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Abstract

Parallel mathematical descriptions of behavioral structures across species are not necessarily associated with parallel cognitive out-
comes. The present discussion provides an analysis of the mechanisms that might be involved in generating such superficial parallel
behaviours and sketches a theoretical framework to outline a possible way of understanding cognitive superiority in humans as a
qualitative difference. Piaget’s version of recapitulation theory is the focus of this study, which will be presented in three main sec-
tions: first a “thought experiment” will demonstrate that Piaget’s version of recapitulation leads to a logical difficulty in explaining
cognitive outcomes based on parallel behaviors across species. Then, examples of different brain areas that might be involved in
generating such superficial parallel structures in spatial navigation will be discussed and finally a theoretical framework will be
proposed to demonstrate how a redirection from Piaget’s focus on the behaviour as the “motor of evolution” to a consideration of
the division of labour in the brain would potentially explain the superior cognitive outcomes in humans based on the abstraction
of computational patterns generated by neuronal firing in relevant brain areas.
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1. Introduction

The comparative analysis of cognitive development
has demonstrated that the prerequisites and/or outcomes
for the same task may differ across species (1). Povinelli (2)
also proposes that cognitive processes underlying a behav-
ior might differ from one species to another. In a recent ar-
ticle, Nemati (3) entertained the notion that parallel math-
ematical descriptions of behavioral structures in humans
and other species does not necessarily lead to parallel cog-
nitive outcomes.

Thus, following the notion that further analysis is al-
ways necessary to determine whether parallel mathemati-
cal description of two events actually represents the same
phenomenon (4), more examinations of the mechanisms
that may lead to the construction of the parallel behav-
iors has been suggested recently (3). One way of doing so
as Penn et al. (5) have pointed out in discussing Darwin’s
mistake in portraying the difference between human and
nonhuman mind as a quantitative rather than a qualita-
tive one, is the challenging task of explaining how func-
tional discontinuity between the two could be realized bi-
ologically. In line with Nemati’s (3) recent analysis, the
present study first examines Piaget’s version of recapitula-
tion theory and then examples of brain areas that might
be involved in generating superficial parallel structures in

spatial navigation will be examined and finally a theoreti-
cal framework will be sketched to account for the superior
cognitive competence in humans.

Building upon the characteristics of Georg Cantor’s
transfinite arithmetic in relation to elementary arithmetic
in establishing a non-contradiction status in a system,
which was proved by Kurt Godel’s incompleteness theo-
rems to be impossible by means available to the system it-
self, Piaget’s (6) description of “reflective abstraction” of
logico-mathematical structures during development en-
riched his version of recapitulation theory (ontogeny re-
peats phylogeny). In his view, such structures bring about
the equilibrium of assimilation and accommodation that
function consistently throughout the evolution and devel-
opment of cognition. In the present study, Piaget’s view of
the evolutionary transition from action to cognition via ab-
straction of logico-mathematical structures is evaluated in
a “thought experiment”. It will be demonstrated that when
dealing with a specific, innate and highly structured be-
havior (i.e. exploratory excursions), the behavior can be
represented “evolutionarily” as a group of integers mod-
ulo n by the set {0,1,2,…, n-1} and by the symbol (Z, +) in
rats but not in humans (cf. 3 for the examples of paral-
lel structure of behavior). Following the conclusion of the
thought experiment, the role that distinct brain areas may
play in generating a superficial parallelism in behavioral
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structure across species will be discussed and finally a the-
oretical framework will be presented to explain how hu-
mans might have achieved such a superior cognitive com-
petence despite lacking the same level of mathematically
structured (innate) behaviors.

2. Arguments

2.1. A Thought Experiment on Piaget’s Version of Recapitulation

The thought experiments have been undeniably use-
ful tools in the development of philosophical arguments
as well as facilitating scientific discoveries (7). The applica-
tion of thought experiments might be even more relevant
when dealing with the evolution of cognition for which
experimental manipulations are virtually impossible. The
following “thought experiment” will demonstrate the log-
ical difficulty in the acceptance of Piaget’s version of reca-
pitulation across species. In this thought experiment it is
assumed that a mathematician with no formal training in
advanced mathematics1 could infer all the axioms by just
looking at the behavior, were there the right ingredients in
the behavioral repertoire of either rats or humans in the
following two tasks: In the first scenario our mathemati-
cian lives in the real world and observes the movements of
organisms (i.e. rats, humans etc.). In the second scenario,
our mathematician is assumed to play the role of species’
computational system living within the brain of different
species (i.e. rats, humans etc.) and observing the species’
behavior over the course of evolution.

2.2. Scenario 1

Imagine our mathematician was asked to observe the
exploratory behavior by rats or by humans separately af-
ter each entered in an open field. Note that the experi-
ment is conducted in a room devoid of any cues that shape
the exploratory path in a certain form. The question then
would be “What axioms would the mathematician infer
from those behaviors and how would he/she go about the
proof of the first theorem?”

Basically, the mathematician would observe that rats
use various spatial strategies to return to the point of en-
try (POE) on a circular open table. They might reach the
POE via a clock or counter clock-wise locomotion along the
edge of the table or they might take a shortcut (3). Our
mathematician would not observe such an organization of
exploratory locomotion to any innately defined place by
humans. Thus, for example as a result of observing a rat
(not a human) that moves clockwise in a circuitous path
from POE to POE, our mathematician would be able to form
a group of integers modulo n (i.e. Z6) table (Figure 1) whose
correspondence to the laws of group would be testable (8,

9). Because all the axioms can be inferred from the pattern
of exploration by rats, it would be possible to prove the first
theorem in which ab = ac or ba = bc implying that b = c.

Figure 1. Return to the POE and the Group of Integers Modulo n

A, a hypothetical exploratory excursion may occur as in (A) when a rat placed on a
circular table (viewed from the top) at a hypothetical POE (marked as 3) makes a cir-
cular clockwise excursion. The rat may pause (stop) shortly at 5 (a point that is away
from 3 by a length 2 units) and then continues the trip to the POE (number 3) again
(a point that is away from 5 by a length 4 units); B, the pattern of behavior in this
example represents a group of displacements that follows the laws of group repre-
sented by the table (B) as the entry point 3 in the first column and the number 2 in
the top row intersect at the point 5 in the table and then the intersection of 5 and 4
in the first column and the top row, respectively, would present the 3 again.

2.3. Scenario 2

Now imagine that there is a mathematician that plays
the role of a computational system within the brain of each
member of different species and the logico-mathematical
operations in a particular species can be the result of the
inference made by this mathematician from their behav-
ior over the course of evolution. Our observation to this
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date implies that unlike the observation made in the first
scenario, the “biological” mathematician in the rat’s brain
has not been able to derive any theorems by observing the
behavior from the view of a first person.

Now the question is “Why has the biological mathe-
matician within the human brain done so much better
in deriving all the theorems and subsequent mathemat-
ics (at the cognitive level) despite the lack of such highly
structured innate behaviors (found in other species, i.e.
rats) from which the related axioms is expected to be ab-
stracted? “Why the accommodation process has led to
more behavioral subsystems in rodents as is expected from
Piaget’s version of recapitulation but not to more sophisti-
cated cognitive subsystems?”

2.4. The Brain and the Structure of Behaviour

A more careful analysis indicates that distinct compu-
tational processes realized by different brain areas across
species may generate parallel (innate and/or learned) be-
havioral structures. For instance, the concept of short-
cuts is the most intimate link to the concept of cognitive
map developed as a result of an experiment by Tolman (10).
However, the cognitive map is assumed to support other
spatial strategies including the circular excursions on an
open table etc. (i.e. excursions like the ones discussed in
the thought experiment) via the active function of neural
ensembles in the hippocampus and related areas (11-13). Al-
though, the concept of cognitive map is a key in under-
standing spatial cognition (14), spatial navigation has been
theorized to be mediated by landmarks and/or movement-
related cues in a number of species (15-18) including hu-
mans (19). Consistent with the importance of landmarks
in guiding spatial navigation either as the only source or in
combination with cognitive mapping process, other vari-
ables (i.e. scanning, reorientation etc.) associated with lo-
comotion may also play important roles in gathering infor-
mation for a successful performance of navigational tasks
(20, 21). The main underlying argument of the section is
that each of these contributing factors may be a product of
different but functionally parallel neuroanatomical chan-
nels in different species. The possibility of such channels
will be briefly discussed with respect to two major sources
of navigation in the following examples:

Visual orientation: according to the Schneider’s (22)
well-known dichotomy of two visual systems, the tectal
and geniculostriate pathways are responsible for the lo-
calization and identification of objects in the visual field,
respectively. However, further investigations cast doubt
on the reliability of this dichotomy (23-26). Among these
investigations, Milnar and Goodale (27) provided the ev-
idence for the parallel sensorimotor channels including
both the tectal and geniculostriate pathways that serve

as the neuroanatomical basis of visually guided locomo-
tion. Interestingly, they argued for the modulatory effect
of geniculostriate system on tectal outputs. Considering
the superior cortical development in humans, this might
make a difference when explaining behaviorally parallel vi-
sual navigation across species.

Cognitive map: since the concept of cognitive map was
introduced by Tolman (10), the discovery of place cells (28)
and that of head direction cells (29) or grid cells (30) have
contributed to the theoretical formulation of significant
solutions for the puzzle of the neural basis of such a map
based on the concept of path integration by rats (11). How-
ever, Shrager et al. (31) have argued that the path inte-
gration might be supported by the well developed neuo-
cortex in humans while the hippocampus and entorhinal
cortex may play more important role in rodents. Such
distinctions will clearly introduce the possibility of two
parallel but different neuroanatomical bases for parallel
structures of spatial navigation across species. The ques-
tion that has remained unanswered is “What role such
potentially different neural mechanisms may play in the
construction of the superior cognitive functions in our
species?” A theoretical framework will be presented to in-
troduce a potential way of explaining the mechanism of
such superiority.

2.5. A Theoretical Framework

The logical difficulty experienced in reaching a paral-
lel intellectual outcome throughout the “thought exper-
iment” suggested that the notion of recapitulation can-
not account for the evolution of cognition in all species
equally. If the structure of innate behavior as the source
of cognitive evolution in Piaget’s view does not explain the
logico-mathematical competence, what would? In order
to address this question, the present study will expand Pi-
aget’s (6) welcoming approach to McCulloch’s (32) compu-
tational proposal of logical network of neuronal impulses
by emphasizing on the role of nervous system in cogni-
tive evolution as opposed to Piaget’s main thesis of the be-
haviour being the “motor of evolution” (33). As a result of
such a theoretical redirection, the present study proposes
that the neural encoding of the same behavioural struc-
tures in distinct brain areas across species may lead to both
parallel behavioral but unparalleled cognitive evolution-
ary outcomes.

Consistent with McCulloch’s (32) computational pro-
posal that the logical operations on inputs to an organism
may well be a function of the binary nature of “All-or-None”
activity of neurons in a neural network, and in order to
explain the superior cognitive function in humans, here
the focus is on the transition from logico-mathematical or-
ganization of behavior to that of cognition, based on the
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assumption that if the mathematician in the real world
(scenario 1) can infer the logico-mathematical axioms from
the behavior realized by the pattern of neuronal impulses,
the same pattern of neuronal impulses can be used by the
mathematician within the brain (scenario 2) to abstract
the same axioms for further processing in other brain ar-
eas. In fact, the logico-mathematical axioms may corre-
spond to abstracted patterns of operations embedded in
the cortical neural activities of the brain areas that con-
tributes to the realization of the structure of various spa-
tial behavior built on the innate and/or learned behavioral
components in humans. These abstracted forms of opera-
tions later will be reformulated symbolically (e.g. verbally)
during the development of language as a foundation for
the derivation of theorems from such axioms. The out-
come may be used later as a more conscious strategy to
solve spatial problems by humans. The followings are two
sets of supporting studies:

- The activity of left frontotemporal and bilateral pri-
etofrontal neural networks in humans have been shown to
be associated with the “logico-mathematical” operations,
specifically with the logical deduction and computations,
respectively (34).

- The role of cortical areas in guiding spatial navigation
(cf. 35 for the role of parietal cortex in abstracting spatial
features) is proposed by Shrager et al. (31) to be dominant
in humans (35).

In order to put this notion into perspective, the short-
cut behavior can be examined in this new context. If
the shortcut behavior is encoded in the cortical neural
network of which parietal cortex may be the core, then
humans are in a better position to abstract the logico-
mathematical patterns of such cortical activities associ-
ated with the behavior (i.e. shortcut), and later during the
evolution of language reformulate them in related brain
areas. Thus, whether or not a problem in a behavioral task
is solved based on transitive inferences and whether it in-
dicates an operation in prepositional calculus (5, 36) may
well depend on the brain area that has mediated the behav-
ior over the course of evolution. Metaphorically, the math-
ematician within the human brain is sitting at the best site
(i.e. cortex) to translate (abstract) the behavior related cor-
tical activities into the axioms of group but the one in the
rat’s brain cannot do the same, sitting in the hippocampus.

3. Conclusions

The comparative analysis of cognition that begins with
behavioral commonalities (instead of differences) pro-
vides a common baseline to re-evaluate the differences in
affiliated factors and consequent outcomes as a qualita-
tive gap (instead of a quantitative one) between species.

Based on the obvious lack of a comparable cognitive capac-
ity between humans and non-humans, a definite example
of parallel description of behavioral structure goes against
the explanatory power of behaviour for cognition across
species (at least in the framework proposed by Piaget cf 3).

The present analysis indicates that different species
might demonstrate parallel behaviours while the under-
lying mechanism of each may stem from different com-
putational processes, which might be realized by differ-
ent brain structures. For instance, the dominant theory in
explaining spatial navigation does not suggest the use of
cognitive maps by insects (15). In addition, even when ani-
mals use the same spatial strategy (e.g. path integration) to
solve a navigational problem, different mechanisms may
be used by different species such as the insect vs. rat (11,
37). More specifically among mammals, rats might take
a shortcut that is dominantly organized by the contribu-
tion of hippocampus and related areas (11, 14, 28) but this
behavior maybe more dependent on the pattern of neu-
ronal impulses in cortical areas in humans (31). Note that
the influence of language on cognitive capacities makes
a difference between humans and great apes even when
these species begin with the same spatial reference frames
(38, 39). Obviously, the contribution of language to the
construction of human cognition is only possible based
on a new set of computational and neuroanatomical vari-
ables (40), which makes a qualitative difference between
humans and great apes a real possibility.

These variables play determining roles in generat-
ing different evolutionary cognitive outcomes from one
species to another while they all may be able to solve the
same problem in a behavioral task. In fact, the Achilles’ hill
in our understanding of cognitive evolution may well be in
our tendency to give a priority to behavior instead of pay-
ing enough attention to the division of labour in the brain
and the role that various brain areas may play in produc-
ing such parallel behaviors. A question for the future stud-
ies then is about the validity of generalization of research
findings across species especially generalizing from sim-
pler species to humans, which would have strong implica-
tions for translational research in the fields that are con-
cerned with human cognition such as psychology, psychi-
atry and neurology.

Footnote

1. The thought experiment in the present study is inspired
by the accomplishments of Indian mathematician, Srini-
vasa Ramanujan (1887 - 1920) who has been widely consid-
ered as one of the mathematical geniuses of all time for his
contributions to the derivation of some of the most impor-
tant mathematical theorems during his lifetime while he
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had no formal training in advanced mathematics (41) and
also by the accomplishments of Jean Piaget (1896 - 1980)
in his extraordinary recognition of the correspondence be-
tween the mathematical axioms of group and infant’s be-
havior.
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