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Leiner, Leiner, and Dow proposed that the co-evolution of cerebral cortex and the cerebellum
over the last million years gave rise to the unique cognitive capacities and language of
humans. Following the findings of recent imaging studies by Imamizu and his colleagues,
it is proposed that over the last million or so years language evolved from the blending of
(1) decomposed/re-composed contexts or “moments” of visual-spatial experience with
(2) those of sound patterns decomposed/re-composed from parallel context-appropriate
vocalizations (calls or previously acquired “words”). It is further proposed that the adaptive
value of this blending was the progressively rapid access to the control of detailed cause-
and-effect relationships in working memory as it entered new and challenging environ-
ments. Employing the complex syntactical sequence of nut-cracking among capuchin
monkeys it is proposed how cerebro-cerebellar blending of low-volume vocalization and
visual-spatial working memory could have produced the beginnings of the phonological
loop as proposed by Baddeley, Gathercole, and Papagno. It is concluded that the blending
of cerebellar internal models in the cerebral cortex can explain the evolution of human
advancements in the manipulation of cause-and-effect ideas in working memory, and,
therefore, the emergence of the distinctive “cognitive niche” of humans proposed by Tooby
and DeVore and supportively elaborated by Pinker. 
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Before humans evolved, the rate of enlargement of the basal ganglia exceeded that of the
cerebellum, but when humans evolved, a change occurred: The basal ganglia enlarged at a
particularly slow rate, while the cerebellum outstripped it, enlarging dramatically (Passingham,
1975; Stephan and Andy, 1969). It has often been remarked that an explanation is
required for the threefold to fourfold increase in size of the cerebellum that occurred in
the last million years of evolution (Washburn and Harding, 1970). [Leiner, Leiner, and
Dow, 1986, pp. 443–444]
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In their watershed article cited above, Leiner, Leiner, and Dow went on to
propose that the greatly enlarged, phylogenetically newest parts of the human
cerebellum (especially the ventrolateral portion of the dentate nucleus) might
do for the rapid manipulation of ideas what the older parts had done for motor
skills — namely, “serve as a fast information-processing adjunct of the association
cortex” (1986, p. 444). In a follow-up article, Leiner, Leiner, and Dow (1989)
extended their proposal to the combined mental and motor features of lan-
guage: “two-way connections linking the cerebellum to Broca’s area (areas 44
and 45) in the inferior frontal convolution make it possible for the cerebellum to
improve language dexterity, which combines motor and mental skills” (p. 1006).
Thus, according to Leiner, Leiner, and Dow, the adaptive advantage of cerebro-
cerebellar evolution in humans was the rapid and increased skill in the manipula-
tion of ideas and progressive increases in language dexterity. 

The Evolution of Language as an Adaptive Extension of Working Memory

If existing non-human primates are any indication, all early hominins (notably
Homo habilis a million and half years ago) had well-developed visual-spatial
working memories. The visual-spatial working memories of monkeys have been
found to be well-structured in spatial reasoning (Fragaszy and Cummins–
Sebree, 2005) and in sequences of abstract reasoning (Obayashi et al., 2007).
Therefore, as Aboitiz, Garcia, Bosman, and Brunetti (2006) and Vandervert
(1997, 2003, 2009, in press) have suggested, the evolution of language would
be most profitably studied as a direct adaptive extension of brain mechanisms
which sub-serve visual-spatial working memory.

Purpose

The purpose of this article is to describe the evolution of specific cerebro-
cerebellar mechanisms which, it is hypothesized, resulted in the blending of
visual-spatial working memory with vocalizations of early hominins to produce
human language. Specifically, it is hypothesized that during approximately the
last million years of cerebro-cerebellar co-evolution, language evolved from the cere-
bral blending of multiple cerebellar internal models of (1) decomposed/re-composed
contexts or “moments” of visual-spatial experience with (2) those of sound patterns
decomposed/re-composed from parallel context-appropriate vocalizations
(calls or previously acquired “words”). It is proposed that the adaptive value of
this blending was the progressively rapid access in working memory to the control
of detailed cause-and-effect relationships in new and challenging environments.
Before presenting further details of these mechanisms, it is necessary to describe
relevant theoretical and empirical aspects of visual-spatial and speech-related
working memory, the latter of which, according to Baddeley, Gathercole, and
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Papagno (1998), evolved primarily to mediate the acquisition of new sound
forms.

Working Memory

Working memory has been described by Baddeley (1992) as a multi-component
“brain system that provides temporary storage and manipulation for complex
cognitive tasks such as language comprehension, learning, and reasoning”
[abstract]. Baddeley divided working memory into the following three subcompo-
nents: (1) an attention-controlling system which serves as a “central executive,”
(2) a visual-spatial sketchpad which manipulates visual images within an ongoing
flow of visual-spatial experience, and (3) a phonological loop which both stores
and rehearses speech-based information. Baddeley, Gathercole, and Papagno
(1998, p. 159) argued that the primary function of the phonological loop (both
in silent and overt speech) is to learn the sound patterns of new words and new
syntactical sequences and thereby to mediate language learning. In their con-
clusion, Baddeley et al. extended the phonological loop’s function of learning
new sounds to the evolution of language: “the primary purpose for which the
phonological loop evolved is to store unfamiliar sound patterns while more
permanent memory records are being constructed [in long-term memory]”
(1998, abstract). The storage and rehearsal process of the phonological loop
involve the lateral cerebellum and speech-related areas of the cerebral cortex in
both overt and silent speech used in solving problems (Marvel and Desmond,
2010, in press)

Details of the Cerebro-Cerebellar Blending Mechanism

Imamizu, Kuroda, Miyauchi, Yoshioka, and Kawato (2003) and Imamizu et
al. (2000) demonstrated the learning of multiple cognitive internal models in
the lateral cerebellum (see Figure 1). Through the decomposition and re-com-
bination of existing mental models, cerebellar internal models contribute to
motor, sensory, and higher cognitive functions of the cerebral cortex in the
optimization of goal-directed behavior (Imamizu and Kawato, 2009, in press).
Imamizu, Higuchi, Toda, and Kawato (2007) found that when confronting new
situations, these cognitive internal models were blended in the cerebral cortex
to negotiate the new challenges. Based upon these findings they argued that cere-
bral blending of multiple cerebellar internal models bestowed several tightly inter-
related advantages: (1) interference between different learning epochs [or
“moments”] is reduced thereby enabling the rapid switching of skilled behaviors,
(2) entirely new environments can be coped with by adaptively blending pre-exist-
ing motor and cognitive primitives as multiple internal models, (3) multiple inter-
nal models are blended in proportion to the requirements of the current new
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context, and (4) because blending is proportionate to the specific requirements
of changing contexts, an enormous, perhaps limitless, repertoire of behavior
can be generated even when the number of internal models might be limited.
When applied to Baddeley, Gathercole, and Papagno ’s (1998) conclusions on
the evolutionary function of the phonological loop, this means that an enor-
mous number of novel sound forms of new words could be mixed or blended
with an equally enormous number of new visual-spatial contexts or moments.1

It is proposed that the blending of multiple cerebellar internal models via the
mechanisms found by Imamizu et al. (2007) can account for the evolution of
working memory’s phonological loop and therefore the evolution of language.2

1Since, like words, particular sound patterns fractioned from vocalizations have no inherent meanings
(no inherent, pre-determined connections with particular moments of visual-spatial experience)
each group of early humans would have developed a slightly different “language” depending on
the specific environmental circumstances and individuals involved. 

2It is proposed that this feature of the nearly limitless blending of internal models of sound pat-
terns and visual-spatial imagery explains the origin of what Hockett (1960) referred to as the
“duality of patterning” feature of language (meaningless sounds or symbols can be rearranged to
produce an unlimited number of messages, e.g., Hockett described how Morse Code exemplifies
this feature). Hockett argued that duality of patterning is unique to human language. However,
since monkeys have shown fronto-cerebellar action in switching tools (Obayashi et al., 2002)

Figure 1: Flattened view of cerebellar surface illustrating that the anterior lobe and intermediate
parts of the posterior lobe are related to “motor and somatosensory functions,” whereas the lateral
posterior cerebellum is related to “cognitive functions.” To orient properly to the anterior/pos-
terior axis of the flattened view, the viewer should keep in mind that anterior/posterior refer to
what is actually a substantially convex cerebellar surface (see smaller drawing to left). Arrows at
(a) indicate difference between “motor” (note modularity of somatotopic maps at top and bottom)
and “cognition” found in previous neuroimaging studies. Arrows at (b) indicate modularity within
the lateral posterior cerebellum for two different cognitive functions. From “Modular
Organization of Internal Models of Tools in the Human Cerebellum,” by H. Imamizu, T. Kuroda,
S. Miyauchi, T. Yoshioka, and M. Kawato, Proceedings of the National Academy of Sciences, 100,
pp. 5461–5466. Copyright 2003 National Academy of Sciences, U.S.A. Reprinted with permission.
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Cerebro-Cerebellar Decomposition/Re-Composition and 
Blending Within Working Memory

Combining Baddeley, Gathercole, and Papagno (1998), Imamizu, Higuchi, Toda,
and Kawato (2007), and Mandler (2004, in press) the following scenario for
both the evolution of language in phylogeny and the development of language
in ontogeny is proposed. In phylogeny, new environmental challenges set in
motion the decomposition and re-composition of cerebellar internal models
(Flanagan et al., 1999; Nakano et al., 2002) related to situation-specific visual-
spatial moments and of likewise decomposed/re-composed vocalization patterns
linked to those situation-specific moments. These new situation-specific visual-
spatial moments and their linked situation-specific sound patterns were blended
proportionately to meet the requirements of the new, challenging situation
(Imamizu et al., 2007). It is proposed that these composites of blended cerebellar
internal models were adaptive only because they represented cause-and-effect
meanings in the new environmental situation.3 It is further proposed that the
adaptive value of this blending across generations of early humans was the pro-
gressively more rapid access in working memory to the control of progressively
more detailed cause-and-effect relationships in the new, challenging environ-
ments. The blending process would have resulted in the gradual emergence of
a working memory where moments representing cause-and-effect relationships
could be quickly tagged into long-term memory using sub-vocal or vocal tags
and which, subsequently, could be rapidly accessed from long-term memory using,
again, sub-vocal or vocal tags to meet a variety of fast-moving environmental
situations. The foregoing scenario provides an explanation for Baddeley et al.’s
conclusion that the phonological loop selectively evolved due to its adaptive
advantage of temporarily storing unfamiliar sound patterns while more perma-
nent pathways were being constructed in long-term memory. The evolution of
the phonological loop within the pre-existing visual-spatial working memory
(and long-term memory) enabled the social sharing of detailed cause-and-
effect relationships as well as the silent manipulation of ideas in planning,
including the envisioning and manufacture of progressively advanced stone-
tool technology.

indicating an open-ended synthesis of multiple visual-spatial internal models, duality of patterning
appears to be shared, at least in nascent form, with other primate species, and, therefore, that
duality patterning originates not in the tags that place moments of visual-spatial working memory
in long-term memory, but in the limitless potential of internal models of those visual spatial
moments themselves.

3Blended internal models are cause-and-effect models simply because in Imamizu et al.’s (2000,
2003, 2007) imaging studies their acquisition leads subjects to skillful cognitive and motor manipulation
of new tools. In evolution, then, the blending of internal models was adaptive, because it bestowed
the advantage of the skillful manipulation of cause-and-effect relationships (threatening or
opportunistic) in the environment.
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In ontogeny, it is proposed that the foregoing blending of visual-spatial
“moments” and linked sound patterns account for the formation of conceptual
primitives and subsequent language acquisition (including the emergence of the
phonological loop) in infants. The above account of the decomposition/re-com-
position of visual-spatial experience and its blending with situation-specific
sound patterns provides a supportive neurological basis for Mandler’s (1992a,
1992b, 2004, in press) theory of early conceptual and language development
involving how perceptual meaning analysis leads to visual-spatial image-schemas
and these, in turn, provide the basis for language acquisition. Mandler pro-
posed that perceptual analytic processes occurring during infancy (as early as
three months) “redescribe” perceptual information into conceptual primitives,
which in turn underlie the later acquisition of the relational aspects of lan-
guage. The following abstract from Mandler (1992b) provides a synopsis of the
tenets of her position:

The theory proposes that perceptual analysis redescribes perceptual information into
meanings [italics added] that form the basis of an accessible conceptual system. These
early meanings are represented in the form of image-schemas that abstract certain
aspects of the spatial structure of objects and their movements in space. Image-schemas
allow infants to form concepts such as animate and inanimate objects, agents, and con-
tainers. It is proposed that this form of representation serves a number of functions,
including providing a vehicle for simple inferential and analogical thought, enabling the
imitation of actions of others, and providing a conceptual basis for the acquisition of the
relational aspects of language. (p. 273)

The critical feature of Mandler’s theory is perceptual analysis, which more
recently (Mandler, 2004) she calls perceptual meaning analysis to emphasize that
it is a framework of meanings that is extracted by the process. Within the theory,
perceptual meaning analysis “redescribes” (recodes) perceptual information
(both visual and kinesthetic) into spatial meanings, and thus initiates the begin-
nings of concept formation. Mandler (1992b) further proposed that the
“redescription” process begins whenever the infant attentively “notices” (not
merely looks at) some aspect of the environmental/bodily stimulus array. She
indicates that the redescription of perceptual information results in a simplified
form of information that is of less detail, but of “distilled meaning” (Mandler,
1992b, p. 277). Mandler did not propose brain mechanisms which might account
for the redescription process, or how the distilled meanings come about. It is
suggested that both the redescription and distillation of perceptual meaning
analysis is precisely what the cerebro-cerebellar decomposition/re-composition
of visual-spatial experience and its blending with situation-specific sound patterns
accomplish. That is, in agreement with Baddeley, Gathercole, and Papagno (1998),
not only did the phonological loop emerge out of this cerebro-cerebellar process
in phylogeny, but as Baddeley et al. also concluded, the cerebro-cerebellar process
guides the emergence of the phonological loop in ontogeny: “the phonological
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loop component of working memory has evolved as a system for supporting
language learning” (p. 170).

A Non-Human Primate Model for the Cerebro-Cerebellar 
Origins of the Phonological Loop 

The foregoing developmental and evolutionary scenario will now be used to
describe a detailed non-human primate model of visual-spatial working memory
and vocalization as it may have occurred in Homo habilis approximately one
and half million years ago. While the capuchin monkey is not in direct line
with Homo habilis, several who have extensively studied the capuchin’s spon-
taneous tool selection, bipedal transport, and highly refined manipulation of
stone tools in nut-cracking have argued that the capuchin is an ideal model for
early human evolution (Fragaszy and Cummins–Sebree, 2005; Fragaszy, Visalberghi,
and Fedigan, 2004; Visalberghi, Addessi et al. 2009; Visalberghi, Spagnoletti et
al. 2009; Westergaard, 1995). Within the overall framework of these arguments
Fragaszy and Cummins–Sebree (2005) supplied abundant research evidence that
the capuchin provides a good model for the study of the spatial reasoning across
eras of human prehistory. This places the visual-spatial working memory capacities
of the capuchin monkey somewhere near the very beginnings of human language
evolution. 

Moreover, Obayashi et al. (2007), in studying whether monkeys can master remote
visual-spatial operations under different sets of rules, found that monkeys are
able to learn to organize abstract sequential operations under context-related
rules and be able to understand causal relationships, thus implying the use of
abstract cognitive representations (mental models). And, since Obayashi et al.
found that cerebro-cerebellar loops mediate the learning of these abstract
sequential operations in monkeys, their visual-spatial processes appear to
employ cerebellar internal model blending to accomplish new and challenging
tasks as found by Imamizu, Higuchi, Toda, and Kawato (2007). Therefore
Obayashi et al’s findings, along with the several above findings of lab and field
studies of capuchins, are particularly pertinent to the use of monkeys as a
rough model of Homo habilis, a model that sheds direct light, perhaps, on the
earliest beginnings of the recent three- to four-fold evolutionary expansion of
the cerebellum toward human language proposed by Leiner, Leiner, and Dow
(1986). 

The Adaptive Rise to the Phonological Loop 

Figure 2 is a generalized representation of the capuchin nut-cracking sequence
observed in wide variety of analytic field studies (Fragaszy, Greenberg et al. 2010;
Fragaszy, Izar, Visalberghi, Ottoni, and Gomes De Oliveira, 2004; Fragaszy, Pickering
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et al. 2010). The sequence in Figure 2 begins the nut-cracking sequence after the
capuchin has already (1) searched for and (2) carefully selected appropriate
stone “hammers” which will crack the nuts, and (3) bipedally transported the
hammer(s) to a (4) selected “anvil” area where the nuts will be cradled during
cracking efforts. Since the capuchin is serving as a theoretical model for Homo
habilis, the sequence will hereafter be referred to as that of capuchin–Homo
habilis to metaphorically emphasize the suggested parallels between their two
evolutionary sequences. 

The actual nut-cracking sequence begins at the left in Figure 2 with an internal
representation (I) of the prospective goal (obtaining kernels from a palm nut) in
the capuchin’s visual-spatial working memory. The precise nature of this internal
representation is an important issue. Here, the notion of the internal represen-
tation as the starting point in the sequence is based upon Baddeley and Andrade’s
(2000) proposal that the mental modeling imagery of goals in the visual-spatial
working memory of early humans was selectively adaptive because it helped in
the prediction of future events and therefore in the planning of action. This
idea is in complete agreement with Fuster’s (2008) definition of working memory
as, “the temporary retention of information — sensory or other — for the per-
formance of a prospective act to solve a problem or to attain a goal” (p. 138). Once
learned through the repetitive experience of meeting the novel challenge of
cracking each new nut, the internal representation contains the entire sequence
of associations necessary to initiate the working memory imagery and actions

Figure 2: Generalized sequence of actions driven by visual-spatial working memory during nut-
cracking in capuchins. Following the internal representation (I) of a prospective, mentally modeled
goal in visual-spatial working memory, the orderly series of actions (A) is mediated by cerebro-
cerebellar loops. Across the top is low-volume vocalization which is hypothesized to be associated
with capuchin sub-vocalization while visual-spatial working memory and manipulation is working
through the ever-new challenges of the “If no — repeat” sub-routines of nut-cracking (see foot-
note 3).
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necessary to achieving the prospective goal (see Fuster, 2008, p. 364, Figure 8.5
for a detailed discussion of the organization of such a sequence). The learning
of the entire internal representation takes about two years in capuchins and is
mediated by changes in cerebro-cerebellar re-organization or blending occurring
over thousands of learning attempts (repetitions). Why is cerebro-cerebellar
re-organization or blending involved in the establishment of the internal rep-
resentation? Fuster (2008) emphasized the role of novelty or the confronting
of new, challenging circumstances (as did Imamizu, Higuchi, Toda, and Kawato,
2007) in the adaptive evolution of working memory in the prefrontal cortex.
Fuster pointed out that in working memory delay tasks using monkeys “each
trial must be treated by the animal as unique and independent from previous
trials. The game is old, but each play is new” (2008, p. 366). Likewise, as the
capuchin goes through each “trial” in the sequence in Figure 2, the nut, its position
on the anvil, and the required aim and force of the stone hammer throw, con-
stitute a randomly new event (Liu et al., 2011). 

Proceeding on from the internal representation in Figure 2, the typical
capuchin sequence of nut-cracking actions (A) unfolds to the right. Learned
imagery sequences in working memory guide both the linear series of actions
and those of the four sub-routines, the latter each indicated by a question and
an “If no — repeat” internally mediated instruction. Thus, each time a palm nut
is satisfactorily cracked, reaching the goal requires the repetition of an orderly
sequence of visual-spatial imagery involving orderly steps of decision-making. This
orderly sequence constitutes a syntax of actions (Fuster, 2008; Lashley, 1951),
but, since the path of the sequence of actions is guided by a sequence of
imagery in working memory, it is more importantly an ordering or syntax in
cognitive decision-making. The cerebro-cerebellar formation of this syntax
requires thousands of repetitions through the entire sequence of actions and thus
comes to constitute the internal representation (I) of the sequence. This syntax
of cognitive/visual-spatial decision making in capuchins involves precisely the
same process as the “abstract sequential operations” that Obayashi et al. (2007)
found in monkeys and which they referred to as “a relatively sophisticated system
of internal representation [mental models] in the absence of language”
(abstract, p. 389).

Vocalizations Paralleling the Nut-Cracking Sequence: The Earliest 
Sub-Vocal Moments of the Phonological Loop

Dorothy Fragaszy, whose extensive research on capuchins is cited above, has
indicated that capuchins in general “comment” on their manipulative activities
with low-volume vocalizations (personal communication, 2011). Running across
the top of the action sequence in Figure 2 is a line representing those ongoing
low-volume vocalizations.
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Why would capuchins pair low-volume vocalizations with tool manipulation?
A definitive answer to this question is not yet known. However, in the meantime,
the following hypothesis is proposed. Desmond, Gabrieli, Wagner, Ginier, and
Glover (1997) and Marvel and Desmond (2010) concluded that sub-vocal speech
enhances the effectiveness of working memory in complex tasks, and that sub-vocal
speech accomplishes this by operating through cerebro-cerebellar loops which
correct errors in vocalization and tool-use computations emanating from
Broca’s area. It is proposed that the low-volume vocalizations heard in capuchins
during manipulative activities are an indication of the presence of ongoing sub-
vocalizations which, as Desmond et al. and Marvel and Desmond found in humans,
served that same purpose in capuchins, namely, enhanced effectiveness of working
memory in complex tasks. Thus, in capuchins, the low-volume vocalizations accompany-
ing tool manipulation may aid in negotiating the long delays and sub-routines
(especially during early learning) in the nut-cracking sequence depicted in Figure
2 and thereby provide a significant adaptive advantage. It is further hypothesized,
therefore, that in capuchin–Homo habilis, cerebellar internal models of orderly
sequences of visual-spatial working memory and actions associated with sequences
of tool use depicted in Figure 2 were blended with cerebellar internal models of
sub-vocalizations via the same processes proposed by Imamizu, Higuchi, Toda,
and Kawato (2007) and described above. 

It is proposed that this blending resulted in adaptive vocal coding (vocal tagging
and filing) of socially common actions and cognitive syntaxes in the long-term
memory of capuchin–Homo habilis and thus began the gradual emergence of
the phonological staging and manipulation of imagery sequences in active
(working) memory as suggested above by Baddeley, Gathercole, and Papagno
(1998). Baddeley (1992) suggested a similar evolutionary scenario for working
memory: 

Working memory stands at the crossroads between memory, attention, and perception.
In the case of the slave systems, the phonological loop, for example, probably represents
an evolution of the basic speech perception and production systems to the point at which
they can be used for active memory. (p. 559)

Directly supporting Baddeley’s scenario, it is argued that the vocal tagging
and filing in long-term memory during the evolutionary emergence of the
phonological loop was the result of the following two interrelated contributions
of cerebro-cerebellar collaboration. First, upon encountering new, challenging
environmental demands which pressed the limits of then-existing stone tool tech-
nology, cerebellar internal models gradually decomposed/re-composed visual-
spatial experience associated with situation-specific actions ([A] in Figure 2), and
parallel situation-specific vocalizations into further decompositions/re-organi-
zations of cerebellar internal models (Flanagan et al. 1999; Haruno, Wolpert,
and Kawato, 2003; Nakano et al. 2002) which, when blended, selected toward



THE EVOLUTION OF LANGUAGE 327

new, uniquely human syntactic orders of language features. Second, these new
vocal differentiations in evolving visual-spatial working memory served as an
increasingly larger system of associative internal and social vocal tags (Fuster,
2008, pp. 249–251). Cerebellar internal models associated with this proliferation
of vocal tags gradually selected toward a rehearsal loop in working memory
(phonological loop) enabling capuchin–Homo habilis to negotiate longer and
longer delays in task sequences represented in working memory (Fuster, 2008,
p. 185). It is suggested that the cerebellar internal models representing these
new differentiations in vocal tagging may have first appeared as “silent” vocal-
izations (sub-vocalizations) which allowed capuchin–Homo habilis, as Marvel
and Desmond (2010) suggested in their research on humans, “to represent, main-
tain, and organize task-relevant information and conscious thoughts whenever
talking through a solution to a problem or complex sequence of tool construction
or use is beneficial” (p. 273). The ability to negotiate longer task delays in this
manner appears to have been the driving force that eventually led Homo
habilis to develop more articulated multiple-component types of tools
(Ambrose, 2001), which, by expanding the sequence and sub-routines of the
type in Figure 2, then in turn further articulated vocal tagging through the
blending process described by Imamizu et al. (2007). According to this view,
new stone-tool technology was first imagined in visual-spatial imagery within
longer task delays and with the aid of sub-vocalization. Since, as stated above,
the cerebro-cerebellar formation of longer task delays (and therefore the capacity
to imagine new stone-tool technology as an internal representation, [I] in
Figure 2) required long periods of repetitions through the sequence of actions
[A], it is argued that emerging internal representations acquired through rep-
etitions in working memory led advances in stone-tool technology; stone-tool
technology per se did not lead advances in working memory.

It is suggested that the gradual, generation-by-generation cerebro-cerebellar
blending of visual-spatial behavioral sequences paired with the personal/social
access system of parallel vocalization sequences (the phonological loop) would
have provided not only a way of allowing Homo habilis to manipulate detailed
cause-and-effect relationships in personal visual-spatial experience but also a way
of communicating that visual-spatial cause-and-effect imagery to others in some
detail (see footnote 3). The gradual emergence of an infinitely partitionable
working memory and, at the same time, a socially sharable working memory
about detailed cause-and-effect relationships would have been of enormous
selective advantage. This would have been the working memory first envi-
sioned by Tooby and DeVore (1987) in their concept of the uniquely human
advantage, the “cognitive niche,” wherein early humans became cognitively supe-
rior to all prey and predator species: “We accomplish[ed] this by conceptually
abstracting from a situation a model of what manipulations are necessary to
achieve proximate goals that correlate with fitness. These highly orchestrated
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and intricate situation-specific sequences of behavior are cognitively organized”
(p. 209). Pinker (2010) supportively elaborated on Tooby and DeVore’s notion
of the evolution of the cognitive niche of early humans in some detail. It now
appears that the evolutionary expansion of cerebro-cerebellar blending of visual-
spatial working memory with vocalization was the driving mechanism behind
the emergence of the cognitive niche in early humans.

Conclusion

Imamizu et al’s (2000, 2003, 2007; Imamizu and Kawato, 2009) imaging
studies on the cerebro-cerebellar blending of internal models can serve as a
model for the mechanisms behind the last million or so years of the evolution
of language and other abstract reasoning processes. These cerebro-cerebellar
mechanisms, when combined with the work of Baddeley and his colleagues,
move the study of language away from a strictly internal analysis of the structure
and meaning of language to one that places language evolution within the larger
intertwined evolution of the components of working memory. It is argued that
the last million years of the evolution of cerebro-cerebellar blending of visual-
spatial working memory with vocalization in Homo habilis (or perhaps even earlier)
was the driving mechanism behind the evolution of the human “cognitive niche”
first proposed by Tooby and DeVore (1987).

Since the brain mechanisms underlying the proposals in this article are based
upon Imamizu, Higuchi, Toda, and Kawato’s (2007) experimental imaging pro-
cedures, it is suggested that these procedures be adapted to imaging studies of
cerebro-cerebellar involvement in acquisition of new vocabulary as studied by
Baddeley, Gathercole, and Papagno (1998). Marvel and Desmond (2010, in press)
have performed imaging studies that are closely related to this suggestion, and
which could be adapted directly to Baddeley et al.-type studies within the
framework of Imamizu et al.’s procedures. Further adaptations of Marvel and
Desmond’s (2010, in press) imaging studies would be to apply them to the
study of the low-volume vocalizations of capuchins during nut-cracking. It is
hypothesized that capuchin vocalizations during tool manipulation are indica-
tions of sub-vocalization, and that sub-vocalization activity would be most
intense and most varied during the four “If no — repeat” sub-routines illustrated
in Figure 2.

A strong illustration of a gateway for the working memory-based study of
language evolution was the work of the late Charles Hockett. Just over 50 years
ago in his now classic article that appeared in Scientific American, Hockett (1960)
proposed that language evolved from the blending of fractionated call systems
of pre-humans. He was convinced that the selective blending of combinations
of different calls in the pressure of new, challenging environmental circum-
stances led to language evolution. In Hockett’s time, he was unable to point to
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brain systems or brain mechanisms to support his contentions about some sort
of brain-based process of blending that would have bestowed advantage. Detailed
theoretical models and laboratory studies of working memory and of the cog-
nitive and language functions of cerebro-cerebellar collaboration were off in
the future. But the theories and findings of these new sciences have indicated
that Hockett was not far off the mark in his conjectures (see footnote 2). 
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