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ABSTRACT 
The theory of modality grounded cognition is steadily gaining in popularity 

as the explanation for the nature and organization of object concepts. This theory, 

also known as embodied cognition, states that object memories are encoded within 

the same neural networks that were active during the perception of, or interaction 

with, that object. Certain aspects of this modality grounding remain unexplained, 

limiting its widespread acceptance. In particular, it is unknown whether memories 

are grounded according to all relevant perceptual features, or if only the most 

diagnostic features are used. Also, the current version of the theory cannot 

account for abstract concepts, which are those with no inherent perceptual or 

motion information.  

The current thesis addresses these issues by way of four independently 

conducted studies using varied behavioral techniques. The first study shows that 

associative links can form between mental imagery and perceptual stimuli. This 

finding demonstrates that imagery and perception are largely interchangeable 

within associative learning, indicating that similar patterns of neural activity are 

likely involved for both kinds of stimuli. The second study shows that color imagery 

can bias color perception. This finding indicates that the previously demonstrated 

processing similarity between mental imagery and perception can also involve 

perceptual color areas. The third study shows that the recognition of highly color-

diagnostic objects can be facilitated through the prior presentation of their known 

color associates. Along with the previous study, this finding provides strong 

evidence that color plays an important role in the perceptual grounding of 

memories for certain objects. The fourth study shows evidence suggesting that the 
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recognition of specific tools may be facilitated through the prior presentation of 

tool-use pantomimes. While this facilitation was only observed when the prime 

stimuli contained real visual motion information, not implied motion, this finding 

indicates that motion is a very important aspect of the grounding of manipulable 

object concepts. Together these four studies provide novel and diverse behavioral 

support for the theory of modality grounded cognition by addressing its major 

criticisms. 
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1. GENERAL INTRODUCTION 

Visual perception is knowledge based. Information gained from prior 

experience is stored within the mind as collections of memories that together form 

concept knowledge. Concepts are internal representations of the physical world 

comprised of the sensory experiences and semantic knowledge associated with a 

particular category of objects, settings, or ideas (A. Martin, 2007). This concept 

knowledge allows us to effectively and efficiently operate within our environment. 

For visual perception, it allows us to quickly interpret the large volume of complex 

information that is often present within even the simplest of visual scenes (Gibson, 

1978; Murphy, 2002). This knowledge can transform seemingly random patterns of 

light into meaningful objects and their features (Milner & Goodale, 1998). 

While it is generally agreed upon that concepts are complex forms of 

memory that combine information stored within various sensory and motor systems 

(Allport, 1985; Barsalou, 1999; Gallese & Lakoff, 2005; A. Martin, 1998), the nature 

of this information and how it is organized within the brain has remained the 

subject of a great deal of debate. Accumulating evidence suggests that concepts 

involve the same perceptual and motor processes as the experiences they are 

based upon (see Barsalou, 2008). This is known as the theory of modality 

grounded cognition, or embodied cognition, and it has become a widely popular 

explanation of the nature and organization of object concepts. The purpose of the 

current thesis is to examine the evidence for and against this theory, and to 

address some of the contentious issues within the literature. Resolving the debate 

on what concepts are and the manner in which they are organized in the brain has 

the potential to produce strong reverberations throughout the fields of 
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psychological science, cognitive neuroscience, vision science and many others by 

explaining the very nature of thought itself.  

 

1.1. Concept Organization 

Concepts appear to be organized according to a parallel distributed 

processing (PDP) model (McClelland & Rumelhart, 1987; Rumelhart & McClelland, 

1986). Often referred to using the more general term “connectionism”, this model 

states that the knowledge of a particular concept is coded as a pattern of activity 

within the brain. This activity may originate within one or more brain areas but will 

then spread to others within a complex neural network. As these brain areas, often 

referred to as “units”, become active they will either increase or decrease the 

activity of their connected brain areas. Additionally, these units tend to be 

differently weighted, in that some units can have a greater influence on their 

connected units’ activity than others. Once the neural activity has spread to 

enough units the resultant concept is then brought to mind.  

Parallel distributed processing models also provide an explanation for the 

mechanisms of learning and generalization. According to what was initially known 

as the learning rule of PDP, the connections between neurons and their individual 

weights are altered due to experience (Rumelhart, Hinton, & McClelland, 1986). 

The corresponding neural changes are best described by Hebbian theory, or 

Hebb’s rule (Hebb, 1949), wherein new synaptic links will be created and pre-

existing links will be strengthened between neurons processing the associated 

information (see also Geinisman, 2000). Conversely, the learning of a non-
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association occurs through the weakening or loss of these same synaptic links. 

Generalization is also possible within this model as the neural networks for similar 

concepts tend to overlap (see Section 1.1.1.). Due to this overlap the neural 

activation of one concept will result in the partial or full activation of related 

concepts, which was initially called the propagation rule PDP (Rumelhart et al., 

1986). This brief overview of PDP greatly simplifies the volumes of evidence that 

support it. As it is not the aim of the current thesis to fully critique PDP and 

connectionist theory, perhaps the most efficient way to explain what they entail 

concerning the nature and organization of concept knowledge is to draw 

comparisons with its primary alternative theories, localism and computationalism.  

Localism argues against the idea that concepts are distributed throughout 

neural networks within the brain. Localist theory states that each individual concept 

is stored in a discrete area of the brain, potentially even within a single neuron 

(Barlow, 1972). This theory is often derided using the term “grandmother cell”, 

which refers to the localist contention that an individual neuron may in fact be 

responsible for the processing of a single concept, such as your grandmother (see 

Gross, 2002). Localism originated as somewhat of a straw-man argument used by 

proponents of distributed models, but some support for it has been provided 

(Besner, Twilley, McCann, & Seergobin, 1990; Bowers, 2002; Coltheart, Rastle, 

Perry, Langdon, & Ziegler, 2001).  

Quiroga, Fried and others (2008; 2005) have produced particularly strong 

evidence supporting localist theories. In multiple studies individual neurons within 

the human temporal lobe were observed to only respond to very specific objects or 

individuals. This neural activity appears to be indicative of concept activation, as it 
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is unaffected by even large changes in the preferred object’s appearance and is 

also found for the object’s name. While this lends strong support to the 

presumption that a single cell can be responsible for the processing of a single 

concept (eg. grandmother), it was not the intention of the authors to do so. Instead 

they argue that these highly selective neurons are likely responding to individual 

concept features, and only when combined with other neurons within a sparse 

neural network will a specific concept become activated (Fried, MacDonald, & 

Wilson, 1997; Quiroga, Kreiman, Koch, & Fried, 2008; Waydo, Kraskov, Quiroga, 

Fried, & Koch, 2006). While they concede that it is in fact possible that a single cell 

may process a single concept their conclusions are more in line with distributed 

models of concept knowledge. This apparent hesitance to support localist theories 

and especially the grandmother cell hypothesis seems to be shared by the majority 

of the scientific community, with some exceptions (Bowers, 2009). Perhaps this 

hesitance is the result of such theories being unable to explain fundamental neural 

processes (Plaut & McClelland, 2010). In particular they cannot account for 

learning and generalization, because if each concept is represented by a single 

cell – or discrete cluster of cells – then it is unclear how categories or associations 

between different concepts could possibly form. For such reasons localism has 

been largely rejected. 

Computationalism argues against the idea that concepts include sensory-

like information (Fodor, 1988; Fodor & Pylyshyn, 1988). Often referred to as the 

“classical” or “standard” theory of cognition, computationalist theory states that 

what is often referred to as a “concept” is actually a set of abstract mental symbols 

that are combined in a stepwise fashion. These symbols, often referred to as 



Chapter 1. General Introduction 
 

 The nature and organization of object concepts           5  

“mentalese” or “the language of thought” (Fodor, 1975), form a combinatorial 

syntax that is used to form concepts that are abstract. These concepts do not 

resemble the things that they represent, in the same way that the word “dog” does 

not resemble an actual dog. This combinatorial syntax allows for a finite number of 

neural units to represent a virtually limitless number of different concepts. 

Mainstream acceptance of this symbolic language of thought increased 

greatly with early developments in computer science and the rising popularity of 

home computing. In fact, computationalist theory was originally based upon the 

structure and function of Turing and Von Neumann computers (Fodor & Pylyshyn, 

1988). Even to this day computer processing remains the predominant metaphor 

for human thought. Yet metaphors are by definition inaccurate, and their use to 

understand and describe something as highly complex as human thought can 

clearly lead to erroneous conclusions about the neural processes that must be 

involved. For instance, though PDP and computationalism are often contrasted 

with one another due to their highly different assumptions on the nature and 

organization of concept knowledge, these theories do not necessarily conflict. Both 

theories posit that concepts consist of the systematic combination of multiple 

pieces of information. It may be that concepts are symbolic in nature and the brain 

areas responsible for their processing are distributed throughout the brain, or it 

simply may be that some concepts involve symbolic processing while others 

involve perceptual processing (Mahon & Caramazza, 2008; Pezzulo et al., 2011). 

These kinds of questions have been addressed by a large body of research on 

where and how visual information is processed within the brain.   
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1.1.1. Dorsal versus Ventral Streams. 

Incoming visual information is widely known to be processed along two 

neural pathways, the ventral (“what”) stream and dorsal (“how”) stream (Goodale & 

Milner, 1992; Milner & Goodale, 1998). Figure 1.1 diagrams this two-streams 

hypothesis of visual processing, also known as the perception-action model, 

wherein information undergoes progressively complex neural processing along one 

of two different pathways based on the nature of the information. A large body of 

evidence has been produced in support of the two-streams hypothesis (e.g. 

Dekker, Mareschal, Sereno, & Johnson, 2011; Frey, 2007; Mishkin, Ungerleider, & 

Macko, 1983; Schneider, 1969), the main findings of which are summarized below.  

Ventral stream areas are mostly involved in the processing of form 

information. Extending from the occipital cortex to the inferior temporal cortex, 

neural areas along this stream are largely involved in object recognition processing 

(Goodale & Milner, 1992). Accordingly, multiple sites within the temporal cortex 

have been identified that are predominantly involved in the recognition of different 

categories of objects, such as faces, animals, and places (Chao, Haxby, & Martin, 

1999; Epstein, Harris, Stanley, & Kanwisher, 1999; Epstein & Kanwisher, 1998; 

Kanwisher, McDermott, & Chun, 1997). Recently, specific neural areas have also 

been identified for the recognition of various body parts (Orlov, Makin, & Zohary, 

2010), and even a unique area just for hands (Bracci, Ietswaart, Peelen, & Cavina-

Pratesi, 2010). Though the categories that have been identified so far are rather 

broad, these findings appear to suggest that all parts of the human body, and 

many other categories of objects, may have specific processing areas within the 

ventral stream. The imminent development of higher resolution functional magnetic 
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resonance imaging (fMRI) makes it seem even more likely that neural areas 

subserving very specific categories may become detectable.  

 

 

Figure 1.1. Dorsal and ventral processing streams. Ventral “what” stream extends 
from the occipital cortex to the inferior temporal cortex and is largely involved in 
object recognition processing. Dorsal “how” stream extends from the occipital 
cortex to the posterior parietal cortex and is largely involved in motion, action, and 
spatial processing. 

 

Dorsal stream areas are mostly involved in the processing of motion, action, 

and spatial information. Extending from the occipital cortex to the posterior parietal 

cortex, neural areas along this stream are largely involved in maintaining the 

spatial layout of visual objects within a scene and checking for any discrepancies 

over time (eg. movement) (Goodale & Milner, 1992). Though object recognition 

processing occurs predominantly within the temporal cortex, significant parietal 
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cortex activity has also been observed during the recognition of objects that have 

strong associations with specific forms of motion or action (Oliver & Thompson-

Schill, 2003), such as tools and other manipulable objects (Almeida, Mahon, & 

Caramazza, 2010; Almeida, Mahon, Nakayama, & Caramazza, 2008; Chao & 

Martin, 2000; Culham et al., 2003; Faillenot, Toni, Decety, Gregoire, & Jeannerod, 

1997; Sakuraba, Sakai, Yamanaka, Yokosawa, & Hirayama, 2012).  

Since the seminal work of Goodale and Milner (1992) it has generally been 

assumed that visual information is segregated between the two processing 

streams. However, recent reviews of the literature (Farivar, 2009; Farivar, Blanke, 

& Chaudhuri, 2009; Milner & Goodale, 1998; Oliver & Thompson-Schill, 2003; 

Young, 2006) and the previously discussed parietal cortex activity during object 

recognition processing are indicative of a high amount of interaction between the 

two streams. Additionally, as many of the previously mentioned studies used still 

images that have no actual motion information, the finding of parietal cortex activity 

appears to suggest that the recognition of manipulable objects includes a sort of 

mental simulation of the actions associated with them (see Section 1.2.1.). Despite 

the high level of interactivity between the dorsal and ventral streams, their 

specializations in the processing of different forms of visual information remains a 

basic organizational principle for concept knowledge.  

1.1.2. Taxonomic and Thematic Categories 

Concepts that have a high degree of similarity tend to be represented within 

similar neural areas, which drives the creation of categories of concepts (Mahon & 

Caramazza, 2011). These categories are known to be distributed throughout the 
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brain within a continuous space (Huth, Nishimoto, Vu, & Gallant, 2012). Within this 

space related categories show a greater degree of overlap in their patterns of 

neural activity than unrelated categories. Generally this relatedness is based upon 

the categories’ perceptual similarity, but it can also be based on higher-level 

information concerning what the object does or is used for. 

Taxonomy, or taxonomic categorization, refers to the grouping of items 

based upon the similarity of their features. When applied to object concepts, this 

form of categorization most often results in the creation of groups based upon 

similarities in visual form, but it can also be based on other kinds of visual features 

such as color, texture, or motion. Though the amount of taxonomic categories a 

person can generate and utilize is innumerable, the most commonly used and 

extensively studied categories include faces, animals, places, and tools (for review 

see Mahon & Caramazza, 2009). Within the temporal cortex different areas are 

known to be selectively involved in the processing of each one of these categories, 

and it seems rather likely that many other areas selective for different taxonomic 

categories will soon be discovered (see Section 1.1.1.). Yet grouping concepts 

based on their visual similarity is not the only way they can be categorized. 

Themes, or thematic categorization, refers to the grouping of items that 

interact or co-occur in some manner. When applied to object concepts, this form of 

categorization groups objects that play complementary roles within a specific 

context, regardless of whether or not they have any visual or conceptual 

similarities. Commonly used basic thematic categories include those based upon 

the temporal, spatial, causal, possessive, productive, and functional relationships 

between concepts (for review see Estes, Golonka, & Jones, 2011).   
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The primary difference between these two forms of categorization is that 

thematic categorization requires an understanding of the relationships between 

concepts (McRae & Boisvert, 1998). As a result, though novel objects can be 

assigned to a taxonomic category based upon their similarity to previously 

experienced objects, they cannot be assigned to a thematic category unless their 

relationships with other objects is made clear. However, because objects are rarely 

experienced in isolation this kind of relationship-based grouping does appear to be 

a more natural way for most people to organize their concepts. Young children, 

adults with no formal education, and older adults with formal education in the 

distant past are all more likely to group objects according to thematic categories, 

while adults that recently received a formal education are more likely to group 

objects according to their taxonomic similarity (Annett, 1959; Lin & Murphy, 2001; 

S. Simmons & Estes, 2008; Smiley & Brown, 1979). This evidence seems to 

clearly indicate that categorizing by themes is the preferred method, as people will 

naturally group together concepts that co-occur or interact in a meaningful way 

unless pressured to use a different grouping strategy.  

Perhaps this thematic preference exists because these kinds of 

relationships allow an individual to make accurate predictions about the future. The 

perception of an object or event tends to generate expectations for the subsequent 

perception of thematically related objects or events (Hare, Jones, Thomson, Kelly, 

& McRae, 2009; McRae & Matsuki, 2009). In this way, thematic categories can 

allow an observer to make implicit or explicit predictions about the nature of future 

stimuli. Additionally, the formation of strong thematic relationships between objects 

or events has been shown to even increase their perceived taxonomic similarity 
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(Golonka & Estes, 2009). Along with the predictive nature of these relationships, 

this perception of similarity where none may actually exist has profound 

implications for priming research as discussed in Chapter 2.2. In Chapter 6 the 

predictive power of a similar kind of functionally interactive thematic relationship is 

tested using pantomime-hands and their corresponding hand-held tools. If priming 

can be observed using such a method it would suggest that there is significant 

overlap in the neural processing of these highly dissimilar objects. 

 

1.2. Modality Grounded Cognition  

As evidenced by the previously discussed research, concepts appear to be 

organized based upon the nature of their perceptual and functional information. 

The ramifications of this manner of concept organization has been described using 

a unique connectionist model known as the theory of modality grounded cognition, 

or embodied cognition. This model states that the stored knowledge about an 

object or event is encoded within the same neural networks that were active during 

the perception of, or interaction with, that object or event (for reviews see Barsalou, 

2008; Barsalou, Simmons, Barbey, & Wilson, 2003; Gibbs Jr, 2005; Jirak, Menz, 

Buccino, Borghi, & Binkofski, 2010; M. Wilson, 2002).  

Grounded cognition rejects the symbolic mentalese of computationalist 

theory in favor of a more analog explanation of concept knowledge. As concept 

knowledge is distributed throughout brain’s perceptual and motor cortices, the 

activation of a concept is much like a simulation or re-experiencing of its 

associated object or event (Barsalou, 2009; Decety & Grèzes, 2006). Simply 
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stated, thinking about an object or event is largely the same process as perceiving 

it. Clearly this has profound implications for theories of mental imagery which are 

discussed in further detail in Section 1.2.1. 

Arguments supporting a modality grounded description of concept 

knowledge date back thousands of years (see Barsalou, 1999). However, only in 

the last few decades have researchers moved away from computationalist theories 

and started taking grounded cognition more seriously (Barsalou, 2010). To this day 

computationalist theories remain dominant in many fields of cognitive science 

despite a quickly growing amount of evidence supporting grounded cognition. The 

majority of this evidence comes from a wide range of behavioral and neuroimaging 

studies focusing on the mechanisms of object recognition (Chapter 2.1).  

In recent years this overlap between perceptual and knowledge-based 

processing has been observed in a wide range of studies using various kinds of 

methodology and stimuli. Far too many studies have found evidence of this overlap 

to be able to discuss them all in detail, but certain studies stand out due to their 

strength of the evidence they have produced. Behavioral research has produced a 

great deal of support for grounded cognition by showing that memory-based tasks 

can interfere with concurrent or subsequent perception and action (Glenberg, 

1997). Studies have shown that motion words can interfere with the perception of 

motion (Meteyard, Zokaei, Bahrami, & Vigliocco, 2008), the names of objects that 

are similarly colored can be used to prime each other (Yee, Ahmed, & Thompson-

Schill, 2012), visual objects can alter how subsequently presented objects are 

interacted with (Craighero, Fadiga, Umiltà, & Rizzolatti, 1996), and action 

observation can influence the performance of similar actions (Vogt, Taylor, & 
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Hopkins, 2003). By showing a clear interaction between the processing of memory 

and perception these behavioral results provide compelling support for grounded 

cognition. However, neuroscience has been responsible for producing the greatest 

amount of support. 

Neuroscientific studies have supported grounded cognition by showing that 

cortical areas involved in the processing of perceptual stimuli are also active during 

memory-based tasks (A. Martin, 2001, 2007; Thompson-Schill, 2003). As this 

neural activity varies based upon the particular memory being recalled, this activity 

appears to be based upon the perceptual content of these memories instead of 

more general memory processing. In accordance with these findings, similar neural 

activity within the motor cortex has also been found. Studies have shown that the 

reading and generation of action words can produce activity within motor cortex 

areas corresponding to those actions (D'Ausilio et al., 2009; A. Martin, Haxby, 

Lalonde, Wiggs, & Ungerleider, 1995; Willems & Hagoort, 2007), with different 

patterns of activity for actions that require different body parts (Pulvermuller, 2005). 

This kind of overlap in neural processing appears to even extend to mental 

imagery, in that the same low-level visual areas have been shown to be involved in 

both the processing of visual mental imagery and visual perception (Section 1.2.1).  

As the evidence supporting grounded cognition has generally been very 

compelling, many researchers have outright rejected the so-called “classical” 

theory of cognition. Unfortunately grounded cognition has at least one major 

problem: it cannot easily explain how the brain represents abstract concepts, which 

are those with no inherent sensory or motor information (Mahon & Caramazza, 

2008). As most functional imaging research has shown differences between the 



Chapter 1. General Introduction 
 

 The nature and organization of object concepts           14  

neural activity involved in perceptual and knowledge-based processing (Schupp, 

Lutzenberger, Birbaumer, Miltner, & Braun, 1994; Wadsworth & Kana, 2011) it may 

be the case that this neural activity involves both modal (sensory) and amodal 

(symbolic) information. Along this line of reasoning, researchers have attempted to 

reconcile grounded cognition with computationalism by arguing that amodal 

symbols are used to represent more abstract concepts while sensory and motor 

information is used to represent more concrete objects, and these two forms of 

representations can interact (Mahon & Caramazza, 2008; Pezzulo et al., 2011).  

This abstract concept problem may however have a simpler solution. The 

study in Chapter 3 demonstrates that associative learning can occur for sensory 

stimuli that are not physically present. Consequently, associative learning theory 

might be able to provide an explanation as to how these inherently non-modal 

concepts, which have no physical presence, may become grounded within 

modality specific systems. This possibility and its ramifications for theories of 

mental imagery, associative learning, and grounded cognition are discussed in 

Chapter 7.1.3.  

1.2.1. Mental Imagery 

Mental imagery is based on knowledge gained from prior sensory and motor 

experiences. The generation of mental imagery therefore produces a perception-

like experience that can occur in the absence of any physical stimulation (Kosslyn, 

Ganis, & Thompson, 2001). Additionally, though mental imagery for any modality is 

possible, the most commonly experienced and heavily researched is visual 

imagery or “seeing with the mind’s eye”. As the generation of a mental image 
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utilizes much of the same perceptual areas as normal perception, mental imagery 

appears to act like a simulation of the sensory information corresponding to a 

specific category of objects or events (Barsalou, 2009; Decety & Grèzes, 2006; 

Grèzes & Decety, 2002).  

A large body of research has shown that imagery and perception are similar 

in many ways (Behrmann, 2000; Kosslyn et al., 2001). Influential studies of mental 

imagery have shown that early visual areas are active when visualizing objects 

(Kan, Barsalou, Solomon, Minor, & Thompson-Schill, 2003; Kosslyn, Thompson, 

Kim, & Alpert, 1995; Slotnick, Thompson, & Kosslyn, 2005), cortical damage to 

areas which process specific kinds of stimuli will interfere with imagery of the same 

kind (Barton & Cherkasova, 2003; Farah, 1984; Farah, Levine, & Calvanio, 1988), 

perceptual stimuli will interfere with concurrent mental imagery generation 

(Sherwood & Pearson, 2010), and mental imagery can influence subsequent 

perceptual experiences (Pearson, Clifford, & Tong, 2008). 

These studies, and many others using functional imaging (Cabeza & 

Nyberg, 1997, 2000; Fletcher et al., 1995; Ganis, Thompson, & Kosslyn, 2004; 

Knauff, Kassubek, Mulack, & Greenlee, 2000; Kosslyn et al., 1999; Mellet, Petit, 

Mazoyer, Denis, & Tzourio, 1998; O’Craven & Kanwisher, 2000), single cell 

recordings (Kreiman, Koch, & Fried, 2000), and transcranial magnetic stimulation 

(Ganis, Keenan, Kosslyn, & Pascual-Leone, 2000; Kosslyn et al., 1999; Sack, 

Camprodon, Pascual-Leone, & Goebel, 2005; Sparing et al., 2002), have provided 

a wealth of neural and behavioral evidence that similar brain areas are used for 

both imagery and perception. Chapter 3 provides further evidence for this similarity 
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by showing that mental imagery can undergo associative learning in the same way 

as perceptual stimuli. 

Despite the processing similarities of imagery and perception, there are also 

clear differences. Perception will occur automatically upon stimulus sensation, 

whereas mental imagery can either be voluntarily generated or involuntarily evoked 

by associated perceptual stimuli (Albright, 2012). Also, it is possible to create 

mental imagery that differs greatly from the corresponding perceptual stimuli 

through the combination and transformation of the sensory and motor information 

stored within memory (Mast, Tartaglia, & Herzog). Yet, perhaps the largest 

difference between imagery and perception is that imagery is typically comprised 

of only the most important or diagnostic information about the imagined concept 

(Barsalou, 1999, 2003), which is heavily influenced by recent perceptual 

experiences (Barsalou, 2009). Consequently, mental imagery tends to be a more 

simplified, or impoverished, experience than perception. As it requires a great deal 

of cognitive effort to generate and maintain a mental image (Kosslyn, Brunn, Cave, 

& Wallach, 1984), this simplification allows for the more efficient use of limited 

cognitive resources that all forms of mental imagery require.  

Visual imagery is perhaps the most well studied and commonly experienced 

form of mental imagery. The ability to generate visual imagery is well known to 

differ between individuals (Cui, Jeter, Yang, Montague, & Eagleman, 2007; 

Kosslyn et al., 1984). It has recently been demonstrated that individuals are 

generally aware of their imagery abilities and may possibly be able to improve 

them through practice (Pearson, Rademaker, & Tong, 2011; Rademaker & 

Pearson, 2012). For visual perception, object shape and visual scene contours are 



Chapter 1. General Introduction 
 

 The nature and organization of object concepts           17  

generally considered to be the most important information (Biederman & Ju, 1988), 

often resulting in neglect for other kinds of visual information. However, other 

visual features such as color can also be very important under certain conditions 

(Bramão, Reis, Petersson, & Faísca, 2011), especially if shape and contours are 

unavailable or ambiguous (Laws & Hunter, 2006). As mental imagery and 

perception appear to be very similar, it seems likely that visual imagery may also 

be contour-based unless otherwise required. This possibility is investigated within 

Chapters 3 and 4. As can be seen in the conclusions drawn from these studies 

(Chapters 3.5.3. and 4.5.1.) mental imagery and perception do indeed appear to 

share some important similarities. 

1.2.2. Color 

Color is a very important aspect of the human visual experience and 

accordingly a great deal of research has focused on determining how it is 

processed within the brain (Gegenfurtner, 2003). It has become well established 

that color associations are represented within concept knowledge, but whether this 

knowledge uses the same neural substrates as actual color perception has not 

been sufficiently investigated. The importance of color information for object 

concepts has remained similarly unclear, despite the fact that many objects have 

very strong associations with color (eg. traffic-lights). Such objects are commonly 

referred to as being high in color diagnosticity, as they tend to have a specific 

coloration which, when learned, will provide additional information about their 

identity (J. W. Tanaka & Presnell, 1999). This improvement in identification ability 

appears to involve more than simply using color information to help define 
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contours, as the addition of color can greatly facilitate the identification of objects 

or events high in color-diagnosticity, but little to no facilitation is generally found for 

objects or events that are not color diagnostic (Chapter 2.1.1). It seems likely that 

this facilitation is the result of color knowledge being grounded within modality 

specific systems. The experiments detailed in Chapters 4 and 5 investigate this 

possibility by exploring the role of color in object recognition.    

Unfortunately, very few behavioral studies have investigated color 

grounding. The first behavioral study supporting this theory demonstrated that the 

recognition of various objects can be inhibited by previously presenting the name 

or picture of an object known to typically have the same color (Joseph, 1997; 

Joseph & Proffitt, 1996). This kind of negative-color-priming has been replicated by 

Connell (2007), who showed that colors implied by the context of a sentence could 

inhibit the recognition of subsequently presented objects matching the implied 

color. However, Richter and Zwaan (2009) have shown that visually presented 

colors and matching color words could also be used to positively prime each other. 

These findings have provided some evidence that color is perceptually grounded 

by showing that color knowledge can prime color perception. As any such priming 

is indicative of an interaction between perception and knowledge-based color 

processing, the directionality of these kinds of priming effects is irrelevant. 

Case and neuroimaging studies have produced a relatively greater amount 

of evidence both in support and opposition to the idea that color knowledge is 

perceptually grounded. Patients with cerebral achromatopsia, a rare condition 

wherein color information is either lost or degraded due to occipital cortex damage 

(Jaeger, Krastel, & Braun, 1988; Meadows, 1974), have generally demonstrated 
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color knowledge deficits with corresponding color perception deficits (De Vreese, 

1991; Miceli et al., 2001), but not all patients have shown such corresponding 

deficits (Bartolomeo, Bachoud-Lévi, & Denes, 1997; Goldenberg, Mullbacher, & 

Nowak, 1995; Luzzatti & Davidoff, 1994; Shuren, Brott, Schefft, & Houston, 1996). 

Accordingly, a high degree of overlap has been observed between brain activity 

patterns associated with the processing of color knowledge and color perception 

(Goldberg, Perfetti, & Schneider, 2006; Hsu, Frankland, & Thompson-Schill, 2012; 

Hsu, Kraemer, Oliver, Schlichting, & Thompson-Schill, 2011; Kan et al., 2003; 

Kellenbach, Brett, & Patterson, 2001; Rich et al., 2006; W. K. Simmons et al., 

2007). However, large differences in these patterns of activity have also been 

observed (Bramão, Faísca, Forkstam, Reis, & Petersson, 2010; Chao & Martin, 

1999; Howard et al., 1998; Lu et al., 2010; A. Martin et al., 1995). This conflicting 

evidence has lead to a large amount of debate as to whether concepts are, or can 

be, grounded within perceptual color processing systems. 

Further research is required in order to resolve these conflicts within the 

literature, and to determine if the processing of color knowledge and color 

perception do have a meaningful amount of overlap. Though many of the previous 

studies appear to support the theory that color knowledge is grounded within 

modality specific systems, there is currently too much dissonance within the data 

to make any conclusions. For this reason the studies described in Chapters 4 and 

5 are conducted to further investigate the possibility of an overlap in the processing 

of color knowledge (memories) and color perception. The conclusions drawn from 

these studies (Chapters 4.5.1. and 5.5.4.) help resolve this dissonance. Discussion 

concerning the potential resolution to this issue is also provided in Chapter 7.1.1. 
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1.2.3. Object Interaction 

Interaction, or how we manipulate objects in the environment, is the defining 

feature of many objects (e.g. lever). Accordingly, while the processing of 

manipulable object concepts and their associated forms of interaction is known to 

involve activity throughout the brain (Assmus, Giessing, Weiss, & Fink, 2007; 

Johnson-Frey, 2004), activity in motor areas appears to be the defining aspect of 

their neural representation (see Beauchamp & Martin, 2007; Willems, Hagoort, & 

Casasanto, 2010). For example, a classic study by Chao and Martin (2000) found 

significantly greater activation within motor areas when viewing and naming 

manipulable objects than viewing and naming non-manipulable objects. Also the 

perception of manipulable objects, or their names, has been shown to prime the 

manner in which one tries to interact with subsequently presented objects (Bub & 

Masson, 2012; Tucker & Ellis, 2004). These kinds of studies have helped clarify 

the differences between dorsal and ventral stream processing (see Section 1.1.1) 

and have shaped the theory of modality grounded cognition into its current form by 

providing evidence that concepts can be grounded within motion processing areas. 

Yee, Chrysikou, Hoffman, and Thompson-Schill (2013) demonstrated the 

consequences of this motion grounding in a very recent study showing interaction 

between hand movements and visual object recognition processing. Participants in 

this study were found to take significantly longer to determine that the name of a 

manipulable object corresponds to a “concrete” object – one that has physical 

qualities – when concurrently performing an unrelated manual task. This kind of 

irrelevant motor cortex activity appears to produce a conflict, or interference, during 

the recognition of manipulable objects, strongly suggesting that these areas are 
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involved in the processing of manipulable object concepts. Additionally, the extent 

of the observed interference was found to be modulated by knowledge of how 

these objects are manipulated, which seems highly similar to the color diagnosticity 

effects discussed in Section 1.2.2.  

While this grounding of manipulable object concepts within motor cortex is 

generally accepted, the specific details regarding what kinds of visual-motion 

information it is based upon is not. Also, whether non-motion cortex areas play an 

important role in the neural representation of manipulable object concepts has not 

yet been determined. The study within Chapter 6 investigates these possibilities by 

showing facilitation for visual tool recognition using animated and non-animated 

tool-use primes. The conclusions of this study (Chapter 6.5.6.) offer some 

suggestions regarding the modality grounding of manipulable object concepts. 

Further discussion of these issues and the contributions of the current study are 

provided in Chapter 7.1.2. 

 

1.3. Aim 

The aim of this thesis is to investigate unresolved aspects of the theory of 

modality grounded cognition as it applies to visual perception. As there currently 

are many contentious issues within the grounded cognition literature preventing its 

more widespread adoption, their timely resolution is imperative. It is important to 

note however that the current studies concern the visual features of color and 

motion, which may be grounded in a different way from more general cognitive 

processes. Regardless, it is not the aim of the current study to provide a broad 
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commentary on the theory of modality grounded cognition, as many such studies 

have already been published (Section 1.2.).Instead, thefour studies contained 

within this thesis answer the following specific questions: 

 Study 1: Can associative learning occur for voluntary mental imagery?  

 Study 2: Can color play a role in mental imagery? 

 Study 3: Can perceptual colors activate stored color knowledge? 

 Study 4: Can visually implied actions facilitate the recognition of 

corresponding tools?  

Together the answers to these questions could potentially explain the role of 

feature diagnosticity within object concepts as well as the mechanism through 

which the theory of modality grounded cognition might be able to represent 

abstract concepts. Resolving these issues will facilitate mainstream acceptance of 

this theory, which has the potential to unify current scientific and non-scientific 

thought on the nature and organization of concept knowledge. 

 

1.4. Thesis Structure 

This thesis is a compilation of four independently designed and conducted 

studies. Their unique backgrounds, methodologies and results are discussed in 

detail within their separate chapters. These study chapters are bookended by an 

introduction to current thoughts concerning the nature and organization of concept 

knowledge and a general discussion of the findings presented within this thesis. 

 Chapter 1 explains the theoretical background of the research being 

presented, with a focus on the theory of modality grounded cognition.  
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 Chapter 2 describes the general methodologies used within this thesis and 

explains their significance in the field. 

 Chapters 3 through 6 report the goals, methods and results of each study 

within this thesis. A brief introduction and discussion is also provided. 

o Chapter 3: Associative learning with mental imagery 

o Chapter 4: Mental imagery for color 

o Chapter 5: Object memories defined by color 

o Chapter 6: Functional interactions between concepts  

 Chapter 7 provides a general discussion of the current findings, and how 

they contribute to our understanding of object concepts. 
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2. GENERAL METHODOLOGY 

 Modality grounded cognition has received support from numerous studies 

using various kinds of neuroscientific and behavioral methodologies (Chapter 1.2). 

However, alternative theories such as computationalism (Chapter 1.1) have 

remained dominant because the theory of grounded cognition has failed to provide 

an explanation for numerous important issues. To fully address these issues 

convergent evidence from a wide range of studies is required. For this reason, 

behavioral methodologies were purposefully designed for each of the four studies 

contained within this thesis. Each study’s methodology was independently 

developed, and are discussed in detail within Chapters 3 through 6.  However, 

there are a few underlying experimental techniques that span many of the studies 

within this thesis. These methodological paradigms are object recognition, priming, 

and binocular rivalry. The purpose of the current chapter is to discuss the 

theoretical background and current trends of each one of these methods. 

 

2.1. Object Recognition 

Visual object recognition is essential to everyday life but requires complex 

mental processing (for reviews see Biederman, 1995; Logothetis & Sheinberg, 

1996). Before object recognition can even occur the observer must first detect the 

presence of the object and determine its location within a visual scene. Then visual 

information about the object can be transmitted to the observer’s primary visual 

cortex (area V1) where it will undergo preliminary processing of some of the most 

basic visual features (Movshon, Thompson, & Tolhurst, 1978a, 1978b). This 
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information is then passed along to progressively higher-level processing areas 

such as V2-V5 and beyond, where it undergoes further processing based upon the 

nature of its content (Chapter 1.1.1).  

Despite the complexity of visual processing humans and other sighted 

animals have the ability to quickly and accurately recognize a wide range of 

objects with little to no effort. Our visual recognition system is robust, in that it is 

largely unaffected by changes in an object’s size, orientation, color, or setting 

(Farah, Rochlin, & Klein, 1994; Rolls, 1994; K. Tanaka, 1997). This is no small 

feat, as many objects can give off completely different visual information 

depending on the angle they are viewed at or the light source that they are 

illuminated by. Additionally, even if we do fail to recognize the specific identity of an 

object, often we can still determine what category of objects that it likely belongs to 

(Chapter 1.1.2). As visual object recognition is such an important and 

commonplace task in our everyday lives, each study contained within this thesis 

uses it as a central methodological concept and theories of object recognition are 

directly addressed within Chapters 5 and 6. 

One of the primary driving forces of human visual object recognition 

research has been attempts to replicate its capabilities using machines. Findings 

on human object recognition processing have heavily influenced computer vision 

research and vice-versa (Serre, Wolf, Bileschi, Riesenhuber, & Poggio, 2007). To 

this day it remains one of the primary goals of artificial intelligence research to 

develop a computer system capable of emulating the robust object recognition 

capability demonstrated by humans and many other sighted animals. As much 

remains unknown about our object recognition system it is believed that its 



Chapter 2. General Methodology 
 

 The nature and organization of object concepts           26  

emulation would also serve to inform us about the underlying processes that most 

likely occur within the brain (Fukushima, 1980). Despite major breakthroughs and 

the concerted effort of a wide range of computer scientists (Belongie, Malik, & 

Puzicha, 2002; Fukushima, 1980; Lowe, 1999), this goal has not yet been 

achieved. Though highly advanced computer recognition systems have recently 

been developed (Leibe, Leonardis, & Schiele, 2008; Serre et al., 2007), these 

systems still lack the efficiency and reliability seen in the human visual system. To 

this day, even the youngest of children are capable of performing visual recognition 

that is well beyond the most advanced computer system. Perhaps our advanced 

ability to recognize objects is due, at least in part, to concept knowledge (A. Martin, 

2007). This possibility, and how the findings presented within Chapters 5 and 6 

could be applied to the development of advanced computer vision systems are 

discussed within Chapter 7.2.2. 

As discussed in Chapter 1, concept knowledge consists of all our previous 

sensory experiences and semantic information about a particular category of 

objects. This knowledge is known to be stored within various neural areas, 

specifically those within the occipito-ventral stream (Chao et al., 1999; Miyashita, 

1993), which are also active during the perception and subsequent perception of 

objects (Chapter 1.1.1). For the purposes of this thesis, the term “recognition” is 

defined as the extraction of a visually presented object’s descriptive information 

and the subsequent comparison of that information to prior experiences stored in 

memory. Unfortunately how the brain performs this task has never been fully 

understood, which has led to centuries of debate. 
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Researchers from a wide range of scientific disciplines have used various 

methods to try to determine the inner mechanisms of object recognition 

(Biederman, 1987; Gross, Rocha-Miranda, & Bender, 1972; Marr & Nishihara, 

1978; Pinker, 1984; Ullman, 1989). The debates spawned by these studies have 

lead to the development of many highly detailed and influential models of object 

recognition (Kersten, 2003; Lowe, 1999, 2000; Riesenhuber & Poggio, 1999, 2000; 

Serre et al., 2007; Ullman & Power, 1997). The most successful models have 

tended to focus on shape information while ignoring or downplaying the importance 

of other kinds of visual information (Barenholtz & Tarr, 2006; Belongie et al., 2002; 

Biederman & Ju, 1988; Grossberg & Mingolla, 1985; Proverbio, Burco, del Zotto, & 

Zani, 2004). In particular, the influence of an object’s surface features on its 

recognition has been largely ignored despite the fact that a large amount of visual 

processing is dedicated to such features.  

2.1.1. Surface Features 

An increasingly large amount of evidence has suggested that surface 

features play an important role in visual object recognition (Cant, Large, McCall, & 

Goodale, 2008; Chainay & Humphreys, 2001; Humphrey, Goodale, Jakobson, & 

Servos, 1994; Price & Humphreys, 1989; Rossion & Pourtois, 2004; Sanocki, 

Bowyer, Heath, & Sarkar, 1998; J. W. Tanaka & Presnell, 1999; Wurm, Legge, 

Isenberg, & Luebker, 1993). In general these studies have concluded that though 

surface features are generally not as informative as shape information, their 

contributions can become rather significant under conditions wherein the object’s 

shape information is blurred or degraded in some way (Laws & Hunter, 2006; J. W. 
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Tanaka & Presnell, 1999; Yip & Sinha, 2002). Consequently they have argued for 

surface features to become fully incorporated into models of object recognition. 

Of all the surface features, color seems to be the most informative as it has 

been shown to be a defining visual feature of a wide range of objects (J. W. 

Tanaka & Presnell, 1999). These objects are referred to as being highly color 

diagnostic, as they have strong associations with one or more colors whose 

visibility will provide additional information about their identity (for review see 

Bramão, Reis, et al., 2011). Though the addition of color information has been 

shown to facilitate the visual recognition for all kinds of objects regardless of 

whether they are color diagnostic (Biederman & Ju, 1988; Bramão, Inácio, Faísca, 

Reis, & Petersson, 2011; Rossion & Pourtois, 2004; Uttl, Graf, & Santacruz, 2006; 

Wurm et al., 1993) – perhaps through using the color channels to help define the 

contours of an object – many studies have found significantly greater facilitation for 

objects that are highly color-diagnostic (Lu et al., 2010; Nagai & Yokosawa, 2003; 

Rossion & Pourtois, 2004; J. W. Tanaka & Presnell, 1999; Therriault, Yaxley, & 

Zwaan, 2009; Uttl et al., 2006). These findings seem to support an alternative 

object recognition model known as the shape + surface feature model, which 

emphasizes the importance of the object’s surface features, including color 

(Humphrey et al., 1994; Wurm et al., 1993). A discussion of the potential 

superiority of this alternative model is included in Chapter 5. 
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2.2. Priming 

Priming is a kind of implicit memory that can greatly influence perception 

(Schacter, 1992). In general, priming involves the presentation of an initial stimulus 

(the prime) in order to facilitate processing of second stimulus (the target). This 

facilitation is evidenced by faster reaction times or heightened accuracy during 

object recognition and detection tasks. As priming will only work for prime-target 

combinations that are similar in some way (Taylor, 1977; Tulving & Schacter, 

1990), priming has proven to be a reliable way to measure the taxonomic or 

thematic similarity of two stimuli (for review see Schacter & Buckner, 1998). Each 

study contained within this thesis uses priming as a key methodological procedure 

(Chapters 3.3., 4.3., 5.3., and 6.3.). 

2.2.1. Types of Priming 

There are numerous forms of priming, which can be classified along two 

basic types, perceptual and conceptual (Schacter & Buckner, 1998). Though most 

examples of priming in the literature include both perceptual and conceptual 

components, there are important differences between these two basic types. 

Perceptual priming occurs whenever stimuli have shared perceptual features and 

is modality specific, fast acting, and does not require the observer to elaborate on 

the meaning of the stimuli. In Chapter 4 perceptual priming is used to increase the 

cognitive salience of a colored stimulus during binocular rivalry.  

Conceptual priming occurs whenever stimuli have some form of shared 

meaning or significance. This type of priming does not require any perceptual 

similarity between the stimuli and tends to take longer than perceptual priming 
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because the observer needs to process the meaning of the stimuli being 

presented. In Chapter 3 affective priming – a form of conceptual priming – is used 

(Fazio, Sanbonmatsu, Powell, & Kardes, 1986; Hermans, De Houwer, & Eelen, 

1994). Affective priming is based upon a similarity in the stimuli’s emotional 

content, and in this study it is used to evaluate the emotional content of previously 

neutral mental imagery. In Chapter 5 a novel form of conceptual priming is used 

that has been given the name “color-associate priming”. This type of priming 

involves the visual presentation of a colored patch to facilitate subsequent 

recognition for achromatically presented objects known to have that color (eg. 

yellow / banana). In Chapter 6 a form of conceptual priming is used that is known 

as thematic priming. Thematic priming is based upon the thematic relationships 

that can form between objects (Chapter 1.1.2). In this study it is used to facilitate 

the recognition of hand-held tool objects through the prior presentation of 

corresponding tool-use pantomimes.  

2.2.2. Cognitive Mechanisms 

Priming appears to include at least two component mechanisms: an implicit 

automatic process and an explicit strategic process (Mummery, Shallice, & Price, 

1999; Neely, 1977; Neely, Keefe, & Ross, 1989; Posner & Snyder, 1975). The first 

mechanism is believed to be the result of the automatic spreading of neural activity 

to related concepts (Collins & Loftus, 1975), which occurs without awareness. The 

amount of activation that these other concepts receive is proportional to how 

related they are, with the most related receiving the greatest activation. This 
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automatic process appears to be the dominant mechanism of priming for stimulus 

onset synchronies (SOAs) of 400ms or less (Neely, 1977).  

The second mechanism is strategically employed and is predominantly 

involved at longer SOAs, after the prime has been fully identified (den Heyer, 

Briand, & Dannenbring, 1983). At this point the observer will “expand” upon the 

meaning of the prime and begin to generate expectancies for related stimuli that 

are likely to follow (Rossell, Price, & Nobre, 2003; Tweedy & Lapinski, 1981). 

These expectancies are generated more slowly, and will further increase the 

conceptual activation produced by the first mechanism. Unlike the first mechanism 

which only increases activation for similar stimuli, this strategic process can 

actually have an inhibitory effect for unexpected stimuli. Though these two 

mechanisms of priming have different periods of dominance, they both play an 

important role across all SOAs. 

2.2.3. Neurological Correlates 

While the current studies do not include any neuroimaging or 

electrophysiological procedures, studies using these methods have helped explain 

the neural mechanisms underlying priming. Event-related potentials (ERPs), 

specifically the N400, have repeatedly been used to measure the strength of 

priming effects (Franklin, Dien, Neely, Huber, & Waterson, 2007). The amplitude of 

N400 is reduced when an observer is presented with a conceptually related prime 

and target, with the greatest reduction for perfectly identical stimuli. N400 

amplitude appears to reflect a process occurring after the implicit spreading of 

activation, wherein high-level conceptual information is retrieved about the identity 
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of the stimulus (Brown & Hagoort, 1993). In line with the theory that the N400 

reflects high-level conceptual processing, active attention to the stimuli has been 

shown to be necessary to reduce N400 amplitude (Chwilla, Brown, & Hagoort, 

1995; Holcomb, 1988). Finally, the N400 appears to be an amodal index of 

conceptual similarity, as its modulation has been observed for both words and 

pictures (Nigam, Hoffman, & Simons, 1992).  

The N300 appears to play a special role for pictures, as its amplitude is 

reduced when presented with conceptually related pictures, but not words (Barrett 

& Rugg, 1990). Also, the N300 appears to be unaffected by changes in the specific 

target exemplar, indicating that it is involved in a more broad categorical access 

wherein the pictured object has not yet been fully identified (Hamm, Johnson, & 

Kirk, 2002; McPherson & Holcomb, 1999; West & Holcomb, 2002). 

Functional magnetic resonance imaging (fMRI) studies have commonly 

shown a haemodynamic decrease for primed targets, in comparison to non-primed 

targets (Henson, 2003). This haemodynamic decrease indicates an increase in 

processing efficiency, as if the prime “warmed up” the neurons to process 

subsequently presented similar stimuli more efficiently. This effect is known as 

repetition suppression (Grill-Spector, Henson, & Martin, 2006). Its effects are 

normally seen in the left inferior prefrontal cortex, specifically Brodmann’s areas 47 

and 45 (Poldrack et al., 1999), and are believed to play an important role in the 

access of conceptual information (Thompson-Schill, D’Esposito, Aguirre, & Farah, 

1997; Wagner, Desmond, Demb, Glover, & Gabrieli, 1997). Repetition suppression 

can also be seen in more specialized brain areas corresponding to the kinds of 

stimuli being presented. 
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Researchers like Grill-Spector et al. (2006; 1999) have taken advantage of 

the haemodynamic decreases of repetition suppression to study the inner 

organization of the lateral occipital complex (LOC), which is known to be highly 

involved in the processing of visually presented objects. Using a technique they 

call fMRI adaptation, they have shown that by comparing the haemodynamic 

decreases observed when the prime and target are identical with that of a target 

that had been altered in some specific way, it is possible to identify the specific 

neurological sites responsible for processing the altered parts of the stimulus. Such 

techniques have since gone on to become more mainstream.  

2.3. Binocular Rivalry 

Under normal conditions our two forward facing eyes receive highly similar 

information. The only differences in their incoming visual information tend to be 

due to parallax – systematic differences in the position and orientation of objects 

within a visual scene due to the slight difference in position of the two eyes. The 

visual system will automatically take advantage of this parallax by using it to 

determine stereoscopic depth cues, with the end result being a single “fused” 

percept that has additional depth information (Wheatstone, 1838). However, if 

completely different stimuli are shown to the same location of the two eyes then 

stereopsis cannot occur and binocular rivalry will instead be experienced (Blake, 

1989; Blake & Logothetis, 2002; Blake & Tong, 2008). This form of binocular 

stimulus presentation is used for different purposes within Studies 2 and 4. 

Binocular rivalry is a type of multi-stable perception (Leopold & Logothetis, 

1999; Sterzer, Kleinschmidt, & Rees, 2009) that can be produced by presenting 
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two dissimilar stimuli to the two eyes through the use of a mirror stereoscope or 

similar device (Wheatstone, 1838). During rivalry the observer will experience 

periodic alternations in awareness between the two stimuli, where one of them will 

be more visible than the other for a period of time. The stimulus that is most visible 

during one of these periods is known as the “dominant” stimulus as it will suppress 

the other stimulus from awareness. For larger stimuli this perceptual dominance 

tends to be piecemeal, in that different parts of the two stimuli will independently 

rival with each other (Blake, 1989). Shifts in perceptual dominance are gradual, 

travelling in a wave-like fashion across the visual scene until the previously 

suppressed stimulus becomes the dominant stimulus (Genç et al., 2011; Pearson 

& Clifford, 2005a; H. R. Wilson, Blake, & Lee, 2001). Though these shifts in 

perceptual dominance will automatically occur at regular intervals, the length of 

these dominance periods can be manipulated (Pearson & Brascamp, 2008). 

Perhaps binocular rivalry is poorly named, as it does not always occur 

between the visual inputs of the two eyes. For example, neuroimaging studies 

have demonstrated that activity within high-level visual areas, such as the fusiform 

face area (FFA) and the parahippocampal place area (PPA), correspond to shifts 

in perceptual dominance (Tong, Nakayama, Vaughan, & Kanwisher, 1998). It has 

even been demonstrated that binocular rivalry can occur between two different 

images when they are mixed together – half of each image is presented to each 

eye (Kovács, Papathomas, Yang, & Fehér, 1996; Treisman, 1962). Such findings 

have lent a great deal of support to the theory that binocular rivalry is processed by 

a neural mechanism spanning multiple levels of visual processing (Blake & 

Logothetis, 2002; Pearson & Clifford, 2005b; Tong, Meng, & Blake, 2006). 
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Cognitive neuroscientific studies have been able to utilize binocular rivalry 

as a new way to investigate awareness and attention. Using rivalry it is possible to 

reliably and efficiently judge the relative cognitive salience, or ability to attract 

attention, of two stimuli (Blake, 1989). Factors known to increase this cognitive 

salience include image features such as high contrast (Hollins, 1980), emotional 

significance (Alpers & Pauli, 2006), and motion information (Blake, Yu, Lokey, & 

Norman, 1998). Additionally, it has been shown that images of recognizable 

objects, such as a human face, are more salient than random patterns (Yu & 

Blake, 1992) and less meaningful objects (Lo Sciuto & Hartley, 1963; Walker, 

1978). The rivalry stimulus that is more salient will dominate at the stimulus onset 

and tends to have longer periods of dominance than the suppressed stimulus (see 

Blake & Tong, 2008). In Chapter 4 binocular rivalry is used to measure the relative 

salience of differently colored stimuli after one has undergone perceptual priming 

with a mental imagery stimulus. 

Continuous flash suppression (CFS) is another way that binocular rivalry 

has been used in the literature (Tsuchiya & Koch, 2004, 2005). CFS involves the 

presentation of a rapidly flashing and brightly colored pattern to one eye that can 

dominate perception for an indefinite period of time, allowing for the prolonged 

presentation of stimuli to the other eye without the observer’s awareness. Stimuli 

suppressed by CFS are perceptually invisible to the observer but can still exert an 

influence on concurrent or subsequent perception (Pearson & Clifford, 2005a). In 

particular, CFS appears to suppress visual processing within the ventral stream 

while sparing some of the dorsal stream processing (Almeida et al., 2010; Almeida 

et al., 2008). As the dorsal stream is mostly involved in the perception of motion 
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and spatial information (Chapter 1.1.1) this finding seems to suggest that a 

stimulus with strong motion information could undergo a great deal of processing 

despite the observer being completely unaware of its presence. In Chapter 6 

continuous flash suppression is used to determine whether the implied motion 

information of pantomime hand photographs can be used to prime the recognition 

of corresponding tool objects despite being suppressed from awareness.  
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3. STUDY 1: ASSOCIATIVE LEARNING WITH MENTAL IMAGERY 

3.1. Introduction 

There has been rapid growth in research examining the learning of fear and 

hedonic processes (Lissek et al., 2005), perceptual learning (Sasaki, Nanez, & 

Watanabe, 2010), motor learning (Jeannerod, 1995) and learning driven by neural-

feedback signals (Shibata, Watanabe, Sasaki, & Kawato, 2011). Additionally, the 

learning of associative links between objects or events has been well documented 

using various kinds of perceptual stimuli (De Houwer, Thomas, & Baeyens, 2001; I. 

Martin & Levey, 1978; Milad, Rauch, Pitman, & Quirk, 2006). However in much of 

this research, and most general theories of learning, it is assumed that the stimuli 

must be physically present in order for learning to occur.  

Mental imagery is a perception-like experience that does not require stimuli 

to be physically present. As discussed in Chapter 1.2.1 mental imagery is based 

on the memories of perceptual experiences, can influence normal perceptual 

processing, and is in many ways the mental simulation of these experiences. This 

is indicative of the high degree of similarity between imagery and perception as 

predicted by the theory of grounded cognition (Chapter 1.2). Accordingly, a large 

number of studies have provided evidence indicating that mental imagery can play 

an important role in what are traditionally considered to be perceptual processes, 

such as associative learning (see Dadds, Bovbjerg, Redd, & Cutmore, 1997). The 

evidence suggests that imagery may be able to influence associative learning for 

perceptual stimuli. The current study builds upon this evidence by demonstrating 

the interchangeability of imagery and perception in associative learning.  
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3.1.1. Current Study 

Using an associative learning paradigm the voluntarily generated mental 

imagery of oriented Gabor patterns is paired with the content of emotion-evoking 

photographs. Emotion-evoking photographs were used as it is well known that 

associative learning tends to occur quicker and forms stronger associative links 

when the stimuli evoke powerful emotional responses. If mental imagery can 

indeed undergo associative learning then this pairing will emotionally charge the 

imagery Gabors. Being emotionally charged will allow the Gabors to be used as 

affective primes (Chapter 2.2.1), which could be used to facilitate the recognition of 

subsequently presented photographs with similar emotional content. Measuring the 

magnitude of this facilitation would be a measurement of the strength of the 

associative links that form between the mental imagery and the emotion-evoking 

photographs. The finding of significantly strong links would indicate that mental 

imagery can undergo associative learning in the same way as perceptual stimuli, 

thus demonstrating that imagery and perception are similarly processed within the 

brain as predicted by the theory of modality grounded cognition (Chapter 1.2.1). 

In four separate experiments our associative learning methodology and its 

ability to influence the emotional content of mental imagery stimuli is investigated. 

Experiment 1 determines whether our associative learning method can be used for 

perceptual stimuli. Experiment 2 investigates whether associative learning can 

occur for Gabor patterns that differ in color and orientation. Experiment 3 examines 

whether color plays an important role in this associative learning as it is well known 

that colors can have strong emotional associations (Gao et al., 2007; Kaya & Epps, 

2004). Additional tests are conducted within this experiment to rule out alternative 
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(non-imagery based) accounts of these learning effects. Experiment 4 measures 

the orientation specificity of this learning – which is mostly processed within low-

level visual areas (Blakemore & Campbell, 1969; Fang, Murray, Kersten, & He, 

2005; Hubel & Wiesel, 1968) – by systematically altering the orientation of the 

Gabor patterns presented during the affective priming phase. If significant affective 

priming is found in these experiments it will indicate that associative learning can 

occur with mental imagery, showing that perceptual stimuli do not need to be 

physically present for associative learning to occur. This study has recently been 

published by Clinical Psychological Science and the publication version is included 

as Appendix A (Lewis, O’Reilly, Khuu, & Pearson, 2013). 

 

3.2. Hypotheses 

1. Our associative learning methodology can be used for perceptual stimuli.  

2. Voluntary mental imagery can undergo associative learning in the same way 

as perceptual stimuli. Either seeing or imagining a particular pattern prior to 

the presentation of an emotion-evoking photograph will lead to associative 

learning. 

3. The color of this mental imagery is not needed for this associative learning 

to occur. This learning cannot be explained by the formation of associative 

links between the perceptual cues used to evoke the mental imagery. 

4. Associative learning for visual mental imagery is orientation specific, 

indicating that it requires processing within the same low-level visual areas 

as visual perception.  
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3.3. Method 

3.3.1. Participants 

A total of 143 students from the University of New South Wales were 

recruited for this study (nexperiment 1 = 79; nexperiment 2 = 30; nexperiment 3 = 19; nexperiment 4 

= 15). All participants were students from the University of New South Wales who 

gave written informed consent before the start of each experimental session. New 

participants were recruited for each experiment via web advertisements. Fewer 

participants were recruited for each successive experiment in the attempt to 

produce a more conservative replication of the original results and to increase 

efficiency. Course credit or money was awarded upon completion of the study. 

This study received ethical approval from the UNSW Human Research Ethics 

Advisory Panel (HREA). 

3.3.2. Stimuli: All Experiments 

All stimuli were created and presented using Psychtoolbox (Brainard, 1997) 

for Matlab (version 7.10.0 R2010a) on a Mac Mini computer and were displayed on 

a 27cm x 35.5cm Philips 109P4 monitor at a resolution of 1152 x 870 at 75Hz. 

Stimuli were presented on a screen with a black background and a circular fixation 

mark (diameter = 0.62°) in the center. 

3.3.3. Stimuli: Experiments 1, 2, and 4 

In Experiments 1, 2 and 4, a pair of Gabor patterns (σ = 4°; SF= 1 

cycles/degree) were used as conditioned stimuli (CS): a red vertical pattern (CIE x 
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=0.6 y = 0.37) and a green horizontal pattern (CIE x = 0.27, y = 0.62). In 

Experiment 3, the achromatic imagery experiment, both Gabors were grayscale 

(contrast 100%; max luminance = 45.0 cd/m2). In all experiments the screen’s 

background was black (max luminance = 0.01 cd/m2), as background luminance 

has been shown to attenuate imagery generation (Pearson et al., 2008; Sherwood 

& Pearson, 2010). Two categories of affective photographs were used as the 

unconditioned stimuli (US), which were sourced from the International Affective 

Picture System (IAPS) (Lang, Bradley, & Cuthbert, 2008). “Pleasant” IAPS photos 

were those rated low on arousal and high on pleasantness; “Aversive” IAPS photos 

were those rated high on arousal and low on pleasantness. Photos rated high on 

both scales were not used as they are mostly sexually explicit in nature. Photos 

rated low on both scales were not used as they had no emotional content. In the 

associative learning phase a set of 12 photos (6 pleasant; 6 aversive) were used 

and in the test phase a different set of 12 were used. 

3.3.4. Stimuli: Experiment 4 

In Experiment 4, the orientation specificity experiment, the two original 

Gabor patterns (red=90 green=0) were accompanied by similar patterns that had 

been rotated 22 and 45. The number of IAPS photos was also increased; twelve 

photographs were added to the associative learning phase (6 pleasant; 6 aversive) 

and 36 were added to the test phases (18 pleasant; 18 aversive). These additional 

photos were added to accommodate for an increase in the total number of trials.  
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3.3.5. Procedure 

All participants were seated in a dark room with their heads stabilized on a 

headrest approximately 57cm from the monitor. Participants undergoing 

associative learning for mental imagery had previously been shown both Gabor 

patterns and were instructed to imagine them when a corresponding letter cue was 

shown. In Experiments 2 and 4 the letter cue “R” corresponded to the red vertical 

Gabor and “G” corresponded to the green horizontal Gabor. In Experiment 3, the 

achromatic imagery experiment, the letter cue “V” corresponded to the vertical 

Gabor and “H” corresponded to the horizontal Gabor. Participants were instructed 

to fixate on a circular fixation mark in the center of the screen for the duration of 

the experimental session. Figure 3.1 shows the trial designs for the two associative 

learning phases and three test phases used in this study. These designs are 

discussed in further detail in the following sub-sections. 

It is important to note that voluntary mental imagery was only used in the 

associative learning phase and not in the test phase. Hence, any effect of learning 

in this design is inherently a generalization, or cross-over, from a voluntary 

imagined representation to a perceptual one.  
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Figure 3.1. Experimental timelines. (A) Experiment 1. Associative learning with 
perceptual stimuli. Immediately following the perceptual presentation of a colored 
Gabor pattern an emotion-evoking stimulus would be displayed. (B) Experiments 2, 
3 & 4. Associative learning with mental imagery. Upon letter cue presentation the 
participants were instructed to generate mental imagery of the cued Gabor pattern 
for 5.5s, which was then followed by the display of an emotion-evoking stimulus. 
(C) All Experiments. Test of association between perceptual Gabor and emotional 
photograph. A perceptual Gabor was briefly displayed prior to an emotion-evoking 
stimulus. The participants were required to judge the emotional content of the 
stimulus as quickly as possible. (D) Experiment 3. Test of association between 
letter cue and emotional photograph. A letter cue was briefly displayed prior to an 
emotion-evoking stimulus. The participants were required to judge the emotional 
content of the stimulus as quickly as possible. (E) Experiment 3. Test of 
association between perceptual Gabor and letter cue. A perceptual Gabor was 
briefly displayed prior to one of the previously used letter cues. The participants 
were required to indicate which cue was being shown as quickly as possible. All 
photographs shown above are not actual IAPS photographs, as they are not to be 
used outside experimental settings. 
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Associative learning phase 

At the start of each experiment participants completed multiple trials of the 

associative learning task. As shown in Figure 3.1A, the perceptual stimuli trials 

started with the presentation of one of the two randomly chosen perceptual Gabors 

for 1.5s, followed immediately by the emotional photograph for 1.5s. The screen 

would then remain blank for a 2s inter-trial interval. As shown in Figure 3.1B, the 

mental imagery trials started with the presentation of one of the two randomly 

chosen letter cues for 1.5s. This was followed by a blank screen for 5.5s, during 

which the participants were to imagine the pattern indicated by the letter cue. Then 

either a pleasant or aversive photograph was displayed for 1.5s, followed by a 2s 

inter-trial interval wherein the screen would remain black. In both learning tasks the 

participants were required to press the space bar as soon as the photo image was 

presented in order to help them maintain vigilance. This kind of associative 

learning technique is commonly used to associate emotional content with neutral 

sensory stimuli (De Houwer et al., 2001). 

Throughout the associative learning phase the relationship between the 

Gabors and their associated emotion-evoking photographs remained constant. The 

stimulus associations were counterbalanced across participants: for half of the 

participants the vertical Gabors were paired with aversive photos and the 

horizontal Gabors with pleasant photos, and vice-versa for the other half. Each 

Gabor was paired with all corresponding emotion-evoking photographs an equal 

number of times. The Gabor-photograph pairs were presented in random order. 

In Experiment 1 a total of 40 associative learning trials were conducted. In 

Experiments 2 and 3 a total of 84 learning trials with mental imagery were 
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conducted. In Experiment 4 the number of learning trials was increased to 144, 

with 102 trials at the beginning of the study and another 42 halfway through the 

test phase. This “top-up” was done to accommodate for any potential extinction 

due to the increased number of test trials.  

 

Gabor: Test phase 

Following the learning trials the participants in all experiments completed 

120 trials of a choice reaction time task on a new set of emotion-evoking 

photographs to test the strength of the previously learned associations. Figure 

3.1C shows the design of an individual Gabor pattern test trial. One of the two 

previously imagined Gabor patterns was presented for 100ms followed 

immediately by the presentation of an IAPS photograph for 1s. Participants were 

required to judge the emotional content of the photographs upon their presentation 

as quickly and accurately as possible. They could judge the photos as either 

“Pleasant” or “Aversive” by pushing either the 1 or 3 button on the keyboard. 

Participants were instructed to respond as fast as possible without sacrificing 

accuracy. If conditioning did occur then reaction times should be faster when the 

pattern’s associated emotion accurately predicts the emotional content of the 

subsequent photograph due to priming (see Chapter 2.2).  

In Experiment 4 the number of Gabor test trials was increased to 288, which 

were split evenly between the six Gabor patterns of different orientations (red 90°, 

red 68°, red 45°, green 0°, green 22°, and green 45°) and presented in random 

order. These specific orientations were selected based upon previous evidence of 

orientation specificity for mental imagery (Pearson et al., 2008).    
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Letter Cue: Test phase 

Participants in Experiment 3 completed an additional priming task to test the 

strength of any learned association between the emotional content and the letter 

cues used in the associative learning task. As Figure 3.1D shows, this letter cue 

test phase was identical to the Gabor test phase except that the Gabor patterns 

were replaced with their corresponding letter cues. The order of test phase 

presentation was counterbalanced between participants with half of the 

participants completing the Gabor test first and the other half completing the letter 

cue test first. 

 

Gabor Cue: Test phase 

Participants in Experiment 3 also completed a third test to directly measure 

the strength of any learned association between the Gabors and their 

corresponding letter cues. Figure 3.1E shows the trial design for testing the priming 

from the Gabor patterns for the letter cues. Participants completed a total of 40 

trials, consisting of 10 presentations for each combination of Gabor and letter cue. 

In each trial one of the two previously imagined Gabor patterns was physically 

presented for 100ms followed immediately by one of the two letter cues for 1s. 

Upon presentation of a letter cue, participants were required to press the 

corresponding key on the keyboard as quickly and accurately as possible. This 

Gabor-cue test was always completed last. 
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3.3.6. Data Preparation 

Filters were applied to the data to remove outliers. Incorrect emotionality 

judgments were removed from the dataset, as were individual participant reaction 

times that were shorter than 250ms, longer than 2500ms or beyond 2.5 standard 

deviations from the participants’ means. Additionally, 2 outlying participants were 

excluded from analysis in Experiment 3 due to having mean mismatch-match 

scores beyond 2.5 standard deviations of the overall group mean. How these 

matched and mismatched scores were determined is detailed below. 

 

3.4. Results 

To measure the strength of the associative learning for the voluntary mental 

imagery each participant’s reaction-time data was split into matched and 

mismatched trials. Matched trials included the stimulus pairs that were presented 

during the associative learning, while mismatched trials consisted of stimulus pairs 

that were not. If matched trials showed significantly faster reaction times this would 

be indicative of affective priming, which would suggest that the previously neutral 

Gabor patterns had gained emotional content due to associative learning. Figure 

3.2 shows the average reaction times for matched and mismatched trials for 

Experiment 1, 2 and 3.  

3.4.1. Experiment 1: Perceptual Stimuli 

As the goal of this study was to investigate associative learning for mentally 

generated stimuli, we first needed to validate the effectiveness of our associative 

learning task. Figure 3.2A shows the data from the preliminary experiment wherein 
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both the CS and UCS were perceptual stimuli. A paired-samples comparison 

showed that reaction times were significantly faster when the preceding pattern’s 

associated emotion matched the emotional photograph (M = 563.9ms, SEM = 

7.84ms) than when it was mismatched (M = 572.5ms, SEM = 8.05ms), t(78) = 

3.29, p < .005, η2 = .12. This shows that our associative learning task performs as 

expected for perceptual stimuli.  

3.4.2. Experiment 2: Colored Imagery 

To test our main hypothesis we determined whether our task can also 

produce associative learning for mentally generated stimuli. Figure 3.2B shows the 

data from the Gabor pattern test phase following associative learning with mental 

imagery. A paired-samples comparison showed that reaction times were 

significantly faster when the preceding pattern’s associated emotion matched the 

emotional content of the photograph (M = 587.44ms, SEM = 13.95ms) than when it 

was mismatched (M = 606ms, SEM = 15.82ms), t(29) = 4.14, p < .001, η2 = .37. 

This finding suggests that associative learning can occur between mentally 

generated stimuli and the emotional content of photographs.  

3.4.3. Experiment 3: Achromatic Imagery 

We attempted to replicate the previous results using achromatic Gabor 

patterns, as it was believed that the color of the Gabors might have influenced our 

previous results. Figure 3.2C shows the data from the Gabor test phase following 

associative learning with achromatic mental imagery. A paired-samples 

comparison showed significantly faster reaction times when the pattern’s 

previously associated emotion matched the emotional photograph  (M = 586.7ms, 
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SEM = 18.05ms) than when it was mismatched (M = 599.7, SEM = 18.6ms), t(16) 

= 2.50, p < .05, η2 = .281. These data once again show a significant effect of 

associative learning with mental imagery. This replication provides further evidence 

that mental imagery can undergo associative learning, and also suggests that color 

information is not crucial for such associative learning.  

 

 

Figure 3.2. Mean reaction times for matched and mismatched stimuli during the 
test phases. Data indicate associative learning effects from sensory stimuli and 
imagined stimuli. (A) Experiment 1. Gabor-photo test preceded by perceptual 
conditioning (n = 79). (B) Experiment 2. Gabor-photo test preceded by imagery 
conditioning (n = 30). (C) Experiment 3. Achromatic Gabor-photo test preceded by 
achromatic imagery conditioning (n = 17). (D) Experiment 3. Cue-photo test 
preceded by achromatic imagery conditioning (n = 17). (E) Experiment 3. 
Achromatic Gabor-cue test preceded by achromatic imagery conditioning (n = 17). 
Photographs shown above are not actual IAPS photographs, as they are not to be 
used outside experimental settings. Error bars show +1 SEM. * = p < .05 ** = p < 
.005 *** p < .001. 
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However, it may have been that during the test phase the perceptual Gabor 

patterns induced a representation of the corresponding letter cues, and these letter 

cues were actually the driving force of the affective priming shown in Figure 3.2C. 

To test this alternative account we conducted two additional tests to measure the 

strength of the associations between the letter cues and the photographs, and 

between the perceptual Gabor patterns and the letter cues. Significant priming 

effects need to be found in both of these tests to suggest that mental imagery did 

not necessarily undergo associative learning, as only their combined effects will 

provide evidence supporting this alternative account of the data. 

Figure 3.2D shows the data from the letter cue test phase following 

associative learning with achromatic mental imagery. This test was conducted to 

determine if there was any direct link between the imagery cues and the emotion-

evoking photographs. Associative learning found in this task would be attributable 

to either conditioning between the cue and the emotional photographs, or indirect 

association via the mental imagery Gabors. However, a paired-samples 

comparison showed no significant difference in the reaction times between 

matched (M = 598.9, SEM = 24.44ms) and mismatched pairs (M = 599.9, SEM = 

25.69ms), t(16) = 0.21, p = .838. These data indicate that the letter cues did not 

undergo significant associative learning. Approximately half of the participants 

completed this letter cue test before completing the Gabor test. 

Figure 3.2E shows the data from this Gabor-cue test phase following 

associative learning with achromatic mental imagery. This test was conducted to 

determine if the Gabor patterns were associatively linked to the letter cues. A 

paired-samples comparison showed no significant difference in reaction times 



Chapter 3. Study 1: Associative Learning with Mental Imagery 
 

 The nature and organization of object concepts           51  

between the matched (M = 445.7, SEM = 10.73ms) and mismatched conditions (M 

= 449.1, SEM = 11.78ms), t(16) = 0.43, p = .675. This indicates that participants 

did not reliably associate the Gabor patterns with their letter cues, despite being 

shown physical versions of the Gabors at the start of the experiment and being 

instructed to imagine them when the appropriate letter cue was shown. It seems 

that even though participants were told of the relationship between the letter cue 

and the Gabor pattern, no strong associative link formed between them. This test 

phase was conducted after the other two test phases had been completed. 

3.4.4. Experiment 4: Oriented Imagery 

In this final experiment we sought to determine whether associative learning 

with mental imagery is orientation specific. Figure 3.3 shows the average reaction-

time differences between the matched and mismatched trials for Gabor patterns 

rotated 0°, 22°, and 45°. A repeated-measures ANOVA indicated significant 

changes across the three levels of orientation, F(2, 28) = 4.11, p < .05, η2 = .23, n 

= 15. Post-hoc analyses showed that the difference scores for Gabors rotated 0 

(M = -18.05ms, SEM = 7.89ms) and 22 (M = -16.76ms, SEM = 7.43ms) were 

significantly different than Gabor patterns rotated 45 (M = 12.06ms, SEM = 

11.75ms), p < .05. These results show that altering the orientation of the Gabor 

patterns modulated the associative learning effects. 
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Figure 3.3. Reaction time difference between mismatched and matched pairs 
using Gabors rotated 0°, 22° and 45° from those used in the associative learning 
phase. MI = Mental imagery Gabors used in the associative learning phase. PER = 
Perceptual Gabors used the test phase. Error bars show between subjects ± 1 
SEM. Significant differences shown indicate paired-samples analyses between 
matched and mismatched conditions for individual orientations (n = 15).  * = p < .05  

 

We then sought to determine if a significant amount of associative learning 

had occurred in any of the three orientation conditions. For each test pattern 

orientation the matched and mismatched reaction times were compared in the 

same manner as the previous experiments. Reaction times for 0 rotated Gabors 

were significantly faster for matched pairs (M = 640.98ms, SEM = 13.52ms) than 

mismatched pairs (M = 659.03ms, SEM = 16.51ms), t(14) = 2.29, p < .05, η2 = .27, 

providing yet another replication of our findings from Experiments 2 and 3. 

Reaction times for 22 rotated Gabors were also significantly faster for matched 

pairs (M = 646.86ms, SEM = 12.13ms) than mismatched pairs (M = 663.62ms, 

SEM = 16.45ms), t(14) = 2.26, p < .05, η2 = .27, indicating a degree of 
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generalization between similarly oriented Gabors. However, when the patterns 

were rotated 45 the reaction times for matched pairs (M = 656.66ms, SEM = 

17.26ms) were not significantly different from mismatched pairs (M = 644.60ms, 

SEM = 13.13ms), t(14) = 1.03, p = .322. Additionally, these data also show that the 

Gabor pattern colors were unable to independently elicit the learned emotion, 

which dovetails nicely with the results of Experiment 3 (achromatic stimuli). 

 

3.5. Discussion 

We have shown strong evidence that associative learning can occur for 

mental imagery. Perceptual Gabor patterns were found to elicit a measurable 

emotional response after voluntary mental imagery of these Gabors was paired 

with emotion-evoking stimuli. Hence, by definition, our dependent measures 

include generalization from an internally generated mental image to a sensory 

representation. The observed effects were substantial across all studies, similar to 

previous findings of associative learning with perceptual stimuli (De Houwer et al., 

2001; I. Martin & Levey, 1978; Milad et al., 2006). This finding has implications for 

the treatment of various anxiety disorders (Chapter 7.2.1) and potentially explains 

how abstract concepts – those which have no inherent sensory or motor 

information – may gain their meaning (see Chapter 7.1.3). 

The current results cannot be accounted for by associative learning for the 

imagery cues themselves during the test phase. If associative learning had 

occurred for the letter cues instead of the imagery Gabors, and the Gabors within 

the test phase produced a recall of the letter cues, this could account for the 
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previously observed priming effects. If this non-mental imagery account were valid 

then the imagery cues should be able to prime the emotion-evoking IAPS images, 

and the perceptual Gabors should be able to prime the imagery cues. However, we 

found that the imagery cues did not prime the emotion-evoking photographs 

(Figure 3.2D), and the perceptual Gabor patterns did not prime the imagery cues 

(Figure 3.2E), thus ruling out this alternative account (Section 3.4.3.). Additionally, 

the failure of this alternative account may be explained by the temporal 

relationships between the stimuli. It has been shown that the strength of a learned 

association between two stimuli is negatively correlated with the temporal distance 

and number of stimuli presented between them (Balsam, Drew, & Gallistel, 2010). 

Hence, the lack of associative learning for the letter cues may simply be due to the 

large amount of time between the cues and the emotion-evoking photographs.  

3.5.1. Orientation Specificity 

These findings correspond with previous research showing orientation 

specificity for mental imagery (Pearson et al., 2008), though the present findings 

show a broader degree of orientation tuning than previously reported (Section 

3.4.4.). Orientation specificity is a well-known hallmark of early levels of processing 

in the visual cortex (Blakemore & Campbell, 1969; Hubel & Wiesel, 1968; Ling, 

Pearson, & Blake, 2009). Our findings suggest that associative learning with 

voluntary mental imagery selectively involves these early-level visual areas, 

sensitive to spatial orientation. This finding is surprising seeing that previous work 

suggested high-level, object-selective inferior temporal cortex as the neural 

substrate for associative learning (Jones, 1974; Meyer & Yates, 1955; Miyashita, 
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1993; Sakai & Miyashita, 1991; Yakovlev, Fusi, Berman, & Zohary, 1998). If 

associative learning with voluntary imagery was primarily occurring in this neural 

area then we would not expect to see such a strong effect of only changing the 

orientation of the stimuli without changing the color. 

3.5.2. Similarities between Imagery and Perception 

 These results provide further evidence that mental imagery and sensory 

perception involve overlapping processes through demonstrating their 

interchangeability within associative learning (Section 3.4.). However imagery is an 

inherently private affair making it difficult to study using traditional research 

methods. The private nature of mental imagery has resulted in many compelling 

criticisms of imagery research. The founder of the behaviorism movement, Watson 

(1913), argued that mental imagery plays no role in thought or behavior; the 

generation of mental images simply does not occur. This idea was revisited by 

Skinner (1977), who claimed that everything required to explain human behavior 

can be found within the environment. Mental imagery is redundant and studying it 

is unnecessary. Pylyshn (1973, 1981) argued that people do in fact generate 

mental images, but the term “image” is misleading as it actually involves a form of 

“mentalese” - the combination of multiple abstract symbols. These kinds of theories 

have driven psychological science for decades (Chapter 1.1). However, in recent 

years a great deal of neuroimaging and behavioral research has provided 

compelling new evidence that many kinds of mental imagery are indeed pictorial, in 

that they uses the same neural areas and are processed similarly to perceptual 

stimuli (Chapter 1.2.1). Additional research is required to determine if there are any 
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important differences between these two processes (Chapter 7.3.1).  

3.5.3. Conclusions 

This study demonstrates that associative learning can occur between a 

voluntarily generated mental image and the emotional content of a photograph. 

This interchangeability of imagery and perceptual stimuli provides further support 

for the pictorial theory of mental imagery, which is predicted by the theory of 

modality grounded cognition. For the first time it is demonstrated that a stimulus 

not physically present can become emotionally charged after being paired with an 

emotion-evoking photograph. This suggests that the way we evaluate mental 

images and even the physiological and emotional states they induce can be 

selectively altered by directly pairing them with specific perceptual stimuli. This 

suggestion has strong implications for the treatment of anxiety disorders. These 

findings also potentially provide a framework through which abstract concepts – 

those with no inherent sensory or motor information – may gain their meaning. It 

still remains to be seen what the relative strength of associative learning for mental 

imagery is, and if there are limits to the kinds of imagery that can be used. 
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4. STUDY 2: MENTAL IMAGERY FOR COLOR 

4.1. Introduction 

Concept knowledge is known to contain color information (Chapter 1.2.2). 

Color knowledge is gained through exposure to objects or events that have strong 

color associations which are stored in the brain as memories (see Bramão, Reis, et 

al., 2011). Recalling the perceptual memories of these objects or events can 

influence the concurrent and subsequent perception of color, as clearly 

demonstrated by the color memory effect wherein an object’s actual colors are 

automatically and instantaneously adjusted to what they “should” be based upon 

previous experience (Hansen, Olkkonen, Walter, & Gegenfurtner, 2006; Hering, 

1920; Pérez-Carpinell, de Fez, Baldoví, & Soriano, 1998). This effect appears to 

suggest that color perception and color knowledge involve similar neural 

processing. Though the underlying mechanisms remain unknown, it seems 

possible that these knowledge based effects occur through the generation of 

mental imagery for color. 

In Chapter 3 it is demonstrated that mental imagery can be used in place of 

perceptual stimuli in an associative learning task. This demonstration provides new 

evidence that the sensory content of imagery is similar to that of normal perceptual 

stimuli, which lends additional support to the theory of modality grounded cognition 

(Chapter 1.2). However, though the stimuli used in this study had color information, 

no color-based effects were found. This finding may indicate that the participants 

were unable to produce mental imagery with vivid color information. Yet in none of 

the experiments of Chapter 3 were the participants specifically instructed to 
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generate colored mental imagery. Therefore it may simply be the case that the 

participants focused their limited cognitive resources on creating mental 

representations of the stimuli’s other features (e.g. orientation).  

Color imagery is still a relatively new field of research. Consequently, 

consensus has not yet been reached regarding many of its aspects. In particular 

some neuroimaging studies have found similar patterns of activity for color 

perception and color imagery (Hsu et al., 2012; Hsu et al., 2011; Rich et al., 2006; 

W. K. Simmons et al., 2007), while others have not (Bramão, Faísca, Forkstam, et 

al., 2010; Chao & Martin, 1999; Lu et al., 2010). Case studies of brain damaged 

patients has produced similarly inconclusive evidence (De Vreese, 1991; Farah et 

al., 1988; Goldenberg et al., 1995; Luzzatti & Davidoff, 1994; Shuren et al., 1996). 

It seems likely that this conflicting evidence may be due to differences in the way 

some of these studies assessed color imagery. 

Various methods have been used to determine whether an individual is able 

to generate and maintain color imagery. These tasks can be divided into their two 

most common types, color naming and color comparison. Color naming tasks 

require the visualization of an object followed by the naming of its colors (Shuren et 

al., 1996). Color comparison tasks require the visualization of two different objects 

and the subsequent comparison of their colors along some dimension (e.g. “Is a 

raspberry darker red than a strawberry?"; Howard et al., 1998). These tasks tend 

to require imagery of real objects, such as raspberries, which inherently have many 

different kinds of visual information (Chapter 2.1.1). Therefore, despite being 

instructed to focus on the color of a particular object, the attempt to form the 

mental image of such a multi-featured object could potentially squander cognitive 
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resources that could have otherwise been used for color imagery. It also seems 

likely that both of these kinds of tasks could be performed using only semantic 

memory; no perceptual processing may actually be required. To conclusively show 

that color imagery is perceptual in nature would require a different kind of task. It 

would require a task that shows color imagery can influence color perception.  

4.1.1. Current Study 

The goal of the current study is to more directly address whether the 

generation of color imagery can influence the subsequent perception of color. A 

unique task was developed to achieve this goal, which involves both perceptual 

priming and binocular rivalry (see Chapters 2.2 and 2.3). In this task participants 

are instructed to generate mental imagery of a particular color in order to bias the 

perception of subsequently presented colors undergoing binocular rivalry. 

Measuring this kind of perceptual bias has previously been shown to be indicative 

of the vividness of the mental imagery (Keogh & Pearson, 2011; Pearson et al., 

2008; Pearson et al., 2011; Rademaker & Pearson, 2012; Sherwood & Pearson, 

2010). As the current study uses stimuli that only differ in their color, this will allow 

the participants to focus squarely upon the generation of color imagery. This focus 

should allow the participants to form the most vivid color imagery possible.   

Three experimental conditions are tested to measure perceptual bias due to 

color imagery. The first condition involves the generation of color imagery in the 

absence of any visual stimuli, as prior studies have shown that concurrent visual 

perception can interfere with the generation of other kinds of mental imagery 

(Keogh & Pearson, 2011; Pearson et al., 2008; Sherwood & Pearson, 2010). The 
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second condition includes a brightly illuminated background to test whether this 

kind of interference can affect color imagery. The third condition does not involve 

the generation of any mental imagery stimuli whatsoever. In this condition the 

participants passively viewed weak (low luminance) perceptual stimuli, which have 

previously been shown to have similar priming effects as mental imagery (Pearson 

et al., 2008). If color imagery can be shown to produce a perceptual bias on the 

subsequent perception of color, and these findings are replicated for the weak 

perceptual stimuli, this will demonstrate that vivid mental imagery for color is 

possible and is processed similarly to the perception of color as predicted by the 

theory of grounded cognition. This study is the first experiment of a larger study 

currently being prepared for publication by the Journal of Vision and the final 

editorial version is included as Appendix B (Chang, Lewis, & Pearson, in press). 

 

4.2. Hypothesis 

The color information of a mental imagery stimulus can influence the 

subsequent visual perception of color.  

 

4.3. Method 

4.3.1. Participants 

Nine individuals (2 females), were recruited for this study. All participants 

had normal or corrected to normal vision and gave written informed consent. This 
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experiment was approved by the UNSW Human Research Ethics Advisory Panel 

(HREA) for Psychology. 

4.3.2. Stimuli  

Stimuli were displayed on a Sony Trinitron G520 CRT monitor with 1280 × 

960 resolution and 75-Hz refresh rate. Stimuli were generated using Matlab 7.9.0 

(R2009b) and the Psychophysics toolbox (Brainard, 1997) running on an iMac 

computer with an Nvidia GeForce GT120 graphics chip. A circular fixation mark 

(diameter = 0.3°visual angle) was used to help participants maintain fixation. 

The stimuli consisted of six differently colored Gaussian blobs (mean 

diameter ≈ 5.67° visual angle) presented at fixation. The CIE color values of the 

Gaussians were as follows: red: x = 0.633, y = 0.340; cyan: x = 0.208, y = 0.326; 

green: x = 0.274, y = 0.406; violet: x = 0.293, y = 0.157; blue: x = 0.142, y = 0.075; 

yellow: x = 0.387, y = 0.521. These Gaussians were split into three separate pairs 

of stimuli: red/cyan, green/purple, blue/yellow. The luminance values of the two 

colors in each pair were adjusted to perceptual isoluminance for each participant 

using an eye-dominance test adapted from previous studies (Keogh & Pearson, 

2011; Pearson et al., 2008; Sherwood & Pearson, 2010) 

4.3.3. Procedure 

At the start of each experimental session the participant was seated in a 

darkened room with their head stabilized using a mirror stereoscope with a 

headrest. An eye-dominance test was conducted for each color pair in order to 

adjust the relative luminance of the two Gaussians in each pair to achieve 

perceptual isoluminance for each participant. This test involved making 
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incremental changes to the luminance of the two colored Gaussians until they 

appeared to be of equal brightness. 

Each participant completed 4 experimental sessions, each being separated 

into three color-pair sections: red/cyan, green/purple, blue/yellow. Each session 

consisted of 54 trials; 18 trials for each color pair divided evenly among the three 

conditions: imagery, background-luminance, and perception. Though participants 

were told which colors would be presented at the start of each color-pair section, 

the condition being tested on each individual trial was randomly determined.  

As can be seen in Figure 4.1, at the start of each imagery and background 

luminance trial a word cue was presented at fixation for 1s. This cue indicated 

which color the participant should imagine during the following 9s mental imagery 

interval. In the imagery condition the background remained black to facilitate 

mental imagery. In the background luminance condition the brightness of the 

background ramped on over a period of 1s, remained at full brightness for 6s, and 

was then ramped off for 2s. After the mental imagery interval a colored binocular 

rivalry stimulus was presented for 1s followed by a 5s inter-trial interval. Upon 

seeing this binocular rivalry stimulus the participants were required to report the 

initially dominant color by pressing one of two different buttons. The participants 

could also indicate that the stimuli appeared equal by pressing a third button. 

In the perception condition the word cue was always “FOCUS”. This word 

cue indicated to the participants that they should not attempt to generate any 

mental imagery during the mental imagery interval. During this interval a 

perceptual Gaussian was presented at fixation. The Gaussian was ramped on for 
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approximately 0.5s, remained at full brightness for 6.5s, and was then ramped off 

for about 1.5s. All other procedures were the same as the two imagery conditions. 

 

Figure 4.1. Experimental timeline for the imagery condition. In each trial the 
participants were instructed to generate a vivid mental image of the color indicated 
by the word prime during the 9s mental imagery interval. This was immediately 
followed by binocular rivalry for 1s wherein the participants were instructed to 
indicate which stimulus appeared to be initially dominant. Failure to respond within 
2s of stimulus onset resulted in the repetition of that trial. In the background 
luminance condition the screen was gradually ramped on to full brightness during 
the first 2s of the mental imagery interval, and then ramped off during the last 2s. 
In the weak perception condition the word “FOCUS” was displayed as the word 
prime, and a colored Gaussian of low luminance was ramped on during the first 2s 
of the mental imagery interval, and then ramped off during the last 2s. 

 

A total of 9 mock trials were also included within each experimental session 

(3 per color-pair), which were randomly assigned to one of the imagery conditions. 

These mock trials were included to determine if the participants’ responses were 

being influenced by the word cue presented at the start of each trial. This non-
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perceptual bias would be apparent if the participants indicated that one of two 

stimuli was dominant during the binocular rivalry task despite the stimuli being 

perfectly balanced. These mock rivalry stimuli were created by combining the two 

colors of each pair together into a split-half Gaussian. The mock stimuli were 

presented simultaneously to both eyes to ensure that the two colors were perfectly 

balanced. The mock rivalry stimuli can be seen in Figure 4.2. 

 

 

Figure 4.2. Mock rivalry stimuli. Depending on the color pair being tested 
(red/cyan; green/violet; blue/yellow) one of these stimuli would be presented to 
both eyes during mock trials to ensure that neither color could dominate 
perception. The luminance of each mock stimulus’s two component colors were 
adjusted based upon the participants’ subjective isoluminance values determined 
at the start of each experimental session. 

 

4.4. Results 

To determine if the color imagery primes could bias the perception of the 

colored Gaussians undergoing binocular rivalry the mean proportion of positively 

primed trials for the three color pairs was computed. Figure 4.3 shows the mean 

proportion primed for the three conditions, which were Mimagery = 0.67, Mbackground 

luminance = 0.56, Mweak perception = 0.64.  
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Three one sample t-tests were conducted to compare the priming effects 

observed within each experimental condition to chance (chance = 0.5). As can be 

seen in Figure 4.3, significant color priming effects were found in the imagery 

condition (M = 0.67, SEM = 0.048) t(8) = 3.46, p < .01, and in the weak perception 

condition (M = 0.64, SEM = 0.04) t(8) = 3.48, p < .01, but not in the imagery with 

background luminance condition (M = 0.56, SEM = 0.025) t(8) = 2.23, p = .056. 

These results support our hypothesis by showing that color imagery can bias the 

subsequent perception of color to a similar extent as weak perceptual stimuli. As 

also predicted, when the luminance of the background was increased statistically 

significant color priming effects were not found. 

  

 

Figure 4.3. Mean proportion primed during the binocular rivalry task for the three 
experimental conditions. Proportion primed values closer to 1.0 indicate that the 
dominant color during rivalry often matched the color of the prime, while values 
closer to 0.5 indicate no relationship between the prime color and the dominant 
rivalry color. Error bars show +1 SEM. ** = p < .01. 
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A one-way ANOVA was also conducted to compare the priming effects of 

the three conditions to each other. A significant difference between the three 

conditions was found F(2, 16) = 4.85, p < .05. A post-hoc Bonferroni's multiple 

comparisons test found a significant difference in the priming effects of the imagery 

condition (M = 0.67, SEM = 0.048) and the imagery with background luminance 

condition (M = 0.56, SEM = 0.025) t = 3.00, p < .05. This seems to indicate that the 

addition of an illuminated background resulted in significantly weaker mental 

imagery for color. 

The participants’ responses during the 9 mock trials were also 

independently analyzed to determine if the participants’ rivalry judgments were 

being biased by the word cue that was shown at the start of each trial. This mock 

trial analysis was conducted because the presence of this kind of semantic, non-

perceptual bias could potentially account for the reported results. Though some 

evidence of this bias was found for certain individuals, the mean non-perceptual 

bias was not statistically significant (M = 0.51, SEM = 0.007) t(8) = 1.41, p = .20. 

 

4.5. Discussion 

This study has provided evidence that visual mental imagery can contain 

perception-like color information. Visual imagery of pure color Gaussians was 

found to selectively predispose the subsequent perception of differently colored 

Gaussians within a binocular rivalry display. This ability of color imagery to produce 

a perceptual bias is in line with the findings presented in Chapter 3 and previous 
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studies (Behrmann, 2000; Kosslyn et al., 2001; Pearson et al., 2008) by providing 

further evidence that visual mental imagery can be pictorial in nature. 

These results also indicate the presence of an overlap in the processing of 

color knowledge and color perception. Though previous studies have attempted to 

address this particular issue (Chao & Martin, 1999; De Vreese, 1991; Farah et al., 

1988; Goldenberg et al., 1995; Howard et al., 1998; Luzzatti & Davidoff, 1994; 

Shuren et al., 1996), they have produced a great deal of conflicting evidence. This 

disagreement is likely due to the fact that many of these studies did not directly 

compare knowledge based processing to perceptual based processing (e.g. 

Howard et al., 1998; Shuren et al., 1996). The current study does involve the direct 

comparison of these two processes by demonstrating that that the generation of 

color imagery – which is based upon stored color knowledge (Chapter 1.2.1) – can 

influence the subsequent perception of color. These findings support the theory of 

modality grounded cognition as applied to color (see Chapter 7.1.1). 

An alternative, non-mental imagery, explanation could potentially account 

for the observed priming effects. As previous studies have shown that words can 

be used to prime their corresponding visually presented objects (Bajo, 1988; Carr, 

McCauley, Sperber, & Parmelee, 1982; Damian & Rahman, 2003) or colors (Burt, 

1994; McClain, 1983), the word cues used in the current study may in fact be 

directly responsible for the observed effects; color mental imagery may not actually 

be involved. Though possible, this alternative account of the present results seems 

unlikely for two different reasons. Firstly, increasing the brightness of the 

background during the mental imagery interval did not in any way interfere with 

visibility of the word cues presented at the start of each trial, but the priming effects 
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were still attenuated. If the word cues were responsible for the observed priming 

effects, and not color imagery, then this experimental modification should have 

produced no effect. However, as the priming effects were clearly reduced in this 

condition this seems to strongly suggest that color imagery was the driving force of 

these priming effects. Secondly, the mock trial analysis did not indicate any 

significant amount of non-perceptual bias. If the word cues were able to produce a 

response bias during the binocular rivalry task, then this bias should have also 

been observable during the mock trials. These results rule out word cue based 

accounts of the current findings.  

4.5.1. Conclusions 

This study experimentally demonstrates that mental imagery of color is 

possible. Visual imagery of pure color Gaussians was found capable of 

predisposing the observer’s perceptual system for the imagined color in a binocular 

rivalry task. This perceptual bias produced by mental imagery appears to show that 

color imagery can influence the subsequent perception of color. This finding is in 

line with those presented in Chapter 3, and previous studies that have produced 

evidence that various kinds of mental imagery are pictorial in nature. Taken 

together, these findings seem to indicate that all forms of visual mental imagery 

involve processing within perceptual areas, which provides strong support for the 

theory of modality grounded cognition. 
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5. STUDY 3: OBJECT MEMORIES DEFINED BY COLOR 

5.1. Introduction 

Color can be highly informative of an object’s identity. Accordingly, most 

animals have some ability to perceive color, including mammals which typically 

have dichromatic color vision (Jacobs, 1993; Surridge, Osorio, & Mundy, 2003). 

The trichromatic color vision of humans and other primates is a relatively new 

genetic development, allowing for improved discrimination between various shades 

of red and green (Bowmaker, 1998). This evolution is theorized to have been 

driven by the color of tropical fruits (Allen, 1879; Regan et al., 2001; Sumner & 

Mollon, 2000a), resulting in the development of a visual system especially well 

tuned to long wavelength colors (red, orange and yellow), which often signal the 

most nutritious fruit (Sumner & Mollon, 2000b). These evolutionary theories of 

color vision have gained popularity and support in recent years, but have typically 

made no attempt to explain contributions of higher-level cognitive processes such 

as how an object’s color information is represented within concept knowledge 

systems (Chapter 1.2.2). 

Many objects, such as ripened fruit, tend to have specific colors. For 

example, ripe bananas and lemons are always colored yellow. Such objects are 

commonly referred to as being highly color diagnostic, as their colors will provide 

additional information about their identity (Bramão, Reis, et al., 2011). As a result, 

when the shape of an object is made ambiguous through image blur, its colors can 

have a strong facilitatory effect on its recognition (Chapter 2.1.1). This effect 

appears stronger for highly color diagnostic objects than non-diagnostic objects, 
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and makes object recognition faster through the activation of a more extensive 

neural network in comparison to colorless images (Bramão, Faísca, Forkstam, et 

al., 2010). These studies have illustrated how object recognition can be facilitated 

by the color specific information stored within memory.  

Memory of these object-color associations can also greatly influence the 

apparent coloration of a visually presented object. A seminal study on such 

memory color effects (Hering, 1920) demonstrated that an object’s perceived color 

is skewed towards what the observer expects it to be, based on knowledge gained 

from previous experience. These memory color effects are independent of the 

influence of color constancy in that they are observable even when all objects in a 

scene are uniformly colored or when an object is presented in isolation. Therefore, 

while color constancy attempts to determine the “true” color of an object by 

estimating and then discounting the color of the illumination (D'Zmura & Lennie, 

1986), this memory color effect adjusts the perceived colors of an object to match 

the association held within memory. This effect occurs involuntarily and has been 

demonstrated for both natural objects (Hansen et al., 2006; Hurlbert & Ling, 2005; 

Olkkonen, Hansen, & Gegenfurtner, 2008; Pérez-Carpinell et al., 1998) and man-

made objects (Witzel, Valkova, Hansen, & Gegenfurtner, 2011). Along with the 

previously discussed literature, this memory color effect shows that an object’s 

identity and its coloration can be highly interactive. However, the mechanisms 

underlying these interactions remain largely unknown. 

Chapter 4 provides evidence that the neural processing involved in the 

perception of color and stored color knowledge have some degree of overlap. 

Though previous behavioral and neurological studies support this claim, some 
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evidence has suggested that these two processes are independent (Chapter 

1.2.2). If these two processes are truly independent it would be indicative of a 

double dissociation of color perception and color knowledge. However, if 

perceptual color processing was clearly shown to have a strong effect on the 

retrieval of object color knowledge this would support the theory of modality 

grounded cognition as applied to color perception, which would in turn facilitate a 

resolution to this ongoing debate. 

Many behavioral studies have already made important contributions to this 

resolution. It has been shown that object recognition can be interfered with through 

the prior presentation of the name or picture of an object known to be the same 

color (Joseph, 1997; Joseph & Proffitt, 1996). This appears to be a kind of color-

knowledge-based negative priming (Chapter 2.2) that will only occur if the observer 

knows that the two objects are typically the same color. However, this interference 

has been shown to only occur when the object to be recognized is shown in its 

appropriate color (Bramão, Faísca, Petersson, & Reis, 2010); no recognition 

interference was observed for colorless or inappropriately colored objects. This 

shows that color knowledge can play a role in object recognition processing, but it 

appears as though this knowledge may require activation by the visual coloration 

of the object to be recognized (Bramão et al., 2012).  

Contrasting these results, a type of knowledge-based positive color priming 

has recently been demonstrated. In a study by Yee et al. (2012) the names of 

objects known to share similar colors were found to prime each other in a word 

recognition task. As these object names were merely colorless words, this priming 

did not involve the presentation of any visual colors. This form of color priming is 
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based on the object’s known color associates, indicating that the stored knowledge 

of similarly colored objects appear to have overlapping neural representations. 

However, this priming was entirely semantic and did not involve the processing of 

any perceptual colors, therefore the results do not demonstrate that object 

knowledge is stored within color perception areas. It may simply be that there is an 

overlap between the neural representations of these objects that does not involve 

any perceptual color processing areas. 

The previously mentioned studies have shown that color knowledge can 

play an important role in visual object recognition. However, whether perceptual 

colors can have an influence on stored color knowledge has not yet been clearly 

demonstrated. The demonstration of this kind of influence would suggest that 

processing for color perception and color knowledge involve the same neural 

mechanisms, as predicted by the theory of modality grounded knowledge (Chapter 

1.2.2). The aim of the present study is to build upon these previous findings by 

determining if such an interaction is possible.  

5.1.1. Current Study 

The aim of the current study is to determine if color can play an important 

role in the grounding of object concepts by showing that perceptual colors can 

interact with the stored knowledge of achromatically presented highly color 

diagnostic objects. Specifically, we test whether the recognition of achromatically 

presented fruit objects can be facilitated using visual color primes (Chapter 2.2). 

Achromatic presentation of fruit objects ensures that the only possible links 

between them and the perceptual color primes are those stored within memory. If 
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significant facilitation is found using such a priming task it will suggest that memory 

for highly color diagnostic objects is at least partially stored within the same neural 

areas involved in the processing of their perceptual colors. Such a result will 

provide compelling support for the theory that object color knowledge is grounded 

in perceptual color processing areas. 

We assess the effectiveness of our color primes using two separate 

experimental tasks, object naming (Experiment 1) and object categorization 

(Experiment 2). As the presence of an object’s surface details are known to have 

different effects on its categorization and naming (Price & Humphreys, 1989), it 

seems possible that our color primes will also have different effects in these two 

tasks. In the categorization task observers were merely required to categorize the 

objects as either a “Fruit” or “Car”, they were not required to determine the objects’ 

specific identities. As a result, our color primes may be ineffective for this task, as it 

is the specific identities of the fruit that are known to be associated with different 

colors. This result seems rather likely as visual objects are known to be 

categorized before their specific identities can be determined (Hamm et al., 2002; 

Large, Kiss, & McMullen, 2004; Rogers & Patterson, 2007). 

In both experiments we test this priming under different visibility conditions. 

Previous object recognition studies have shown that visual colors can produce 

greater facilitation for blurred or degraded object images (Mapelli & Behrmann, 

1997; Price & Humphreys, 1989; Therriault et al., 2009), suggesting that our color 

priming may also be maximally effective under these conditions. Therefore, in 

addition to normal achromatic photographs, we also test highly blurred images that 

preserved the low spatial-frequency luminance information while removing most of 
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the objects’ shape and texture. In Experiment 1 we also test an edges-only version 

of the photographs that preserved the objects’ high spatial-frequency shape and 

texture while removing most of the luminance information. To reiterate, there are 

no shared visual features between the color primes and the achromatic object 

targets used in any of these experiments. Therefore, any observed priming must 

be based upon on object specific color knowledge stored in memory (see Chapter 

1.2.2). This study has recently been published by PLoS ONE and the publication 

version is included as Appendix C (Lewis, Pearson, & Khuu, 2013). 

 

5.2. Hypothesis 

The presentation of a perceptual color stimulus (not attached to any object) 

will prime subsequently presented achromatic objects known to have that color. 

 

5.3. Method 

5.3.1. Participants 

A total of 21 students (9 males) were recruited from the University of New 

South Wales for this study (nnaming = 11; ncategorization = 15). Five individuals 

participated in both the naming and the categorization experiments. All participants 

had normal, or corrected-to-normal visual acuity and color perception. 

This study received ethical approval from the University of New South 

Wales Human Research Ethics Advisory (HREA) panel. All participants gave 

written, informed consent before the start of the experiment. Upon completion the 

participants were debriefed in a follow-up interview.  
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5.3.2. Stimuli: Both Experiments 

All stimuli were presented using MATLAB (version 7.10.0 R2010a). 

Experiment 1 used a 32cm x 51cm iMac monitor with a Nvidia GeForce GT 120 

chipset at a resolution of 1920 x 1200. Experiment 2 used a 27cm x 35.5cm Philips 

109P4 monitor at a resolution of 1152 x 870 @ 75Hz. Both experiments involved 

the presentation of colored Gaussian blobs and achromatic photographs on a 

black background (luminance < 0.01 cd/m2). Stimuli were presented in the center 

of the screen with a circular fixation mark overlaid (diameter = 0.3°). 

The Gaussian blobs were created using Psychtoolbox (Brainard, 1997) for 

MATLAB. Six differently colored Gaussians (width = 2.7°; height = 1.8°) were used 

in this study: red (CIE x = 0.628 y = 0.338 lum = 61.7 cd/m2), orange (CIE x = 

0.506 y = 0.431 lum = 110 cd/m2), yellow (CIE x = 0.392 y = 0.515 lum = 234 

cd/m2), yellow-green (CIE x = 0.344 y = 0.553 lum = 134 cd/m2), green (CIE x = 

0.279 y = 0.600 lum = 200 cd/m2) and blue (CIE x = 0.142 y = 0.071 lum = 24 

cd/m2). These colors were chosen due to their relevance to fruit perception, with 

the exception of blue which acted as a control. These colors were not isoluminant.  

The photographs chosen for this study consisted of various kinds of fruit and 

cars. Fruit photographs were taken in the lab using a Nikon D50 camera and store-

bought fruits. All fruits were photographed from a canonical angle; as though the 

viewer is looking down at them upon a table. Any photographs containing 

extraneous or distracting visual features such as blemishes, discolorations, and 

lighting effects were discarded. The chosen fruit types were apples, bananas, 

grapes, lemons, oranges, pears, persimmons and strawberries. Fruit types were 
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selected based upon their familiarity and color diagnosticity as determined in 

previous color diagnosticity studies using fruit stimuli (Naor-Raz, Tarr, & Kersten, 

2003; J. W. Tanaka & Presnell, 1999; Therriault et al., 2009), not upon the 

particular colors that they are diagnostic for. The fruit rated high in color 

diagnosticity were bananas (yellow), lemons (yellow), oranges (orange), and 

strawberries (red), while those rated moderate to low in color diagnosticity were 

apples, grapes, and pears. Though it would have been preferred that each fruit 

object be diagnostic for a different color, the fact that this is not the case (i.e. 

banana and lemon) was not considered problematic. Persimmons were included 

as an experiential control, as it is our understanding that they have not been used 

in any prior color diagnosticity experiments, likely because most people are 

unfamiliar with them. Consequently, though persimmons always appear in a 

particular shade of reddish-orange, it is highly unlikely that any of the participants 

had this knowledge, making it a non-color diagnostic object. Car photographs were 

obtained using various internet sources. The car photographs were included as a 

non-fruit control condition, as cars have been consistently rated very low in color 

diagnosticity in previous research. The chosen car types are classic cars, 

convertibles, luxury cars, sedans, smart cars, sport-utility vehicles, pickup-trucks 

and vans. All objects were displayed in achromatic grayscale with their 

backgrounds removed. These objects were then centered and resized to fit on top 

of a grayscale background (width = 16.2°; height = 10.9°). See the left side of 

Figure 5.1 for example stimuli. 
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5.3.3. Stimuli: Experiment 1 

In Experiment 1, the naming experiment, a total of 54 photographs were 

used: six photographs of each kind of fruit, except persimmons, and only one 

photograph of each kind of car, except sports-cars, pickup-trucks and vans. This 

resulted in a total of 8 different kinds of objects used in this experiment. Depending 

on the experimental condition, the photographs were filtered to remove either the 

low or high spatial-frequency information. The low spatial-frequency versions were 

created by convolving each photograph with a 2-D Gaussian filter of the same size 

as the photographs and a standard deviation of 5 pixels (σ ≈ 0.3°). The high 

spatial-frequency versions were created by subtracting the low spatial-frequency 

versions from the original photographs. 

5.3.4. Stimuli: Experiment 2 

In Experiment 2, the categorization experiment, a total of 96 photographs 

were used: six photographs of each kind of fruit and car. An equal number of car 

and fruit photographs were used in this experiment to ensure that photographs of 

objects in the two categories had an equal probability of being shown on any given 

trial. Additionally, only the normal and low spatial-frequency versions of the 

photographs were used in this experiment as no significant effects were found with 

the high-spatial frequency versions used in Experiment 1. 

5.3.5. Procedure 

All participants were seated in a dark room approximately 57cm from the 

monitor. A chinrest was not used in Experiment 1 as it would interfere with the 

participants’ ability to vocalize their responses. Vocalized responses were used in 
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Experiment 1 as there were a total of 8 possible responses on each trial, which 

was thought to be far too many to keep track of using buttons. The basic 

experimental timeline shown on the right side of Figure 5.1 was used in both 

experiments. At the start of each trial the Gaussian color prime was shown for 

150ms, followed by a 250ms blank screen. Then the target photograph was shown 

for 1s, followed by a 1s blank screen. Participants were only allowed to vocalize 

their responses during this 2s response window. Then a randomized white noise 

pattern was displayed for 500ms to remove any luminance after-effects produced 

by the photographs, which was followed by a 500ms inter-trial interval during which 

the screen would remain blank. 

In Experiment 2 the blank screen immediately following the target 

photograph was removed, thus shortening the response window to only 1s. This 

shortening of the response window was due to the observation that the button-

press reaction times were generally much quicker than the vocalized response 

reaction times. Failure to react within the response window for either experiment 

resulted in the trial being repeated at a randomly determined point later in the 

session. 
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Figure 5.1. Example photographic stimuli and experimental timeline. (Left) 
Example photograph targets as shown in each of the three conditions. All 
photographs were presented on a black screen, in grayscale, with their 
backgrounds removed. (Right) Experimental timeline. A colored Gaussian was 
shown for 150ms, followed by a 250ms inter-stimulus interval, and then an object 
photograph for 1s. The participants were required to indentify the object being 
shown as quickly as possible. Failure to respond within 2s of photograph onset 
resulted in the repetition of that trial at a randomly determined point later in the 
session. Each trial ended with the presentation of a dynamic colored noise 
stimulus for 500ms to facilitate the cancelation of any afterimages that may have 
been experienced. In Experiment 2 the blank screen immediately following the 
photograph target was removed, thus shortening the response window to only 1s.  

 

In Experiment 1 the participants were instructed to speak aloud the name of 

the object being displayed in the target photograph as quickly and accurately as 

possible. Participants were urged to vocalize whichever term they best associated 

with the object’s specific identity (e.g., “apple”). The only exception to this was the 

car photographs, which the participants were asked to respond to simply as “car”. 

In Experiment 2 the participants were instructed to categorize the objects in 

the target photographs as a fruit or car by pressing the “F” or “C” keys on the 
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keyboard as quickly and accurately as possible. Incorrect responses resulted in the 

trial being repeated at a randomly determined point later on in the experimental 

session and a buzzer noise was played to notify the participants of their error.  

5.3.6. Data Preparation 

In Experiment 1 the naming accuracy and vocalization reaction time for 

each trial were manually determined after the experimental session was 

completed. The visual waveform and auditory playback were reviewed for each 

trial using a MATLAB program written specifically to analyze the sound-waves of 

this study. Reaction times were determined by marking the point of vocalization 

onset, as indicated by systematic changes in the waveforms’ amplitudes while 

ignoring ambient noises and non-verbal utterances. Variations in the waveform 

shapes due to individual differences were also taken into consideration when 

marking this onset of vocalization. Accuracy was determined by comparing the 

auditory playback to the correct answer being textually displayed in the program 

window. The raters were blind as to the color prime of each trial; only the 

participant’s vocalization and the correct answer were shown.  

In Experiment 2 the program automatically determined the accuracy and 

reaction time of each participant’s button-press responses. All incorrect responses 

were recorded and the trial was repeated at a randomly determined point later in 

the block. Incorrect responses were excluded from analysis in both experiments 

due to the participants having made too few errors to allow proper statistical 

procedures to be conducted. In the normal-image condition of Experiment 2 a 
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single participant’s data was excluded from analysis due to consistently producing 

outlying reaction times.  

 

5.4. Results 

Mean reaction times were computed to measure the priming effects of the 

colored Gaussians on the recognition of the achromatic target objects. These 

means were computed by first averaging the reaction times for each target 

photograph, as primed by each of the 6 different colored Gaussians, across the 

participants’ experimental sessions. Next the reaction times of all 6 photographs of 

each type of object (e.g. apples), as primed by each of the 6 different colored 

Gaussians, were averaged together. This resulted in a single mean reaction time 

for each object type / prime color combination for each participant. The two 

experiments in this study utilized a 6 x 8 within subjects design. The two 

independent variables were prime color and object type. In each experiment the 

potential interactions between the levels of prime color and object type were tested 

independently for each spatial-frequency condition. 

As theses analyses include multiple independent variables various ways to 

simplify the data were considered, such as comparing the average reaction times 

for related colors and non-related colors across the multiple objects used in each 

experiment. However, there are two reasons why this kind of analysis cannot be 

done with the current data. Firstly, for the highly color-diagnostic fruits only 1 color 

is diagnostic while the other 5 are non-diagnostic. Therefore, in order to perform 

such a comparison an average of these 5 “non-related” colors would have to be 
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compared to the single “related” color. This kind of comparison is highly 

unbalanced and far too great of an oversimplification of the current data. Secondly, 

half of the objects included were low, or non-diagnostic, for color (eg. cars), 

meaning that they have no clearly defined “related color” making this form of 

simplification impossible. Therefore, while a more simplistic statistical analysis (i.e. 

a t-test) has the potential to produce more straightforward results, the design of the 

current study simply does not allow it. 

5.4.1. Experiment 1: Naming  

In this experiment we sought to determine if naming speeds for the 

achromatic photographs of fruit objects could be facilitated through the 

presentation of color primes. Object types used in this experiment were apples, 

bananas, grapes, lemons, oranges, pears, strawberries and cars. Priming for these 

objects was tested using photographs that contained three different kinds of 

spatial-frequency information (normal photographs, low spatial-frequencies only, 

high spatial-frequencies only). Our hypothesis predicted an interaction between the 

color primes and the object types, with diagnostic colors resulting in the fastest 

reaction times. It was also predicted that the priming effects would be strongest in 

the low spatial-frequency condition, as it has been shown that an object’s color will 

maximally facilitate its recognition when the shape is hard to determine (Mapelli & 

Behrmann, 1997; Price & Humphreys, 1989; Therriault et al., 2009). 

A preliminary 3-way ANOVA across the 3 spatial-frequency conditions, 6 

prime colors, and 8 object types was conducted. A significant interaction was found 

between these 3 factors F (70, 700)=1.51, p = 0.006, observed 1-β = 1.00. This 
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indicates that the removal of certain kinds of spatial-frequency information had a 

significant effect on the color primes’ ability to facilitate the recognition for the 

target objects. However, this result does not indicate whether a statistically 

significant amount of color-associate priming was found in any or all of the spatial-

frequency conditions. Additional tests were conducted to more directly address the 

main hypothesis. 

For the normal, unfiltered photographs a 2-way ANOVA across the 6 prime 

colors and the 8 object types was conducted. A significant interaction was found 

between object type and prime color F (35, 350)=1.50, p = 0.039, observed 1-β = 

0.99. As can be seen in Figure 5.2, the color orange was the most effective color 

prime for oranges, but the diagnostic colors of the other fruits do not seem to be 

any more effective than the non-diagnostic colors. A total of 20 Bonferroni 

corrected analyses were conducted for the highly color-diagnostic objects to 

determine if their diagnostic colors resulted in significantly faster naming speeds 

than their non-diagnostic colors. For the bananas, yellow was found to produce 

significantly faster naming speeds than yellow-green (t = 3.61, p < 0.001). For the 

oranges, the color orange was found to produce significantly faster naming speeds 

than red (t = 3.82, p < 0.001), yellow-green (t = 4.61, p < 0.001), and blue (t = 3.49, 

p < 0.001). For the lemons and strawberries no significant differences in naming 

speed were found. Though only two of the four highly color-diagnostic fruits 

showed significant differences between their diagnostic and non-diagnostic colors, 

these findings support our hypothesis by showing priming effects driven by the 

known color associates of the achromatically presented fruits. 
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Figure 5.2. Naming reaction times for highly color-diagnostic objects. Bar color 
indicates prime color. Error bars show +1 SEM.  n =11 

 

A significant main effect of color prime was found F (5, 50)=3.54, p= 0.008, 

indicating that one or more of the color primes produced significantly faster 

reaction times than the others across all object types. Additionally, a highly 

significant main effect of object type was found F (7, 70)=27.14, p < 0.0001, 

indicating that some of the objects could be named faster than the others 

regardless of prime color. This effect can be clearly seen in Figure 5.2, wherein 

average reaction times for the bananas and strawberries were much faster than 

the lemons and oranges. This illustrates that the distinctiveness of the objects’ 

shapes had a large influence on their recognition speeds.   

For the high spatial-frequency photographs a 2-way ANOVA across the 6 

prime colors and the 8 object types was conducted. No significant interaction was 

found between object type and prime color F (35, 350)=0.88, p = 0.664, observed 

1-β = 0.85. This indicates that the priming was ineffective when the low spatial-

frequencies were removed from the object photographs. Only a marginally 

significant main effect of prime color was found F (5, 50)=2.32, p = 0.057. 

However, a highly significant main effect of object type was found F (7, 70)=24.41, 
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p < 0.001, once again indicating that some of the objects could be named faster 

than others regardless of the color of the prime. 

For the low spatial-frequency photographs a 2-way ANOVA across the 6 

prime colors and the 8 object types was conducted. A significant interaction was 

found between object type and prime color F (35, 350)=1.55, p = 0.027, observed 

1-β = 0.99. As can be seen in Figure 5.3, the most effective color prime was yellow 

for the bananas and lemons, but orange was not the most effective for oranges, 

and red was not the most effective for strawberries. A total of 20 Bonferroni 

corrected analyses were conducted to determine if there were any differences in 

the naming speeds for each highly color-diagnostic object’s associated color and 

its non- associated colors. For the lemons, yellow was found to produce 

significantly faster naming speeds than red (t = 3.62, p < 0.01). For the bananas, 

oranges, and strawberries no significant differences in naming speed were found. 

Though only one of the four highly color-diagnostic fruits showed significant 

differences between their diagnostic and non-diagnostic colors, this finding 

supports our hypothesis by showing significant priming effects driven by the known 

color associates of the achromatically presented fruits. 

Additionally, for the low spatial-frequency photographs a significant main 

effect of prime color was found F (5, 50)=4.26, p = 0.003, indicating that the color 

primes produced significantly different reaction times across all object types. A 

highly significant main effect of object type was also found F (7,70)=42.54, p < 

0.0001, indicating that the participants were able to name some of the objects 

quicker than others regardless of prime color. 
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Figure 5.3. Naming reaction times for the highly color-diagnostic low spatial-
frequency objects. Bar color indicates prime color. Error bars show +1 SEM.  n =11 

 

Additionally, for the low spatial-frequency photographs a significant main 

effect of prime color was found F (5, 50)=4.26, p = 0.003, indicating that the color 

primes produced significantly different reaction times across all object types. A 

highly significant main effect of object type was also found F (7,70)=42.54, p < 

0.0001, once again indicating that the participants were able to name some of the 

objects quicker than others regardless of prime color. 

5.4.2. Experiment 2: Categorization  

In Experiment 2 we sought to determine if similar results could be produced 

using a categorization task. Object types tested in this experiment were objects 

within the categories “Fruit” and “Car”. The fruit objects were apples, bananas, 

grapes, lemons, oranges, pears, strawberries and persimmons. The car objects 

were classic cars, convertibles, luxury cars, sedans, smart cars, sport-utility 

vehicles, pickup-trucks and vans. Unlike Experiment 1, priming of these objects 

was only tested using photographs that contained two different kinds of spatial-

frequency information (normal photographs, low spatial-frequencies only). 
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It was once again predicted that the objects’ diagnostic colors would result 

in the fastest reaction times, with the strongest effects being observed within the 

low spatial-frequency condition. However, it seemed likely that our color primes 

would have different effects in this categorization task, as an object’s color is 

known to have different effects on its categorization and naming (Price & 

Humphreys, 1989). No interaction was predicted between the color primes and car 

types, as cars are generally not color diagnostic.  

Potential interactions between prime color and object type were 

independently analyzed for each of the two object categories. This independent 

analysis was conducted to more directly compare the effects of the 6 differently 

colored primes across the 8 object types within each category (“Fruit” and “Car”). 

Though these two categorical labels are not on the same hierarchical level (Rosch, 

Mervis, Gray, Johnson, & Boyes-Braem, 1976), the car stimuli were merely used 

as a control condition and have no bearing on the hypothesis. Additionally, no 

statistical comparisons were made across the two categories of objects. 

Unfortunately, for various reasons 10 of the 15 individuals who participated in this 

experiment only completed one of the two spatial-frequency conditions (nboth = 5, 

nnormal_only = 7, nLSF_only = 3). Though it would have been preferable to have all 

participants complete both conditions, as this would allow for comparisons across 

spatial-frequency, it is not required to test our hypothesis. Consequently, 3-way 

ANOVAs similar to that of Experiment 1 were not conducted for this data. 

For the normal fruit photographs a 2-way ANOVA across the 6 prime colors 

and the 8 fruit types was conducted. No significant interaction between object type 

and prime color was found F (35, 385)=1.32, p = 0.108, observed 1-β = 0.98. Like 
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Experiment 1, a significant difference in the mean reaction times was found 

between the 8 fruit types F (7, 77)= 3.74, p = 0.002, indicating that some of the fruit 

objects were more easy to recognize as belonging to the “fruit” category than 

others. Also, a highly significant difference was found between the 6 prime colors F 

(5, 55)=4.21, p = 0.003, suggesting that some colors were better than others at 

priming the recognition of objects belonging to the “fruit” category. As can be seen 

on the top-left side of Figure 5.4 the color orange appeared to produce the fastest 

reaction times regardless of fruit type. A total of 5 Bonferroni corrected analyses 

were conducted to determine if the reaction times for orange were significantly 

faster than the other 5 colors across the 8 different fruit types. The color orange 

produced significantly faster reaction times than red (t = 3.62 p = 0.003), and 

yellow (t = 3.50 p = 0.0045).  

For the normal car photographs a 2-way ANOVA across the 6 prime colors 

and the 8 car types was conducted. No significant interaction between object type 

and prime color was found F (35, 385)=1.17, p = 0.108, observed 1-β = 0.96. No 

significant difference in the mean reaction times was found between the 8 car 

types F (7, 77)=0.87, p = 0.534. This seems to indicate that all of the car objects 

were equally easy to recognize as belonging to the “car” category. No significant 

difference was found between the 6 prime colors F (5, 55)=1.66, p = 0.160. 

However, as can be seen on the top-right side of Figure 5.4 the color yellow-green 

appeared to produce the fastest reaction times regardless of car type.  

For the low spatial-frequency fruit photographs a 2-way ANOVA across the 

6 prime colors and the 8 fruit types was conducted. Unlike the normal spatial-

frequency condition a significant interaction between fruit type and prime color was 
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found F (35, 245)=1.56, p = 0.028, observed 1-β = 0.99. A total of 20 Bonferroni 

corrected analyses were conducted to determine if there were any differences in 

the naming speeds for each highly color-diagnostic object’s associated color and 

its non-associated colors, but no significant differences were found.  

Unlike the normal spatial-frequency condition, no significant difference in the 

mean reaction times was found between the 8 fruit types F (7,49)=1.24, p = 0.302. 

This indicates that when high spatial-frequency information is removed from the 

images, the fruit objects are equally easy to recognize as belonging to the “fruit” 

category. No significant difference in the mean reaction times was found between 

the 6 prime colors F (5, 35)=1.79, p = 0.14.  

For the low spatial-frequency car photographs a 2-way ANOVA across the 6 

prime colors and the 8 car types was conducted. No significant interaction between 

car type and prime color was found F (35, 245)=0.68, p = 0.912, observed 1-β = 

0.69. However, a highly significant difference in the mean reaction times was found 

between the 8 car types F (7, 49)=5.31, p < 0.001. No significant difference was 

found in the mean reaction times between the 6 prime colors F (5, 35)=0.59, p = 

0.710.  
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Figure 5.4. Mean categorization reaction times across all objects separated by 
category and spatial-frequency condition. (Top) Normal: Unfiltered target 
photographs n = 12. (Bottom) Low SF: Low spatial-frequency target photographs n 
= 8. Bar color indicates prime color. Error bars show +1 SEM.   

 

5.5. Discussion 

This study appears to show the priming of object recognition by known color 

associates. Facilitating the recognition of achromatic object photographs through 

prior exposure to their known color associates provides evidence of a functional 

relationship between the processing of color perception and color knowledge 

(memory). While the current results only show a small amount of evidence 

supporting this conclusion, the fact that any such evidence has been found 

supports the theory that color knowledge is grounded within modality specific 

systems (Chapter 7.1.1). This color associate priming appears to be driven by the 

color diagnosticity of the fruit objects, the low spatial-frequency information of the 
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images, and the level of identity specificity required for the recognition task. 

Though there are likely other factors that can also influence this form of color 

priming, these three have been positively identified and are discussed in detail 

below. 

5.5.1. Identity Specificity 

The color priming appeared to have different effects for the object naming 

and categorization tasks. Though significant interactions between prime color and 

fruit type were found in the low spatial-frequency conditions of both tasks these two 

results are very different. The follow-up tests in the naming task yielded significant 

results (Section 5.4.1.), but those of the categorization task did not (Section 5.4.2.). 

None of the highly color-diagnostic objects were primed by their diagnostic colors 

when the participants were required to categorize the fruit objects, which does not 

provide evidence of color associate priming. This difference between the two tasks 

may be due to the differences in how the participants were evaluating the stimuli.  

 In Experiment 2 the participants categorized the objects as being either 

“fruit” or “car”, but were not required to identify what kind of fruit or car it was. In 

other research, the ability of an object’s color to facilitate its recognition has been 

shown to be modulated by the level of identity the observer is attempting to 

determine (Price & Humphreys, 1989). Additionally, in the normal time course of 

object recognition, processing the general categories to which an object belongs is 

determined before its specific identity is achieved (Hamm et al., 2002; Large et al., 

2004; Rogers & Patterson, 2007). Therefore, though object recognition normally 

requires only a fraction of a second, it is highly likely that the participants were 
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responding well before they were able to determine the object’s specific identity. In 

fact, many participants claimed to have used this kind of strategy in the follow-up 

interviews. Simply put, it seems that the fruit objects were not primed by their color 

associates in the categorization task simply because the participants were not 

required to recognize them at such a specific level.  

However, the time course of object recognition suggests an alternative 

interpretation of these results. It may be the case that priming did indeed occur, but 

it facilitated recognition for objects within the “fruit” category instead of specific fruit 

types. This would explain the lack of a significant interaction between prime color 

and fruit type and the highly significant main effects of prime color for the normal, 

unfiltered object photographs. As Figure 5.4 shows, the orange prime produced the 

fastest reactions across all types of fruit, and the follow-up statistical analyses 

confirmed that these reaction times were highly significantly different from most of 

the other prime colors, which seems to suggest that orange is the color most 

closely associated with the category “fruit”.  

This interpretation is particularly intriguing as it could have been predicted 

based on the evolutionary theories of color vision in primates. In tropical rainforests 

primates are known to predominantly seek out and consume yellow/orange fruits 

(Bowmaker, 1998; Regan et al., 2001), as these colors are typically indicative of 

ripeness (Sumner & Mollon, 2000b). Therefore it may be that evolutionary 

processes have strengthened the link between yellow/orange colors and the 

recognition of fruits. Alternatively, it may actually be the case that viewing the 

orange Gaussian color activated the word “orange” which then worked as a 

semantic prime for the other fruit objects, or it may simply be that the participants 
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had formed strong prior associations between this particular range of fruit types 

and the color orange. Regardless, the orange prime produced the greatest 

facilitation for categorizing the fruit objects used in this study, even for types of fruit 

that do not normally appear orange. 

5.5.2. Spatial-frequency Information 

Object recognition is greatly facilitated by the presence of an object’s many 

visual features, including shape, texture and luminance. The facilitatory effects of 

these features can be so great that the contributions of color information may be 

diminished to the point of being inconsequential for object recognition purposes 

(Mapelli & Behrmann, 1997; Price & Humphreys, 1989; Therriault et al., 2009). 

Therefore, in both experiments we attempted to amplify the color priming effects by 

removing one or more of these visual features from the target photographs.  

In Experiment 1 the naming reaction times were measured for the original 

photographs, photographs that contained only the low spatial-frequency luminance 

information, and photographs that contained only the high spatial-frequency shape 

and texture information (Section 5.3.3.). All three conditions produced the same 

general trends, suggesting that the presence or absence of the other visual 

features did not greatly influence the effectiveness of the color primes. The only 

obvious difference between the three conditions was in their overall reaction time 

speeds. The low and high spatial-frequency conditions had much slower reaction 

times than the normal condition, likely reflecting an increase of task difficulty. 

Despite this overall similarity, significant color priming effects were only found for 

the normal and low spatial-frequency conditions; no color priming was found for the 
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high spatial-frequency condition (Section 5.4.1.). Interestingly this suggests that 

the color associate priming was driven by the low spatial-frequency luminance 

information of the target objects. Despite our predictions, and those of the previous 

research, it does not appear that color became more informative of the objects’ 

identities when their shape information had been degraded. A discussion of this 

intriguing result and its potential cause is provided within Chapter 7.3.2. 

5.5.3. Color Diagnosticity 

Color information is a feature of almost all visual objects. The inclusion of 

color within an image has been shown to facilitate the recognition of a wide range 

of objects (Biederman & Ju, 1988; Uttl et al., 2006; Wurm et al., 1993). However, 

studies have shown that the recognition of color-diagnostic objects, those objects 

well known to have a specific coloration (Bramão, Inácio, et al., 2011), generally 

show the greatest benefit from the inclusion of color information (Chapter 2.1.1). 

Therefore, the current study compared the effectiveness of various color primes 

across a range of objects varying in their color diagnosticity. It was predicted that 

the most color diagnostic objects (bananas, lemons, oranges and strawberries) 

would show the strongest priming effects. It is important to note that the color 

primes used in this study were not isoluminant, but their luminance differences did 

not appear to have a measurable influence on the priming effects.  

Across the normal and low spatial-frequency conditions of Experiment 1 the 

bananas, lemons and oranges were found to be differentially influenced by the 

color primes at a statistically significant level (Section 5.4.1.). These objects were 

most primed by their diagnostic colors (yellow-banana, yellow-lemon, orange-
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orange), which supports our hypothesis. Though these data may appear somewhat 

understated due to the finding of only some of the predicted priming effects, 

evidence of any such priming is necessarily indicative of an interaction between 

color perception and color knowledge processing. This interaction is likely due to 

an overlap between the processing of visually presented colors and the color 

knowledge associated with these highly color-diagnostic fruit objects. This novel 

finding provides support for the theory of modality grounded cognition, as highly 

color-diagnostic object concepts appears to involve processing within perceptual 

color areas (Chapter 7.1.1). 

5.5.4. Number of Participants 

Though significant color-based facilitation was found in the current study, it 

seems likely that more significant priming effects could be found if the number of 

participants was increased. This would increase statistical power, making it easier 

to detect significant interactions between prime color and object type for the highly 

color-diagnostic objects. In particular, this could allow for the observation of 

significant priming effects in Experiment 2 (Section 5.4.2.), indicating that color-

associate priming can also occur at the categorical level. However, the power of 

the current analyses are already very high (Section 5.4.). Therefore, while 

collecting data from additional participants has the potential to produce more 

robust findings, it is also very likely that the current findings accurately reflect the 

limitations of this color-based priming. Regardless, significant color-associate 

priming effects were observed in this study, which supports the main hypothesis. 
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5.5.5. Conclusions 

The recognition of achromatic objects can be facilitated through the prior 

presentation of their known color associates. This color associate priming seems to 

be based entirely on the color information stored within object knowledge. Three 

factors that have an influence on this priming have been identified: the color-

diagnosticity of the objects, their low spatial-frequency information, and the level of 

identification specificity. These findings are in line with previous behavioral and 

neurological research, and provide additional support for the theory that object 

color knowledge is grounded within perceptual color processing systems. 
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6. STUDY 4: FUNCTIONAL INTERACTIONS BETWEEN CONCEPTS  

6.1. Introduction 

In Chapter 5 it is shown that the recognition of highly color-diagnostic fruits 

can be facilitated through the prior presentation of their associated colors. This 

suggests that concept knowledge of such fruits is at least partially stored within the 

same neural areas responsible for the perceptual processing of their colors. This 

finding provides some behavioral support for the theory of modality grounded 

cognition, but as explained in Chapter 1.2 this theory encompasses all knowledge 

associated with a particular concept; not just color information. Consequently, it is 

likely that other kinds of objects are more closely associated with other forms of 

visual information. In particular it seems probable that action-based functional 

information is highly associated with hand-held tools. The existence of this kind of 

functionally-interactive relationship (see thematic categories in Chapter 1.1.2) 

would indicate that neural activity for tool concepts involves activity within the same 

motor areas that are active during their use. The current chapter discusses our 

investigation into this possibility.  

Tools and other frequently manipulated objects generally afford specific 

forms of functional interaction. Knowledge about these forms of interaction is 

known to be represented within object concepts (Bub & Masson, 2006; Creem-

Regehr & Lee, 2005; Klatzky, Pellegrino, McCloskey, & Lederman, 1993; Mizelle & 

Wheaton, 2010), and appears to involve activity within neural areas separate from 

those that process other forms of object knowledge (Arévalo et al., 2007; Borghi & 

Riggio, 2009; Spunt, Falk, & Lieberman, 2010). The perception of manipulable 
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objects has been shown to involve activity spanning  parietal, frontal, and temporal 

lobe areas (for review see Johnson-Frey, 2004). Accordingly the processing of 

information about actions involves a similar network of activity (Assmus et al., 

2007) wherein specific tool-use actions are processed mostly within parietal areas, 

while the goals of those actions (irrespective of the tools used or actions being 

performed) are processed in higher-level frontal cortex areas (Gallivan, McLean, 

Valyear, & Culham, 2013; Umiltà et al., 2008). Unlike non-manipulable objects (eg. 

houses), this neural processing of tools and their actions predominantly occurs 

within dorsal stream areas (Chapter 1.1.1).  

Key dorsal stream areas for the processing of tools include the left parietal 

cortex which appears to be involved in the storage and recall of how they are used 

(Chao & Martin, 2000; Jeannerod, Arbib, Rizzolatti, & Sakata, 1995; Mahon, 

Schwarzbach, & Caramazza, 2010; Moll et al., 2000), the supramarginal gyrus 

which appears to store knowledge of the arm and hand positions required for tool 

use (Buxbaum, Kyle, Tang, & Detre, 2006; Ohgami, Matsuo, Uchida, & Nakai, 

2004), and the precuneus which appears to store visuo-spatial information about 

how tools are manipulated (Vingerhoets, 2008). The left ventral premotor cortex 

and the lateral temporal cortex have also been identified as important areas for tool 

processing (Chao & Martin, 2000; Gerlach, Law, Gade, & Paulson, 2000; Grafton, 

Fadiga, Arbib, & Rizzolatti, 1997; Kellenbach, Brett, & Patterson, 2003), but these 

areas may be more involved in the general processing of motion information about 

objects (Chao et al., 1999; Gerlach, Law, Gade, & Paulson, 2002; Gerlach, Law, & 

Paulson, 2002; Jeannerod et al., 1995). These findings, particularly those of the 

precuneus, suggest there may be an overlap between the neural areas involved in 
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the visual perception of tools and the performance of hand movements required for 

their functional use.  

These studies have shown broad patterns of activity within the motor cortex 

for tools, but the specificity of these neural areas has remained largely unknown. 

As different kinds of tools require unique forms of interaction, it follows that their 

conceptual representations should be separable and based within the precise 

motor areas responsible for performing those actions. Some evidence of this kind 

of specificity has been produced for the names of various tool objects. The names 

of objects that have a specific form of manipulation (e.g. tools) tend to involve more 

activity in the vPMC, the inferior parietal cortex, and the pre-supplementary motor 

area when compared to objects that do not have a specific form of manipulation 

(Rueschemeyer, van Rooij, Lindemann, Willems, & Bekkering, 2009). The names 

of objects that normally move towards the user during their functional use (eg. cup) 

tend to involve more activity in the extrastriate body area, middle occipital gyrus, 

and inferior temporal lobe when compared to objects that move away 

(Rueschemeyer, Pfeiffer, & Bekkering, 2010). Though these studies used only 

textual representations of tools it seems likely that similar results could be 

produced using visually presented tools. The development of higher-resolution 

imaging methods will likely lead to the discovery of even more highly specific 

functional information processing areas as behavioral methods have already 

provided indirect evidence that they exist. 

Numerous behavioral studies have demonstrated that certain kinds of action 

information are central to the identity of various kinds of manipulable objects. In 

particular, studies using priming methodologies (Chapter 2.2) have shown that the 
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perception of manipulable objects can prime the manner in which they are grasped 

(Bub, Masson, & Cree, 2008; Ellis & Tucker, 2000; Grèzes, Tucker, Armony, Ellis, 

& Passingham, 2003), the mimicry of visually presented hand gestures 

corresponding to the object (Bub & Masson, 2006; Gianelli, Dalla Volta, Barbieri, & 

Gentilucci, 2008), the manner in which one attempts to grasp a different object 

(Craighero, Fadiga, Rizzolatti, & Umiltà, 1998; Craighero et al., 1996; Gianelli et 

al., 2008; Tucker & Ellis, 2004), and the recognition of subsequently presented 

objects that are manipulated in the same way (Helbig, Graf, & Kiefer, 2006). 

Similarly, the visual presentation of a hand in a specific posture can prime the 

performance of that posture (Vogt et al., 2003), the determination of whether that 

posture is sensible for grasping a particular object (Bruzzo, Borghi, & Ghirlanda, 

2008), the identification of physical properties of an object (Liuzza, Setti, & Borghi, 

2012), and the recognition of objects that could be grasped using that posture 

(Borghi et al., 2007; Kalénine, Bonthoux, & Borghi, 2009; Vainio, Symes, Ellis, 

Tucker, & Ottoboni, 2008). These studies have shown that tools can become 

strongly associated with certain kinds of action information. However knowledge of 

the hand-movements required for the grasping of tools and their functional use are 

known to involve different neural areas (Boronat et al., 2005; Buxbaum et al., 2006; 

Randerath, Goldenberg, Spijkers, Li, & Hermsdörfer, 2010). Therefore the previous 

studies have only demonstrated that strong associations can form between the 

identities of graspable objects and how they are grasped; they provide no evidence 

regarding associations with tool-use. 

Pantomimes can be used to study the functional information associated with 

a particular object. This form of mimicry involves the demonstration of how an 
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object is normally manipulated for its functional use without actually showing the 

object. Though the left intraparietal and dorsolateral frontal cortices are known to 

play major roles in the processing of pantomime actions (Moll et al., 2000), tool-

use pantomiming and actual tool-use tends to produce highly similar patterns of 

neural activity (Hermsdörfer, Terlinden, Mühlau, Goldenberg, & Wohlschläger, 

2007). As the performance of this form of mimicry requires the use of functional 

knowledge it is widely used in tests for ideomotor apraxia (Buxbaum, Johnson-

Frey, & Bartlett-Williams, 2005; Buxbaum, Veramontil, & Schwartz, 2000; 

Goldenberg, Hartmann, & Schlott, 2003; Wheaton & Hallett, 2007), a disorder 

wherein individuals cannot identify what an object is used for but have no problem 

visually recognizing or properly grasping it. Pantomiming is ideal for the study of 

functional object knowledge, yet only two studies have used it in this regard.  

Bub and Masson (2006) showed in a series of seven experiments that the 

mimicry of a visually presented hand-pantomime can be facilitated by the prior 

visual presentation of a corresponding tool prime. In this study the pantomimes 

were achromatic photographs of hands shown from an allocentric perspective that 

depicted the canonical postures for the functional use of the tools previously 

shown. Facilitation for the performance of this hand-mimicry was only observed 

when the participants were required to also identify the tool primes. This seems to 

suggest that tool identification, not mere perception, can prime the motor 

movements required for the functional use of that tool.  

Mounoud, Duscherer, Moy, and Perraudin (2007) showed in two 

experiments that videos of an actor pantomiming the canonical functional use of a 

tool can facilitate the subsequent visual recognition of that tool. These videos 
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depicted the full body of the actor who mimicked the use of various tool. Tool 

recognition facilitation was observed to be the strongest for the youngest 

participants (ages 5 - 9) with significant but weaker facilitation for the oldest 

participants (mean age = 27.75). Age is clearly an important factor for this kind of 

priming, but it does seem likely that some amount of facilitation could be observed 

for participants of all ages. 

Together these studies have produced some evidence of an overlap in the 

neural processing of an object’s identity and the actions required for its functional 

use. If this overlap does truly exist then it would strongly support the theory of 

modality grounded cognition by showing that the perception of specific hand 

movements can activate stored knowledge of manipulable objects that are typically 

interacted with using those movements. The small amount of evidence produced 

thus far, however significant it may be, is not enough to support this theory. 

6.1.1. Current Study 

In the current study we seek to further investigate the potential overlap 

between the conceptual representations of tools and the specific hand movements 

associated with their functional use. A series of three experiments were conducted 

in order to provide evidence of this overlap through the demonstration of a form of 

thematic priming (Chapter 2.2.1) wherein the recognition of a tool would be 

facilitated by the prior presentation of a photograph of its associated hand 

pantomime. It is predicted that the hand pantomime photographs that best 

matched the posture required for the functional use of a particular tool will provide 

the greatest amount of facilitation for the subsequent visual recognition of that tool. 
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Experiment 1 was conducted to validate the priming methodology using 

taxonomically related stimuli (eg. face/face; hammer/hammer) and produce some 

evidence of functionally-interactive thematic relationships (eg. hand/hammer). The 

effectiveness of animated and non-animated pantomime primes for the recognition 

of the tool targets is measured. To verify that any observed priming effects were 

due to the high-level identity of the actions and objects being displayed, not their 

low-level color and luminance information, text and phase-scrambled versions of 

the primes are also included. As the detection of an object’s shape is heavily 

based upon its phase information (Oppenheim & Lim, 1981), scrambling the 

primes’ phase information will make recognition of the hand shapes impossible 

while not affecting their color and luminance information (Dakin, Hess, Ledgeway, 

& Achtman, 2002; Olman, Ugurbil, & Kersten, 2004). If priming is abolished under 

these conditions then it cannot be based upon this kind of low-level information. 

Action verbs and their corresponding hand movements have been shown to 

involve similar patterns of neural activity (Péran et al., 2010), therefore the text 

primes should also be effective assuming they accurately convey the same kind of 

information as the photographic and animated primes.  

Experiment 2 was conducted to show more general evidence of functionally-

interactive thematic relationships. Photographs of a wide variety of tools are 

included as target stimuli, along with non-animated photographs of the hand 

postures corresponding to their functional use the as prime stimuli. As it has been 

shown that the visual presentation of a hand in a specific grasping posture can 

prime the recognition of objects that it could grasp (Borghi et al., 2007; Kalénine et 
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al., 2009; Vainio et al., 2008), it seems likely that a hand in a specific functional-

interaction posture can prime the recognition of objects that it could interact with. 

Experiment 3 was conducted to determine if awareness of the pantomime 

primes is required. The non-animated primes and target stimuli used in Experiment 

1 are presented using a binocular rivalry methodology, which allows for the 

presentation of different stimuli to each eye. To selectively modulate awareness of 

the pantomime primes continuous flash suppression is used (CFS; Tsuchiya & 

Koch, 2005). CFS involves the presentation of a dynamic and highly perceptually 

salient stimulus to one eye in order to “suppress” any stimuli being presented at 

the same retinal location in the other eye. This stimulus presentation method 

effectively makes the non-CFS stimulus appear invisible to the observer. Despite 

this lack of awareness the visual system seems to still be able to process certain 

kinds of information about CFS suppressed stimuli (Fang & He, 2005; Pearson & 

Clifford, 2005a; Tong et al., 1998). This information appears to be largely motion-

based and is processed in dorsal stream areas (Chapter 1.1.1). However, exactly 

what kinds of visual-motion information can be perceived without awareness is still 

being determined. 

 In the attempt to resolve this issue Almeida et al. (2008) produced evidence 

that the visual recognition of tools can be primed using tool images that were 

suppressed using CFS. This finding appears to indicate that the action information 

associated with tools can undergo dorsal stream processing outside of awareness. 

However, in a more recent study these authors suggested that the only information 

that can be perceived when the image of a tool is suppressed using CFS is that it 

is a manipulable object; the specific functional use of that tool cannot be perceived 
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(Almeida et al., 2010). The validity of these suggestions and whether information 

about tools can truly be processed outside of awareness by dorsal stream areas 

has been recently called into question. Evidence produced by Sakuraba et al. 

(2012) shows that the dorsal stream is responsive to images of all kinds of 

elongated shapes that are suppressed from awareness, not just images of tools 

and other manipulable objects. Consequently, awareness may in fact be required 

to process any visual information regarding the manipulable nature of an object. 

Determining whether functional-interaction priming can occur during CFS will help 

clarify exactly what kinds of manipulable object information can be perceived 

outside of awareness. 

 

6.2. Hypotheses 

1. The visual presentation of a hand pantomime depicting the posture required 

for the canonical functional use of a particular tool can prime the visual 

recognition of that tool.  

2. This functional-interaction tool-use priming can occur outside of awareness. 

 

6.3. Method 

6.3.1. Participants 

A total of 42 University of New South Wales students participated in this 

study (nexperiment 1 = 6; nexperiment 2 = 13; nexperiment 3 = 29). The author participated in 

Experiments 1 and 2. Participants in Experiment 3 received course credit upon 
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completion. All participants gave written, informed consent before the start of the 

experiment. This study received ethical approval from Human Research Ethics 

Advisory Panel (HREA). 

6.3.2. Stimuli: All Experiments 

All stimuli were presented using MATLAB (version 7.10.0 R2010a). 

Experiments 1 and 2 used a 27cm x 35.5cm Philips 109P4 monitor at a resolution 

of 1152 x 870 @ 75Hz while Experiment 3 used a 32cm x 51cm iMac monitor with 

a Nvidia GeForce GT 120 chipset at a resolution of 1920 x 1200. All experiments 

involved the presentation of photographic stimuli of faces, hands, and tools. Stimuli 

were presented in the center of the screen with a black background (luminance = 

0.01 cd/m2) and overlaid by a circular fixation mark (diameter = 0.3° visual angle). 

Face stimuli were taken from CALTECH’s online archive 

(http://www.vision.caltech.edu/archive.html). Face photographs were selected from 

this archive that expressed neutral emotionality, had even lighting, were forward 

facing and had no highly distinctive features. Tool stimuli consisted of multiple 

photographs of hammers, cups, wrenches, eating utensils, axes, house keys, 

computer mice, pencils, and scissors, which were taken from various internet 

sources, along with Experiment 1’s non-pantomime hand and house primes. All 

other hand stimuli were created in the lab using a Nikon D50 camera. The hand 

photographs consisted of functional tool use pantomimes for the selected tools 

from an allocentric viewpoint. To create the stimuli, the objects within all of the 

photographs were extracted and placed on top of an achromatic gray rectangle 
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(width = 11° visual angle; height = 11° visual angle; luminance = 62 cd/m2). See 

the top row of Figure 6.1 for examples of these stimuli. 

 The phase-scrambled primes were created by randomizing their phase 

spectrum within a Fourier transformation. Without changing the amplitude 

spectrum, the phases of each color channel (r, g, b) were identically randomized to 

preserve the color and luminance values present within the original photographs. 

See the bottom row of Figure 6.1 for examples of phase-scrambled versions of the 

top-row stimuli. 

 

 
Figure 6.1. Example photographs. Top Row: color photographs with backgrounds 
removed. Bottom Row: phase-scrambled versions of the top row photographs. (A) 
Face photograph used as a prime and target. (B) Hammer photograph used as a 
prime and target. (C) Hand photograph used as a prime only. 

6.3.3. Stimuli: Experiment 1 

Experiment 1 included the use of animated, non-animated, and text primes. 

Phase-scrambled versions of the photographic and animated primes were also 

included. In Experiment 1A only a face, a hammer, a hand, and a house were used 
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as prime stimuli. Figure 6.1 displays three of these primes and their phase-

scrambled versions. As can be seen in Figure 6.1C, this hand photograph does not 

pantomime the functional use of any kind of tool. The text primes used in this 

experiment were the nouns “face”, “hammer”, “hand”, and “house”. The target 

stimuli consisted of 4 face photographs and 4 hammer photographs, including the 

same hammer and face photographs used as prime stimuli.  

Experiments 1B and 1C only used pantomime hands and their text versions 

as prime stimuli. The same target stimuli were used, along with an additional 4 

face and 4 cup photographs. The prime photographs displayed the manner in 

which the hand and forearm appears during the canonical functional use of a 

hammer and a cup. Experiment 1B’s animated primes consisted of 4 frames 

displayed at a rate of 17.78 frames per second. Experiment 1C non-animated 

primes consisted of only the third frame of the previously used animations. 

Experiment 1C also included text primes that consisted of the verbs “swing” and 

“pour”. These stimuli are shown in the legend of Figure 6.5. 

6.3.4. Stimuli: Experiment 2 

Experiment 2 included the use of 7 new non-animated pantomime hand 

photographs and the face, hammer, and non-pantomime hand primes used in 

Experiment 1. The pantomime hands depicted the canonical manner in which the 

following objects are held during their functional use: cup, hammer/axe/wrench, 

computer-mouse, pencil, house-key, eating-utensil, and scissors. Target stimuli 

consisted of 18 face photographs (including all those used in the previous 
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experiment) and 18 tool photographs (2 different photographs of each of the 

previously mentioned tool types). 

6.3.5. Stimuli: Experiment 3 

Experiment 3 included the use of achromatic versions of the non-animated 

prime and target stimuli used in Experiment 1C, except for the cup photographs. 

Four new photographs of cups that do not have handles were taken from various 

internet sources, due to the concern that the handles may present alternative ways 

of functionally interacting with the cups. The blue color-channel was removed from 

all photographs used in this experiment and red/green anaglyph lenses were used 

to split the two remaining color channels between the eyes. This dichoptic 

presentation allows for two different images to be presented simultaneously to a 

single location by displaying one image in the red channel and the other image in 

the green channel, resulting in binocular rivalry. This binocular rivalry methodology 

was used to modulate awareness of the prime stimuli.  

Figure 6.2 displays a schematic of how the prime stimuli were constructed in 

Experiment 3. The prime photographs were presented in one of the two color 

channels while a continuous flash-suppression (CFS) pattern was presented in the 

other. The CFS consisted of a high-contrast pattern of squares that was 

randomized at a rate of approximately 75 Hz. On each trial this highly dynamic 

CFS was randomly assigned to one of the two color channels, with the prime being 

assigned to the other. In the “prime aware” condition the contrast of the CFS 

pattern was reduced by 40% to facilitate perceptual dominance of the prime 

photograph. In the “prime unaware” condition the contrast of the prime photograph 
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was reduced by 40% to facilitate perceptual dominance of the CFS pattern. 

Additionally, to produce perceptual isoluminance of the two color channels the 

brightness of the green channel was reduced by 50%, resulting in an overall 

orange coloration when viewed without the anaglyph lenses. 

 

Figure 6.2. Red/green binocular rivalry primes used in Experiment 3. Prime 
photographs and continuous flash-suppression (CFS) presented in separate color 
channels. The color channel containing the prime photograph was randomly 
determined on each trial. 

 

6.3.6. Procedure 

All participants were seated in a dark room approximately 57cm from the 

monitor. A chinrest was used to stabilize the participants’ head position. Figure 6.3 

shows the experimental timelines used in this study. Each experimental session 

consisted of numerous trials wherein every possible combination of prime and 

target photograph was presented for each condition. In all experiments the 

participants were required to categorize the target photo as either a “Face” by 

pressing the F key or a “Tool” by pressing the T key as quickly as possible. Each 

experiment was conducted separately and in the order presented within this 

manuscript, including the three parts of Experiment 1. 
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Figure 6.3. Experimental timelines. All timelines are similar with exception to how 
the primes were displayed. ISI: inter-stimulus interval. AEC: after-effect 
cancellation. ITI: inter-trial interval. (A) Experiments 1A, 1C, and 2 displayed a non-
animated prime for 150ms. (B) Experiment 1B displayed an animated prime for 
225ms. These animations consisted of 4 frames, each shown for 56.25ms. (C) 
Experiment 3 used red/green anaglyph lenses to present the non-animated prime 
to one eye and a continuous flash-suppression (CFS) pattern to the other eye for 
200ms. Target stimuli and after-effect cancellation were presented to both eyes.  

 

Figure 6.3A displays the experimental timelines used in Experiments 1A, 

1C, and 2. During each trial the participants were shown a prime for 150ms, 

followed by a 250ms inter-stimulus interval. This was then followed by the target 

photograph for 1s, which participants categorized as a “Face” or “Tool” by pressing 

corresponding buttons on the keyboard. They were instructed to respond as 

quickly as possible, but avoid making mistakes. If participants took longer than 1s 

from stimulus onset to respond, or if they responded incorrectly, a buzzer sound 

would be played and the trial would be repeated at a randomly determined point 

later in the session. Immediately following the target photograph an after-effect 

cancellation image was shown for 500ms to eliminate any perceptual after-images 
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from viewing the photographs. After an additional 500ms inter-trial interval the next 

trial would begin. 

Figure 6.3B displays the experimental timeline used in Experiment 1B. 

Though largely similar to the previous timeline, some adjustments had to be made 

to better suit the variations in stimuli and task. The 4-frame animated primes were 

displayed for 225ms (56.25ms per frame), which was followed by a 175ms inter-

stimulus interval. All other presentation timings were identical to the non-animated 

experimental timeline, and the stimulus onset asynchrony between the prime and 

target stimuli remained unchanged (400ms). 

Figure 6.3C displays the experimental timeline used in Experiment 3. 

Participants in this study were required to wear red/green anaglyph lenses to split 

the two color channels between the eyes. This allowed for the simultaneous and 

dichoptic presentation of the continuous flash-suppression (CFS) and the 

photograph prime, resulting in binocular rivalry. The rivaling stimuli were displayed 

for 200ms, followed by a 50ms inter-stimulus interval. All other presentation timings 

were identical to the previous experimental timelines. Additionally, at the end of 

each trial the participants were required to indicate whether or not they could 

identify the prime presented during the rivalry by pressing one of two buttons at the 

end of each trial. This procedure was included to verify that the primes were being 

suppressed from awareness in the “Unaware” condition and were not being 

suppressed in the “Aware” condition. 
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6.3.7. Data Preparation 

Incorrect responses were recorded but excluded from analysis in all 

experiments. When an incorrect response was made a buzzing sound would be 

played through the computer’s speakers and that particular trial would be repeated 

at a randomly determined point later in the session. Two filters were applied to the 

data in order to remove outliers. Firstly, all reaction times faster than 200ms or 

slower than 700ms were excluded. Secondly, any reaction times beyond 2.5 

standard deviations from the participant’s mean for that prime-target combination 

were excluded. This filtered data was then normalized to facilitate comparison 

across participants.  

 

6.4. Results 

Mean reaction times were computed to measure the effects of each of the 

different prime photographs on the recognition of the target objects. The means for 

each participant were computed by first averaging together their reaction times for 

all photographs in a single category (eg. faces) for each experimental session, 

separated by prime condition. These category averages were then averaged 

across all of the participant’s experimental sessions, resulting in mean reaction 

times for each combination of prime and target object category. Then “matched” 

and “mismatched” means were computed for each participant by averaging 

together their mean reaction times for the prime-target combinations that shared a 

thematic relationship, and for those that did not. These overall matched and 

mismatched reaction times were used in the analyses described below. 
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6.4.1. Experiment 1A: Non-pantomime Priming 

In this experiment we sought to determine whether our non-pantomime 

hand photograph could prime recognition for the hammer targets due to being 

thematically related. The effects of the hand prime were compared to that of the 

face and house primes in order to determine their ability to facilitate the 

categorization of the hammer photographs used in this experiment. The hammer 

prime was excluded from this analysis as it is clearly within the same taxonomic 

category as the hammer targets. The data was split by prime condition (normal 

photographs, scrambled photographs, text). For each condition, a separate paired-

samples t-test was conducted comparing the prime-target combinations that were 

thematically matched (hand-hammer) to the combinations that were mismatched 

(face-hammer; house-hammer). It was predicted that recognition of the hammer 

targets would be faster when the hand prime was shown, as tools and hands share 

a functional-interaction relationship.  

Figure 6.4 shows the mean normalized reaction times and standard errors 

for matched and mismatched prime-target pairs using the normal, scrambled, and 

text primes. For the normal photographic primes (Figure 6.4A) no significant 

difference was found between the matched and mismatched pairs t (5)=0.91, p = 

0.41, observed 1-β = 0.115, which fails to indicate the presence of any functional 

interaction thematic priming (hand – hammer). This appears to indicate that non-

pantomime hand prime was not sufficiently related to the hammer targets. For the 

phase-scrambled photographic primes (Figure 6.4B) no significant difference was 

found between the matched and mismatched pairs t (5)=0.17, p = 0.87, observed 

1-β = 0.05. This result was expected as visual recognition of the prime 



Chapter 6. Study 4: Functional Interactions Between Concepts 
 

 The nature and organization of object concepts           115  

photographs was made impossible. For the text primes (Figure 6.4C) no significant 

difference was found between the matched and mismatched pairs t (5)=1.75, p = 

0.14, observed 1-β = 0.296. This result could either indicate that the chosen word 

primes were not sufficiently related to the target photographs, or that object names 

are ineffective for this form of priming. 

 

Figure 6.4. Mean normalized object categorization reaction times for matched and 
mismatched pairs of hand prime and target object used in Experiment 1A. (A) 
Normal primes. (B) Phase-scrambled primes. (C) Text primes. Normal and text 
prime stimuli are shown in the bottom-right. Error bars show +1 SEM.   

 

6.4.2. Experiment 1B: Animated Pantomimes 

In this experiment we sought to replicate the functional-interaction thematic 

priming of  Mounoud et al. (2007) using similar tool-use pantomime animations. 

The effects of the two different pantomime prime animations were analyzed to 
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determine their comparative ability to facilitate recognition for the hammer and cup 

objects used in this experiment. The data was split by prime condition (normal 

animations, scrambled animations, text). For each condition, a separate paired-

samples t-test was conducted comparing the prime-target combinations that were 

thematically matched (swing-animation/hammer; pour-animation/cup) to the 

combinations that were mismatched (pour-animation/hammer; swing-

animation/cup). It was predicted that the animations depicting the proper usage of 

cups would facilitate recognition for cups and the animations depicting the proper 

usage of hammers would facilitate recognition for hammers. It was also predicted 

that this kind of facilitation could be produced using verbs describing these actions 

(swing; pour). Figure 6.5 shows the mean normalized reaction times and standard 

errors for the matched and mismatched prime-target pairs separated by condition 

used in this experiment. 

For the normal animated pantomime primes (Figure 6.5A) a marginally 

significant difference was found between the matched and mismatched prime-

target pairs t (5)=2.34, p = 0.067, observed 1-β = 0.471. While this result indicates 

no significant difference in thematic priming between the matched and mismatched 

animated pantomime primes, it does appear to suggest that such a difference 

could be found using these kinds of stimuli. Post hoc analyses directly comparing 

the two primes appear to show that the “swing” animation works best for the 

hammers, and the “pour” animation works best for the cups, but it cannot be 

determined if these differences are due to the relative effectiveness (or 

ineffectiveness) of one or both of the prime animations. For the phase-scrambled 

animated pantomime primes (Figure 6.5B) no significant difference was found 
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between the matched and mismatched prime-target pairs t (5)=0.71, p = 0.51, 

observed 1-β = 0.09. This result indicates that no significant amount of priming 

occurred using the phase-scrambled animated pantomime primes. For the text 

primes (Figure 6.5C) no significant difference was found between the matched and 

mismatched prime-target pairs t (5)=1.41, p = 0.22, observed 1-β = 0.211. This 

result shows no functional-interaction priming using the verbs “SWING” and 

“POUR”. 

 

 

Figure 6.5. Mean normalized object categorization reaction times for matched and 
mismatched pairs of hand prime and target object used in Experiment 1B. (A) 
Normal animated primes. (B) Phase-scrambled animated primes. (C) Text primes. 
Each individual frame of the animations used in this experiment are shown in the 
bottom-right. Error bars show +1 SEM.   
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6.4.3. Experiment 1C: Non-animated Pantomimes  

In this experiment we attempted to more directly address the main 

hypothesis which focuses on the hand’s posture, not its motion. The resulting 

prime stimuli only contained this posture information, and consisted of the third 

frames of the previously used animations. These non-animated pantomime primes 

depicted the canonical posture required for the functional uses of hammers and 

cups. It was thought that these pantomime hand primes could facilitate the 

recognition of corresponding tools as it has been previously shown that the 

presentation of tools can facilitate the mimicry of corresponding hand-postures 

(Bub & Masson, 2006). 

The effects of the two pantomime prime photographs were analyzed to 

determine their comparative ability to facilitate the categorization of the faces, 

hammers, and cups used in this experiment. The data were split by prime condition 

(normal photographs, scrambled photographs). For each condition, a separate 

paired-samples t-test was conducted comparing the prime-target combinations that 

were thematically matched (swing-photograph/hammer; pour- photograph/cup) to 

the combinations that were mismatched (pour- photograph/hammer; swing- 

photograph/cup). It was predicted that the pantomimes mimicking the posture 

required for the functional use of a tool would result in faster reaction times for that 

tool. Figure 6.6 shows the mean normalized reaction times and standard errors for 

the matched and mismatched prime-target pairs separated by condition used in 

this experiment. 

For the normal photographic pantomime primes (Figure 6.6A) no significant 

difference was found between the matched and mismatched prime-target pairs  
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t (5)=1.47, p = 0.20, observed 1-β = 0.224. This result seems quite different from 

that of Experiment 1B, which appears to suggest that the functional-interaction 

priming might require real visual motion, not implied motion, to be present within 

the prime stimuli. For the phase-scrambled photographic pantomime primes 

(Figure 6.6B) no significant difference was found between the matched and 

mismatched prime-target pairs t (5)=1.23, p = 0.27, observed 1-β = 0.172. This 

result indicates no significant amount of priming occurred using the phase-

scrambled pantomime primes. No priming effects were predicted for this condition. 

However, it should be noted that while no significant differences were found 

in this experiment it cannot be concluded that none exist, especially since this 

pattern of results is highly similar to that of Experiment 1B. Visual comparison of 

Figures 6.5. and  6.6. shows that the average difference between the matched and 

mismatched reaction times for the normal prime condition of this experiment is 

highly similar to that of Experiment 1B. The only major difference between these 

two sets of data is that a higher degree of variability was found in Experiment 1C. 

Therefore, it may be the case that there is a true difference in the conditions, but 

that difference has been masked by relatively large SEM values. 
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Figure 6.6. Mean normalized object categorization reaction times for matched and 
mismatched pairs of hand prime and target object used in Experiment 1C. (A) 
Normal photographic primes. (B) Phase-scrambled photographic primes. Prime 
photographs consisted of the third frames of the animated primes shown in Figure 
6.5. Error bars show +1 SEM.   

 

6.4.4. Experiment 2: Non-animated Pantomimes for Various Tools 

In this second experiment we sought to once again test our main hypothesis 

using a wider range of tool objects and hand-pantomime primes. Photographs of 

scissors, keys, pencils, eating-utensils, computer mice, axes, and wrenches were 

included as target stimuli. New hand-pantomime primes were also included which 

depicted the canonical posture required for the functional use of each of these 

kinds of tools.  

The effects of all 8 pantomime hand primes were analyzed to determine 

their comparative ability to facilitate the categorization of the various tool 

photographs used in this experiment. It was predicted that the presentation of 

hands mimicking the traditional manner in which a tool is used will prime the 

subsequent recognition of that tool, while mismatched hand mimicry will not. 

Therefore, to test this prediction the mean reaction times for the tools’ matched 

hand primes were compared to the mean reaction times for the tools’ mismatched 

hand primes. For this analysis the face targets were excluded. 

A paired-samples t-test was conducted to compare the mean reaction times 

for all the matched prime-target pairs and the mismatched prime-target pairs. No 

significant difference was found between these two conditions t (12)=0.44,  

p = 0.67, observed 1-β = 0.069. These results, which are shown in Figure 6.7, do 
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not show a significant amount of functional-interaction priming for the non-

animated pantomime primes, which appears similar to Experiment 1C. 

 

Figure 6.7. Mean normalized object categorization reaction times for the matched 
and mismatched hand-tool pairs used in Experiment 2. Error bars show +1 SEM.   

 

6.4.5. Experiment 3: Prime Awareness Modulation 

In this third and final experiment we sought to once again test our main 

hypothesis, as well as our secondary hypothesis concerning whether awareness is 

required for this form of priming to occur. Using a continuous flash suppression 

(CFS) methodology, if significant functional-interaction priming is found when the 

pantomime prime photographs are suppressed from awareness this would indicate 

that visually presented hand postures associated with tool-use can be processed 

outside of awareness (Almeida et al., 2010; Fang & He, 2005; Tong et al., 1998). 

The face, hammer, non-tool hand, hammer-hand, and cup-hand primes that 

were used in Experiment 1C were also used in this study. The effects of the two 

tool-use pantomime hand primes were compared in order to determine their ability 

to facilitate the visual recognition of their matching tools (hammers; cup). For each 
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condition, a separate paired-samples t-test was conducted comparing the prime-

target combinations that were thematically matched (swing-photograph/hammer; 

pour-photograph/cup) to the combinations that were mismatched (pour- 

photograph/hammer; swing-photograph/cup). It was predicted that the pantomime 

photographs mimicking the posture required for the functional use of a tool would 

result in faster reaction times for that tool. Figure 6.8 shows the mean normalized 

reaction times and standard errors for the matched and mismatched prime-target 

pairs separated by awareness condition. 

Figure 6.8A shows the normalized mean reaction times for the prime aware 

condition. No significant difference was found between the matched and 

mismatched prime-target pairs t (29)=0.65, p = 0.52, observed 1-β = 0.096. Like 

the results of Experiment 1C and Experiment 2 this result does not support the 

main hypothesis by showing no functional-interaction priming for the non-animated 

primes. Figure 6.7B shows the normalized mean reaction times for the prime 

unaware condition. No significant difference was found between the matched and 

mismatched prime-target pairs t (29)=1.05, p = 0.30, observed 1-β = 0.173. This 

finding shows no significant functional-interaction priming for the unaware primes. 

However, as can be seen in Figure 6.8, there does seem to be a difference 

between these two conditions. Regardless of whether the prime and target stimuli 

were matched or mismatched, when the participants were unaware of the prime’s 

presence they appeared to correctly categorize the target objects more quickly. 
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Figure 6.8. Mean normalized object categorization reaction times for the matched 
and mismatched hand-tool pairs used in Experiment 3. (A) Prime aware. (B) Prime 
unaware. Error bars show +1 SEM.   

6.5. Discussion 

This study does not show any significant functional-interaction priming 

effects using animated, non-animated, or verbal tool-use pantomimes. However, 

the data of the animated primes does seem to suggest that this form of thematic 

priming (Section 6.4.2.), which is predicted by the theory of modality grounded 

cognition, may in fact be possible (Chapter 7.1.2). However, no evidence was 

found suggesting that this form of priming can occur using non-animated primes; 

hand-photographs in the canonical postures required for the functional use of tools 

did not produce a significant amount of functional-interaction priming in this study 

(Sections 6.4.3., 6.4.4., and 6.4.5.). Consequently we cannot conclude that there is 

an overlap in the processing of a tool’s identity and the hand postures required for 

its functional use. While there are many potential explanations for this result, it 

does seem to suggest that manipulable object concepts are grounded more so 

within motion areas (Chapter 7.3.3). Multiple factors or combinations of factors 

may have produced this result, but the current study’s design is unlikely to be one 

of them for the reasons described below.  
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The current study sought to replicate the findings of Mounoud et al. (2007) , 

which used stimuli that consisted of 800ms and 1400ms videos depicting the full-

body of an actor mimicking the canonical functional use of a wide range of tools. 

Though this study predominantly looked at age-related differences in children, 

significant functional-interaction priming was found for all age groups. The current 

study’s methodology differed in a few important ways, which may account for the 

lack of significant results. Firstly, our tool-use pantomime animations were only 

225ms long. We intentionally used shorter animations to ensure that the 

participants were not able to create strong mental imagery representations of the 

“missing” tool objects (see Pearson et al., 2008). This was a concern as it could 

potentially confound the contributions of the visual hand-motion information on the 

recognition of the tools objects being shown. Secondly, the animations were 

displayed at a rate of 17.78 frames per second. This frame-rate is well below 

modern standards for video, but was still capable of producing a compelling sense 

of motion despite a noticeable “choppiness”. Thirdly, our pantomimes consisted of 

only the hand and forearm of the actor, instead of the actor’s entire body. This 

allowed us to specifically study the visual information provided by postures and 

movements of the actor’s hand without the potentially distracting information 

provided by the rest of the body. Finally, we used only adult participants, the age 

group that showed the weakest priming effects in Mounoud et al. (2007). All other 

aspects of these animated stimuli were designed to be similar to that of the 

previous study. However, though they were based upon stimuli previously shown 

to be effective, the current stimuli were not validated in their ability to accurately 

depict the pantomimes most closely associated with the tools used in these 
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experiments. Consequently, it may very-well be the case that the current stimuli 

are suboptimal. This potential limitation may have contributed to our finding of only 

marginally significant functional-interaction priming effects being produced using 

our animated pantomime primes. 

It was predicted that non-animated tool-use pantomimes could prove to be 

effective as functional-interaction primes, as it has been previously shown that the 

visual presentation of tools can facilitate the mimicry of subsequently presented 

hand-postures (Bub & Masson, 2006). However, the current evidence does not 

support this prediction. Four factors that likely contributed to this outcome have 

been identified based upon the previous literature. These factors include: the small 

number of participants included in these studies, the perspective from which the 

stimuli were displayed, the accuracy of the prime stimuli in depicting the canonical 

postures required for the functional use of the tools targets, the orientations of the 

prime and target stimuli, and the participants’ intentions toward the tool objects. 

Prime awareness was not considered to be a contributing factor as no difference 

was found between the aware and unaware conditions of Experiment 3. The 

potential influences of these four contributing factors are discussed in further detail 

below.  

6.5.1. Number of Participants 

The number of participants in Experiments 1 and 2 were relatively low.  

Increasing the number of participants included in these experiments could help to 

increase statistical power, which would make it easier to detect significant 

differences in the reaction times between the matched and mismatched stimulus 
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pairs (i.e. normal conditions). However, the low power values observed in these 

experiments (Section 6.4.) may also be indicating that no such differences actually 

exist (i.e. scrambled conditions). While the current data seems to indicate that a 

difference might exist between the matched and mismatched stimulus pairs of 

Experiment 1b's normal animations condition, it cannot be easily assumed that any 

other significant differences exist (e.g. Experiments 1a, 1c, 2 and 3). Therefore, 

collecting data from additional participants would most likely fail to change the 

results of these analyses.  

 It is important to note that the observed power values of these statistical 

comparisons are entirely dependent upon the observed difference between the two 

groups of each analysis. Therefore low power values are to be expected if no 

differences actually exist between the conditions. Consequently, as stated in the 

previous paragraph, these power values merely reflect the fact that significant 

differences were not found within the current data (if significant differences were 

found these power values would approach 0.80). 

6.5.2. Perspective 

Pantomime hand-primes used in the current study depicted the stimuli as 

though the participants were standing directly to the left of the pantomime actor. 

This is known as an allocentric perspective, in comparison to an idiocentric 

perspective wherein the participant would be viewing the stimuli from the actor’s 

point of view. An allocentric perspective was chosen for our prime and target 

stimuli as it has previously been shown to be effective (Mounoud et al., 2007). 

However functional neuroimaging studies have found marked differences in how 
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these two perspectives influence the neural processing of stimuli (Farrer & Frith, 

2002; Jackson, Meltzoff, & Decety, 2006; Maeda, Kleiner-Fisman, & Pascual-

Leone, 2002; Ruby & Decety, 2001; Vogeley et al., 2004). These differences most 

likely correspond with behavioral differences that have been observed when 

viewing stimuli in these two perspectives.  

 Vogt et al. (2003) found that the use of an idiocentric perspective in a hand-

action priming task will generally produce stronger priming effects than an 

allocentric perspective. They argued that this superior facilitation occurs because 

this perspective conveys the visual-motion information most similar to what is seen 

upon the self-performance of those actions. They described this as the “Own 

perspective advantage” as it appeared to produce a sense of ownership over the 

hands being shown, which is likely due to the fact that this is the perspective 

through which one perceives their own body.  

Expanding upon these findings, Bruzzo et al. (2008) have produced 

evidence that this superior form of action-priming is not simply a matter of 

perspective. In their study the prime stimuli consisted of a gloved hand in various 

neutral and grip postures, while the target stimuli depicted the same gloved hand 

interacting with various tools in either a sensible or non-sensible manner. These 

prime and target stimuli were displayed using both an idiocentric and allocentric 

perspective. All four combinations of the two stimuli shown in the two perspectives 

were compared. They found that participants made much faster judgments on the 

sensibility of the hand-tool interaction for idiocentric than allocentric targets, but 

only while wearing a pair of gloves matching those shown in the stimuli. When the 

participants did not wear the gloves the idiocentric primes actually produced slower 
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reaction times than the allocentric primes. This finding indicates that the visual 

similarity between actor and observer plays a very important role in this sense of 

ownership; perspective may not be as important as previously thought. Research 

on mirror neurons appears to support these conclusions. 

Mirror neurons are special cells found in the brains of macaque monkeys 

that become active during the performance or observation of another individual 

performing a particular behavior (Di Pellegrino, Fadiga, Fogassi, Gallese, & 

Rizzolatti, 1992; Keysers, 2009; Rizzolatti & Craighero, 2004). These neurons 

process both perceptual and motor information which seems to allow macaques to 

easily mimic and understand the behavior and emotional states of others (Gallese, 

2001; Iacoboni, 2009; Williams, Whiten, Suddendorf, & Perrett, 2001). Recent 

evidence has indicated that humans also appear to have mirror neurons 

(Craighero, Bello, Fadiga, & Rizzolatti, 2002; Fabbri-Destro & Rizzolatti, 2008; 

Fagioli, Ferlazzo, & Hommel, 2007; Keysers & Gazzola, 2010; Mukamel, Ekstrom, 

Kaplan, Iacoboni, & Fried, 2010). As mirror neurons are the perfect example of a 

single neural area involved in the processing of both perception and knowledge, 

their discovery has produced strong and unambiguous evidence supporting the 

theory of grounded cognition (Garbarini & Adenzato, 2004; Wiedermann, 2012). 

Actor-observer similarity has been identified as an important mediating 

factor for mirror neuron effects (Anelli, Nicoletti, Kalkan, Sahin, & Borghi, 2012; 

Buccino et al., 2004; Calvo-Merino, Grèzes, Glaser, Passingham, & Haggard, 

2006). The influence of similarity appears to mostly be based upon the fact that 

how an individual performs an action is highly dependent on their body-type and 

capabilities. Consequently, if there is a high degree of similarity between two 
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individuals, then it is likely that they will perform the same action in the same way. 

As all hand-primes used in this study depicted a male Caucasian’s right hand, this 

potentially attenuated the effectiveness of the primes for the female, left-handed, 

and non-Caucasian participants. 

Based upon these findings, the current study’s prime and target stimuli 

could potentially be improved through increasing the participants’ general sense of 

ownership for the pantomime-hand primes that were shown. To do this, it seems 

important to ensure a high degree of similarity between actor and observer, but the 

use of an idiocentric perspective does not seem as important. The optimal study 

design in this regard would have the participants play the role of both actor and 

observer. Each participant would first create a unique set of pantomime-hand 

primes using their own hands, and then be tested using those stimuli. An 

idiocentric perspective could also be used, but how important it is remains unclear. 

6.5.3. Prime Accuracy 

Accurate depiction of the canonical hand postures required for functional 

tool-use is obviously an important issue in this study. Accordingly, many methods 

have been developed to determine the accuracy of stimuli included in such a 

study. Perhaps the most commonly used behavioral method has been the 

completion of a preliminary stimulus-rating experiment using a separate group of 

participants. In such an experiment a wide array of potential stimuli would be rated 

on how well they exemplify the stimuli desired by the researcher. Only the stimuli 

receiving the highest ratings would later be used in the main experiment. No such 

stimulus ratings were made in the current study. 
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This raises the question of whether or not our prime photographs depict 

hand-postures that most accurately correspond to the chosen tools. This issue is 

central to the current study’s main hypothesis, as it states that the hand stimulus 

that depicts the canonical posture required for the functional use of a tool can 

prime its recognition. However, it should be noted that many of the hand-action 

studies that were previously discussed did not rate the accuracy of their selected 

hand-stimuli (Borghi et al., 2007; Bruzzo et al., 2008; Liuzza et al., 2012; Mounoud 

et al., 2007; Vainio et al., 2008; Vogt et al., 2003). While it is possible that the 

verification and use of more accurate hand-postures may have produced greater 

priming effects, it seems unlikely that the postures used in the current study were 

completely inaccurate and therefore incapable of producing any amount of priming 

for the tools used in this study. 

6.5.4. Stimulus Orientation 

Not all of the tool targets used in Experiment 2 were correctly aligned with 

their corresponding pantomime-hand primes (Section 6.3.4.). For these misaligned 

pairs of stimuli if the two images were overlaid the tools would not fit within the 

hands in a manner consistent with their canonical functional use. This is potentially 

problematic as perception of the hand and tool stimuli used in the current study 

most likely involved a degree of processing within the dorsal stream (Chapter 

1.1.1), which is known to be sensitive to the orientations of graspable objects 

(Rice, Valyear, Goodale, Milner, & Culham, 2007; Valyear, Culham, Sharif, 

Westwood, & Goodale, 2006). This sensitivity is logically a consequence of the fact 

that grasping differently oriented objects requires different sequences of hand-
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movements. In accordance with this conclusion, faster reaction times have been 

shown when hand and tool stimuli are properly aligned (Masson, Bub, & Breuer, 

2011). 

To determine if prime-target misalignment had an influence on Experiment 

2’s data a split-half analysis was conducted. This analysis directly compared the 

participants’ reaction-times for aligned and misaligned prime-target pairs. No 

significant difference was found in the primes’ effectiveness between aligned and 

misaligned prime-target pairs, yet this of course does not prove one does not exist. 

This finding simply means that any influence of stimulus misalignment is 

undetectable within the current data. However, there are other aspects concerning 

the orientation of these stimuli that are potentially problematic. 

The orientation of a graspable object is also known to exert a powerful 

influence on an observer’s hand movements. It has repeatedly been shown that 

viewing an object that could more easily be grasped with one of the two hands will 

selectively facilitate movements of the corresponding hand (Costantini, Ambrosini, 

Tieri, Sinigaglia, & Committeri, 2010; Phillips & Ward, 2002; Tucker & Ellis, 1998; 

Vainio, Ellis, & Tucker, 2007). This shows that the motor knowledge that is 

activated by viewing manipulable stimuli does not generalize across the two hands. 

When applied to the current study, this finding would suggest that tools aligned 

with the right hand should result in faster reaction times than tools aligned with the 

left hand, as all the pantomime primes depicted a right hand and all the 

participants used their right hand to make their responses. Yet the data show no 

such hand-alignment based differences. It is likely that this kind of hand-alignment 
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bias was avoided simply due to how the participants made their responses; they 

were instructed to only move their right-index or right-middle fingers.  

Handedness is another potentially important factor related to stimulus 

orientation. Though participant handedness was not recorded, approximately 1 in 

10 individuals are left-handed, making it quite probable that some of them were left 

hand dominant. As the prime stimuli depicted only a right hand this may have 

attenuated the effectiveness of the primes for these participants. However, the 

manner in which the brain processes this kind of information may suggest an 

explanation as to why this is not likely to be the case. It is well known that tool-use 

knowledge is processed predominantly within the brain’s left hemisphere, even for 

left-handed individuals (Choi et al., 2001; Frey, Funnell, Gerry, & Gazzaniga, 2005; 

Moll et al., 2000). As the left hemisphere also coordinates movements of the right 

hand, using right-handed stimuli may in fact be optimal for studies concerning 

functional tool-use. However, recent evidence has called this assumption of 

handedness invariance into question (Willems, Toni, Hagoort, & Casasanto, 2009). 

Consequently, it is possible that left-handers experienced some level of difficulty 

relating to our right-handed stimuli. 

6.5.5. Participant Intentions 

Gibson (1979) proposed that simply looking at an object that affords 

interaction will activate stored knowledge about that interaction. This proposal has 

gained a large amount of support over the years from behavioral and neurological 

research (Borghi et al., 2007; Chao & Martin, 2000; Craighero et al., 2002; 

Craighero et al., 1998; Craighero et al., 1996; Creem-Regehr & Lee, 2005; Gianelli 
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et al., 2008; Grèzes et al., 2003; Helbig et al., 2006; Murata, Gallese, Luppino, 

Kaseda, & Sakata, 2000; Taira, Mine, Georgopoulos, Murata, & Sakata, 1990; 

Tucker & Ellis, 1998, 2004; Vainio, Ellis, Tucker, & Symes, 2006), but has recently 

been challenged. Bub and colleagues (2010; 2008) have argued that the observer 

must actually have the intention of interacting with the objects being shown for their 

associated motor knowledge to become activated. Though controversial, this 

argument has some support. It has been shown that the recognition of a 

manipulable object involves different neural processes depending on whether and 

how an observer plans to interact with it (Chao & Martin, 2000; Fagioli, Hommel, & 

Schubotz, 2007; Grèzes & Decety, 2001; Handy, Grafton, Shroff, Ketay, & 

Gazzaniga, 2003). 

In the attempt to reconcile their findings with the literature Bub and 

colleagues (2010; 2008) have pointed out that these studies did not always involve 

the passive viewing of manipulable objects. Many of these studies required the 

participants to perform some kind of motor task related to the objects’ identities, 

such as making a point, reach, or grasp movement. They argue that it was this 

motor task, not the passive viewing of stimuli, which triggered the object’s 

interaction knowledge.  

Though this is clearly still a rather contentious issue, these findings 

potentially indicate that the motor knowledge associated with the current study’s 

prime and target stimuli may not have become activated due to the study’s design. 

Our participants were not required to plan or execute any hand movements 

regarding the identity of the objects being shown. In fact, the participants were 

instructed to remain still and only move their right-index and right-middle fingers to 
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make the categorization responses. If intent truly does play such an important role 

in the activation of motor knowledge, then this may have contributed to the lack of 

significant functional-interaction priming effects observed in this study. Further 

research is required to determine the importance of the observer’s intentions on 

the activation of action knowledge. 

6.5.6. Previously Identified Factors 

 In the previous study identity specificity (Chapter 5.5.1.), spatial-frequency 

(Chapter 5.5.2.), and color diagnosticity (Chapter 5.5.3.) were identified as being 

important for color-associate priming. This makes it seem possible that similar 

factors would be important for functional-interaction priming. However, within the 

relatively much larger body of research on this subject no study has identified 

these factors as being particularly important. Secondly, functional-interaction 

priming effects found for the animated pantomime-hands of Experiment 1B 

approached statistical significance without taking these factors into consideration. 

Though it may be possible that one or more of these factors had a greater 

influence on the non-animated primes than the animated primes, such an 

interaction seems unlikely. 

6.5.7. Conclusions 

No evidence was found suggesting that the visual recognition of tool objects 

was facilitated by the prior visual presentation of information regarding their 

functional-interaction. Using a more conservative design than Mounoud et al. 

(2007), the current study only produced marginally significant thematic priming 

effects using animated pantomime-hands depicting the functional usage of tools. It 
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was predicted that this form of priming could occur using non-animated stimuli of 

hands in the canonical postures required for functional interaction with various 

tools, but no evidence of this was found.  

Numerous factors may have potentially contributed to this outcome 

including the small number of participants, the participants’ lack of a sense of 

ownership for the hand stimuli that were used, the fact that the hand postures 

selected may not accurately depict the canonical functional-interaction postures 

required for using the tools included in this study, the fact that the hand and tool 

stimuli were not always appropriately aligned, and the fact that the participants 

were not required to perform any hand movements associated with the stimuli 

being shown. Within the larger framework of the theory of modality grounded 

cognition, these results seem to suggest that concept knowledge for manipulable 

objects may involve areas that process associated forms of visual-motion, but 

perhaps not areas that process information about hand posture. 
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7. GENERAL DISCUSSION 

Object concepts are highly perceptual in nature. Each individual concept 

includes all the information that is associated with a particular category of objects. 

As detailed in Chapter 1.1. this knowledge is represented by a complex pattern of 

activity distributed throughout the various sensory and motor systems of the brain 

(Allport, 1985; Barsalou, 1999; Gallese & Lakoff, 2005; A. Martin, 1998; McClelland 

& Rumelhart, 1987; Rumelhart & McClelland, 1986). The theory of modality 

grounded cognition (Chapter 1.2) appears to provide the simplest and most 

accurate description of this inner organization of concept knowledge (Barsalou, 

2008, 2010; Gibbs Jr, 2005; Jirak et al., 2010; M. Wilson, 2002). This theory states 

that object knowledge is encoded within the same neural areas that were involved 

during the perception of, or interaction with, that particular object. The current 

thesis provides novel behavioral support for this theory.  

The aim of this thesis was to address some of the more contentious issues 

within the theory of modality grounded cognition (Chapter 1.3.). Specifically, the 

goals of the current thesis were to investigate the role of color in the grounding of 

object concepts, to determine if the manner in which an object is manipulated 

influences its grounding, and to ascertain if grounded cognition can account for 

abstract concepts. To meet these goals a cognitive-experimental psychology 

approach was used consisting of various behavioral techniques including object 

recognition (Chapter 2.1), priming (Chapter 2.2), and binocular rivalry (Chapter 

2.3). Though the theory of modality grounded cognition states that object concepts 

can include information gained from any sensory modality, this thesis focuses 

entirely on the role of visual information. 
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The current thesis consists of four independently designed and conducted 

studies that address various aspects of the theory of modality grounded cognition. 

Each one of these studies has produced evidence of some degree of interactivity 

between knowledge and perceptual-based processing. Knowledge of previously 

experienced stimuli was shown to influence the perception of visual stimuli in 

Chapters 3 and 4, and visual stimuli were also shown to influence knowledge 

processing in Chapters 5 and 6. These findings complement those of prior 

grounded cognition research within the fields of psychology, cognitive-

neuroscience, and vision science (see Barsalou, 1999).  

Despite this supporting evidence, the theory of modality grounded cognition 

has remained controversial due to its wide spread implications for fundamental 

theories of knowledge and perceptual-based processing. As evidence in support of 

grounded cognition has recently begun to mount, so have efforts to modify it to 

accommodate seemingly conflicting evidence (Connell, 2007; Kemmerer & 

Gonzalez-Castillo, 2010; Mahon & Caramazza, 2008; Meteyard, Cuadrado, 

Bahrami, & Vigliocco, 2012; Pecher, Boot, & Van Dantzig, 2011; Pezzulo et al., 

2011). Often critics of grounded cognition theory have pointed to previously 

supported conclusions or issues that are not easily explained by the theory of 

modality grounded cognition. For example, an empirical study by Bedny, 

Caramazza, Grossman, Pascual-Leone, and Saxe (2008) found that viewing action 

verbs elicited greater neural responses within the posterior-lateral-temporal cortex 

than nouns, and this pattern of activity did not involve any visual-motion processing 

areas. Also, large differences in patterns of neural activity for imagery and 

perceptual-based processing have been found (Lotze et al., 1999; Schupp et al., 
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1994; Wadsworth & Kana, 2011). In a review by Chatterjee (2010) of the evidence 

supporting grounded cognition for language and spatial processing it was argued 

that much of it this data is likely misinterpreted, and the theory’s inability to account 

for abstract concepts is an important, if not critical, theoretical flaw. Another review 

by Hickok (2009) argued that within the current data it remains ambiguous as to 

whether mirror neurons underlie action understanding in primates, therefore the 

widespread acceptance of mirror neurons as being strong supporting evidence for 

grounded cognition is fallacious.  

This final chapter consists of a discussion of some of these contentious 

issues in light of the combined findings of Chapters 3, 4, 5, and 6. The issues 

addressed in this chapter include how these combined findings inform the theory of 

modality grounded cognition, their potential real-world applications, and the 

possible directions they suggest for future studies on the nature and organization 

of object concepts. 

 

7.1. Evidence Supporting Grounded Cognition 

The findings presented within this thesis appear to support the theory of 

modality grounded cognition, which states that object knowledge is encoded within 

the same neural areas that were involved during the perception of that object. 

Though previous research has already provided evidence supporting various 

aspects of this theory (Chapter 1.2), significant issues remain. In particular, how 

grounded cognition can account for abstract concepts remains unclear. This 

uncertainty, along with the fact that grounded cognition greatly departs from 
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contemporary theories of the nature and organization of concept knowledge, has 

lead to its criticism and subsequent rejection by many researchers (Adams, 2010; 

Fodor & Pylyshyn, 1988; Longo, 2009; Mahon & Caramazza, 2008). The current 

studies seem to address some of these criticisms through demonstrating the 

perceptual nature of color knowledge, showing that object-interaction knowledge is 

motion based, and most importantly providing a potential resolution to the problem 

of abstract concepts. 

7.1.1. Color Grounding 

In Chapter 4 it is shown that color imagery can influence subsequent color 

perception and in Chapter 5 it is shown that object recognition can be primed using 

known color associates. Together these findings show in two different ways that 

the activation of color knowledge has perceptual consequences similar to that of 

color perception. This provides new evidence that color knowledge is grounded 

within perceptual color processing systems, as this similarity is likely attributable to 

the overlap in neural processing of color knowledge and color perception proposed 

by prior studies (Chapter 1.2.2). Unfortunately some of these studies have 

employed inappropriate or suboptimal experimental designs for the investigation of 

potential interactions between knowledge and perceptual-based processing, which 

is likely the cause of much of the conflicting evidence within the color grounding 

literature.  

Various methodologies have been used to investigate the neural processing 

of color knowledge. For example, in an experiment conducted by Howard et al. 

(1998) participants made judgments on the relative color brightness of known 
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objects. Consequently, it seems likely that their participants may have focused 

entirely on the relative luminance of the objects, disregarding the colors entirely. 

Shuren et al. (1996) employed a similar color brightness judgment task, as well as 

a color naming task wherein participants were required to recall the canonical color 

of various known objects. Also used by Goldenberg et al. (1995) and Martin and 

colleagues (1999; 1995), these kinds of naming tasks obviously require knowledge 

of object-color associations, but do not necessarily require any perceptual color 

processing; performance may be entirely based upon associative links between 

the names of the objects and their colors. The biggest problem with these kinds of 

semantic methodologies is that they fail to include any actual perception of color, 

making it impossible to determine if color knowledge and color perception involve 

similar neural mechanisms. However, the studies within this thesis include the use 

of both components, allowing for the observation of direct interactions between 

color knowledge and perceptual-based processing. The findings of these studies 

are discussed below. 

Chapter 4 shows how color knowledge can interact with color perception. In 

this study participants were required to generate the visual mental image of a color 

upon seeing a corresponding word cue. This was followed by a binocular rivalry 

stimulus (Chapter 2.3) wherein the previously imagined color and its opposite were 

perceptually presented to different eyes. As mental imagery is based upon 

knowledge of prior perceptual stimuli (Chapter 1.2.1), and the previously imagined 

color tended to perceptually dominate during rivalry, this result seems to show that 

color knowledge can directly interact with perceptual color processing.   
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Chapter 5 shows how color perception can interact with color knowledge. In 

this study the participants passively viewed six differently colored Gaussian stimuli. 

This was followed by an object recognition task (Chapter 2.1) using achromatic 

fruit stimuli, some of which were strongly associated with a specific color. As the 

only possible link between the pure-color Gaussian stimuli and the achromatic fruit 

stimuli is knowledge of these color associations gained from prior experience, and 

the recognition of these color diagnostic fruits was primed by their known color 

associates, this result seems to show that color perception can directly interact 

with color knowledge processing. 

Based upon these findings, the processing of color knowledge and color 

perception appear to be highly interactive. This high degree of interactivity is likely 

the result of these two processes sharing similar neural mechanisms, as the 

previous neuroimaging and behavioral research have suggested (Chapter 1.2.2). 

Additional support for this conclusion has been provided by those prior studies 

using methodologies allowing for the direct comparison of color knowledge and 

perceptual color processing (see Hsu et al., 2011). When combined these current 

and previous findings offer compelling evidence that color is grounded within 

perceptual processing systems. 

Additional support for this conclusion comes from perceptual learning 

research. Numerous studies have demonstrated that perceptual learning appears 

to be specific to various stimulus features including retinotopic location and 

orientation (Ahissar & Hochstein, 1997; Crist, Kapadia, Westheimer, & Gilbert, 

1997; Fiorentini & Berardi, 1980; Nishina, Seitz, Kawato, & Watanabe, 2007; Seitz 

et al., 2005). Specificity for such basic stimulus features implicates the involvement 
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of the low-level visual systems which process them (Ahissar & Hochstein, 1996; 

Fahle, 2005; Watanabe et al., 2002), and likely occurs by way of changes in the 

physical connections between neurons within these areas. Synaptic changes are 

widely believed to be the underlying mechanism of all kinds of learning (Fanselow 

& Poulos, 2005; Geinisman, 2000; Gilbert, Sigman, & Crist, 2001), and evidence 

showing that perceptual learning can also be color specific (Özgen, 2004) provides 

a clear mechanism though which color perception may directly influence color 

knowledge. The proposition that physical links between neurons processing very 

basic stimulus features can occur has the potential to explain the current results 

and is the fundamental idea of the theory of modality grounded cognition. 

7.1.2. Manipulable Object Concepts 

It is well known that the perception of manipulable objects and their 

associated actions involve complex patterns of activity throughout the brain 

(Chapter 1.2.3). These patterns of activity are known to involve processing within 

both ventral and dorsal stream areas (Chapter 1.1.1). Evidence of a 

correspondingly large degree of overlap in their processing has been found using 

visually presented tools and hands (Bracci, 2011; Bracci et al., 2010). As described 

in Bracci, Cavina-Pratesi, Ietswaart, Caramazza, and Peelen (2012), visually 

presented hands and tools activate highly overlapping regions within the left lateral 

occipitotemporal cortex. This neural area is found within the ventral processing 

stream, which is known to process visual shape information. Based on this finding 

of a neural overlap between hand and tool concepts, and the previous finding that 

tool images can prime the mimicry of associated tool-use hand postures (Bub & 
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Masson, 2006), it was predicted that the visual presentation of hands depicting the 

canonical posture required for functional tool-use could prime the recognition of 

corresponding tool objects. The current data do not support this prediction.   

In Chapter 6 the non-animated hand postures were found to be insufficient 

for the priming of visual recognition for tools; only the animated hand postures 

showed any indication that this kind of thematic priming may be possible. This 

appears to indicate that the most important visual component of manipulable object 

concepts may be the information regarding the motions associated with their 

canonical use. Consequently, such concepts are not grounded in the same visual 

areas as non-manipulable object concepts; these concepts are most likely 

grounded within the motion-sensitive areas of the dorsal stream. Some support for 

this conclusion has been provided by neuroimaging studies (Buxbaum et al., 2006; 

Choi et al., 2001; Creem-Regehr & Lee, 2005; Fang & He, 2005; Frey, 2007; 

Hermsdörfer et al., 2007; Mahon et al., 2010; Vingerhoets, 2008), but how and why 

the motor cortex will show activity when no actual motion is being perceived is 

unclear.  

Implied motion may offer an explanation. It may be the case that because 

tools are so strongly associated with certain kinds of motion their mere perception 

implies movement. This could explain the previously discussed evidence of activity 

within motor areas during the perception of non-moving tools, as it has been 

shown that implied motions are also processed by motor cortex areas (Kourtzi & 

Kanwisher, 2000; Krekelberg, Vatakis, & Kourtzi, 2005; Winawer, Huk, & 

Boroditsky, 2008). However, the still-frame photographic stimuli used in these 

studies tend to depict actors undergoing real motion and include various motion 
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cues (e.g. motion blur), yet the tool stimuli used in the current study do not. The 

backgrounds were removed from all of the photographs, and none of the tool 

stimuli were shown being manipulated by an actor. Therefore, it seems unlikely 

that implied motion can explain these data.  

Mirror neuron research can perhaps offer a better explanation (Chapter 

6.5.1). It has traditionally been thought that mirror neurons are innate or hardwired 

within the brain (Rizzolatti & Craighero, 2004; Rizzolatti, Fadiga, Gallese, & 

Fogassi, 1996), however evidence has started to build against this assumption. 

Tool-use mirror neurons have now been found in monkey and human subjects 

(Arbib, Bonaiuto, Jacobs, & Frey, 2009; Ferrari, Rozzi, & Fogassi, 2005; Rochat et 

al., 2010; van Elk, van Schie, & Bekkering, 2011). These studies do not support 

the innateness assumption of mirror neurons, because experience is obviously 

required to understand how to properly use tools. In a recent review by Cook 

(2012) it was argued that these kinds of studies have demonstrated the fact that 

mirror neurons gain their properties from prior sensorimotor experiences. Based on 

this argument it seems rather likely that these sensorimotor experiences could 

include strong links between an object’s canonical motion and shape information, 

thus resulting in the reciprocal activation of one kind of information when the other 

becomes activated. This may be the mechanism through which manipulable object 

knowledge can be grounded within motion processing areas but accessible 

through shape perception.  

7.1.3. Abstract Concepts 

In Chapter 3 it is demonstrated for the first time that a voluntarily generated 
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mental imagery stimulus can become associated with a visual perceptual stimulus 

using a classical conditioning methodology, and in Chapter 4 it is demonstrated 

that the generation of color imagery can influence subsequent color perception. 

These novel findings provide compelling new evidence of the perceptual nature of 

voluntary mental imagery, and correspond well with recent research in this field 

(Chapter 1.2.1). Despite the arguments of many early associative learning and 

imagery researchers (Pylyshyn, 1973, 1981; Skinner, 1977; Watson, 1913), the 

current findings clearly show that a stimulus does not need to be physically present 

in order for it to undergo classical conditioning. This has profound implications for 

theories of associative learning – which are discussed in chapters 3.5.2 and 7.5.1 

– and potentially provides a resolution to a major problem with the theory of 

modality grounded cognition: how abstract concepts are represented within the 

brain (Chapter 1.2).  

Abstract concepts, such as love or justice, have no inherent sensory or 

motor information. This makes them hard to reconcile with the theory of modality 

grounded cognition, which states that object knowledge is stored within the same 

neural areas that are involved in the perception or interaction with that object. 

However, recent evidence has suggested that abstract concepts may be grounded 

within modality specific systems (see Casasanto, 2011). For example, Casanto 

and colleagues (2009; 2011; 2012) have found differences between right and left-

handers in the meanings of positive and negative abstract concepts; right-handers 

associated “good” concepts (e.g. honesty) with their right side and bad concepts 

(e.g. deceit) with their left side, while left-handers had the opposite pairings. The 

participants appeared to have embodied these abstract concepts by “mapping” 
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them relative to their own bodies. This appears to show that abstract concepts can 

involve activity within perceptual and motor areas, yet how they come to be 

grounded within these modality-specific systems remains unclear. 

We propose that the modality grounding of abstract concepts occurs 

through simple associative learning. As demonstrated in the classic studies by Ivan 

Pavlov (see Pavlov, 2003), a perceptual stimulus can gain new meaning by being 

paired with another one that is inherently meaningful. If this basic principle of 

learning is applied to abstract concepts it would suggest that their meaning arises 

from the formation of associative links with multiple objects or events. 

Consequently, the neural representation of an abstract concept should involve a 

complex pattern of activity determined by its associated objects or events. The 

current findings support this potential framework through which abstract concepts 

gain their meaning by showing that associative links can form between stimuli that 

are never physically presented together. 

This possibility seems especially likely as previous research has suggested 

that abstract concepts may gain their meaning by being situated within an 

inherently meaningful context (Barsalou & Wiemer-Hastings, 2005; Pecher et al., 

2011). As no stimulus is experienced in isolation, it is highly likely that the neural 

representation of every concept includes information regarding its associated 

context. As current research has shown that similar concepts are represented by 

overlapping patterns of neural activity (Chapter 1.1) the grounding of concept 

knowledge within modality specific systems does not require or suggest that 

concepts include unique and discrete information regarding their meaning. Many 

concepts may simply consist of combinations of various aspects of other concepts 
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(e.g. platypus).  

Associative links have been observed to rapidly and automatically form 

between objects and their associated perceptual and motor-based information, 

even when that information does not directly arise from the object itself. This 

simple observation appears to be applicable to both abstract and concrete 

concepts, and is in fact central to models of spreading activation (Collins & Loftus, 

1975), and thematic categorization (Chapter 1.1.2). The theory of modality 

grounded cognition should therefore be improved by taking into account the 

information gained from situational context. 

 

7.2. Applications 

Though the primary aim of this thesis was to address theoretical issues of 

modality grounded cognition, the presented findings have some clear real-world 

applications. In particular, the results of Studies 1 and 3 show great potential for 

advancements in the applied sciences. Though it is quite probable these findings 

could be applied in numerous ways, the two most obvious applications consist of 

the advancement of computer vision technology and the improvement of current 

treatment methods for anxiety disorders. A detailed discussion of how the current 

findings are suited for such applications has been provided. 

7.2.1. Treatments of Anxiety 

The current findings provide new insight and suggestions for potential 

treatment methods of various anxiety disorders and phobias. In Chapters 3 and 4 it 

is demonstrated that mental imagery has many of the same qualities as visual 
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perceptual stimuli. These findings implicate the involvement of low-level visual 

processing areas, which further supports previous mental imagery research 

suggesting that visual imagery and visual perception involve largely similar neural 

processing (Chapter 1.2.1). Regarding treatments of anxiety, these conclusions 

indicate that associative learning may offer the best explanation of highly effective 

treatment methodologies, and also some suggestions for their improvement.  

Anxiety disorders are often modeled on fear learning (Lissek et al., 2005; 

Milad et al., 2006; Rauch, Shin, & Phelps, 2006; Rosen & Schulkin, 1998; Watson 

& Rayner, 1920), a type of associative learning wherein a pleasant or neutral 

stimulus will come to elicit fearful responses after being paired with an aversive 

stimulus (Öhman & Mineka, 2001). After undergoing this form of associative 

learning anxiety sufferers tend to engage in inappropriately fearful behaviors during 

mundane events. Often these behavioral symptoms are preceded or amplified by 

distressing mental images (Hirsch, Mathews, Clark, Williams, & Morrison, 2006; 

Holmes, Geddes, Colom, & Goodwin, 2008; Holmes & Mathews, 2010; Pitman et 

al., 1990). For most individuals this imagery tends to be automatically cued by 

external stimuli and are related to the individual’s specific fears or concerns 

(Albright, 2012; Brewin, Gregory, Lipton, & Burgess, 2010; Dadds, Hawes, 

Schaefer, & Vaka, 2004; Hirsch & Holmes, 2007; Holmes & Mathews, 2010). 

Distressing mental imagery has been identified as playing a key role in the 

maintenance of many anxiety disorders (Hackmann, Clark, & McManus, 2000; 

Hirsch & Holmes, 2007). Accordingly, the most effective treatment methods tend to 

focus on this anxiety producing imagery (Edwards, 2007; Holmes & Mathews, 

2010). One such treatment is cognitive behavior therapy with imagery rescripting 
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(Arntz, Tiesema, & Kindt, 2007; Holmes, Arntz, & Smucker, 2007; Smucker, 

Dancu, Foa, & Niederee, 1995), wherein patients are directed to focus on and then 

transform the content of their emotionally distressing mental imagery into 

something pleasant or less upsetting. This kind of treatment method seems to be 

more effective than verbal techniques (Kosslyn et al., 2001; Kreiman et al., 2000) 

and is generally found to be effective for anxiety sufferers (Bradley, Greene, Russ, 

Dutra, & Westen, 2005; Foa & Meadows, 1997; Harvey, 2003), though there is still 

much room for improvement. An explanation of the inner mechanisms driving 

these treatments would assist in development of more effective treatments. 

As fear learning is the driving force of many anxiety disorders, fear 

extinction is likely the driving force of these imagery-based treatments. During fear 

extinction the learned association between the distressing stimulus and the 

previously neutral stimulus is “unlearned” (Hermans et al., 1994). Also known as 

counter-conditioning, during this extinction process the patient is exposed to the 

anxiety producing stimuli while in a setting that assists in the reduction of 

inappropriate behavioral symptoms (Holmes & Mathews, 2010; Hunt & Fenton, 

2007). As extinction is merely a form of associative learning that results in the 

weakening of previously formed associative links, the underlying mechanism of 

effective treatments of anxiety appears to simply be the active and repeated 

demonstration that the patient’s fear-inducing stimuli are not necessarily 

associated with anxiety producing experiences. The more focused application of 

this fear extinction has the potential to improve their efficacy. 

The current findings show that mental imagery and perception undergo 

largely the same mental processing, therefore it is likely that the effectiveness of 
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these imagery-based treatments could be enhanced by focusing on the low-level 

sensory aspects of the distressing mental imagery symptoms. More effective 

treatments could be produced that directly apply a fear extinction methodology to 

the individual stimulus features of the distressing mental imagery (e.g. shapes, 

colors, sounds, smells). Support for this proposal comes from the recent finding 

that the presentation of stimuli that engage low-level perceptual systems, not high-

level semantic systems, can aid in preventing the formation of distressing 

flashbacks after experiencing a traumatic event (Holmes, James, Kilford, & 

Deeprose, 2010).  

Suggesting that imagery-based treatments could be improved by focusing 

on the imagery’s low-level perceptual qualities is especially exciting given that 

previous work has shown ways to modify mental imagery strength (Keogh & 

Pearson, 2011; Pearson et al., 2008; Sherwood & Pearson, 2010). This 

modifiability enables imagery-based treatments to be catered to the specific needs 

of each individual undergoing such treatments, such as reducing the vividness of 

exceptionally distressing mental images. If applied, these practices have the 

potential to produce far better treatment outcomes for sufferers of anxiety. 

7.2.2. Computer Vision 

Despite great advancements in computer science and technology the 

human visual recognition system remains vastly superior to that of any artificial 

systems developed thus far. Humans and most other animals have the ability to 

quickly and accurately recognize objects despite large changes in their 

illumination, size, orientation, surface features, and even shape. The creation of 
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artificial visual systems that match or surpass these capabilities is a very attractive 

goal as they would have numerous potential applications including the 

development of advanced visual systems for medical professionals, robotic vision 

for industrial and military use, the production of visual prostheses, and for various 

entertainment purposes. Perhaps the greatest difficulty these computer scientists 

and engineers face in accomplishing their goal is due to the fact they are 

attempting to emulate something that is not currently well understood. Accordingly, 

discoveries within the fields of vision science, neuroscience, and cognitive 

psychology can help to direct efforts toward the development of advanced 

computer vision systems. This thesis offers some suggestions in this regard.  

In Chapter 5 the importance of color towards the fast and accurate 

recognition of certain objects was shown. These objects consisted of different 

kinds of fruits that are widely known to be high in color diagnosticity (Chapter 

1.2.2). As color is clearly an important visual feature for objects such as these, 

arguments have been made to include color within computer models of object 

recognition (Mel, 1997; Swain & Ballard, 1991). Unfortunately mainstream 

computational approaches generally place little to no emphasis on object color 

information (Dalal & Triggs, 2005; Leibe et al., 2008; Lowe, 1999, 2000; Paragios, 

Chen, & Faugeras, 2010; Szeliski, 2010; Zhu, Yeh, Cheng, & Avidan, 2006). 

Consequently, the currently presented findings suggest that object recognition by 

computers could be improved by taking the diagnostic information provided by 

object colors into account. Yet color is obviously only diagnostic for certain kinds of 

objects. Therefore computational object recognition models could be improved 

through the addition of a module that determines if color information should be 
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utilized based on early estimates of the object’s category – only if it contains color 

diagnostic objects should the object’s color be utilized during recognition. 

 In Chapter 6 it is found that the recognition of manipulable objects can be 

primed using stimuli depicting the visual motion and posture associated with their 

use. Yet stimuli that only depicted the visual posture of the hands – not their 

movement – were found to be ineffective as primes. This finding has relevance to 

the great deal of research that has been conducted regarding how humans interact 

with objects and whether these forms of interaction can assist in object recognition. 

In general it has been shown that action and object recognition can be improved 

when contextual factors such as body shape and movement are taken into 

consideration (Gupta & Davis, 2007; Gupta, Kembhavi, & Davis, 2009; Yao & Fei-

Fei, 2010). The current data expand upon these findings by suggesting that actual 

visual motion, not implied motion or hand or body postures, is the most important 

visual feature associated with the recognition of manipulable objects. Perhaps 

computational object recognition could therefore be improved by producing 

algorithms that primarily focus on the movements of objects and their effecters.  

 

7.3. Future Research 

 The findings presented within this thesis offer some suggestions for future 

vision science studies. While there are numerous lines of research that could be 

conducted based upon the currently presented findings, a few important issues 

have been identified that necessitate investigation. These issues include whether 

there are any important differences between mental imagery and perception 
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regarding associative learning, exactly how color interacts with other surface 

features for object recognition, and exactly what kind of visual motion information is 

most strongly associated with manipulable objects. 

7.3.1. Associative Learning for Mental Imagery 

Associative learning can occur for mental imagery stimuli (Chapter 3). This 

finding is supported by an increasing large body of cognitive neuroscientific 

research that has shown perceptual systems are not only involved in the 

processing of incoming sensory signals but also in processing the sensory qualities 

of previously perceived stimuli that are brought to mind (Chapter 1.2.1). However, 

many of these prior researchers have not fully embraced, or even acknowledged, 

the theory of modality grounded cognition. Regardless, these prior studies and 

those contained within the current thesis have demonstrated that perceptual 

processing and the knowledge based processing of mental imagery are largely 

overlapping. Unfortunately the extent of this overlap remains unclear.  

While much has been learned about associative learning for perceptual 

stimuli (De Houwer et al., 2001; I. Martin & Levey, 1978; Milad et al., 2006), 

relatively little is known about associative learning for mental imagery. It seems 

rather likely that the strength of the associative links developed using mental 

imagery may be different from that of perceptual stimuli. As mental imagery 

appears to act like weak perception (Pearson et al., 2008), it seems highly 

probable that the strength of these links will be similarly weak. Yet it is also known 

that individuals can differ greatly in their ability to generate mental images (Cui et 

al., 2007; Kosslyn et al., 1984; Pearson et al., 2011).Therefore, it seems possible 
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that highly skilled imagers may have the ability to form associative links with 

mental imagery that are as strong or stronger than when using perceptual stimuli. 

Future studies should be conducted to measure the relative strength of the 

associative links formed using mental imagery and to determine if this strength 

correlates with an individual’s mental imagery ability.  

Another potential line of research lies in the determination of whether or not 

there are any limits to the kinds of mental imagery that can undergo associative 

learning. Generating a mental image is fundamentally different from the 

observation of a perceptual stimulus. Focused effort is required to voluntarily 

create and maintain a mental image, whereas perception is largely passive and will 

occur automatically upon stimulus sensation (Albright, 2012). Consequently, highly 

complex or detailed mental images may be too difficult to maintain for associative 

learning purposes. Additionally, as mental imagery research is still in its infancy it 

remains to be seen whether mentally generated stimuli can possess all the 

sensory qualities found in normal perceptual stimuli. It may be the case that certain 

perceptual features of mental imagery can undergo associative learning (e.g. 

shape, orientation, and color), while others cannot. A more complete 

understanding of how mental imagery is processed within perceptual systems 

would aid in addressing these open issues.  

7.3.2. Bayesian Models and Color Associate Priming 

In Chapter 5 it is predicted that the strongest color associate priming effects 

would be observed when the high spatial-frequencies were removed from the 

target photographs. This prediction was based upon previous research (Laws & 
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Hunter, 2006; J. W. Tanaka & Presnell, 1999; Yip & Sinha, 2002) showing that the 

inclusion of an object’s surface features, such as color or luminance, will most 

greatly facilitate object recognition when the object’s shape information has been 

blurred or degraded (Chapter 2.1.1). However, color associate priming was found 

for low spatial-frequency only photographs and normal photographs, which contain 

all spatial-frequencies (including high). Furthermore, a larger amount of significant 

effects were found using the normal photographs than the low spatial-frequency 

photographs. As the strongest color-associate priming was found for the normal 

photographs, which have fully intact shape and texture information, these findings 

cannot be explained by the Bayesian models our predictions were based on. 

Bayesian models of object perception (Kersten, 2003; Kersten, Mamassian, 

& Yuille, 2004; Mamassian, Landy, & Maloney, 2002) assert that incoming visual 

information is compared to visual object knowledge in order to determine the most 

probable identity of the object being perceived. This process of comparison 

attempts to match across all of the perceived object’s visual features, such as 

shape, luminance, texture, and color. If one or more of these visual features are 

degraded or not present within the object’s image (e.g. shape) a greater amount of 

emphasis will be placed upon other visual features (e.g. color). Therefore it was 

predicted that removing the high spatial-frequency shape and texture information 

would allow the color primes to exert a stronger facilitatory influence on visual 

recognition of the color-diagnostic fruits used in the current study.  

As explained in Chapter 5.5.2 the current data do not fit with this prediction. 

This result appears to suggest that the processing involved in color associate 

priming is different from that of normal object recognition. Neuroimaging studies 
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are required to determine exactly how similar these two neural processes are, but 

the current findings seem to indicate that color associate priming is tuned to low 

spatial-frequencies; it is driven by the objects’ low spatial-frequency luminance 

information. In this form of priming perceptual colors appear to be maximally 

influential when the objects’ low spatial-frequencies remain intact. As low spatial-

frequencies are known to typically be processed before high spatial-frequencies 

during object recognition (Navon, 1977; Parker, Lishman, & Hughes, 1992; Schyns 

& Oliva, 1994), a possible explanation for this result may be that color associate 

priming exerts the majority of its influence during the earliest stages of object 

recognition. If evidence were found in support of this explanation it would suggest 

that spatial frequency information plays a very important role in the organization of 

object concepts. Since the current study offers only tentative evidence of this 

possibility further investigation is required.  

7.3.3. Visual Motion Information 

In Chapter 6 marginally significant functional-interaction priming effects 

were found for the animated pantomime-hand primes, while the non-animated 

primes did not appear to show any effects whatsoever. This appears to indicate 

that manipulable object concepts may be more grounded within systems that 

process visual-motion information than those that process visual-form. Future 

studies could test this suggestion by using prime stimuli consisting only of visual-

motion, such as dot-motion stimuli (Britten, Shadlen, Newsome, & Movshon, 1992; 

Smith & Ratcliff, 2004). However, this priming may instead be driven by a 

combination of factors, such as visual shape and motion. If so, then significant 
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effects should only be observable when using more complex stimuli, such as the 

point-light walkers described by Johansson (1973). Evidence of functional-

interaction priming using such stimuli has the potential to conclusively explain the 

role of visual-motion information on the grounding of manipulable object concepts. 

Additionally, the lack of significant effects observed in this study may have 

simply been due to the age of the participants. Mounoud et al. (2007) showed that 

age correlates negatively with these kinds of pantomime tool-recognition priming 

effects. Therefore, perhaps the use of a younger group of participants would 

produce significant effects for both the animated and the non-animated pantomime 

hand primes used in this study. As these non-animated primes inherently convey 

less information than the animated primes it seems rather likely that their effects 

would correlate differently with participant age. It may very well be that animated 

pantomime primes can be effective for participants of all ages while non-animated 

pantomime primes are only effective for the youngest of participants. 

Developmental studies investigating this potential interaction between visual-

motion information and participant age would help to explain how manipulable 

object concepts change over an individual’s lifetime. 

 

7.4. General Conclusions 

 Object concepts are perceptually based. In many ways this thesis has 

demonstrated that the neural processing of visual perception and visual knowledge 

are directly interactive. The results of four independently designed and conducted 

studies demonstrate that the prior knowledge of visual stimuli can undergo 
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associative learning with perceptual stimuli, visual color knowledge can influence 

perceptual color processing, color-diagnostic object concepts can be activated 

through the perception of their associated colors, and manipulable object concepts 

might be able to become activated through the visual perception of associated 

movements. Together these findings have provided a compelling argument for the 

grounding of object knowledge within modality specific systems.  

While the idea that knowledge and perception share largely the same neural 

mechanisms is not at all new (Epicurus, 1987), in recent years there has been an 

explosion of interest in the theory of modality grounded cognition. Unfortunately 

many of these studies have used inappropriate or sub-optimal methodologies. Yet 

the aim of this thesis was not to conduct a comprehensive critical review of the 

previous literature, as many such reviews have recently been published (Barsalou, 

2008, 2010; Pezzulo et al., 2011). Instead the goal of this thesis was to address 

some of the contentious issues with the theory of modality grounded cognition and 

to provide a resolution to what is perhaps the largest issue that is preventing 

widespread acceptance of the theory – abstract concepts.  

The theory of modality grounded cognition – also known as embodied 

cognition – appears to offer an accurate description of the nature and organization 

of concept knowledge within the human brain. Mainstream acceptance of this 

theory has the potential to unify what are commonly thought to be disparate 

findings produced within various fields of scientific investigation. In particular, the 

theory of grounded cognition has clear applications within neuroscience, cognitive 

psychology, clinical psychology, and computer science. The primary contribution of 
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this thesis to research on modality grounded cognition is the description of a 

simple mechanism through which abstract concepts may gain their meaning. 
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APPENDIX B 

Soon to be published version of Study 2: Mental Imagery for Color 

 

Chang, S., Lewis, D. E., & Pearson, J. (in press). The functional effects of colour  

perception and colour imagery. Journal of Vision. 
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Published version of Study 3: Object Memories Defined by Color 

 

Lewis, D. E., Pearson, J., & Khuu, S. K. (2013). The color “fruit”: Object memories  
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