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cultural artifacts are consistent with size-based metaphors of numerical magnitude (pie 

charts), horizontal metaphors of numerical quantity (horizontal bar charts, number lines), 

vertical metaphors of numerical quantity (vertical bar charts, time series graphs), and 

horizontal metaphors of time (timelines, calendars, clocks6, time series graphs). 

 

 

Figure 4. Examples of cultural artifacts that represent numerical quantity and time spatially: 

pie charts (A), vertical bar charts (B), horizontal bar charts (C) number lines (D), timelines 

(E), calendars (F), analogue clocks (G), and time series charts (H). 

 

Designing data visualizations to be consistent with conceptual metaphors may make 

these visualizations easier to understand (see Parsons, 2018). For example, a graph 

 
6 Clocks do not show an axial horizontal representation, but the hands on a clock 
nonetheless turn in a rightward direction: from the perspective of the hands themselves, 
facing outward from the centre, an anticlockwise turn is in a leftward direction, and a 
clockwise turn is in a rightward direction. 
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showing numerical quantity increasing up the y-axis may be easier to interpret than a graph 

that shows numerical quantity increasing from top to bottom. This argument can be 

understood through the lens of cognitive fit theory, which concerns the cognitive effort 

needed to interpret different presentation formats of information (Vessey, 1991). According 

to cognitive fit theory, the strategy people use to understand information is based on a 

mental model of what they expect to see (Padilla et al., 2018), which may be motivated in 

part by conceptual metaphors. For instance, a metaphorical association between upward 

space and greater quantities may motivate an expectation that quantities will increase up 

the y-axis. When a graph subverts this expectation – for example, by reversing its y-axis so 

greater numbers appear lower down – graph users may have to mentally transform the 

graph so it conforms with their mental model, in this case by re-ordering the y-axis. This 

mental transformation may incur a processing cost, making the graph more difficult to 

understand and potentially eliciting incorrect conclusions about the information depicted. 

Initial evidence confirms that inverting the y-axis makes graphs more difficult to interpret 

(Pandey et al., 2015). The potential value of factoring conceptual metaphors into the design 

of cultural artifacts may explain the conventions that have emerged in fields like data 

visualization (see Cox, 2004; Fishwick, 2006; Tversky, 2011). 

 

2.5. Origins of Conceptual Metaphors 

So far, I have argued that conceptual metaphors have primacy and are then expressed 

through language, gesture, and cultural artifacts, rather than linguistic metaphors creating 

the associations from scratch. This begs the question of from where conceptual metaphors 

originate, if not from language. This chapter argues that the conceptual metaphors 
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investigated in Papers 1 and 2 often originate via the mechanism of Hebbian learning – 

although there may be a different mechanism for the size-based conceptual metaphors of 

numerical magnitude studied in Paper 1. Furthermore, as we will see, investigating the 

origins of conceptual metaphors casts more doubt on the vertical conceptual metaphor of 

time studied in Paper 2. This chapter also makes the argument that the expression of 

conceptual metaphors through language, gesture, and cultural artifacts can motivate or 

reinforce these same conceptual metaphors.  

Where do conceptual metaphors come from? One possibility is that they are acquired 

by observing domains that are correlated in experience and learning to associate these 

domains with one other (e.g., Casasanto, 2014; Pitt & Casasanto, 2020). One mechanism 

by which these associations might be formed is through Hebbian learning, a term that 

describes the idea that ‘neurons that fire together wire together’ (Hebb, 1949; see Winter et 

al., 2015 for a discussion in relation to conceptual metaphors of numerical quantity). The 

human brain is geared toward pattern recognition, which allows us to make associations 

and make predictions based on these associations. When one domain (e.g., numerical 

magnitude) is associated with another (e.g., space), neurons encoding both of these 

domains fire in unison every time we experience this association. Through repeated 

neuronal firing, both groups of neurons become ‘wired’ together, and thereafter, 

experiencing one domain in isolation triggers the firing of neurons associated with the other 

domain. When one domain is abstract and the other concrete, this process leads to the 

formation of what we call conceptual metaphors.  

Hebbian learning may be implicated in the emergence of vertical conceptual 

metaphors of numerical quantity. It is thought that vertical conceptual metaphors emerge 
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via exposure to environmental correlations: as noted by Lakoff (1987), adding water to a 

glass makes the water level of the glass rise, while tipping water out of the glass makes the 

level fall. Similarly, adding stones to a pile increases its height, whereas the opposite 

happens if we remove stones from the pile. By noticing this correlation, we come to 

associate upper space with greater quantities, and lower space with lesser quantities. The 

vertical valence metaphor may also stem from noticing correlations in experience and 

Hebbian learning taking place. For instance, people are likely to assume a ‘low’, slumped 

body posture when experiencing negative emotions (i.e., when we are ‘feeling down’), 

whereas they may assume a ‘high’, upright posture when happy and confident (i.e., when 

‘on a high’) (Lakoff & Johnson, 1999). Moreover, to be smaller and so in a lower position 

than another person is usually to be physically inferior, whereas to be taller and so in a 

higher position usually allows one to exert more control (see discussion in Winter, 2014). 

Observing this correlation in others and ourselves may lead us to associate upper space 

with positive valence, and lower space with negative valence.  

The formation of conceptual metaphors of emotional valence may also involve 

Hebbian learning. The horizontal valence metaphor may stem from the positively valenced 

experience of motor fluency with the dominant side of the body (Casasanto, 2009). 

Supporting this idea, Casasanto and Chrysikou (2011) found that patients with a disabled 

left hand who were right-handed prior to having a stroke continue to associate positive 

valence with right-side space, while previously right-handed patients with a disabled right 

hand come to associate positive valence with left-side space. These authors also reported 

that right-handers switched from right-is-good to left-is-good mappings after wearing a 

cumbersome glove on their right hand for about twelve minutes (for a review, see 
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Casasanto, 2011). Moreover, Chen and Lin (2021) found that right-handed people express 

higher intention to purchase food presented with tableware to its right, whereas this effect 

reverses when their right hand is under high motor resource load. Therefore, a bodily-

experienced correlation between fluency and either side of the body leads people to 

associate the right or left side of space with positive valence, and vice versa for negative 

valence. 

Horizontal representations of time and numerical quantity may be motivated by 

culture-specific reading and writing conventions, which are another source from which 

Hebbian associations may be formed. This putative origin of horizontal mappings is 

supported by evidence showing that Westerners asked to arrange cards in a temporal 

sequence prefer a light-to-right mapping (Bergen & Chan Lau, 2012; Boroditsky & Gaby, 

2010; Tversky et al., 1991), while speakers of Hebrew and Arabic (which are both written 

from right to left) prefer a leftward mapping (Fuhrman & Boroditsky, 2010; Tversky et al., 

1991). In another study, Casasanto and Bottini (2014a) showed that Dutch participants’ 

reaction times were consistent with a left-to-right mental timeline when judging phrases 

written in standard orthography, whereas their mental timelines were reversed after brief 

exposure to mirror-reversed orthography. Autry et al. (2020) also demonstrated that the 

tendency to place stickers depicting a temporal sequence (breakfast, lunch, dinner) in a 

rightward direction is stronger in older, English-speaking kindergarteners (mean age = 6.05 

years) than younger, English-speaking pre-schoolers (mean age = 3.87 years), and is 

correlated with emergent literacy skills. Similarly, another study reported that the SNARC 

effect is reversed in Arabic monoliterates, weakened in Arabic-English biliterates, and 

absent in illiterate Arabic speakers (Zebian, 2005), showing a graded influence of literacy 
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on horizontal conceptual metaphors of numerical quantity. Other research has corroborated 

the idea that the SNARC effect is culturally relative (e.g., Chatterjee et al., 1999; 

Padakannaya et al., 2002; Shaki & Fischer, 2008; Shaki et al., 2009; Azhar et al., 2021; see 

Göbel et al., 2011 for a review).  

Regarding the vertical conceptual metaphor of time, chapter 2.2 discussed the idea 

that it could be explained by a transformation of the sagittal axis onto a two-dimensional 

plane (Stocker et al., 2016), making it a sagittal mapping in disguise rather than a vertical 

mapping proper (Winter et al., 2015) (see §2.2). If true, the ultimate source of these 

putatively vertical (but actually sagittal) mappings may be the embodied experience of 

moving through space, or observing objects travelling through space, and experiencing a 

positive correlation between distance travelled and time taken (Casasanto, 2014). 

Experiencing this correlation could motivate a Hebbian association between time and 

sagittal space. Regarding what correlations could directly motivate a Hebbian association 

between lower space and the past, and upper space and the future, physical growth 

(correlated with the passing of time) is associated with higher vertical positions (e.g., 

Cooperrider et al., 2022; Dancygier & Sweetser, 2014; Forker, 2020; see also Safar, 2020), 

as can be observed in the growth of a plant or a teenager during a growth spurt.  

When it comes to size-based conceptual metaphors, numerical quantities may 

become associated with larger sizes because more numerous sets often span a greater 

extent, which may lead us to conflate numerosity with physical size (see Hurewitz et al., 

2006), creating a Hebbian association between physical size and numerical magnitude. 

Alternatively, de Hevia (2021) argues that this association may be innate, and hence may 

be heritable rather than being acquired through Hebbian learning. In making this argument, 
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de Hevia cites research showing that neonates up to three days old, who have had 

extremely limited experience with which to form new associations, nevertheless evidence 

the association between size and number. These neonates preferred to look at a large rather 

than a small object after experiencing an increase in number (hearing six syllables, then 

eighteen syllables), and vice versa for decreases in number. If this association is functional 

from birth, it would speak to the evolutionary advantage of being able to make approximate 

assessments of number based on size, due to these domains being highly correlated. 

 As discussed, once established, conceptual metaphors come to be represented 

through linguistic metaphors (§2.1), metaphoric gestures (§2.3), and/or cultural artifacts, 

such as data visualizations (§2.4). These outward expressions of conceptual metaphors 

then become new correlations that serve as new input for the formation of conceptual 

metaphors, or the reinforcement of existing ones in what Winter (2014) and Winter and 

Matlock (2017) characterise as a cultural feedback loop. For example, histograms in which 

‘more’ is represented by bars with a larger area (see Tversky, 2011) may reinforce the 

association between size and number. Moreover, the thumbs up/down gesture might 

reinforce the association between upper space and positive valence, and the cultural 

convention of raising one’s right hand when taking an oath may reinforce the association 

between right-side space and positive valence in right-handers, or even motivate this 

association in left-handers (see Casasanto, 2017; Casasanto & Bottini, 2014b). Linguistic 

metaphors like ‘Petrol prices are stratospheric’ or ‘The pound has hit an all-time low’ may 

also reinforce conceptual metaphors – in this case, the vertical conceptual metaphor of 

numerical quantity. In other instances, linguistic metaphors may strengthen particular 

conceptual metaphors at the expense of others. For example, Dutch speakers tend to 
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discuss musical pitch in vertical terms (‘low’ and ‘high’), while adult Farsi speakers tend to 

discuss pitch in thickness terms (‘thick’ and ‘thin’) (Dolscheid et al., 2013). Despite these 

differences, research with prelinguistic infants shows that both vertical and thickness 

conceptual metaphors are present cross-culturally, with Dutch infants tending to look longer 

at stimuli that are congruent with both verticality and thickness metaphorical mappings 

(Dolscheid et al., 2012). Therefore, the conceptual metaphor expressed in one’s native 

language using linguistic metaphors may be strengthened over time and become the 

dominant conceptual metaphor in that particular culture. It is plausible that metaphoric 

gestures and cultural artifacts have a similar strengthening effect on the conceptual 

metaphors they represent. Hebbian learning may be at the heart of the strengthening of 

conceptual metaphors described here, with repeated exposure to linguistic metaphors, 

metaphoric gestures, and cultural artifacts ‘wiring together’ groups of neurons associated 

with different domains more strongly. 

 

2.6. Number Metaphors and Numerical Communication 

Numerical magnitude has featured prominently in the discussion of conceptual metaphors 

so far, and is a primary topic of interest in this thesis, being investigated in both Papers 1 

and 2. Paper 3 explores numerical communication more generally, looking into the 

frequency with which different numbers are used in English, and tying these findings to 

research in numerical cognition. This chapter discusses additional research into number 

metaphors as a way of contextualising the research presented in Paper 3, and making 

explicit the connection of Paper 3 to the other papers presented in this thesis. Specifically, 
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this chapter introduces the communicative practice of rounding, which is one of the factors 

investigated in Paper 3 that affect number frequencies.  

As discussed in previous chapters, empirical evidence shows that people often 

conceptualise numbers on a mental number line, which is oriented from left to right in 

Western cultures. This mental number line is furthermore proposed to be logarithmically 

scaled (e.g., Dehaene, 1992). Therefore, the space between greater numbers on this 

number line is smaller than the space between smaller numbers – there is more 

compression on the number line at greater magnitudes (see Figure 5). The logarithmic 

scaling of the mental number line may explain other experimental findings in numerical 

cognition. For example, the size effect shows that, for a given difference in magnitude, 

comparing greater numbers is harder than comparing lesser numbers (e.g., Merten & 

Nieder, 2009; Moyer & Landauer, 1967; Nieder & Miller, 2003). One possible explanation 

for this finding is that greater numbers are harder to discriminate because they are closer 

together on the mental number line, so a greater difference in magnitude is needed to 

compare the magnitudes of greater numbers. This notion aligns with the Weber-Fechner 

law: as the intensity of a stimulus (in this case, the magnitude of a number) increases, a 

greater difference in intensity is needed for us to notice the increase (DeWind et al., 2015; 

Shepard et al., 1975). The Weber-Fechner law shows that our ability to quantify sets 

becomes more imprecise at higher magnitudes. Other potential evidence for logarithmic 

scaling of the mental number line comes from random number generation tasks showing 

that lesser digits (1, 2, or 3) are used more often than greater digits (4, 5, or 6). In these 

tasks, the use of smaller digits is associated with leftward attentional biases, as if looking at 

the location of numbers on the mental number line (Loetscher & Brugger, 2007). Smaller 



 40 

numbers may be selected more often in these tasks because they are further apart on the 

mental number line, and so are represented more distinctly (see Dehaene, 1992).  

 

 

Figure 5. A comparison of number lines up to 10 that are linearly scaled (A) versus 

logarithmically scaled (B). On the logarithmic number line, greater numbers are closer 

together than lesser numbers – they are logarithmically compressed. 

 

The logarithmic representation of numbers may affect the frequency with which 

different numbers are used. More specifically, it may influence the linguistic practice of 

rounding. In decimal systems (i.e., based on the number ten, tenths, and powers of ten), 

round numbers are multiples of ten and sometimes five (e.g., Dorogovtsev et al., 2005; 

Sigurd, 1988). Rounding is when the nearest round number is used in place of the real 

number (Cummins, 2015, p. 20). For example, rather than say there are 491 animals at 

Twycross Zoo, a speaker may round this number up to 500. Alternatively, round numbers 

may be used as a benchmark indicating a level of completion (Dehaene, 1997, Ch. 4; 

Gunasti, 2016). For instance, 491 animals may be framed as being ‘almost 500’, while 506 

animals might be framed as ‘over 500’. In other contexts, a round number may be used 
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when the exact value is unknown (Ruud et al., 2014), such as when guessing the number 

of pebbles on a beach. If our mental representation of numbers becomes less precise at 

higher magnitudes, due to a logarithmic representation of numbers, we may round to a 

greater extent at higher magnitudes – for instance, rounding 77 up to 80, but rounding 177 

up to 200 (rather than 180). Hence, the increasing imprecision of numerical cognition at 

higher magnitudes may yield an increasingly imprecise use of numbers at higher 

magnitudes, evident in rounding practices.  

 

2.7. Iconicity in Multimodal Communication 

This literature review has thus far focused on metaphor. As discussed in Chapter 1, 

metaphor is related to the phenomenon of iconicity – the phenomenon whereby 

communicative forms resemble their meanings (see Peirce, 1931). Paper 4 explores the 

historical evolution of iconicity, its expression via words, gestures, non-linguistic 

vocalizations, and prosodic modulations, and its role in language evolution. The focus of this 

chapter is on the expression of iconicity in different modalities: auditory (words, 

vocalizations, prosody) and visuospatial (gestures). 

Historically in linguistics, iconicity has been downplayed as a feature of language, 

with an emphasis placed on so-called ‘arbitrariness’, a term often used to refer to the lack 

of a resemblance between the form of a word or sign and its meaning (e.g., Levelt et al., 

1999; Newmeyer, 1992; Pinker & Bloom, 1990). For example, Saussure (1966) notes that 

the English word ‘tree’ is very different from the Latin word ‘arbor’, yet both words have the 

same meaning (see also Locke, 1689). The mappings between these words and their 

meanings are not iconic, and so must be established by language-specific convention. If a 
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word is not iconic, the assumption is that the choice to use the word is unmotivated and 

random, and so is described as ‘arbitrary’ (but see Paper 4, §6 for an argument that this 

term is not accurate). Hockett (1960) even proposes arbitrariness as a defining feature of 

human languages that sets them apart from animal communication systems. Indeed, the 

historical treatment of signed languages as pantomimes or elaborate systems of manual 

gestures, rather than as true languages, has been attributed partly to their evident iconicity 

(see Goldin-Meadow & Brentari, 2017). For instance, the American Sign Language sign 

‘book’ depicts its meaning with the hands held open, facing upward and adjacent to one 

another, clearly representing the pages of an open book. Despite the lack of attention paid 

to iconicity historically, scholars have begun to argue that iconicity is another significant 

design feature of languages, including spoken languages (e.g., Dingemanse et al., 2015; 

Lockwood & Dingemanse, 2015; Perniss et al., 2010; Perniss & Vigliocco, 2014; Vinson et 

al., 2021).  

Iconicity is prevalent in spoken languages. In English, onomatopoeic words like 

‘splash’, ‘bang’ and ‘peep’ resemble the sounds they denote: something falling into or 

striking a liquid (e.g., a swimmer diving into a pool), a sudden loud, sharp noise (e.g. an 

explosion), and a brief, high-pitched noise (e.g., a whistle), respectively (see Bladon, 1977; 

Taylor, 2007). Some spoken languages also have a grammatical category called 

ideophones, alternatively known as mimetics or expressives (Akita & Pardeshi, 2019; 

Dingemanse, 2018; Voeltz & Kilian-Hatz, 2001), which feature words that iconically 

represent sound and other modalities. For example, in Japanese, the ideophone ‘nyaa’ 

mimics the sound made by a cat (Kita, 1997) and ‘dosadosa’ refers to a thudding sound 

(Akita, 2017), while other ideophones denote non-auditory events that may nonetheless 
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generate sound (e.g., ‘nurunur’: tactile sensation caused by a slimy object) or may not 

generate sound at all (e.g., ‘kutakuta’: being very tired) (Kita, 1997). Even in spoken 

languages without a dedicated class of ideophones, like English (Nuckolls, 1999), some 

sounds are used systematically for certain kinds of meanings. For example, Winter et al. 

(2022) show that /r/ systematically appears in words for ‘rough’ meanings in English and 

other languages in a sample of 332 spoken languages from 84 phyla. The authors link the 

‘rough’ meaning of /r/ to the ‘rough’ sound of its trilled variant. This phoneme is no longer 

trilled in most English dialects, but the association between /r/ and roughness remains a 

feature of the lexicon. Sidhu et al. (2021) also report that phonemes associated with 

roundness (/b/, /u/, /m/) tend to appear in English words for round objects (e.g., ‘ball’ /bɔːl/, 

‘hoop’ /huːp/, ‘moon’ /muːn/), while phonemes associated with spikiness (/t/, /k/, /ɪ/) tend to 

appear in English words for spiky objects (e.g., ‘cactus’ /kæktəs/, ‘spike’ /spaɪk/, ‘pitchfork’ 

/pɪtʃfɔːk/) (see also D’Onofrio, 2014; McCormick et al., 2015; Westbury et al., 2018).  

 Iconicity is also present in aspects of communication that are not conventionalised 

words, such as iconic gestures (e.g., McNeill, 1992, 2000, 2005). For example, Figure 6 

shows TV personality Steve Higgins performing an iconic gesture with his left hand that 

depicts a “swinging punching bag”, with the arc of the movement back and forth depicting 

the “swinging” motion. To give another example, a speaker might depict ‘cooking’ by 

gesturing as if cooking with a frying pan. Speakers may also communicate iconically with 

vocal prosody, which encompasses modulations of pitch, speed, rhythm, and timbre (e.g., 

Ćwiek & Fuchs, 2019; Nygaard et al., 2009; Perlman, Clark, et al., 2015). For example, 

Winter et al. (2022) describe how the /r/ phoneme in US potato crisp brand Ruffles was 

trilled in its historical marketing slogan, emphasising the ‘roughness’ of the word to reflect 
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the ridged texture of the crisp. Therefore, although the trilled /r/ variant is not used in US 

English accents, the /r/ phoneme can be prosodically modulated to enhance its iconic 

connection to roughness. Moreover, English speakers sometimes lengthen the vowel in 

‘long’, pronouncing it as ‘loooong’ to represent the length of time denoted (e.g., Guerrini, 

2020). Finally, speakers use iconic, non-linguistic vocalizations that depict sound using 

imitative, non-verbal vocal noises (Edmiston et al., 2018; Lemaitre et al., 2016; Sarvasy, 

2016). For instance, Lemaitre et al. (2014) report that a speaker of English depicted the 

unrolling of kitchen roll with the vocalization ‘fffff’, and then depicted detaching it from the 

cardboard tube with the vocalization ‘rrrrrrrr’. Perlman and Cain (2014) also discuss an 

example in which a speaker refers to an ‘elephant’ using a vocalization that imitates the roar 

of an elephant.  
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Figure 6. Steve Higgins performs an iconic gesture depicting the “swinging” motion of a 

punching bag. White arrows have been added to this image to illustrate the movement 

direction of the gesture. Source: NBC, The Tonight Show Starring Jimmy Fallon, accessed 

via the TV News Archive: https://tinyurl.com/pxd5fpkh.  

 

Multiple iconic strategies – words, gesture, prosody, and vocalization – can be 

employed at the same time. For example, Figure 7 shows an example in which TV 

personality Beth Troutman talks about an “itty-bitty man” in a photograph who is standing 

on the top of a large rock, a distance away from the camera. ‘Itty-bitty’ /ɪtɪbɪti/ is an 

conventionalized expression containing the high front vowel /ɪ/, which tends to appear in 

words denoting ‘small’ meanings (e.g., Blasi et al., 2016; Ultan, 1978; Winter & Perlman, 

2021). The high frequency of this vowel iconically depicts the high-pitched sounds that 
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smaller entities tend to make (Fitch, 1994; Ohala, 1994; Winter et al., 2021). When saying 

“itty-bitty”, Troutman performs an iconic gesture where her forefinger and thumb approach 

one another, as if she is holding the “itty bitty man” between her fingers, or otherwise 

representing the size of the man with the space between these fingers (see Hassemer & 

Winter, 2018; Winter et al., 2013). At the same time, Troutman uses iconic prosody by 

raising her vocal pitch, enhancing the iconic relation between pitch and physical size that 

was already expressed through the use of the phrase “itty-bitty”. In this example, then, iconic 

words, gesture, and prosody are all utilised at the same time. 

 

 

Figure 7. Beth Troutman uses the iconic expression “itty-bitty” while raising her vocal pitch 

(iconic prosody) and pinching her thumb and forefinger together (iconic gesture). This 

example shows how multiple iconic strategies can be utilised at the same time to create a 
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depictive performance. Source: ABC, Right This Minute, accessed via the TV News Archive: 

https://tinyurl.com/y9kjpom9.  

 

We can see, then, that speakers have different iconic strategies (words, prosody, 

vocalization, gesture) in different modalities (auditory, visuospatial) available to express 

sensorimotor information. Speakers sometimes utilise more than one outlet at the same 

time, creating an imagined experience (see Pascual, 2014) that allows their audience to 

picture “what it would be like to hear, see, or feel what the original speaker [or signer] did” 

(Wade & Clark, 1993, p. 188). In this way, speakers opportunistically use all the iconic 

strategies at their disposal for the purpose of depiction. 

 

2.8. Sensorimotor Simulation in Language Comprehension 

The use of iconicity to depict sensorimotor information leads us to a discussion of 

sensorimotor simulation and the part it plays in language comprehension in this chapter. 

The function of sensorimotor simulation in the comprehension and production of iconic 

communicative forms is central to the argument made in Paper 4, which connects this 

psychological mechanism to historical processes of language change and the evolution of 

iconic words over time.  

 Sensorimotor simulation is the mental reactivation of previously experienced 

perceptions and actions (e.g., Barsalou, 1999, 2007; Decety & Jeannerod, 1995). It is often 

seen as a more automatic, less conscious version of mental imagery (e.g., Bergen, 2012; 

Kosslyn, 1994; Pearson et al., 2015). Sensorimotor simulations allow people to imagine 

scenes they have not previously experienced directly by combining aspects of their 
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simulations creatively, allowing them to imagine an infinite number of experiences 

(Barsalou, 1999; Barsalou & Prinz, 1997). These sensorimotor simulations are proposed to 

involve similar but weaker patterns of neural activation as those involved during actual 

perception and action, such that, for example, simulating an action potentiates the 

performance of that action in experimental tasks, as we will see below. 

Evidence for sensorimotor simulation comes from non-linguistic tasks in which 

participants view objects and have to make a judgment about these objects using a motor 

response. For example, Tucker and Ellis (1998) showed people images of a teapot and 

asked participants whether the object was upright or upside-down. Left-handed responses 

were facilitated when the teapot’s handle was presented on its left side, and vice versa for 

right-handed responses. The authors argue that viewing the teapot caused participants to 

mentally simulate manipulating it with their left hand, which activated parts of their brain 

associated with performing that action, facilitating a left-handed response (see also Iani et 

al., 2019). Similarly, Tucker and Ellis (2001) found that participants were faster when 

responding to a visually presented object (e.g., a hammer versus a grape) with a hand grip 

similar to that which they would use to grasp the object (e.g., a more open versus more 

closed hand shape) (see also Heurley et al., 2020). The potentiation of manual actions by 

visually presented objects has been shown to persist even 700ms after the object has 

disappeared from view (Derbyshire et al., 2006).  

Sensorimotor simulations may be recruited in language comprehension, such that 

reading words automatically activates parts of the brain associated with the meaning of 

those words. For example, when participants read action words like ‘kick’, ‘lick’, and ‘pick’, 

fMRI scans show increased blood flow (interpreted as increased activation) in the motor 
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cortex in a somatotopic fashion in which parts of the brain associated with the body parts 

used in the performance of the corresponding actions are activated (Hauk et al., 2004). 

Moreover, understanding nouns and verbs has been shown to involve activation of visual 

and action areas of the brain, respectively (Pulvermüller et al., 1999; see also Moseley et 

al., 2013), just as nouns tend to denote visual objects (e.g., Jones & Smith, 1993) and verbs 

tend to denote actions (e.g., Glenberg & Gallese, 2012). Event-related potentials also 

display different cortical activity for words denoting either sound or action concepts (Popp et 

al., 2016).  

 Some research suggests that comprehending iconic words may activate 

sensorimotor simulations more strongly than non-iconic words. In particular, neurological 

studies show that comprehending Japanese ideophones activates areas of the brain 

recruited in sensorimotor processing more strongly than non-ideophones (Kanero et al., 

2014) and non-words (Osaka, 2009, 2011; Osaka et al., 2004; Osaka & Osaka, 2009). This 

finding was also corroborated with a multi-language stimulus set (Revill et al., 2014). 

Moreover, fMRI scans have shown that hearing iconic Japanese words for animal sounds 

activates brain areas implicated in the processing of environmental (versus linguistic) 

sounds more strongly than hearing non-iconic animal names (Hashimoto et al., 2006). 

Affective iconic words have also been found to generate a blood-oxygen-level-dependent 

(BOLD) response in the left amygdala, which is implicated in the multimodal representation 

of emotions (Aryani et al., 2019).  
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2.9. Sensorimotor Simulation in Iconic Language Production 

Based on the link between sensorimotor simulation and the comprehension of iconic 

vocabulary, this chapter explores the idea that sensorimotor simulation is involved in not 

only the comprehension of iconic language, but also its production. This idea is central to 

Paper 4, which posits that sensorimotor simulation triggers speakers to produce iconic 

gestures, vocalizations, and prosodic modulations of existing words, which express the 

content of the speaker’s simulation. Iconic forms of expression that are communicatively 

useful are conventionalized and gradually become part of the lexicon. 

The notion that sensorimotor simulation is involved in the production of iconic 

utterances has been most directly explored in relation to gestures. Hostetter and Alibali’s 

(2008, 2018) Gesture as Simulated Action (GSA) framework posits that sensorimotor 

simulation underlies the production of representational gestures, which includes iconic, 

metaphoric, and deictic (pointing) gestures (see McNeill, 1992). The main argument of the 

GSA framework is that simulating visuospatial or motoric information causes activation in 

the premotor cortex (Rizzolatti et al., 1996), which may then spread to the motor cortex, 

causing the performance of manual gestures. These gestures depict the sensorimotor 

simulation that gave rise to the gesture in the first place. For instance, in Figure 8, US talk 

show host Jimmy Fallon gestures as if revving the engine of a motorbike. According to the 

GSA framework, Fallon mentally simulated the action of revving a motorbike, triggering 

patterns of premotor activation similar to those involved in the physical action of revving a 

motorbike. This premotor activation was sufficiently strong that it spread to Fallon’s motor 

cortex, causing him to produce a ‘revving’ gesture that expressed the motorbike-revving 

content of his simulation.  
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Figure 8. US talk show host Jimmy Fallon performs an iconic gesture depicting the revving 

of a motorbike while referring to the film name “Vroom”, which references the sound of a 

vehicle’s engine being revved. A white arrow has been added to this image to illustrate the 

movement direction of the gesture. Source: NBC, The Tonight Show Starring Jimmy Fallon, 

accessed via the TV News Archive: https://tinyurl.com/y8sd22ta.   

 

 Hostetter and Alibali (2008, 2018) present evidence for the predictions of their 

framework. One of these predictions is that if sensorimotor simulation motivates the 

production of representational gestures, we should observe more gestures when 

communication relies more on simulations than amodal, propositional (i.e., non-imagistic) 

codes. Supporting this prediction, one study showed that speakers were more likely to 

gesture when retelling a vignette after watching a cartoon of the vignette compared to 
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speakers who had only listened to a verbal description, presumably because the cartoon 

group had more vivid sensorimotor information available to access (Hostetter & Skirving, 

2011). In another study, speakers gestured more often when their spatial skills were better 

than their verbal skills, perhaps because these speakers relied more on visuospatial 

simulations when communicating (Hostetter & Alibali, 2007). Speakers have also been 

shown to gesture more frequently during a visuospatial task (arranging shapes to make a 

picture) than a propositional task (arranging words to make a sentence) (Hostetter & 

Sullivan, 2011). Together, these studies are compatible with the notion that gesture 

production increases as communication relies more on simulation processes, providing 

support for the GSA framework. 

As well as gesture, Perlman and Gibbs (2013) argue that simulation can influence 

speech prosody. Evidence indirectly supports this argument. For example, studies have 

shown that speakers talk faster when describing faster events (Perlman, 2010) and read 

stories about smaller entities such as grasshoppers with a higher pitch than stories about 

larger entities such as elephants (Perlman, Clark, et al., 2015). Participants also produce 

longer utterances when describing the movement of a dot they had previously seen move 

slowly across a screen compared to when the dot moved quickly (Shintel et al., 2006). 

Altogether, these studies suggest that people modify their speech prosody to reflect their 

sensorimotor imagery, just like people do with their gestures (Hostetter & Alibali, 2008, 

2018). Moreover, as mentioned already in Chapter 2.6, speakers can produce imitative 

vocalizations that appear to depict the contents of their sensorimotor imagery (e.g., 

Blackwell et al., 2015; Hudson, 1985; Perlman & Lupyan, 2018), similar to the depictive 

function of iconic gestures. In fact, iconic vocalizations have been described as vocal 
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gestures due to their shared role with manual gestures (Clark et al., 2013; Okrent, 2002; 

Perlman, 2010). Thus, iconic gesture, prosody, and vocalization may be three 

communicative strategies through which sensorimotor simulations are expressed. 

 

2.10. Sensorimotor Simulation in Conceptual Metaphor 

In this final chapter of the literature review, I argue that sensorimotor simulation is the 

psychological basis not just of iconicity, but also of conceptual metaphor (see Gibbs & 

Matlock, 2008). Despite sensorimotor simulation being discussed explicitly in Paper 4 in 

relation to iconicity specifically, many instances of iconicity discussed in Paper 4 can be 

interpreted as a kind of metaphor (see Marks, 2014). In addition, the ideas in this chapter 

are relevant to contextualising the studies on conceptual metaphor and numerical 

communication presented in Papers 1, 2, and 3. Although these papers do not explicitly 

investigate these ideas, this chapter adds additional context that can inform the 

interpretation of their conclusions, which is discussed in more detail in Chapter 7.  

 In their GSA framework, Hostetter and Alibali (2008, 2018) propose sensorimotor 

simulation as the mechanism underlying representational gestures, which include 

metaphoric gestures, as well as iconic ones. The proposal of a common mechanism for 

iconic and metaphoric gestures is logically sound because, as discussed in Chapter 1, 

metaphoric gestures are a kind of iconic gesture (see Bouissac, 2008). When a person 

communicates iconically, they mentally simulate the literal meaning of what is being 

expressed. When a person communicates metaphorically, their simulation corresponds to 

the source domain of a conceptual metaphor, which stands metaphorically for a target 

domain. For example, a speaker might gesturally depict the size of a fish she caught by 
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moving her open palms away from each other, with the space between the palms 

representing the size of the fish. In comparison, if the gesture were not about a fish, but 

rather about ‘huge numbers’ (see Figure 1, §1), the speaker might still be simulating 

properties related to physical size, but size would be the source domain that is used to 

conceptualise the target domain of numerical quantity. Hence, sensorimotor simulation 

would be involved in the production of this metaphoric gesture. 

 Sensorimotor simulation may also be involved in the production of metaphoric 

prosody and vocalizations (see Perlman & Gibbs, 2013). For example, Chapter 2.8 

discussed how English speakers lengthen the vowel in ‘long’, articulating this word as 

‘loooong’ to depict the length of time denoted, which is iconic as the vocalization literally 

lasts for a ‘long’ time (e.g., Guerrini, 2020). Alternatively, speakers might opt for the 

elongated ‘loooong’ pronunciation to describe the length of a snake, which can be 

interpreted as a metaphor, as duration (source domain) is used to represent size (target 

domain) (Perlman & Gibbs, 2013). In both cases, the speaker may simulate the same 

temporal information, which elicits the same prosodic modulation (i.e., elongation of the 

vowel). However, in the first case, duration literally represents duration, whereas in the 

second case, duration metaphorically represents length. In a similar way, a speaker may 

simulate the loud sound of a car crash, and then express this simulation using a loud 

vocalization like ‘bam!’, with volume iconically representing the loudness of the crash. 

Speakers can also use volume metaphorically: Chapter 1 discussed how speakers use 

louder vocalizations to depict larger objects and quieter vocalizations to depict smaller 

objects (Perlman, Paul, et al., 2015). In both instances, the speaker’s sensorimotor 
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simulation would correspond to volume, but in the second instance, the source domain 

volume would be used to metaphorically represent the target domain physical size.  

Simulating a conceptual metaphor’s source domain may be the cognitive basis of 

what it means for a linguistic metaphor to be conceptually active (see Woodin, 2019 for a 

similar argument). As discussed in Chapter 2.3, linguistic metaphors may be so 

conventionalized that people do not interpret them as metaphorical (e.g., Black, 1993; 

Hanks, 2006). Muller (2008) thus proposes metaphoric gestures as “activation indicators” 

(Müller, 2008, p. 197), showing that speakers are ‘thinking metaphorically’. Metaphoric 

gestures may evidence conceptual activation because these gestures may reveal that the 

speaker is simulating the source domain of the linguistic metaphor, which cues them to 

perform the metaphoric gesture. As well as gesture, metaphoric prosody and metaphoric 

vocalizations may be activation indicators. For example, if the linguistic metaphor ‘small 

number’ is conceptually active, the speaker may be simulating physical size, which may 

cause them to perform a pinch gesture to depict holding the ‘small’ number between the 

forefinger and thumb (see Winter et al., 2013 for a discussion of size-based metaphoric 

gestures). While using this linguistic metaphor, the speaker may also be simulating pitch 

information (e.g., Perlman et al., 2015), which may cause them to raise the pitch of their 

voice. The use of both metaphoric gesture and metaphoric prosody may show that the 

linguistic metaphor ‘small number’ is conceptually active.  

Müller (2008) defines conceptual activation in terms of Cameron’s (1999, p. 19) 

notion of spreading activation through different neurological pathways. Because more or 

fewer pathways may be activated at one time, Müller (2008, pp. 197–198) argues that 

conceptual activation is a graded phenomenon, with the production of more (or fewer) 
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activation indicators demonstrating that the linguistic metaphor is more (or less) 

conceptually active. In other words, there are “degrees of metaphoricity” (Woodin, 2019). 

Hence, the use of a metaphoric gesture (e.g., a pinch gesture) together with the use of 

metaphoric prosody (e.g., a higher vocal pitch) may show that the linguistic metaphor is 

more conceptually active than if just one of these activation indicators were used. In this 

simulation-based account, Cameron’s (1999, p. 19) idea of spreading activation can be 

reinterpreted as the simulation of different kinds of information – in this case, visuospatial 

and auditory – which are expressed with different metaphoric strategies: gestural and 

prosodic. 

Sensorimotor simulation might explain other findings I have discussed in this 

literature review – for example, cognitive fit theory (Vessey, 1991) and the interpretation of 

data visualizations described in Chapter 2.4. Cognitive fit theory postulates that people 

interpret graphs with a mental model of what they expect to see (see Padilla et al., 2018). 

Within the framework proposed here, this mental model can be reinterpreted as a 

sensorimotor simulation that is generated in anticipation of seeing a visualization. This 

simulation may be influenced by conceptual metaphors. If the visualization contradicts the 

simulation (i.e., if conceptual metaphors are subverted, for instance by reversing the 

direction of the y-axis), the graph user may have to transform their simulation or generate a 

new one to interpret the visualization. This transformation or regeneration may incur a 

processing cost, whereas visualizations that align with the graph user’s sensorimotor 

simulation may be quicker and easier to interpret. Also, when people design data 

visualizations, they may generate a sensorimotor simulation that they try to reproduce 

visually. As this simulation is influenced by conceptual metaphors, the visualization 
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designed will tend to conform with these metaphors. For these reasons, sensorimotor 

simulation, as a process involved in the production and comprehension of conceptual 

metaphors, may have been critically involved in the formation of the graphical conventions 

that have emerged in this field (see Cox, 2004; Fishwick, 2006; Tversky, 2011).  

More speculatively, sensorimotor simulation may also be recruited for numerical 

cognition, particularly for the horizontal mental number line that is logarithmically scaled, 

involving compression at higher magnitudes (Dehaene, 1992, 2007), as is described in 

Chapter 2.6. Comparing the magnitudes of numbers may thus be at least partly a 

visuospatial task, involving the scanning of sensorimotor simulations and comparing the 

position of numbers. Because greater numbers are closer together on the mental number 

line, they are more difficult to visually discriminate, potentially explaining the size effect, 

which shows that magnitude comparison is harder for greater numbers (e.g., Merten & 

Nieder, 2009; Moyer & Landauer, 1967; Nieder & Miller, 2003). Simulation may also explain 

why people use more smaller digits than larger ones in random number generation tasks 

Simulation may also explain why people use more smaller digits than larger ones in random 

number generation tasks: people may select from a mentally simulated distribution of 

numbers on a logarithmically compressed mental number line, on which smaller numbers 

are further apart and so are represented more distinctly (see Dehaene, 1992). Finally, 

simulation may explain why people often look to the left when using smaller digits, as if 

looking at smaller, more leftward digits on a mentally simulated number line (Loetscher & 

Brugger, 2007). However, it should be noted that there are other explanations for some of 

these phenomena that do not necessarily involve simulation. For example, as discussed in 

Paper 3, smaller numbers may generally be used more frequently than larger numbers 
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because smaller quantities are encountered more often and are more easily countable, 

which may influence the numbers people use in random number generation tasks 

(Cummins, 2015, p. 32).  

*  *  * 

 This literature review began with the idea that linguistic metaphors of numerical 

quantity, time, and emotional valence reflect conceptual metaphors that structure our 

thinking about each concept. Experimental, non-linguistic evidence for these conceptual 

metaphors was presented, which uncovered evidence for conceptual metaphors that are 

not instantiated in the English language. The conceptual metaphors discussed have the 

source domain space, including vertical, horizontal, and size-based mappings. The review 

then explored the expression of these conceptual metaphors via gestures and cultural 

artifacts, such as data visualizations, before discussing the influence of conceptual 

metaphor on graph interpretation and graphical conventions. The review then mooted 

Hebbian learning as the mechanism through which conceptual metaphors are formed, 

where associations are learnt by observing correlations in experience. Then, the review 

discussed the idea that the mental number line is logarithmically compressed at higher 

magnitudes, and explored the relevance of this idea to numerical communication (i.e., 

rounding). After this, the review investigated iconicity in the vocal (onomatopoeia, 

ideophones, sound symbolism, non-linguistic vocalization, prosody) and manual (gesture) 

channels, and described how people combine these iconic strategies. Evidence for the 

proposed role of sensorimotor simulation in the comprehension and production of iconic 

forms was then presented. Finally, the review made the argument that sensorimotor 


