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Abstract 

Numerous studies show that sensorimotor interactions with the environment facilitate the 

acquisition of numerical abilities. The present study investigated how grasping and pointing actions 

impact performance on subsequent numerical tasks, focusing on the relationship between motor 

actions and numerical cognition, and extending existing research on the role of sensorimotor 

interactions in number processing. A well-studied phenomenon in the number literature is the 

“distance effect”: participants are faster when comparing distant numbers (e.g., 1 vs. 5) than when 

comparing close numbers (e.g., 4 vs. 5). The experimental protocol required participants to perform 

an action, and then engage in numerical magnitude comparisons and order judgments across 

varying numerical distances. In particular, thirty-seven participants performed grasping and 

pointing actions followed by a numerical magnitude comparison (e.g., "Is 4 bigger than 5?") or a 

numerical order judgment (e.g., "Are 4, 5, and 6 in order?"). The experiment treated action type 

(grasping vs. pointing), numerical distance (far vs. close), magnitude (small vs. large), and 

numerical order (consecutive vs. non-consecutive) as within-subject variables. We conducted a 

repeated-measures analysis of variance (ANOVA) to evaluate the impact of these factors on 

reaction times and accuracy. In the magnitude comparison task, we replicated the classical distance 

effect after grasping, but not after pointing. In the numerical order judgment task, we observed no 

significant difference after the grasping or pointing performance. These results suggest a specific 

interference of the pointing on the magnitude task, thus providing direct evidence for the 

involvement of sensorimotor systems in the processing of cardinal numbers. Overall, these findings 

highlight the effects of different motor actions on different aspects of numerical cognition. 

 

Keywords  

Numerical cognition; Embodied cognition; Hand action. 
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Chapter 1 

1. Introduction 

1.1 What Is Numerical Cognition? 

Numbers are essential elements in our day-to-day activities, serving as indispensable tools 

for a variety of purposes. They play a key role in our ability to evaluate, categorize, and order. They 

are also vital for understanding aspects such as weather, dates, and time (Dehaene, 2001). 

Furthermore, numbers are pervasive in various facets of our daily lives, influencing areas like 

business, education, money management, reading, and calculating expenses. 

Nevertheless, Dehaene (1999) stated that both humans and animals possess an innate 

number sense, enabling them to recognize, understand, and work with numerosity. In other words, 

this ability involves understanding, approximating, and operating quickly on numerical quantities 

(Dehaene, 2001). Researchers have studied this concept using paradigms such as expectation 

violation and habituation on both non-human animals and human infants to see if they could 

demonstrate any sign of number sense in the absence of formal education and language. Language 

and verbal abilities enable the acquisition of numerical cognition, while human numerical 

competence depends on the application of syntax and symbols (Dehaene, 1992). However, only 

the complex arithmetical computations are unique to humans and require training. Non-human 

animals and infants share basic number sense, such as detecting the difference between 1 and 2 

apples. Furthermore, the key question is what is a number? Wiese (2003) analyzed numbers in 

three terms: cardinal, ordinal, and nominal numbers. Cardinality does not differ much from our 

daily life usage; it mainly refers to the question of how many? Before heading to the supermarket, 
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you can determine whether to buy more eggs by counting the remaining eggs in the fridge. 

However, this domain does not limit the use of numbers. In addition to cardinality, numbers can 

also serve the purpose of identifying other aspects, such as ordinal ranks of runners or nominal 

numbers to identify bus lines (Wiese, 2003). 

On the other hand, the approximate number system (ANS) represents how we mentally 

perceive numbers in varying ways. We can count small groups of objects precisely, while 

estimating larger groups reveals greater variability. For example, the variability in estimating 100 

items is roughly twice, what it is for estimating just 50 items (Odic & Starr, 2018). The accuracy 

of our comparisons between two quantities relies on the Weber fraction, which represents the 

smallest change in a quantity that remains perceptible (Guillaume & Van Rinsveld, 2018). The 

Weber-Fechner law demonstrates that when numerical values near their true magnitudes, the 

cognitive representation of these values gets increasingly indistinct. This indicates that our sense 

of numerical differences lessens as the numbers converge, illustrating a compression in our 

cognitive processing of numerical magnitudes. According to Testolin and McClelland (2020), it 

could be easier to tell the difference between ratios (20 and 30) than between higher numbers if 

they are closer in range (220 and 230). These phenomena are underpinned by two theoretical 

accounts: First, the mental number line shows that compressive mapping happens on a logarithmic 

scale, which means that as a number's value goes up, the distance between them gets smaller 

(Dehaene, 2003). The Gaussian probability distribution depicts it as an integer with a logarithmic 

scale. In the second view, scalar variability is present; because of consistent noise in the mapping 

process, larger numbers become harder to distinguish from one another on average. This leads to 

wider Gaussian distributions and higher variance as the numbers rise (Gallistel & Gelman, 2000). 

This scalar noise explains why distinguishing larger numbers becomes more challenging. 
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The foundation of both human and animal inherent arithmetic abilities is the approximate 

number system (ANS), which directs everyday operations and permits quantity estimation without 

verbal counting (Piazza et al., 2010). Studies show that ANS accuracy increases with age, 

corresponds with early arithmetic proficiency before formal schooling (Halberda et al., 2008), and 

predicts early math achievement (Mazzocco et al., 2011). Additional work suggests that ANS 

precision in humans peaks around 30 years of age, and large individual differences persist over the 

lifespan, influencing arithmetic abilities (Halberda et al., 2012). Enhanced math and geometry 

abilities in subsequent schooling correlate with this exactitude (Lourenco et al. 2012). Cappelletti 

and colleagues (2014) indicated that although community-dwelling older adults remain competent 

at mathematics while aging, their ability to differentiate between numbers declines, likely due to 

inhibitory processing deficits. DeWind and Brannon's (2012) research showed that while enhanced 

accuracy in the ANS improves arithmetic performance, it does not improve verbal abilities. This 

suggests that targeted ANS training can improve math performance, particularly for populations 

with disabilities like dyscalculia. 

Thus, in this chapter, I will draw a framework for numerical cognition in light of 

comparative psychology. What are their findings, and how can we broaden our horizons regarding 

numerical cognition for both humans and animals? In addition, I will specifically intensify the role 

of ‘pointing’ in numerical cognition, how it could affect our number sense, and how we can 

measure its effects on number processing. 

1.1.2 Human Infants’ and Non-Human Animals’ Numerical Cognition: Similarities 

Animals use numerical cognition in social behavior and survival techniques. Wilson and 

Wrangham (2003) reported, for instance, that chimpanzees with a numerical advantage are more 
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likely to engage in conflict, while female Panthera Leo (lions) demonstrate varying levels of 

caution based on the acoustics of how many roars they produce, which in turn influences their 

social behavior (Benson-Amram et al., 2011). On the other hand, those particular animals are 

actually capable of learning basic math. This result was consistent with data from Brannon and 

Terrace (1998), which demonstrated that monkeys could sequentially order touch tokens in a 

numerical way that is limited to small numbers, an effect compatible with ordinality processing 

involving working memory. Cantlon and Brannon's (2007) research shows that monkeys 

demonstrate phylogenetic continuity in their number sense and can perform mental arithmetic on 

par with humans. In addition, they stress how important environmental cues like size and brightness 

are for numerical tasks. This suggests that continuous magnitudes, not discrete numbers, may have 

an effect on numerical processing (Leibovich et al., 2017; Cleland & Bull, 2015). Furthermore, 

zebrafish serve as a model for understanding early number discrimination in non-human animals. 

By the age of 40 days, zebrafish may select larger shoals even if they have never been in a group 

before, a talent that is essential for survival in strange places (Pritchard et al., 2001; Agrillo & 

Bisazza, 2018). In addition to highlighting parallels with human numerical cognition, this research 

emphasizes the fundamental importance that numerical abilities play in animal behavior and 

development. 

Infants, like humans, are able to discriminate between different numerosities up to a year 

of age. At six months of age, infants may be incapable of tracking small numbers but appear 

surprised by differences in the number of items and time needed to discriminate between arrays 

containing eight vs. sixteen dots (Lipton & Spelke, 2003). Studies of pre-verbal populations employ 

paradigms like expectation violation and habituation. In habituation tests, we continuously expose 

infants to a stimulus until they become accustomed to it; a shift in the duration of their gaze at a 
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new stimulus indicates a change in the stimulus (Colombo & Mitchell, 2009). Researchers have 

used one result of this mechanism to look into how babies think about physical properties: the 

violation of the expectation paradigm. This is when babies look longer at unexpected events to 

show that they are surprised, which helps them understand things like numbers and the properties 

of physical objects (Spelke et al., 1992; Rubio-Fernandez, 2019). 

From an ontogenetic standpoint, during their first year, infants show growth in their 

capacity to distinguish between numerosities based on ratios. According to Izard et al. (2009), 

newborns are able to distinguish sets with a 1:3 ratio, such as 6 vs. 18 dots. Infants are able to 

discriminate between sets with a 1:2 ratio, such as 8 against 16 dots, by the time they are six months 

old (Xu & Spelke, 2000), and a 2:3 ratio, such as 8 versus 12 dots, by the time they are nine months 

old (Lipton & Spelke, 2003). Hyde and Spelke (2011) concluded that during the first year of life, 

infants' capacity to discriminate numbers strengthens drastically. ERP studies also reveal that the 

P500 component adapts more to the ratio of larger numbers, whereas the absolute value of these 

smaller quantities affects the P400 component, which is associated with subitizing small numbers 

(Katzin et al., 2019). 

1.1.3 Human Numerical Cognition: Main Accounts and Neural Correlates 

Starting with the number sense, which is our ability to quickly understand, estimate, and 

work with numerical numbers, and, in a broader sense, throughout life, the approximate number 

system (ANS) functions as a cognitive mechanism that facilitates rapid and immediate recognition 

of numbers and what they mean (Halberda & Odic, 2015). These extensive points of view mainly 

depend on the mental number line (MNL) theory, which is a spatial portrayal of numbers where 

small numbers are associated with the left side and large numbers with the right. Cultural factors, 
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such as writing and reading customs, have connected adults to this spatial and numerical 

arrangement (Giurfa et al., 2022). In addition, the spatial-numerical association of response codes 

(SNARC) phenomenon demonstrates that smaller and larger numbers are associated with leftward 

and rightward spatial positions, respectively, on a mental number line. Decisions about small 

numbers speed up when presented on the left, while decisions about large numbers speed up when 

presented on the right (Viarouge et al., 2014). Research suggests that number processing 

automatically activates the left or right spatial representations: small numbers activate the left 

space, while large numerical magnitudes activate the right space. For example, Ranzini et al. (2015) 

studied how optokinetic stimulation direction (leftward or rightward) influences number 

processing. Rightward OKS erased the typical number size effect in the comparison task, while the 

parity task remained unaffected. This highlights the relationship between processing number 

magnitudes and visuospatial orientation. 

According to a theory of magnitude (ATOM), a generalized system processes quantities, 

time, and space. Since this system handles all magnitudes, irrelevant ones can interfere with 

relevant ones, as ATOM claims (Shukla & Bapi, 2021). This theory's neural correlate is the 

intraparietal sulcus (IPS). As a person grows, their ability to process numbers gets better, and the 

IPS becomes more active. The left IPS is especially important for processing symbolic numbers 

(Budgen et al., 2012). A "numerical affordance" could connect the size and quantity of objects to 

particular motor movements (Rugani et al., 2018). At the cortical level, the neural circuitry 

responsible for hand movements closely resembles that of number processing. Using kinematic 

tools and motor actions, one way to study numerical cognition is to look at the neural networks and 

brain regions that are involved in both understanding the size of numbers and moving your hands. 

The parietal cortex plays a vital role in a variety of functions, such as attention, spatial awareness, 
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sensory-motor coordination, action organization, and regulation (Culham & Valyear, 2006). Thus, 

the intraparietal sulcus arranges most of these functions from posterior to anterior. The anatomical 

arrangement indicates that the neural processes responsible for the hand-number correlation may 

be located in the IPS (Ranzini et al., 2011). 

Based on the conventional distance effect, people are quicker and more precise in separating 

numbers with a large magnitude difference compared to those with a small magnitude difference. 

It means that the actual separation and the fact that number pairs’ elements are perceptually further 

from each other contribute to making the comparing numerical operation easier, which points to 

the general understanding of the mental number line (MNL). For example, when comparing 

numbers 2–8, participants respond more quickly than when comparing the numbers 4-5 because 

there is less interference with high-magnitude numbers (Moyer & Landauer, 1967). On the other 

hand, the reverse distance effect explores an opposite idea: small magnitude differences are faster 

when the numbers are close together, especially in ordering tasks. This reversal demonstrates that 

when presented with small, close-valued numbers, participants' working memory eases and 

processing speeds up. Therefore, both effects show that numerical cognition is complex and 

involves many different mental processes. To better understand this, we can examine kinematic 

parameters in tasks such as grasping and pointing (Lyons & Ansari, 2015). 

1.1.4 Embodied Numerical Cognition 

Embodied cognition allows an organism to actively interact with its surroundings by 

integrating the perceptual, motor, and cognitive systems (Bingham, 1995). The idea that perception 

and action are linked within cognition and encompass notions that are not immediately apparent is 

supported by this paradigm (Wilson, 2002). In the context of embodied numerical cognition, 
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lesions in the right hemisphere typically cause visuospatial neglect, an example of how 

neurological diseases might affect number processing. Researchers have studied the phenomenon 

of these patients' frequent misjudgment of the midpoint of numerical intervals using number 

bisection tests (Zorzi et al., 2002; Harvey & Rossit, 2012). Indeed, additional studies have shown 

that the mental number line perception is altered in neglect patients (Priftis et al., 2006). Before 

reaching those conclusions, keep in mind that spatial attention and numerical cognition may have 

a complex, bidirectional relationship: the connection between numerical and perceptual 

environments, known as the part-whole relation (item-property), could potentially amplify the 

impact of spatial biases on information processing. 

1.2 Sensorimotor Account of Numerical Cognition 

To perform and organize an action, we need sensory inputs. With the help of sensory inputs, 

we can generate the action as a motor outcome. Thus, the sensory inputs’ perception guides our 

motor actions. The sensorimotor numerosity system combines the sense of numbers with the 

execution of actions. The sensorimotor numerosity system monitors both the number of internally 

generated actions and external events. This system appears to be closely associated with spatial 

and temporal perception, in addition to numerosity (Anobile et al., 2021). Therefore, we can count 

the number sense as an active perceptual process with its connection to action as a motor outcome. 

It is important to think about shared neural mechanisms when talking about the 

sensorimotor numerosity system, which combines sensory inputs and motor outputs in the context 

of numerical cognition. This is different from the common belief that the brain uses customized 

networks to analyze different aspects of the perceptual environment. However, the sensorimotor 

account identifies a shared, associative system. For instance, as mentioned before, the ATOM 
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model proposes that the human parietal cortex integrates quantitative information related to space, 

time, and number in order to enhance action planning and execution (Walsh, 2003). Thus, while 

processing numerical information, the parietal cortex serves as an integrator for space, time, and 

action accounts. When we talk about how sensory input influences action execution, we mean not 

only external but also internal, self-generated actions (Churan et al., 2021). Both humans and 

animals could use sensory input to generate self-actions related to quantities. When people move 

their eyes quickly back and forth, their visual perception of the number of dots in a cluster decreases 

significantly, mirroring findings in the spatial and temporal domains (Morrone et al., 2005). In 

addition, for animals, desert ants utilize step estimation to calculate the distance they have traveled; 

in the event that their legs are lengthened or shortened, they will either overestimate or 

underestimate the distance (Wittlinger et al., 2006). 

Brain scans of the parietal cortex during certain number-related tasks can help us 

understand the parietal cortex's part in the sensorimotor account of the numerosity system and how 

it affects the brain's ability to plan and carry out actions in time and space. The intraparietal sulcus 

is also a crucial node in the parietal lobe for the depiction of the semantic component of a numerical 

quantity, according to the latest research in humans and nonhuman primates using a variety of 

techniques. These investigations reveal that areas of the prefrontal and posterior parietal lobes 

portray and process numerical information (Nieder & Dehaene, 2009). In a study using macaque 

monkeys as an example, neurons in the lateral prefrontal cortex prioritize quantity over visual 

details. Overlapping filters among these neurons indicate that distinguishing numbers is easier with 

larger numerical differences, but harder when numbers are close in value but larger in magnitude 

(Nieder et al., 2002). Logarithmic-Gaussian coding primarily examines the representation of 

numbers as squished logarithms on the mental number line. The lateral prefrontal cortex and ventral 
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intraparietal area (VIP) are the main parts of the brain that do this kind of coding. In addition, 

neurons in monkeys' lateral intraparietal area represent an item's number across a wide range of 

numbers in their receptive fields. This insight could elucidate the frequent visuospatial and 

numerical deficits seen in those with parietal cortex damage (Roitman et al., 2007). This is the 

compressed monotonic technique, known as compressed monotonic coding, underscores the 

significance of the lateral intraparietal area. The aforementioned findings apply to macaque 

monkeys. According to Kastner et al. (2017), the homolog areas include the human IPS, which is 

the most caudal (IPS1/2), a potential counterpart of the monkey LIP, and the most rostral (IPS3/4/5) 

possible counterpart of the monkey VIP. Moreover, for humans, the parahippocampal cortex, 

entorhinal cortex, hippocampus, and amygdala process both non-symbolic and symbolic numbers. 

Specifically, the parahippocampal cortex contains many number-selective cells and has strong 

connections to frontal and parietal regions (Mukamel et al., 2010). Consequently, it contains 

neurons that fire when a person grasps something with their hands, suggesting a potential link 

between number processing and motor abilities. Overall, when processing numbers, the parietal 

and frontal cortices are crucial. Neuroimaging enables us to comprehend the encoding of 

numerology. Single-cell recordings uncover neurons specialized for numerosity in the intraparietal 

sulcus (IPS). These investigations reveal a variety of number coding schemes in IPS sub-regions. 

1.2.1 Neural Correlates for Number Cognition 

         Researchers using functional neuroimaging have found that the bilateral intraparietal sulcus 

(IPS) is crucial for number processing and arithmetic. The IPS is more active during mental 

arithmetic than number reading, and in approximate compared to exact calculations. This spot in 

the right hemisphere is busier and prefers subtraction to multiplication when processing numbers. 

It is clear that semantic memory and numerical understanding are two different functions. For 
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example, damage to the horizontal intraparietal sulcus (HIPS) can make it much harder to do math 

but not to speak or understand words (Cipolotti et al., 1991; Butterworth et al., 2001). Furthermore, 

injury to the IPS frequently links to Gerstmann's syndrome, typified by agraphia, finger agnosia, 

and other cognitive impairments (Ardila, 2020). Researchers who used repetitive transcranial 

magnetic stimulation (rTMS) found that the left angular gyrus (AG) controls how numbers are 

stored in space. This is important for processing numbers and finding them again (Göbel et al., 

2001; Rusconi et al., 2005). The right posterior parietal cortex, which includes the superior parietal 

cortex (BA7) and the intraparietal sulcus (IPS), on the other hand, manages working memory and 

spatial attention for things that happen in space. This is important for paying attention to and 

moving in response to environmental cues (Malhotra et al., 2009; Shomstein & Gottlieb, 2016). 

1.2.2 Types of Hand Movements: Grasping and Pointing 

         Prehension, or reaching and grasping, is an essential task for humans in order to influence 

our environment. Marc Jeannerod formulated a classic model framework for understanding goal-

directed action using the simple behavior of grasping objects, which has two components: reaching 

(or transport) and grasping (or manipulation) (Jeannerod, 1981). Peak grip aperture and peak 

velocity are the two dependent measures that Marc Jeannerod emphasizes in his kinematics model. 

These measurements are essential to comprehending grasp (or manipulation) and reaching (or 

transfer). The ventral stream controls the proximal system, which focuses on the extrinsic features 

of an object (distance, position, orientation), while the dorsal stream controls the grasping 

component, which focuses on the intrinsic features of an object (size, shape, etc.) (Gardner et al., 

2007). The prehension components are influenced by target features (size and texture), task 

requirements (accuracy and speed), and behavioral context (Smeets & Brenner, 1999). The grip 

aperture (opening the hand) exhibits discernible patterns that are impacted by the size of the object 
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being grasped. The grasp's aperture shows greater size sensitivity as it opens and closes more 

quickly and earlier for smaller items. Larger objects, on the other hand, amount to anticipatory 

adjustments, characterized by a prolonged closing movement span due to the size-to-be-grasped 

effect (Ansuini et al., 2015). It is important to remember that a maximal aperture corresponds to a 

wider range of finger engagement as well as more subtle object characteristics during the execution 

of motor responses. In a variety of ways, you can visualize the impact of object size on reaching 

components. Smaller items result in longer deceleration times due to their lower maximum 

acceleration and lower reaching velocities. On the other hand, larger objects generally have a larger 

aperture peak. This variation in reaching properties highlights the intricate relationship between 

sizes and reaching behavior by pinning down the existence of distinct brain systems for various 

object sizes (Senot et al., 2003). Furthermore, the ventral premotor cortex and inferior parietal lobe 

are responsible for grasping the prehension component. Contrariwise, for the reaching component, 

the dorsal premotor cortex and superior parietal lobe take charge (Vingerhoets, 2014). 

The dorsal stream stores specific details about an object's identity in regions of the ventral 

stream. If the object's properties require arbitrary adjustments for a more precise hold, this call is 

necessary. In turn, areas of the dorsal stream transfer current grasp-related information to the 

ventral stream to perfect the object's internal representation (Van Polanen & Davare, 2015). In 

addition to this, the influence of distance on prehension components is different: Even if the 

attainment time for distant objects delays, the maximum aperture in grasping remains concurrent, 

whereas the maximum aperture in pointing patterns is more susceptible to the systematic effects of 

distance. On the other hand, as distances increase, peak velocities tend to increase during reaching. 

A comprehensive lexicon is essential in describing both precision grasping and whole-hand 

grasping. For a precise grip, create an opposition space with many fingers that is roughly prismatic 
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and fits the shape of an object. This will ensure the correct distribution of forces (Ansuini et al., 

2006). Conversely, they firmly held a large object of considerable size using a complete handgrip, 

a technique known as whole hand prehension (WHP), which involved bending all the fingers 

around the object (Castiello et al., 1992). There is substantial evidence to suggest that finger 

preshaping is anticipatory and occurs during the reaching phase towards a single object. 

According to Land et al. (2013), kinematic analysis provides cognitive neuroscientists 

studying motor control with a mathematical structure for analyzing motion and allows for precise 

evaluations of both human and animal actions. This approach addresses both the temporal and 

spatial dimensions of motion, sheds light on the cognitive processes that structure movement, and 

aids in the identification and management of movement disorders. Reference systems, as well as 

both linear (movement without considering angles) and angular (movement along an axis) 

kinematics (McCarthy, 1990), are important kinematic variables. Instruments like optoelectronics 

and chronophotographs, which apply passive markers to body parts like fingers and wrists, improve 

movement analysis and visualization. 

1.3 Pointing as a Developmental Gesture 

Gestures should be considered as essential devices for communication and oral 

compensatory use in language acquisition. In her work, Goldin-Meadow (2004) emphasized that 

infant gestures are among the first precursors of language. Furthermore, a study by Keller et al. 

(2009) shows how cultural disparities in parenting techniques correspond with behavioral results, 

which in turn affects how children employ gestures and facial expressions in association with 

embodied cognition. The way deictic gestures, like pointing, have evolved over time, as noted by 

Bates et al. (1975), describes important crossroads marking the evolution of symbolic thought and 
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social interaction. This serves to further indicate the intimate bond between gestures and language 

acquisition, even in different cultural backgrounds. Studies by Harris et al. (1995) and Capirci et 

al. (1996) report that pointing becomes a major communication gesture from 10 to 16 months and 

peaks as infants begin to talk by age 2. However, because of its sensorimotor origins, it is strongly 

associated with early prelinguistic precursors to language comprehension and expression. 

Originally developed as a non-verbal gesture, finger pointing is necessary for appreciating deictic 

words that occur in restricted context and guide individuals in locating referents (De Vega, 2008). 

Moreover, pointing is a necessary step toward the development of numerical cognition. 

Fischer's (2003) research links it to the mental number line, where leftward motions indicate 

smaller numbers and rightward motions indicate larger ones, thereby accelerating responses while 

pointing at a task. According to Cavina-Pratesi et al. (2010), this coordination mechanism plays a 

crucial role in tasks involving communication and cognition, making it distinct from reaching. 

Pointing helps children to count visual arrays, so it might bridge the gap from ordinality to 

cardinality and promote early arithmetic skills (Krajewski & Schneider, 2009). Therefore, it is 

important for early numerical comprehension development and spatial communication. 

1.3.1 Finger Counting and Pointing: The Effect of Ordinality in the Sensorimotor Account for 

Number Sense 

The motor action of pointing, distinct from precision grips (pincer hold with thumb and 

index finger) used when picking up small objects and power grips used to grasp larger objects, 

marks the pinnacle of human spatial awareness and attention-directing (Butterworth, 2003). In 

contrast to these grips, pointing with the index finger is a communicative gesture that has 

specifically evolved in modern humans and is tightly coupled to linguistic development, conveying 
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an intricate coevolution of gestural, verbal, and conceptual systems (Wilkins, 2003). According to 

research by Carpenter et al., (1998), most newborns at 12.5 months old can vocalize and point, 

drawing their mothers' focus to specific objects. From learning to understand pointing before being 

able to point, infants point more and reach for objects less as they get better. In addition to using a 

physical gesture, pointing integrates various communication modalities by providing visual 

attention and verbal clues to the recipient (Austin, 2018). This suggests that pointing is a unique 

phenomenon crucial to human communication and cognitive development. 

Pointing gestures have long been considered characteristic of humans. Captive 

chimpanzees have demonstrated this behavior even without any training. Research suggests that 

environmental factors, despite similar genetic backgrounds to wild populations, significantly 

influence the ability to communicate (Leavens & Hopkins, 1999; Leavens et al., 2005). However, 

the spread of bonding data suggests that environmental influences, rather than genetic factors, drive 

this posture in chimpanzees and human infants. Cultural and social environments, such as parental 

reactions to infant pointing, encourage the development of index finger pointing and syllabic 

vocalizations, aligning with theories of embodied cognition (Masataka, 1995, 2003). According to 

research, index finger pointing stems from early communication and is associated with social 

cognitive development rather than prehension or unsuccessful reaching attempts. Socialization 

processes, such as imitation and adult instruction, later influence infants' pointing behaviors and 

gaze monitoring (Matthews, 2012). 

It is common knowledge that counting by fingers plays an important role in developing 

numerical abilities. In addition to notable cultural differences in the relationship between fingers 

and numbers, several studies have also come to different conclusions about the direction of this 

relationship. In terms of hands, certain ancient cultures, such as the Romans, used the left hand 
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alone to sign even large numbers, like 99. In contrast, some cultures, like the Greeks, used the right 

hand as a counting tool (Lindemann et al., 2011). Finger counting is essential for promoting growth 

at different phases. 

Learning basic arithmetic with fingers emphasizes the importance of developing number 

skills. Studies on finger-related perceptual disorders demonstrate this (Gracia-Bafalluy & Noël, 

2008). However, cultural differences exist in how people map spatial numbers and orientations 

using their fingers (Toomarian & Hubbard, 2018). Cultural practices, such as teaching reading and 

writing, influence the asymmetry of direction calculation, which is crucial. For example, Western 

culture typically counts from the thumb to the pinky, while Middle Eastern cultures count in the 

opposite order (Lindemann et al., 2011), reflecting visual asymmetries related to scanning setup 

(Previtali, 2011). Therefore, fingers are important in early development. To learn basic 

mathematical concepts, such as whole relationships and interactions. Which helps in acquiring 

skills. Finger interaction is critical for developing children's number skills and influences later adult 

number processing (Berteletti & Booth, 2016). Wasner and colleagues (2014) describe finger 

counting as an external sequential technique used to count objects or perform mathematical 

calculations. At first, the children solve math problems by counting on their fingers. Eventually, 

they transitioned to mnemonic methods to retain fundamental mathematical ideas (Jordan et al., 

2008). McGinn (2015) conjectured that tactile roots are the origin of pointing gestures, which are 

crucial in language development. The results of research indicated that individuals instinctively 

aim to touch targets when pointing, as evidenced by finger orientation and wrist rotation. Moreover, 

young children interpret pointing as attempts to touch rather than as directional arrows; supporting 

the theory, that pointing originates in touch (O’Madagain, 2019). In Fisher's (2003) study, 

participants in a pointing task indicated how to point based on whether a number was even or odd. 
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Small amounts caused leftward movement, and responses were faster. Furthermore, higher 

numbers elicited movements to the right. These results validate the concept of a cognitively spatial 

number line by demonstrating the application of the SNARC effect for manual pointing, which 

stems from the connection between visual information processing and number cognition. Both 

children and adults frequently utilize pointing and touching gestures in order to assign numerical 

value to counted objects (Alibali & DiRusso, 1999). We build on Graham's (1999) proposal, which 

suggests that pointing gestures aid children in applying the crucial counting concept of one-to-one 

correspondence by facilitating the connection between number words and counted items. 

Therefore, each counted object must be associated with a distinct number word. Finger-related 

perceptual abnormalities, such as finger agnosia, contribute to the development of number 

cognition. This gives an insight into sensorimotor processing in numerical skills. Mechanical 

interactions involving the fingers are important for achieving counting and numerical 

understanding (Steffe, 2010). A variety of finger sensorimotor tasks can interfere with these 

abilities. Finger knowledge and fine motor skills are important predictors of numerical abilities, 

including counting, quantity processing, and the ability to calculate. It emphasizes its role in 

mathematical development (Barrocas et al., 2020). 

Setting up connections between finger behaviors and numerical skills such as mathematics 

and counting, research discusses the role of the finger sensorimotor system in the number 

processing. According to embodied cognition theories, the finger sensorimotor system plays a key 

role in enacting mathematical processes. Studies investigate the impact of neural factors related to 

finger skills on number processing. 
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1.3.2 Neural Correlates for Pointing: How Can It Be Separated Reaching Component of 

Prehension and Pointing In Terms of Neural Bases? 

Researchers have thoroughly investigated the brain mechanisms underlying visually 

directed grasping and reaching. It is still necessary to conduct a thorough examination of the precise 

roles that subcomponents play in visuomotor activities. The brain divides visual information into 

two streams: a dorsal stream that works with the occipitoparietal cortex to help with visually guided 

activities; and a ventral stream that works with the occipitotemporal cortex to recognize visual 

objects (Fabbri et al., 2016). The model conclusively relies on hand actions (prehension), 

particularly reaching and grasping actions, to elucidate the role of action in both the ventral and 

dorsal streams. The movement of reaching does not need to obtain visual object properties for hand 

preshaping and manipulation, unlike grasping (Winges et al., 2003). Although grasping studies 

have provided insight into the role of the frontoparietal network, less understanding exists with 

respect to reaching and its differentiation from grasping. One of these specific issues is 

distinguishing between the neural basis of reach and that of point. While it is true that hands can 

only move objects during reach-to-touch, there are similarities between point-without-reach and 

reach-to-touch. Visuomotor transformations are similar in that they both require figuring out where 

an object is in space in relation to the effector (Cavina-Pratesi et al., 2018). Similarly, different 

biomechanical properties specialize in using pointing and reaching motions. Reaching for an object 

is a visuomotor action that facilitates direct interaction, whereas pointing is a common gesture in 

communication when no interaction occurs (Kita & Ozyurek, 2003). Thus, by altering the visual 

property of reaching, we can parse it from pointing and uncover its unique neural mechanisms. 

Reaching without visual feedback when targets moved, PET studies revealed increased 

adjustments. The brain regions implicated in these changes were the left posterior parietal cortex, 
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right anterior mid-cerebellum, and left primary motor cortex, respectively (Desmurget et al., 2001). 

This study highlights the parietal-cerebellar networks and their role in processing dynamic motor 

error signals during reaching. DeSouza et al. (2000) used fMRI to distinguish delayed pointing. 

They found that the rIPS influences the action commands based on the position of the eyes; for 

example, right-hand pointing activates the left rIPS more than when the eyes are positioned right, 

and left-hand pointing activates the right rIPS more than when the eyes are positioned left. This 

implies that the rIPS transforms retinotopic target information into motor commands involving 

wrist movement. By looking at a map of pointing and saccades, Hagler et al. (2007) found a 

possible human parietal reach region (PRR) that is involved in hand movements. Both methods 

detected qualitatively distinct maps in the superior frontal and posterior parietal cortex, but did not 

detect any pointing maps. Inoue et al. (1998) used PET scans to show that the left premotor cortex, 

the posterior cingulate cortex, the supramarginal gyrus, and the right caudate nucleus, thalamus, 

cerebellum, and vermis are all parts of the brain that help with precise pointing. These regions 

appear to be critical for integrating visual information into motor control of hand movements. 

Collectively, these works suggest that reaching and pointing require different visuomotor changes 

depending on the task, and that the parts of the brain that control these changes are linked to those 

that coordinate the eyes and hands. 

All conducted studies classify both reaching and pointing actions as visuomotor actions, 

albeit with minor variations in the neural mechanisms governing them. Cavina-Pratesi et al. (2018) 

investigate the neural differences between reaching and pointing actions, with the goal of 

understanding whether the notion of pointing has a communicative counterpart while the notion of 

reaching does not. They noted activation variances in tasks involving reaching and pointing, 

contingent on arm movement and targeting the object center. Reach-to-point tasks activate the 
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anterior superior parietal lobule (aSPL), while pointing without reaching activates the anterior 

superior parietooccipital cortex (aSPOC). People who point without reaching activate specific brain 

regions associated with communication (TPJ) and target accuracy (LOTC). 

1.4 Background of the Present Study 

The increasing recognition of the theoretical foundations of number cognition and its 

connection to sensorimotor processes emphasizes an important area of study. Despite the 

abundance of research on the correlation between grasping movements and numerical magnitude, 

there is still much to uncover about how hand movements influence the brain's processing of 

numerical ordering. Hence, the primary objective of this study is to enhance our understanding of 

how manual actions, specifically those linked to sensorimotor processes, influence numerical 

cognition. Processing abstract contents, such as numbers, necessitates similar sensorimotor 

computations as those involved in action. For example, the processing of numbers influences the 

finger opening during grasping, as well as the trajectory or velocity of reaching (Lindemann et al., 

2007). This research focuses on how and to what extent sensorimotor processes influence the 

ordering of numbers. 

Of particular interest is the proposition that pointing gestures, integral to the developmental 

stages of numerical comprehension and employed in tasks such as ordering and counting, play a 

fundamental role in the processing of numerical order information (Goldin-Meadow et al., 2014). 

In order to achieve this goal, the study will examine how repetitive point-and-grasp motions trigger 

neural changes and explain how these changes affect the behavioral expressions of numerical 

processing, including order and magnitude. In summary, the main idea is that as we become 

proficient at listing and counting using pointing gestures, there may be similarities between the 
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mechanisms that determine the order of numbers and the pointing process. Nevertheless, as 

grasping activities need us to estimate object size, grip aperture, and distance, grasping and number 

processing may share procedures to evaluate magnitude. 

The primary goal is to examine the impact of performing pointing and grasping actions in 

tasks involving numerical magnitude or order. We believe that pointing plays a significant role in 

the mental representation of numerical order, possibly due to the frequent use of pointing to convey 

ordinal information during childhood development (Cavina-Pratesi et al., 2018). Furthermore, we 

propose that grasping and number processing involve similar processes related to size and distance 

estimation. We plan to investigate these effects using behavioral measures such as accuracy and 

response times in numerical tasks, as well as kinematic aspects of hand movements. The concept 

of embodied cognition, which suggests that sensorimotor experience plays a crucial role in the 

development of high-level cognitive processes, could consider the role of finger use and counting 

in the specific case of pointing (Soylu et al., 2018). Observations from both modern and ancient 

societies suggest that the use of hands in numerical computation is a widely embedded and 

widespread behavior (Overmann, 2014). Several studies suggest that the use of fingers for counting 

and mathematics fundamentally influences the understanding and development of numerical 

concepts (Berteletti & Booth, 2015). 

A hierarchical understanding of grounded, embodied, and situated cognition describes the 

interplay between these cognitive paradigms. Fisher (2012) proposed that the recognition of the 

universal physical limitations of gravity complements the grounding, shaping cognitive functions 

and spatial navigation. The concept of embodiment underscores the significance of learning and 

sensory-motor experiences in the growth of cognition, particularly in the association of numbers in 

horizontal space (Lindemann & Fischer, 2015). At its greatest degree, situatedness places emphasis 
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on contextual elements that affect spatial navigation, like body position and surroundings (Seamon, 

2018). With its foundation in physical limitations, molding from sensory-motor experiences, and 

situatedness, this viewpoint provides a thorough picture of cognition. Culturally specific practices 

that involve using hands for counting embody numerical cognition. 

We must understand the importance of motor and sensory coding in mental arithmetic and 

number representation. This is because both codes, belonging to the same category of information, 

cover knowledge about quantities and magnitudes. To confirm this finding, parietal brain areas 

show similar levels of support for processing magnitudes in both grasping movements and numbers 

(Simon et al., 2002). Numerous studies have demonstrated links between the acquisition of 

numerical knowledge and fine motor skills. For instance, people commonly use their fingers to 

point to objects during counting, symbolize ordinality, and track counting steps, in addition to 

solving problems. It is possible that there exists a functional connection between the advancement 

of finger representation and the improvement of numerical abilities (Noël, 2005). 

The cumulative findings together provide substantiation for the proposition that numerical 

processing is influenced by both cultural practices and neurocognitive mechanisms. In line with 

this idea, more and more research has found links between how we think about symbolic numbers 

and how we reach out and grab things. This shows that the way we think about numbers and how 

we use our senses and muscles work together. Therefore, pointing is essential to the cognitive 

representation of numerical ordering, presumably because of the frequent use of pointing gestures 

to convey ordinal information in early life (Morsanyi et al., 2017). This could be studied in the 

context of disorders like Gerstmann syndrome, which shows finger-related disabilities and 

eventually lacks arithmetical abilities. Both grasping and numerical processing involve similar 

mechanisms related to magnitude estimation, and spatial interactions are involved in both the act 



27 
 

of grasping and numerical processing. As a result, the parietal cortex has a significant influence on 

number cognition. Primarily, the left parietal region performs exact number processing and 

mathematical calculations, while the right parietal region is in charge of basic quantity processing 

(Park et al., 2013). Nevertheless, the parietal cortex also performs the prehension action because 

of its anatomical connections to the anterior parietal lobe's somatosensory regions and the dorsal 

visual stream. The posterior parietal cortex is regarded as an essential component in the motor 

planning process for grasping because it allows the cortex to combine postural and visual cues to 

create an action plan (Gadner et al., 2006). 

1.4.1 My Research 

By looking at how pointing gestures and order-based numerical cognition work together, 

this study aims to unveil how pointing is specifically related to numerical cognition. The main 

objective is to disclose the effects of performing pointing and grasping actions in tasks requiring 

processing either numerical magnitude or order. We hypothesize that pointing has a crucial role in 

the mental representation of numerical order, possibly due to the repetitive use of pointing in 

conveying ordinal information during child development. We also hypothesize that grasping and 

number processing share processes related to estimation of size and distance. We will investigate 

these effects both at the behavioral (accuracy and response latencies in the numerical tasks; 

kinematic parameters of hand action). We capitalized on a previous paradigm developed Ranzini 

and colleagues (2022) to investigate the effects of pointing and grasping on the processing of 

number magnitude comparison (Experiment 1) and numerical order judgement (Experiment 2). 

The new paradigm had two new features: i) a temporal and ii) functional separation between hand 

movement and number comparison. In everyday life, where hand actions and number-related 

processing usually occur simultaneously, contextual variables, such as the unconscious use of 
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associative strategies, may have an impact. For instance, people learn to associate the actions of 

closing and opening their hands with small and large numbers - respectively, due to motor 

experience. The paradigm addressed this potential issue by requiring repetitive hand actions from 

participants prior to number comparison. These two activities had no temporal overlap. Moreover, 

we capitalized on previous literature showing that variations in the type of grasp (e.g., whole-hand 

grasp vs. precision grip) and numerical processing are related, and we adopted a unique type of 

grasp (precision grip) to maintain experimental consistency.  

 In each experiment, we recruited thirty-seven right-handed participants (N = 37) assessed 

by the Edinburgh Handedness Inventory. Prior to the numerical task (either magnitude comparison 

or order judgment), participants performed sequences of grasping or pointing actions. To clarify, 

in Experiment 1, participants compared the magnitudes of numbers (e.g., whether 7 was smaller or 

bigger than 5, using 5 as a reference point). In Experiment 2, they evaluated the order of numbers 

(e.g., whether a sequence of numbers, such as 7-8-9, was correct or not). To avoid temporal overlap 

or functional relationship, participants executed 16 sets of hand actions prior to the number tasks. 

Thus, in this study, the independent variables will include the type of action (grasping, pointing) 

and the type of number tasks (magnitude comparison, order judgment). We will also measure the 

numerical magnitude (small, large), the numerical distance between stimuli (close and far), and the 

numerical order (consecutive, non-consecutive). The dependent variable will be the reaction time 

in both numerical tasks. Furthermore, we will analyze how action performance influences the 

magnitude and order processing by exploring the kinematic aspects of hand action, such as grasp 

finger aperture, point trajectory, movement time, and velocity. Hence, comparing response latency 

to kinematic variables at the trial/participant level may be useful for deciding on further research. 
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Chapter 2 

2. Method 

2.1 Participants 

Thirty-seven right-handed individuals participated in the experiment (13 males and 24 

females). The participants' ages ranged from 18 to 29 years, with a mean age of 22.95 years (SD = 

14.27). Among the participants, there were 11 English-speaking and 26 Italian-speaking healthy 

individuals. Based on the power analysis a sample size of a minimum of 32 participants (up to 64) 

was planned to be tested to allow the detection of effects with a high effect size (f=.4) and relatively 

high power (p=.9), using a standard threshold (α<.05). This calculation is based on a within-subject 

design that includes four experimental conditions: Action (2 levels) x Task (2 levels), or 

Magnitude/Order (2 levels) x Distance (2 levels) within each Task and Action condition. 

All participants were right handed, as assessed by the Edinburgh Handedness Inventory 

(mean laterality score = 90.14, SD = 14.27; range: 56-100), with normal or corrected-to normal 

visual acuity. Recruitment of participants was conducted through advertisements distributed within 

the premises of the University of Padua and by word of mouth. Prior to commencement of the 

experimental phase, each participant received and duly signed an informed written consent form. 

The only exclusion criterium was that participants should be right handed. The experimental 

protocol received approval from the Ethics Committee of the University of Padova and was 

conducted in strict adherence to the principles outlined in the 1964 Declaration of Helsinki (Sixth 

revision, 2008).  
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2.2 Apparatus 

         Participants were seated in a chair facing a table measuring 90x90 cm. A button was 

positioned to ensure the correct initial hand posture. The object utilized for the task was a wooden 

cube with a volume of 8 cm3 (2x2x2 cm). The button was located 6 cm from the edge of the table, 

and the wooden cube was placed 31 cm from the button on the surface of the table. Movements 

were recorded using a 3‐D optoelectronic SMART‐D system (Bioengineering Technology and 

Systems, B|T|S|) equipped with six infrared cameras (sampling rate 60 Hz), placed in a semicircle 

at a distance of 1 to 1.2 m from the table (Figure 1). Three semi‐spherical reflecting markers (~0.25 

mm diameter) were attached to the participant’s right hand, namely, on the index, thumb and wrist. 

These markers served to measure the 3-D coordinates of the hand and fingers during movement. 

Static and dynamic calibrations were performed for 3‐D space reconstruction. The standard 

deviation of the reconstruction error was below 0.2 mm for all axes (x, y, z). Adequate coverage is 

confirmed if all cameras capture all wand points and the calibration standard deviation (SD) is 

under 0.2. In addition, a 15.7 x 13 inches monitor with a resolution of 1024 x 768 pixels and a 

refresh frequency of 60 Hz was used to display the experimental stimuli. The monitor was placed 

85 centimeters away from the viewer's eyes at eye level. Additionally, for the voice record of the 

reaction times, a microphone was used during the number tasks for both magnitude comparison 

and order judgment tasks as reported below. 
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Fig 1. Experimental setup. Kinematic laboratory equipped with a 3D optoelectronic SMART-D 

system with six infrared cameras to measure hand movements. The participant sat at the table in 

front of a monitor to execute the tasks. A button placed on the table to mark the start and end of 

the action. For the action task, an object (a cube) was placed in front of the participant. For the 

number task, a microphone was placed to capture verbal responses for reaction times calculation. 

 

2.3 Procedure 

The experimental session was organized in four consecutive blocks (two for each action), 

with 32 trials for each task, for a total of 128 trials per task (Figure 2). The data were collected with 

a within-participant design. The order of action type and number task was counterbalanced between 

participants. The experiment was conducted using the E-Prime software (Psychology Software 

Tools, Pittsburgh, PA). Participants received on-screen instructions at the beginning of the session, 
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supplemented by verbal elucidation from the experimenter. Prior to the beginning of experimental 

trials, participants underwent a brief training session encompassing both motor actions and 

numerical tasks. 

 

Fig 2. Timeline of the experiment. 

  

At the start of each block, participants were asked to perform a washout activity, which 

consisted of extending their arms and hands for 20 seconds to reset the hand motor system. This 

reset task was selected based on prior studies on motor adaptation (Cattaneo & Silvanto, 2008; 

Grill-Spector, 2006). 

Motor sequence 

Participants were required to perform 16 grasping or pointing actions toward a wooden 

cube (8 cm3) on a self-paced basis. The participant's initial hand posture required them to press a 

button fixed to the table with both their right index finger and thumb, then, when an audible beeping 

was heard, the participant had to perform the motor action. In the Grasping condition (Figure 3A), 

participants were asked to repeatedly grasp the object, starting with their hand in the initial position 

on the button and pushing the button again before beginning the next grasp. In the Pointing 

condition (Figure 3B), participants were asked to repeatedly point to the cube's front face, starting 
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with their hand in the initial position on the button and pushing the button again before beginning 

the next pointing action.  

 

Fig 3. Experimental setting during the two hand motor sequences, namely A) Grasping and B) 

Pointing.     

 

Number tasks 

In the number magnitude comparison task (Figure 4A), participants were presented with a 

single-digit number displayed centrally on a computer screen, and were asked to report verbally 

using “BA” or “BE” whether the presented digit was greater or lesser than 5, respectively (the 

verbal association was counterbalanced between subjects). The target set encompassed all single-

digit numbers excluding 5, which served as the reference point. In the number order judgment task 

(Figure 4B), participants were presented with number triplets displayed centrally on a computer 

screen, and were asked to report verbally using “BA” or “BE” whether the presented number triplet 
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was consecutive or non-consecutive (the verbal association was counterbalanced between 

subjects). 

 

Fig 4.  A diagrammatic representation of the trial structure for the Number tasks. Panel A depicts 

Number Magnitude Comparison Task and Panel B the Number Order Judgement Task. 

  

Each trial began with the presentation of a fixation cross (duration: 500 ms), followed by a 

brief blank screen interval lasting 500 ms, then the target appeared on the screen and lasted until 

the participant's verbal response (with a time limit of 3000 ms). An inter trial interval (ITI) of 1700 

ms with a black screen was used. Verbal responses were captured as reaction times using a 

microphone interfaced with a voice key system; to mitigate measurement inaccuracies stemming 

from its sensitivity, participants were trained to vocalize "BA" and "BE". During the ITI, the 

experimenter inserted the participant’s verbal response manually through the E-Prime software. 

2.4 Data analysis 

Data were analyzed using R version 4.3.1 (R Core Team, 2023). We run separate within-

subject ANOVAs for each task (stimuli not being comparable) on response times. As the number 

of observations for Grasping and Pointing actions in the Order Judgment task were different due 
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to data loss (technical issues on grasping recording), separate repeated-measures ANOVA were 

conducted for the Grasping and Pointing actions. For the Magnitude Comparison task, we run a 

two-way ANOVA on Magnitude (small, large) and Distance (close, far) for each type of Action. 

For the Order Judgment task, we run a two-way ANOVA on Distance (close, far), and Order 

(consecutive, non-consecutive) for each type of Action. Post hoc comparisons (Bonferroni-

corrected) were performed for significant interactions to explore specific differences. 
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Chapter 3 

3. Results 

3.1. Magnitude Comparison Task  

For the Grasping action (Descriptive statistics in Table 1A, ANOVA results summarized in 

Table 1B), the results showed main effects of Magnitude and Distance (Figure 1). RTs were 

significantly faster for small than large magnitudes and for far than close distances. This indicates 

that stimuli with smaller magnitudes and greater distances facilitated the numerical task after 

performing a grasping sequence (Figure 1). 
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Figure 1. Main Effects and Interactions in the Magnitude Comparison task after Grasping 

and Pointing. (A) The figure shows ANOVA results with a main effect of Distance (***, BF > 3) 

and a significant Distance × Action Type interaction, (**, BF > 3). (B) Linear regressions on RTs 

by numerical distance reveal that negative slopes indicate a classic distance effect. This effect was 

absent after pointing but remained following grasping, highlighting grasping has preserved 

sensitivity to numerical distance. 

 

For the Pointing action (Descriptive statistics in Table 2A, ANOVA results summarized in 

Table 2B), the analysis showed no significant main effect of Magnitude, or Distance, or interaction 

between Magnitude and Distance. 
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3.2. Order Judgment Task 

For the Grasping action (Descriptive statistics in Table 3A, ANOVA results summarized in 

Table 3B), there was a significant interaction between Order and Distance (Figure 2). RTs were 

significantly faster for close ordered numbers than non-ordered numbers. This suggests that the 

presence of stimuli in numerical order facilitated the task but only at close distances. Additionally, 

RTs for non-ordered triplets were faster with far compared to close numbers. This shows that faster 

responses can also occur in the absence of numerical order, but only with stimuli at far distances.  

 

 

   

For the Pointing action (Descriptive statistics in Table 4A, ANOVA results summarized in 

Table 4B), there was a significant interaction between Order and Distance (Figure 2).  The presence 

of a numerical order at close distances led to faster responses than in the absence of numerical 

order. Furthermore, faster responses were associated with far distances in the absence of numerical 

order.  
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Figure 2. Main Effects and Interactions in the Order Judgment task after Grasping and 

Pointing. The figure presents ANOVA results showing a main effect of Distance (**, BF > 3) and 

a highly significant Numbers Order × Distance interaction (***, BF > 3). A reversed distance effect 

appeared for consecutive triplets in each sub condition, with Action Type interacting with 

numerical distance and numbers order, highlighting distinct patterns in distance effects across 

action orders. 
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Chapter 4 

4. Discussion & Conclusion 

4.1 Discussion 

The data from the Magnitude Comparison and Order Judgment tasks have been discussed 

separately. 

4.1.1 Magnitude Comparison Task 

The current study aimed to investigate how repetitive execution of grasping and pointing 

actions affect numerical magnitude comparison task and distance effect, as well as the relationship 

between motor actions and numerical cognition. The findings showed that repetitive execution of 

grasping before the magnitude comparison task has a facilitating effect on smaller than larger 

magnitudes. In addition, it also facilitates responses for far than close distances. These results imply 

that performing repetitive grasping actions before the numerical tasks could be advantageous for 

far numerical distances, which offer distinct boundaries, and small magnitudes (Sixtus et al., 

2023).  This is in line with the conventional distance effect (Núñez-Peña & Suárez-Pellicioni, 

2014), and performing a grasping action before the task seems to reinforce this effect. On the other 

hand, performing repetitive pointing actions (requiring less fine motor control than grasping) (Kim 

et al., 2024) canceled the distance effect. This means that the circuits of the brain that are involved 

in pointing might be shared with those involved in processing number distance, so that they 

interfere with each other. This is possibly because pointing could be related to quickly judging the 

overall numerical situation rather than controlling the body precisely.  
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The observed findings may be attributed to the differing motor requirements associated 

with the actions of grasping and pointing. Differing needs for motor planning and control 

characterize the phases of grasping involving grip opening and grip closure. During a grip opening, 

it is the extensor muscles and the receptiveness informed by visual information concerning the size 

and shape of the object that play a leading role. Because it is a simple movement, the phase typically 

requires less mental effort and muscular management (Castiello, 2005). Grip closure, unlike grip 

opening, necessitates precise coordination to match the grip force with the object's characteristics. 

The phase engages flexor muscles, needs precise motor control, and demands continual sensory 

feedback integration to keep a stable grip (Schneider & Hermsdörfer, 2016). Thus, grip closure 

turns out to be harder because it requires more motor planning and control, necessitating detailed 

force modulation alongside sensory feedback processing. Electromyographic recordings reveal that 

grip closure initiates quicker in response to smaller digits compared to grip opening, which is faster 

for larger digits. As digit size increases from small to large, reaction times (RTs) rise linearly for 

tasks that require grip closure; whereas they decline for tasks that need grip opening (Andres et al., 

2004). This interaction aligns with Walsh’s theory that numerical values and object size exert 

similar influences on motor programming due to their shared representations in the dorsal visual 

pathway (Walsh, 2003). The faster response occurs while processing smaller magnitudes after 

repetitive grasping actions, particularly in conditions of far distance, because the modifications 

needed to fit grip force to smaller objects are less complicated (Moretto & Di Pellegrino, 2008). 

The motor system can rapidly respond to small objects, enabling faster grip closure. As objects are 

far in distance, the visual distinction between smaller items becomes more evident, hence 

improving the accuracy of motor planning and execution. Therefore, Grasping facilitates the 

following magnitude comparison task, especially for smaller magnitudes, far distances, consistent 

with the observation that grip closure happens more rapidly for smaller digits than larger ones.  
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In relation to Pointing, which essentially depends on the index finger, is a movement 

defined by relatively simple spatial processing and less cognitive workload compared to grasping 

(Carnahan et al., 1993). The brain's close integration of numerical cognition and motor planning 

implies that prior repetitive execution of pointing actions accelerate the processing of larger 

magnitudes, particularly at distant numerical distances in the magnitude comparison task. The 

brain's representation and processing of numerical quantities are responsible for the observed 

efficiency in regions that overlap with those involved in motor planning (Ariani et al., 2022). 

Furthermore, similarities in motor planning between pointing and grip opening could exist because 

both actions involve the index finger and do not have a closure phase, which is present in grasping. 

As previously mentioned, grip opening requires less cognitive control, and the use of long distances 

in pointing facilitates faster magnitude comparisons (Rosenbaum et al., 1992). Furthermore, 

pointing typically facilitates the magnitude comparison task when both the numerical magnitude is 

large and the distance is far. Farer numerical distances impose reduced cognitive demands, 

allowing for quicker responses (Maloney et al., 2010). These far distances impose distinguishable 

perceptual distinctions among numbers and further smooth the path of efficient spatial 

computations. Importantly, larger magnitudes often require less fine motor control compared to 

smaller magnitudes, as the target size is larger in line with the Weber-Fechner law (Uccelli et al., 

2021). As a result, the decrease in critical adjustments allows for a more accelerated, smooth 

pointing motion, and could enhance its effect before the numerical task. Subsequently, pointing 

demonstrates a higher facilitation to larger magnitude comparisons and needs less fine motor 

control, which results in faster reaction times under conditions that feature both far numerical 

distance and large magnitudes. 
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According to the conventional distance effect theory, a phenomenon known as the 

numerical distance effect performs better the farer the distance between the two numbers under 

comparison (Krajcsi & Kojouharova, 2017). With close numerical distances (e.g., 3 vs. 4), subjects 

usually take longer to respond and have elevated error rates, owing to the requirement for advanced 

cognitive processing to tell apart the closely-spaced numbers. Differently, RTs are quicker and 

error rates are lower when working with farer numerical distances (e.g., 2 vs. 9), because the bigger 

disparity between the numbers promotes easier discrimination. Concerning cognitive processing, 

closeness in numerical distances demands enhanced detail and precision in analysis, requiring the 

brain to undertake more effortful, detailed processing to recognize the distinctions. Conversely, 

numerical distances facilitate faster and more efficient cognitive processes by simplifying 

comparison and decision-making (Pinel et al., 2004). This is compatible with the idea that greater 

numerical distances result in reduced detailed cognitive processing, which makes it easier to do 

actions that need minimal accuracy (Ranzini et al., 2009). This distance effect is also relevant to 

tasks that involve motor movements, including grasping and pointing. In tasks that require precise 

motor control, such as grasping, the speed of performance can facilitate small-magnitude 

processing by aligning detailed cognitive processing with the fine motor control required for prior 

grasping (Guillery et al., 2013). In contrast, pointing, which demands less precision, might facilitate 

large magnitudes, as the distinct differences facilitate rapid cognitive processing. Furthermore, the 

relative magnitude of the numerical information exerts a greater influence on pointing. However, 

when it came to grasping, which requires more precise motor control, the exact number of items 

had a bigger effect. This could be due to the fact that each movement is more sensitive to changes 

in smaller numbers (1–3) than to changes in larger numbers (21-23), such as pointing (Felisatti et 

al., 2022). The nature of the task and the required level of motor control can modulate the distance 

effect after repeated execution of actions in the magnitude comparison task. Actions demanding 
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higher precision, like grasping, show performance that is more pronounced effects for small 

magnitudes in the number tasks, while those requiring less precision may show the opposite pattern, 

like pointing. 

4.1.2. Order Judgement Task 

The current study aimed to investigate how repetitive execution of grasping and pointing 

actions affects the numerical order judgment task and distance effect, as well as the relationship 

between motor actions and numerical cognition. Regardless of the order of the numbers, the results 

showed that participants reacted faster after pointing than after grasping in the performance of the 

order judgment task. After doing both grasping and pointing actions repeatedly, participants 

responded faster when the numbers were in order and close in distance and when the numbers were 

out of order and far in distance as shown by the post hoc analyses. The motor simplicity of pointing 

amplified these effects, resulting in consistently faster execution due to its lower motor demands 

compared to grasping. For the pointing action, the motor system does not separate hand rotation 

from hand translation (Schütz & Schack, 2013). In other words, when you point at something, your 

brain and motor system work together to guide the hand's translation and rotation movements. The 

combined method probably enhances the pointing activity by making it smoother instead of 

needing individual control systems for every part of the movement, such as grasping. Pointing is 

essential for how children understand numerical order, most likely due to its frequent use in 

conveying ordinal information in their early development. Recent research highlights distinct 

neural activations for pointing compared to arm transport (reaching), emphasizing the 

communicative aspect of pointing. This is a unique combination of visuospatial processing for 

object location and social cognition. Pointing with the index finger is a milestone in the 

development of children, starting at ages around one year, and it serves as an important social 
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linking device between children and caregivers. On top of this, pointing is an essential gesture in 

most spoken contexts. Research also shows that children learn mathematical concepts better if 

teachers, for example, encourage them to use correct pointing gestures (Cavina-Pratesi et al., 2010; 

Leavens, 2004; Leung & Rheingold, 1981). So, is the repeated use of pointing in gestural situations 

critical to the development of number knowledge? This question aligns with the hypothesis of this 

thesis, which posits that pointing, used in early childhood to convey ordinal numerical information, 

may share mechanisms with numerical order. This is especially important for numerical cognition, 

as it helps children map the visual items in order to count them. The index finger counting routine 

may scaffold children's understanding of ordinality (e.g., 'I live on the third floor') prior to that of 

cardinal value magnitude (e.g., 'I see three puppies'), as observed previously (Fluck & Henderson, 

1996; Krajewski & Schneider, 2009). Another study indicated that the understanding of symbolic 

number representation relies on the presence of numerical ordinality and affects the development 

of advanced math abilities. Research with 1500 children shows that the reversed distance effect 

occurs in first grade and becomes stronger for unfamiliar numbers. Children's evaluation of simple 

ordered sequences (e.g., 2–3–4) accounted for the majority of the variance in mental arithmetic, 

and this association persisted even after adjusting for counting. These findings highlight the 

relationship between numerical processing and arithmetic skills. A three-item numerical order task 

and an arithmetic fluency test were used to measure event-related potentials (ERPs) in 73 adults. 

The left anterior-frontal, left parietal, and central electrodes showed significant ERP differences 

between ordered and unordered sequences at 500–750 ms. Distance-related differences appeared 

at 500–750 ms for unordered sequences and at 190–275 ms for ordered sequences. As shown by 

Brunner et al. (2024), only the ERP difference at the left anterior-frontal electrode was linked to 

arithmetic fluency. This means that the brain automatically processed ordered sequences and later 

processed distance in unordered sequences. The analysis of the order judgment task revealed 
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significant main effects of distance and a notable interaction between numbers order and the 

distance for both actions. Participants exhibited faster reaction times (RTs) in conditions where 

numbers were either close and consecutive or far and non-consecutive. This pattern was consistent 

after executing both grasping and pointing actions, indicating enhanced performance under these 

specific conditions. Pointing also always led to faster RTs compared to grasping, particularly in 

the case of closely spaced and ordered numbers and widely spaced and non-ordered numbers. This 

observation suggests that pointing enhances performance more automatically, particularly in cases 

of ordered numerical sequences and close numerical distances in the task. Thus, the reverse 

distance effect theory, a phenomenon in numerical cognition, could also explain these results.  

 The foundational relationship's evidence is based on two key behavioral signatures for the 

two numerical tasks that we have: the canonical distance effect and the reverse distance effect. The 

canonical distance effect shows faster reaction times for comparing numbers that are far apart (e.g., 

2 and 8) compared to those that are close (e.g., 2 and 3) for the magnitude comparison task. 

Response times for ordinal judgment task increase when numerals are close (e.g., 2-3-4) rather than 

when they are further apart (e.g., 2-4-6) (Vogel et al., 2021). Additionally, the reverse distance 

effect demonstrates that people perform better on challenges involving numbers placed closer 

together, indicating a greater ease of recognition of smaller distances between numbers in specific 

situations. One plausible explanation for this effect could be some specific experimental contexts 

or cognitive strategies used during number comparison tasks. Participants responded more quickly 

to numbers when they were close together and in the expected order (Lyons et al., 2016). This 

probably facilitated cognitive processing, as normal order requires less mental effort to identify 

and compare numbers. Smaller numerical differences between adjacent numbers also helped 

facilitate faster and better comparisons. For instance, the reverse distance effect refers to the faster 
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execution of serial sequences (e.g., 1-2-3) during order processing compared to interleaved ones 

(e.g., 1-3-5). People frequently attribute this to a memory-based associative process, where the 

familiarity of consecutive sequences makes them easier to retrieve than any single learned program 

(Devlin et al., 2024). The lower cognitive load required for the ordered numerical sequence allows 

for faster processing, while the ease of distinguishing larger numerical distances benefits the non-

ordered numerical sequence. Vos et al. (2017) noted the presentation of digits in ascending, 

descending, or non-ordered sequences, which varied in proximity to each other. The performance 

was faster, and the reversed distance effect was more pronounced for ordered sequences that 

ascended than for those that descended, suggesting an associative mechanism. They then conducted 

a comparison between judgment and ordering tasks to determine if the same mechanisms were 

involved. To illustrate, Canadian children completed symbolic numbers, arithmetic fluency, and 

working memory tasks. All tasks demonstrated a reverse distance effect with respect to ordinal 

sequences as well as canonical distance effects in unordered arrays. Thus, after controlling for age, 

working memory and number comparison were unique predictors of ordinal task performance (Xu 

et al., 2023). Indeed, when presented with numbers close in distance and in an ordered manner, 

subjects reacted faster, as measured by reaction times (RTs) in line with the reverse distance effect. 

In addition, when presented with numbers far apart and in a non-ordered manner they also reacted 

faster. This was because larger numerical distances facilitated differentiation, which in turn reduced 

cognitive effort in relation to prior pointing. 

However, the main issue with our study is that we found no statistically significant 

difference in the order judgment task between grasping and pointing actions. This contradicts the 

expected results, which suggest that pointing plays a crucial role in the mental representation of 

numerical order. This could be attributed to the repetitive use of pointing in conveying ordinal 



48 
 

information during child development, and it demonstrates a significant role in the order judgment 

task when compared to grasping, as hypothesized. Several confounding factors could account for 

these results. First, the block structure of the experiment could lead participants to intentionally 

develop a generalized strategy within blocks that minimizes the difference between the two actions. 

This adaptability could blur the specific cognitive and motor requirements normally associated 

with pointing. While grasping involves two phases, such as the opening and closing of the grip, 

and necessitates focus, pointing lacks these phases and may be more susceptible to the adaptability 

effect. The same adaptability could have attenuated the preference for focusing attention on the 

pointing action, leading to attention loss when pointing became required. Moreover, the equal 

distribution of attentional resources may have diminished the anticipated benefit of pointing in 

numerical order processing. In addition, the link between the motor actions and numerical tasks 

might not have been powerful enough to create the desired specificity for pointing. The reduced 

connections between motor actions and numerical cognition could have led to equal efficiency in 

the order judgment task following both grasping and pointing. Participants could have utilized 

broad motor planning techniques for both actions. Combined with the task difficulty that arose, the 

differences between the two actions could have become lower, resulting in the reverse distance 

effect appearing for both without a definite purpose of pointing while handling numerical orders 

as expected. 

Future studies must clarify how sensorimotor action mechanisms influence the 

understanding of ordinal numbers. By introducing randomized trials that alternate between 

grasping and pointing in each trial, we can prevent people from adopting a single, unified strategy. 

A dual-task model could investigate the relationship between attention and performance by 

comparing high and low cognitive load conditions during these motor processes. The goal of these 
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studies is to reveal the specific cognitive and motor demands of grasping and pointing, as well as 

to refine our view of the connection between numerical processing and motor planning. 

4.2. Conclusion 

Taking everything into account, the goal of this study is to look into how grasping and 

pointing affects the coordination of number magnitude, number order, and distance in tasks that 

involve comparing numbers by magnitude and judging numbers by order. Results showed separate 

performance facilitations after executing repetitive grasping and pointing, demonstrating complex 

relationships between numerical cognition, cognitive processing, and motor control. 

In the magnitude comparison task, grasping significantly speeds up performance for small 

magnitudes, regardless of distance, and demonstrates faster reactions for far distances, regardless 

of magnitude. This finding suggests that grasping actions create clearer distinctions that facilitate 

understanding far numerical distances for smaller magnitudes, which require fine motor control. 

The results are in line with the hypothesis; grasping and number processing share processes related 

to estimation of size and distance so that grasping significantly differs from pointing as the results 

suggested. Moreover, the small magnitudes at far distances are in line with the conventional 

distance effect, where faster and more accurate responses characterize processing magnitudes for 

far numerical distances. Specifically, one of the two main phases of grasping; grip closure, optimize 

the motor planning for smaller objects at longer distances, potentially reducing cognitive load and 

enabling faster reactions, which could ease the performance in the number-magnitude comparison 

task and lead to faster responses. However, the pointing task showed an interaction between 

numerical magnitude and distance that was not significant. However, a qualitative examination by 

mean scores revealed that pointing facilitated faster performances for large magnitudes at far 
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distances, while responses were faster for small magnitudes at close distances. This implies that 

the cognitive processes underlying pointing could prefer rapid numerical context appraisals. Motor 

planning influences numerical cognition after pointing actions, resulting in less precise control and 

enabling quicker cognitive processing for the number task. The complex motor planning and 

control needed for grasping differ from the simpler mechanics of pointing, which involve basic 

hand movements and rotation simultaneously. This contrast highlights the differences in terms of 

cognitive and motor load needed for each action and how they influence the numerical processing. 

Furthermore, participants respond more quickly to closely ordered numbers (1-2-3) or far-

spaced non-ordered numbers (1-5-9) in the order judgment task after both pointing and grasping. 

This highlights the subtle dependency of cognitive processing on numerical distance and ordering 

for both actions. All of these patterns suggest that people may use what they know about number 

sequences and how they are arranged in space to choose responses that are as quick and accurate 

as possible. This is because associative memory processes are easier to use for sequences that have 

already been learned. These results align with prior research demonstrating that both visual and 

motor modalities enhance numerical cognition, particularly in children, by facilitating the linking 

of visual items to numerical magnitudes through pointing. 

Despite this evidence, the absence of an effect in order judgment tasks for grasping versus 

pointing actions suggests that a confounding factor establishes part of the significant interaction 

between subject performance and computational load. The task's structure may have also enabled 

strategies with broad applicability, thereby concealing the distinct cognitive and motor demands of 

each action type. Thus, future studies should focus on how the use of pointing has an effect on 

ordinal number processing due to its use on early childhood. 
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