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Abstract 

This paper details and applies a novel method for assigning 
function to local cortical structure. Imaging results from 
multiple cognitive domains were used to investigate what a 
shared neural substrate could be contributing to two 
apparently different domains: finger and number 
representation. We identified a region within the left 
precentral gyrus contributing to both tasks; identified, across 
several cognitive domains, other cognitive uses to which the 
ROI may have been put; and looked across these cognitive 
uses to ascertain the functional contribution of the ROI. The 
result of this process is a proposed local working—an array of 
pointers—that can be tested empirically and will allow for 
further elaboration of the redeployment view of the relation 
between finger and number representations. This work is 
significant for understanding the relationship between finger 
gnosis and math, and for introducing cross-domain modeling 
as a new empirical method.   

Keywords: number representation; finger representation; 
neural substrate; exaptation; function-structure mapping; 
localization; cross-domain modeling. 

The Redeployment View 
Finger gnosis or “finger sense” (indexed by the ability to 
distinguish which fingers have been lightly touched 
without visual feedback) is related to math ability (Fayol, 
Barrouillet, & Marinthe, 1998; Noël, 2005; Penner-
Wilger et al., 2007). In Penner-Wilger and Anderson 
(2008) we elaborated a novel hypothesis regarding the 
observed predictive relation between finger gnosis and 
mathematical ability.  In brief, we suggested that these 
two cognitive capacities have overlapping neural 
substrates, as the result of the re-use (“redeployment”) of 
part of the finger gnosis circuit for the purpose of 
representing number.  On this redeployment view, the 
neural circuitry shared between finger gnosis and number 
representation forms one part of the functional complex 
necessary for number representation. Along with the 
neural circuit shared with finger gnosis, additional neural 
circuits (with additional abstract functional capacities) are 
expected to combine in support of the capacity for 
number representation.  

The crucial question that a shared neural circuit raises 
is: What is the shared circuit doing for the different 
functional complexes of which it is a part? What is the 
working of this circuit that allows it to support tasks in 
such apparently different cognitive domains?  

In the framework we adopt here, workings represent 
low-level operations that are performed by small, 

anatomically distinct brain areas (Bergeron, 2008). As 
such, workings are neither consciously available nor 
describable with higher-level psychological vocabulary. 
Therefore, in contrast to the current practice in cognitive 
neuroscience, workings should be described using 
domain-independent vocabulary. Here, we adopt a 
vocabulary drawn from information processing theory, 
although certainly other possibilities (e.g. dynamic 
systems theory) may turn out to be more appropriate to 
the task (Anderson, 2007a). 

According to the Massive Redeployment Hypothesis 
(MRH; Anderson, 2010, 2007a,b) multiple workings, in 
concert, compose higher-level cognitive uses, and a 
typical brain area will contribute to many cognitive uses, 
across domains, but perform the same working across 
uses (Anderson, 2010). MRH straddles the middle ground 
between localization and holism in that, although parts of 
the brain are specialized (i.e., they always perform the 
same working), this specialization is at the lower-order 
level of cognitive workings (e.g., computations or 
transformations) rather than that of higher order cognitive 
uses. Anderson (2007a, p. 339) uses the analogy of 
“finding the right letter to go into a box on a 
(multidimensional) crossword puzzle” to describe the task 
of determining a shared cognitive working. Thus, 
knowing the many cognitive uses that a brain area 
supports will help to determine what that brain area does. 
Both Anderson (2010, 2007a,b) and Bergeron (2008) 
advocate for the determination of shared cognitive 
workings within and across domains as a method to 
advance our understanding of high-level cognition and to 
achieve the interdisciplinary goals of cognitive science. 

The methodology of looking across domain boundaries 
to determine the working of a brain area is not common in 
cognitive neuroscience; activations are generally 
attributed to processes specific to the domain under 
investigation (Cabeza & Nyberg, 2000). Cabeza and 
Nyberg conclude, in a review of 275 imaging studies, “it 
would be useful to systematically compare functional 
neuroimaging data in different cognitive domains and to 
develop general theories that account for the involvement 
of brain regions in a variety of cognitive tasks” (Cabeza & 
Nyberg, 2000, p. 31). One such working was proposed by 
Hubbard et al. (2005): a computational transformation for 
spatial updating implemented within the parietal sulcus.  
This cognitive working is also thought to play a role in 
another cognitive use: shifting attention along the mental 
number line. It is hypothesized that the SNARC effect—
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the finding that smaller numbers are responded to faster 
with the left hand and larger numbers with the right 
hand—arises as a result of this shared working.  

Tettamanti and Weniger (2006) examined activation of 
Broca’s area in a variety of cross-domain tasks with the 
purpose of determining the shared working. Though 
generally held to be a language area, responsible for 
phonological processing and language production, 
Broca’s area is also activated in non-linguistic domains 
such as object manipulation, action perception, and music 
(Tettamanti & Weniger, 2006). The authors examined the 
existing imaging data, across domains, and concluded that 
the cognitive working of Broca’s area “may be to process 
hierarchical structures in a wide range of functional 
domains” (p. 491). Such investigations illustrate how 
looking across domain boundaries for shared workings 
can help generate more specific proposals for those 
workings, as well as potentially contribute to a better 
understanding of the nature of high-level cognitive 
domains and their relations. 

In Penner-Wilger and Anderson (2008), one possible 
shared working between finger and number representation 
was suggested—a register. A register is a representational 
form comprised of an ordered series of elements that can 
be independently activated. Different patterns of 
activation across the register reflect different 
representational content. The suggestion of a register, 
however, was based solely on the two domains of interest: 
finger and number. In the current paper, imaging results 
from multiple domains are used to more systematically 
investigate the shared working. The steps in this process 
were to (1) identify the brain area of interest; (2) identify, 
across domains, other cognitive uses that the area of 
interest supports; and (3) look across tasks and domains to 
ascertain the shared working of the area of interest. The 
final result of this process was a proposed shared working 
that can be tested empirically (e.g., via interference 
studies), and should generate a better, more accurate, and 
more fruitful description of our representation of number 
and its relation to other domains. 

Identifying the Brain Region of Interest  
The brain region of interest is taken from the PET study 
of Zago et al. (2001), who reported activation in the left 
precentral gyrus at the coordinates for finger 
representation during adults’ performance of both single-
digit and multi-digit multiplication. This same area within 
the left precentral gyrus was also activated during single-
digit multiplication (Dehaene et al., 1996), single-digit 
addition (de Jong et al, 1996; Pesenti et al., 2000), number 
comparison (Dehaene et al., 1996; Pinel, Piazza, LeBihan 
& Dehaene, 2004), and symbolic and non-symbolic exact 
and approximate addition with dots (Venkatraman, Ansari 
& Chee, 2005). Thus, the selected ROI is activated across 
a range of numerical formats and tasks.  

Zago et al. had four conditions: rest, read, retrieve, and 
compute. The read condition involved reading pairs of 
Arabic digits, which were composed of zeros and ones. 
The retrieve condition involved solving single-digit 
multiplication problems from 2 x 2 to 5 x 6. The compute 

condition involved solving two-digit by two-digit 
multiplication problems with a product less than 1000. 
Stimuli were presented visually and participants 
responded verbally.  

The most relevant subtraction for the present purposes 
is the conjunction of compute and retrieve conditions 
minus the read condition, as number representations are 
accessed for both single and multi-digit arithmetic. The 
conjunction analysis isolates the common neural 
activation for the two arithmetic tasks over and above 
activation associated with the control (i.e., read) 
condition. The area of interest is significantly activated in 
all three comparisons. Thus, the ROI for investigation of 
the shared working between finger and number 
representation is taken to be within the left precentral 
gyrus centered on coordinates (-42, 0, 38) ± 6 mm. 

Identifying, Across Domains, Other Cognitive 
Uses that the Region of Interest Supports  
Identification, across domains, of other cognitive uses that 
the ROI supports was accomplished using (1) existing 
neuroscience results of shared brain areas in number and 
finger representation from Step 1, and (2) the Action-
Grounded Cognition Lab’s (www.agcognition.org) 
database of post-subtraction activations for 2164 studies 
from 692 journal articles (Anderson, Brumbaugh, & 
Suben, 2010). All studies in the database were conducted 
with healthy adult participants. Areas of activation 
recorded in the database reflect greater neural activation 
in the noted region for a given condition compared to a 
baseline or other comparison as noted (i.e. post-
subtraction activations as reported in the original papers). 

The output of the database search included the 
following information for experiments reporting post-
subtraction activation with a center inside the ROI within 
the left precentral gyrus: publication citation, domain (i.e., 
action, cognition, emotion, interoception, perception, etc.) 
and sub-domain (e.g., attention, language, memory, etc.) 
based on the BrainMap database classification system 
(Laird, Lancaster, & Fox, 2005), imaging method, 
Talairach coordinates and Brodmann area of each 
recorded activation, relative placement within the 
Brodmann area, and the subtraction used to generate the 
results (Anderson, Brumbaugh, & Suben, 2010). Finding 
that our region of interest was activated in tasks across 
domain boundaries would provide further support for 
MRH. Investigation of the output of the database search at 
the levels of domain, sub-domain, and the relevant tasks 
and subtractions used was necessary to guide and 
constrain identification of a proposed shared working. 

Results. The results of the database search provided 65 
studies and 80 subtractions showing post-subtraction 
activation within the region of interest in the left 
precentral gyrus. Of the subtractions, 11 were in the 
domain of action, 60 in cognition, 2 in emotion, and 7 in 
perception. Within the domain of action, four were in the 
sub-domain of execution, five in inhibition, and one in 
each of imagination and preparation. Within the domain 
of cognition, 20 were in the sub-domain of attention 
(including four in visual attention), 16 in language (one in 
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orthography, two in phonology, nine in semantics, and 
four in speech), 2 in mathematics, and 20 in memory 
(seven in explicit memory and ten in working memory) 
and one in each of time and theory of mind. Within the 
domain of perception, two were in audition, one in 
somesthesis, and four in vision. Thus, consistent with 
Anderson’s (2010) MRH, the region of interest was 
involved in varied cognitive uses across domains. 
Looking Across Cognitive Uses to Ascertain the 
Shared Working of the Region of Interest  
Given the variety of domains, sub-domains, tasks, and 
subtractions that showed activation in our ROI within the 
left precentral gyrus, the challenge was to glean the 
underlying shared working. The output of such an 
endeavor should be a low-level cognitive working, 
described in domain-neutral vocabulary, which the 
different cognitive uses could plausibly benefit from 
incorporating.  

The region of interest was activated in expected tasks 
including number comparison (Gobel et al., 2004; Liu et 
al., 2006) and mental representation of fingers (Kuhtz-
Bushbeck et al., 2003; Jancke et al., 2000; Numminen et 
al., 2004), confirming that this area is involved in both 
cognitive uses. In examining the variety of cognitive uses 
that share common activation in the ROI, three additional 
themes emerged: generation (e.g., generate items in a 
given category), inhibition (e.g., incongruent Stroop 
condition, anti-saccade, response inhibition), and order 
(e.g., n-back task, performing memorized sequences of 
saccades, judging alphabetical or sequential order). 
Further examination of tasks within each theme was 
undertaken as a means to both guide and constrain the 
proposed shared working.  

In nine papers (10 subtractions), generation tasks 
showed activation in the ROI. Increased activation was 
found when participants covertly generated words within 
a given category, compared to rest (Frankenstein, Richter, 
Mcintyre, & Remy, 2001; Tremblay & Gracco, 2006) or 
compared to listing numbers (Pihlajamaki et al., 2000). 
Increased activation was found for generation of related 
verbs when participants were shown nouns, relative to 
fixation or rest (Drobyshevsky, Baumann & Schneider, 
2006; Hamzei et al., 2001) and also found when 
participants produced verbs, compared to nouns, in the 
context of short phrases or sentences (Shapiro, Moo, & 
Caramazza, 2006). Increased activation was found for the 
generation of neutral words relative to emotional words 
(Cato et al., 2004). Thus, word generation is one cognitive 
use associated with our shared working of interest. Word 
generation requires, among other things, representation of 
the category of items to be generated, mapping between 
category and items, and some means of keeping track of 
items already generated. 

In thirteen papers (16 subtractions), inhibition tasks 
showed activation in the ROI. Increased activation was 
found in task switching conditions compared to task 
repetition (Cools, Clark, & Robbins, 2004; Dove et al., 
2000). Increased activation was also found in task 
switching, where the meaning of the cue switched, 

compared to cue switching, where two cues indicated the 
same action (Brass & von Cramon, 2004) or to direct 
mapping between cue and task (Dassonville et al., 2001). 
Increased activation was found for the incongruent 
compared to neutral condition in Stroop paradigms (Liu et 
al., 2006; Norris et al., 2002). Increased activation was 
also found for antisaccades compared to controlled 
saccades or fixation—in the antisaccade task participants 
are required to direct their gaze to a mirror-symmetrical 
location in the opposite visual field of the target, requiring 
response inhibition (Chikazoe et al., 2007; Connolly et al., 
2000) as well as for anti-pointing (Connolly et al., 2000). 
Thus, task switching/response inhibition is one cognitive 
use associated with our shared working of interest. Task 
switching requires, among other things, representation of 
the response sets (tasks) and some means of mapping cues 
to response sets. 

In six papers (10 subtractions), order tasks showed 
activation in the ROI. Executing saccades to a sequence 
of memorized locations, compared to rest (Heide et al., 
2001; Petit et al., 1996), correct hits in deciding whether 
the first and last letter of a word were in alphabetical 
order compared to misses (Henson et al., 2005), in an 
order-memory task following presentation of five letters 
compared to an item-memory task (Marshuetz et al., 
2000), and in spatial and non-spatial n-back tests, where 
participants are asked to recall items presented n-items 
previously, compared to indicating which object changed 
luminance or recalling items presented 0-back (Owen et 
al., 1998; Ragland et al., 2002). Thus, storage and recall 
of order information is one cognitive use associated with 
our shared working of interest. Order tasks require, 
among other things, some means of representing 
information in an ordered form. 

In summary, the cognitive uses for our ROI include: 
finger representation, number representation, category 
representation, task representation, and order 
representation. Note we are not claiming that this ROI is 
the only region that performs these various tasks, for 
instance that it plays some unique, unduplicated role in 
task switching.  Rather, these are the various conditions 
under which we have observed increased activation in our 
ROI. Given the brain area of interest here, and the 
cognitive uses the area supports, our goal is to look across 
uses to see if it is possible to identify a shared working—
some cognitive resource it provides that would account 
for its contribution to all these various tasks. 

Proposal for a Shared Working 
Given the shared uses from the database search, the 
specifications for a shared working are: that it allows for 
ordered storage of discrete representations and for 
mapping between representational forms. Does our initial 
proposal of a register (Penner-Wilger & Anderson, 2008) 
meet these updated requirements? A register does provide 
ordered storage (the reason for our initial proposal). A 
register, however, does not provide a means for mapping. 
One possibility is that our ROI performs storage and 
another shared region performs mapping, in which case a 
register would be a plausible shared working. Another 
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possibility is that our selected ROI did not pick out a 
small, anatomically-distinct brain area and, therefore, is 
large enough to encompass two or more workings, one of 
which could again plausibly be a register.  The third 
possibility is that our ROI did successfully pick out a 
small, anatomically-distinct brain area that performs one 
working, but that this working is more complex than our 
original proposal and performs both the storage and the 
mapping. This final possibility is addressed for the 
duration of the paper.  

One computational unit that could implement both the 
ordered storage and mapping requirements is an array of 
pointers. An array is an ordered group, meeting the 
requirements for ordered storage. A pointer is a data 
structure that designates a memory location and can 
indicate different data types. The added functionality in 
this proposed working comes not from the array, as our 
proposed register could easily have instead been 
described as an array, but from what the array contains. 
An array of pointers allows for storage and access of 
ordered elements, which are able to point to—or index—
representations or locations in memory, allowing for 
mapping between different representational forms. Thus, 
an array of pointers would allow for the ordered storage 
of different types of information and would facilitate the 
mapping between representations.  

In finger representation, an array of pointers could hold 
distinct ordered representations for each finger. In number 
representation, an array of pointers could hold 
representations of discrete numbers (not limited to values 
≤10), ordered by magnitude, across different 
representational forms: non-symbolic and number words, 
numerals, etc. This structure could support number 
comparison, but also numerical estimation—as estimation 
involves translating between alternative representations. 
Imaging evidence shows the ROI is activated for both 
tasks. In generation tasks, an array of pointers could store 
category items and map from categories to items. In task 
switching, the array could point to the different task 
demands and map cues to response sets. In order tasks, as 
in number and finger representation, the array could store 
ordered information (e.g., alphabet, sequence of 
movements, etc.). Thus, each cognitive use could benefit 
from a shared working in the form of an array of pointers. 

In summary, the results of the cross-domain 
investigation lead to further specification of the proposed 
shared working, from a register (Penner-Wilger & 
Anderson, 2008) to an array of pointers. The function of 
pointers is similar to one of the physical functions of the 
fingers. It would thus not be implausible to suppose that 
this basic function of the fingers was supported by a brain 
mechanism wherein representational content is 
determined by the object being indexed, rather than the 
state of the indicator per se. An array of pointers—one 
part of the functional complex supporting finger gnosis—
would be a candidate for redeployment in any later-
developing complex with functional elements able to take 
advantage of a component with this abstract functional 
structure. We suggest that the number representation 
complex did just that.  

We should pause here to admit that if one were 
modeling the finger gnosis complex in isolation it is 
unlikely that an array of pointers implementation for one 
of its components would leap out as the obvious choice.  
One of the important general implications of MRH is that 
one should not model functional complexes in isolation, 
but should consider what other complexes may also be 
using the same neural substrates.  The effect of this 
change in methodology is often to suggest novel 
decompositions (and candidate implementations) of 
cognitive functions. And yet this general suggestion of a 
pointer structure is not unprecedented or neurally 
implausible.  In fact, such a structure is consistent with 
the semantic pointer architecture, a recent elaboration of 
the Neural Engineering Framework (Eliasmith & 
Anderson, 2003). According to this theory, some neural 
networks implement semantic pointers, composable 
neural representations with partial semantic content that 
play an important role in integrating information for 
higher-order cognition.  

How can the same working, in this case an array of 
pointers, be used to support diverse types of 
representations across uses? For our proposed working, 
the representational power is associated both with the 
properties of the array, including (1) which ordered 
elements in the array are bound (i.e. pointing to or 
indexing something) and which are not (i.e., are free), and 
(2) the representational flexibility inherent in the structure 
of the array, as well as with the properties of the pointers, 
including (3) what the pointers are indexing (i.e., bound 
to). The full content of the representation depends on all 
three properties. Across different uses, tasks, and 
contexts, the same working can be used to represent 
vastly different content by altering any one of these 
properties of the array or pointers. This distinction is more 
broadly captured by the distinction between the 
representation itself and the representation consumer 
(Millikan, 1984). Depending on how the representation 
consumer is tuned, it might be sensitive to: whether there 
are bound elements, how many bound elements there are, 
the particular ordering of the bound elements (and there is 
great flexibility here, depending on how the order is 
exploited for content), the individual index content of the 
pointers, the overall unordered content, the overall 
ordered content. 

The same working, an array of pointers, could support 
different forms of numerical representation (e.g., Arabic 
digits, number words, etc.). Doing so would require 
binding of the indexed content of the pointers to different 
locations. Other properties of the array, however, could 
remain constant. This rebinding would incur costs 
associated with switching the indexed location as well as 
reading the new value. As shown in Figure 1, this same 

Figure 1: Illustration of array of pointers structure 
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working could also support diverse representations such 
as fingers, items in a category, response sets, or an 
ordered list of spatial locations. Switching between item 
classes would again require binding of the indexed 
content of the pointers to different locations, but would 
also likely involve differences in the other properties of 
the array such as the number of elements in the array and 
number of bound elements. Precise modeling of the 
various steps involved in different sorts of 
task/representation switching will allow for specific 
reaction-time predictions in each case (e.g. which kinds of 
switching will take more, and which less time; and also 
how the time needed will change with variations in the 
number of items being tracked).  We are exploring such 
properties, having built and currently testing a model of 
number representation using the novel candidate 
implementation described here in artificial spiking 
neurons based on the Neural Engineering Framework 
(Eliasmith & Anderson, 2003). 

Conclusion 
In conclusion, the relation between finger gnosis and 
math ability may be the result of redeployment of a neural 
substrate that supports both finger gnosis and the 
representation of number, along with a variety of other 
uses. Our current findings, based on the outlined cross-
domain structure-function mapping methodology, suggest 
that the shared resource may be implementing an array of 
pointers. This shared working suggests a novel 
decomposition (and candidate implementation) of number 
representation. We hope that the methodology of 
investigating overlapping functional complexes rather 
than modeling in isolation will be a fruitful addition to the 
field of cognitive science, serving as a provisional model 
for a new, more integrative approach to functional 
localization. 
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