 (112) 243 (90) 239 (112)

Total fixation duration (ms)

Expected responses 2059 (860) 511 (375) 513 (366) 486 (381)

Unexpected responses 639 (422) 1120 (772) 997 (735) 925 (811)

No response 1359 (762) 947 (591) 924 (564) 684 (508)

S. Primativo, J. Reilly, S. J. Crutch / Cognitive Science (2016) 13



The large majority of unexpected responses regarded the selection of the moderately

related word (Distractor 1). In order to understand the source of the effect we studied the

similarity between target and distractors in terms of ACF distance. Target and Distractor

1 were more semantically related (2.8) when Distractor 1 was chosen as the response as

compared to trials were the Target was selected (3.3). Moreover the difference in term of

ACF distance of the target and Distractor 1 from the probe was smaller in those trials

with a high proportion of Distractor 1 words selected as response. The other responses

concerning Distractor 2 and Distractor 3 were distributed across trails which prevented us

from any formal analysis. These results, in addition to longer RTs for errors as compared

to expected responses and to the eye movement data, suggest that participants were prone

to select the “expected” most related word but a higher similarity with the Distractor 1

represented a source of confusion. In 57.5% of the trials, (23/40) LSA cosines and ACF

ratings agreed with respect to which of the four words presented on the screen was the

most semantically related to the probe. In the remaining 17 trials of disagreement, ACF

predicted responses in 71.2% of the trials, LSA in 12% and neither of the two predicted

responses in 16.8% of the cases.

3.6. Scan path

In order to describe the scan path of participants during the preview and postview con-

ditions, we created the heatmaps shown in Fig. 3. For each participant we calculated,

across the 40 trials, the order of exploration of the 4 words on the screen, excluding fixa-

tions within 3 degrees of the probe position. We considered only the first four non-conse-

cutive observed quadrants and then we calculated, separately for each participant,

whether each quadrant was explored first, second, third, or fourth on average. Each of the

20 participants is represented by a small square within each quadrant and numbered from

1 to 20. In the figure, later explorations are represented by progressively lighter colors. In

the preview condition (top panel), the pattern of exploration is quite clear and similar for

all participants, with the top-left quadrant tending to be explored first (darker color), fol-

lowed by top-right, bottom-right, and bottom-left quadrants. Conversely, in the postview

condition (bottom panel), there is no clear-cut pattern to the order in which quadrants

were explored. This is probably due to the randomization of the target’s position, which

thus determined a different scan path across trials, suggesting that participants explored

the display not according to the physical position of the words on the screen but accord-

ing to the target position. Indeed, in many cases participants firstly fixated the target

(38%) which was in a different screen position on each trial.

3.7. Time course analysis

Results from the time course exploration averaged by participants are reported in

Fig. 4. The proportion of fixations on the probe (red line) is shown together with the pro-

portion of fixations on the target and distractors. As shown in the figure, during the pre-

view period (left side of the panel) the proportion of fixations is equally distributed
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among the 4 words and it is stable for the 4s-preview. In the postview period (right side

of the panel) there is an increase in proportion of fixations on the target word, which

remains stable until the offset of the stimulus. Conversely, a decline in the proportion of

fixations for Distractors 1, 2, and 3 as compared to the preview condition is observed.

The fine grained measures derived from the presented time course results strengthen

the idea that the eye movement pattern described in the previous analysis is not merely

Fig. 3. Scan path for each participant (numbered from 1 to 20) for the four quadrants where words were pre-

sented: top left, top right, bottom left, and bottom right. In the top panel is represented the preview scan path

while in the bottom panel is presented the postview scan path. For each trial the four quadrants were rank

ordered in order to establish in what sequence (1st, 2nd, 3rd, 4th) they were explored. Darker colors indicated

an earlier exploration of the area, while progressively lighter colors indicated a later exploration.
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the outcome of low and high level word-based features, such as psycholinguistic vari-

ables. This is specifically shown by the absence of any difference in terms of visual

exploration among the 4 words in the preview time. The observed differences between

the target and the distractors in the postview condition only suggest that the reported eye

tracking data are a reasonable expression of the cognitive task assigned to participants.

3.8. Age group

The same linear regression analyses run and described above were re-run adding age

group as a covariate (younger and older adults). The only age group difference of note

was that older subjects showed a trend toward making more fixation in the postview con-

dition (p = .05), while age group did not predict mean and total fixation duration (both

p > .1). Analyses of semantic relatedness effects were also re-run independently for each

group of participants. The influence of ACF Euclidian distance was comparable in each

age group to that reported for the combined group above. All three eye movement met-

rics—number of fixations, mean, and total fixation duration - were influenced by the ACF

distance in the younger (t = �9.63, �8.62 and �9.96, respectively; all p < .0001) and

older groups (t = �11.27, �5.32 and �17.23, respectively; all p < .0001).

LSA cosines predicted number of fixations in the younger (t = .383, p = .004) and

older subjects (t = 2.18, p = .057). Mean fixation duration and total fixation duration

were significantly influenced by LSA values in older participants (t = 2.54 and 4.6,

respectively, both p < .05) but not in younger participants (t = .3 and 1.51, respectively,

both p > .1).

4. Discussion

The present paper explored the semantic relatedness of abstract words, and in particu-

lar tested the idea that multiple sources of information influence the representation of

Fig. 4. Proportion of fixation averaged by participants on the probe (red line), on the target and on the three

distractors. On the left side of the panel the preview period (4 seconds) is reported, in the middle there is the

probe presentation (2 seconds) and on the right side there is the postview condition. Smoothed confidence

intervals are reported for each time series.
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abstract concepts (Crutch et al., 2012, 2013; Troche et al., 2014). Our working hypothesis

was that the semantic distance metrics derived from ACF ratings would predict partici-

pants’ eye movements and response accuracy on a semantic relatedness written word

4-choice task.

Adapted from the visual world paradigm, the current VWP involved matching a writ-

ten word probe to one of four written words (rather than pictures) in a response array.

The results indicate that, once the probe had been processed, the word that was most

semantically related to the probe (as defined as the probe-item pair separated by the

smallest ACF Euclidean distance) received more and longer fixations, and was fixated for

a larger amount of time as compared to the distractors. Participants were also inclined to

make the first saccade toward the target word position relative to the distractors. In the

preview period, word position on the screen significantly predicted the number of fixa-

tions and the total fixation duration. This effect is likely to reflect the natural tendency

among participants to read words in the array from left to right and from top to bottom.

In the postview condition, this was not the case and word position did not influence scan

paths. Participants showed an overall tendency of selecting the most semantically related

word according to the ACF rating of 73%; the distractors less semantically related to the

probe according to the ACF ratings were also the items selected less frequently by partic-

ipants. Crucially, eye movements were predicted by ACF Euclidian distances even when

no response was given within the permitted time; target items were fixated more and for

longer than other distractors. LSA cosines were not significant predictors of fixation num-

ber, mean duration or total duration when considering expected, unexpected or no

response trials separately.

From a theoretical standpoint, the results provide further validation of Euclidean

distance metrics derived from ACF ratings as a measure of semantic relatedness of

abstract words. By extension, the results also provide further evidence that the high-

dimensional space derived from ACF ratings provides a reasonable approximation of the

organization of abstract conceptual space. More broadly, the data are consistent with the

theoretical account on which ACF measures are grounded: multiple sources of informa-

tion and a broad set of cognitive domains shape the acquisition and organization of

abstract concepts (Crutch et al., 2012, 2013; Troche et al., 2014). The study is also the

first to demonstrate that ACF ratings are predictive of semantic task performance in

healthy individuals, with previous studies having tested the ability of ACF data to predict

or explain cognitive performance in comprehension-impaired stroke patients.

The Dual Coding Theory (DCT, Paivio, 1971, 2013) states that while both concrete

and abstract words are verbally represented, only concrete words also have nonverbal

imagistic representation, which are modality specific (i.e., visual, auditory, etc). Con-

versely other studies primarily interested in the nature of the abstract concepts, high-

lighted the importance of sensory information in the representation of such concepts. For

example, Connell and Lynott (2012) highlight the important role played by some percep-

tual factors, such as sound, taste, touch, smell and vision. Our results, by following the

predictions made on the basis of the ACF model, better line up with the latter theoretical

hypothesis: Not only linguistic information, as claimed by the DCT, but multiple

S. Primativo, J. Reilly, S. J. Crutch / Cognitive Science (2016) 17



cognitive systems contribute to the representation of abstract words. Specifically the idea

that many sources of information about concepts are derived from specific modalities,

converge and are then integrated into a single, coherent representation is compatible with

the recently proposed Dynamic Multilevel Reactivation framework (Reilly, Peelle, Garcia,

& Crutch, 2015). The latter is, indeed, a multilevel model which integrates fully embod-

ied and fully disembodied theories. It highlights the necessary interconnection between

sensorimotor and a modal representation and describes a multidimensional conceptual

topography for both abstract and concrete words.

The results coming from the present experiment, which highlight how well the ACF

measure of semantic similarity predicts performance with abstract words, might on the

surface appear to contradict the qualitatively different representations hypothesis (QDR,

Crutch & Warrington, 2005). The QDR position is often summarized as claiming that

concrete concepts are organized by semantic similarity, whereas abstract concepts are

organized by associative relations. However, the QDR proposal actually claims that both

similarity-based and associative information are both relevant for the representation of

abstract and concrete words, but their relative relevance for the two is different. Indeed,

the concept of “relative rather than absolute” higher importance of similarity than associ-

ation for concrete concepts, and of association than similarity for abstract concepts, is

constantly highlighted in the original proposal and subsequent studies in both aphasic and

healthy individuals (e.g. Crutch, 2006; Crutch & Jackson, 2011).

From a methodological standpoint, our results support the utility of an adapted visual

world paradigm in which written words rather than pictures and spoken words are

employed. Historically, the VWP has been used to study how relevant visual information

affects spoken language processing (Cooper, 1974; Tanenhaus et al., 1995). To investi-

gate such a relationship, fixation proportions on the interest areas during each time win-

dow or counts of saccades toward the regions of interest initiated during each time

window have been systematically investigated (e.g., Altmann, 2004). Although visual

world paradigms involving written words have been developed and validated previously

(Huettig & McQueen, 2007; Mcqueen & Viebahn, 2007), such studies have tended to

continue to use a spoken word or sentence probe and have focused on orthographic pro-

cessing during speech perception (Salverda & Tanenhaus, 2010) or aimed to disentangle

phonological and semantic interactions among stimuli (e.g., Huettig & McQueen, 2007).

In the present paper our aims were different, since we sought to investigate the semantic

relatedness between the probe and the target abstract words. The target-focused eye

movement behavior observed in the current trial even for items to which no response was

made suggests that even in cases in which an individual is unable to explicitly indicate or

respond to a semantic relationship between two stimuli, it may still be possible to gather

meaningful data regarding semantic processing of those items.

Several potential limitations of the study are noteworthy. First, it is important to

emphasize that the (indirect) comparison of ACF and LSA ratings in this study does not

in any way imply that one metric is superior to another. In the authors’ view, these two

metrics measure different but complementary facets of abstract concepts; ACF ratings

were designed to measure the features or constituents of individual concepts (thus permit-
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ting examination of the similarity of two or more concepts), while LSA cosines reflect

the paradigmatic association of concepts through the co-occurrence of two words in lan-

guage usage. The QDR framework (Crutch & Warrington, 2005) and other theories or

models of abstract and concrete conceptual representation (e.g. Plaut, 1995) stipulate the

importance of and/or potential mechanisms supporting both similarity and association-

based information, both of which are necessary for a rich and flexible semantic system.

The other reason to caution against a direct comparison of ACF and LSA is that these

metrics are generated in different ways: although both relate to distances within machine-

generated high-dimensional abstract spaces, ACF metrics are derived from explicit human

ratings of individual words on multiple dimensions (Crutch et al., 2013) while LSA val-

ues are derived from an indirect corpus-based analyses of documents and the terms they

contain (Landauer & Dumais, 1997).

Second, it is also important to bear in mind that eye movement patterns are greatly

influenced by the task instructions. Buswell (1935) and Yarbus (1967), but also more

recently Castelhano, Mack, and Henderson (2009) used different task instructions, like

visual search and memorization on the same set of stimuli with the aim of individuating

differences in the eye movement pattern. These studies demonstrated that task instructions

influence a number of eye movement measures including the number of fixations and

gaze duration on specific objects, although some other measures like average saccade

amplitude and individual fixation duration remain constant across the tasks (Castelhano

et al., 2009). This sort of bias may partly explain the lack of a more linear relationship

between eye movement measures and semantic relatedness across the targets and (pro-

gressively less related) distractors [i.e., by asking participants to select the (one) word

most related to the probe]. It is plausible that a different task instruction, like asking par-

ticipants to select all the words related to the probe, or to rank the four items in the

response array in terms of their relatedness to the probe may have resulted in a different,

more nuanced pattern of results. Third, frequency matching of the target and distractor

items was not optimal with target words having marginally higher frequency values. This

difference is unlikely to have influenced the results reported as item frequency was a

covariate in all analyses. In addition, eye movement literature on word processing has

indicated systematically that low—and not high—frequency words receive more fixations,

which are also of longer duration (Inhoff & Rayner, 1986; Juhasz, Liversedge, White, &

Rayner, 2006; Juhasz & Rayner, 2003, 2006; Kennison & Clifton, 1995; Kliegl, Grabner,

Rolfs, & Engbert, 2004; Rayner, Ashby, Pollatsek, & Reichle, 2004; Rayner & Duffy,

1986; Rayner & Fischer, 1996; Rayner, Sereno, & Raney, 1996; Schilling, Rayner, &

Chumbley, 1998; Yan, Tian, Bai, & Rayner, 2006). Such an eye movement pattern is

believed to reflect the higher difficulty in processing low frequency words (for a review,

see Rayner, 2009). Fourth, in order to allow a similar amount of time for the preview

and the postview conditions, eye movements’ data have been collected and analyzed even

after the participant’s motor response, until the 4 s time limit had expired. This may have

biased results, by inflating the number of fixations on the selected word. However, the

large amount of missed responses within the time limit (10%) and the observed long

reaction times (average = 2964 ms), suggest that, globally, a small amount of fixations
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has been made after the motor response. Moreover, in those cases where it happened,

although some participants kept looking at the target word after its selection, others

moved around among the four words presented on the display.

In conclusion, the results provide further support for the idea that a high-dimensional

semantic space derived from ACF ratings may yield a reasonable, approximation of

abstract conceptual space (Crutch et al., 2012, 2013; Troche et al., 2014). Moreover, it

has been shown that a within-modality written word version of the visual world paradigm

has utility in studying the relationships between and organization of abstract words in

both young and older participants.
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Appendix B

Parameter Definition

Polarity I relate this word to positive or negative feelings in myself

Sensation I relate this word to physical feelings like vision, hearing, smelling, etc

Action I relate this word to actions, doing, performing, and influencing

Thought I relate this word to mental activity, ideas, opinions, and judgments

Emotion I relate this word with human emotion

Social interaction I relate this word with relationships between people

Time I relate this word with time, order, or duration

Space I relate this word to position, place, or direction

Quantity I relate this word to size, amount, or scope

Morality I relate this word to morality, rules, or anything that governs my behavior

Ease of modifying I can easily choose an adjective for this word (the ugly truth, whole truth, etc.)

Ease of teaching This word could be easily taught to a person who does not speak English

High values words (>5)
Medium values words

(3.5–5) Low values words (<3)

Polarity Deceit Honesty Fact Attitude Item Unit

Sensation Opera Autumn Gender Disaster Impossibility Legality

Action Interaction Production Response Skill Dynasty Debt

Thought Knowledge Idea Capacity Danger Opera Autumn

Emotion Kindness Laughter Leadership Duty Reduction Proportion

Social interaction Unity Equality Ambition Permission Darkness Dimension

Time Midnight Duration Possibility Situation Hatred Cowardice

Space Location — Origin Adversity Deceit Crisis

Quantity Abundance Magnitude Recognition Intention Character Gender

Morality Honesty Truth Admiration Identity Addition Holiday

Ease of modifying* Truth Responsibility Preparation Situation Idiom Gender

Ease of teaching* Intelligence Knowledge Ignorance Theory Myth Irony

*For these scores it should be noted that lower scores indicate greater ease of teaching and modifying.
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