AN ABSTRACT OF THE THESIS OF

Alan Sivert Boraas 1 for the degree of

Doctor of Philosophy in Education

presented on March 30, 1982.
Title: Technology and the Origin of Human Hemispheric

Asymmetry.
Redacted for Privacy

- Abstract approved:

Dr. R. N.”Ma]qtesha

This paper proposes that human asymmetrical hemispheric
function originated because of the cognitive requirements of
tool-making.

The human brain can be considered to be a product of two
evolutionary episodes. The first episode was shared with
other mammals and resulted in a brain composed of a reptilian
complex, paleomammalian and bilaterally symmetrical neomam-
malian structures. The second episode represents a break
from a bilaterally symmetrical mammalian brain indicated by
asymmetrically functioning hemispheres specialized for
sequencing motor action (left) and spatial processing (right).

Several models héve been advanced to explain the origin

of asymmetry including: a cognitive mapping model proposed



by Webster (1977) (right hemisphere specialization); a lang-
uage model proposed by Hewes (1973) and Kimura (1976) (Teft
hemisphere specialization for language sequencing); and a
praxic ordering model rooted in Kimura's language model and
developed by Frost (1980) and Corballis (1982). This
suggests tool behavior selected for Teft hemisphere motor
sequencing through unimanual activity as reflected in the
propensity toward right-handedness.

Any satisfactory model must account for both Teft and
right hemisphere specializations which none of the above
taken separately do. A close look at the cognitive require-
ments of tool-making indicates the need for both motor
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TECHNOLOGY AND THE ORIGIN OF HUMAN

HEMISPHERIC ASYMMETRY

I. Introduction

A. Problem and Scope

The objective of this thesis is to develop an evolu-
tionary model which suggests that human hemispheric
asymmetry originated because of the cognitive requirements
of tool-making technology. The problem of the origin of
asymmetry is recent and due mainly to developments in
neuroscience over the last thirty years which have estab-
lished that the left and right hemispheres of the human
brain are functionally asymmetrical (Springer and Deutsch,
1981). The left hemisphere is specialized for sequencing
of motor action while the right hemisphere is characterized
as specialized for spatial abilities.

Much of the literature dealing with this phenomena
has focused on synchronic studies relating to morphology,
physiology and psychology. There have been comparatively
few studies which have approached the nature of asymmetry
from an evolutionary perspective. Part of the reason for

this is that evolutionary studies are frustrated by the



fact that cerebral asymmetry does rot appear directly in
the hominid fossil record and can only be studied by infer-
ence. Secondly, synchronic studies are a necessary pre-
curssor to diachronic studies for the simple reason that
one must know what one is explaining from an evolutionary
perspective before one can attempt the explanation.
Evolutionary explanation provides a temporal perspec-
tive for present phenomena and therein lies its value.
This form of explanation is different from synchronic
studies which can rely on experimentation and replication
to establish relationships. Evolutionary explanation
accounts for the appearance of phenomena on the basis of
interpreting the historic (fossil or archaeological)
record in 1ight of uniformatarianist principles. Inter-
pretations or models must account for known facts and be
non-contradictory. The contribution of evolutionary
explanation is the insight it provides for the present
while its validity rests on the degree to which it accounts
for known events. The intent of this thesis is to provide
insight into the relationship of the function of the human
brain and its capacity to produce technology based on an

evolutionary perspective.



B. Overview

Three models have been advanced to explain the origin
of asymmetry including a cognitive mapping model, a langu-
age origin model, and a praxic ordering model. This thesis
builds directly on the praxic ordering model as developed
by Kimura (1976), Corballis (1982) and Frost (1980). It
holds that asymmetry is a product of the bimanual manipu-
lation of tools in tool behavior and that right-handedness
correlates with left hemisphere function in the sequencing
of motor activity. Since the left hemisphere controls
contralateral motor action, this model accounts for the
propensity toward right-handedness and left-hemispheric
specialization for the sequencing of motor action based on
the selective advantage of technology. This model fails to
account for right hemisphere specialization other than to
state that spatial function was part of hominid brain
function before technology.

This thesis differs from the praxic ordering model in
two respects. First, a distinction is made between two
fundamental aspects of technology: tool-making and
tool-using. Second, it is argued that tool-making behavior

selected for both left and right hemispheric specilizations.



The transformation of matter from an unorganized state to
an organized state in the production of a tool requires the
ability to sequence motor action in a series of steps.
However, it also requires the ability to organize that
sequence according to an a priori image or mental template
of the intended outcome. Thus the production of an artifact
requires that an organism have two cognitive capacities:
the capacity to sequence motor actions and the capacity to
produce spatial images or mental templates. The capacity
to sequence motor activity is coincident with left hemi-
spheric specialization and the capacity to form mental
templates or spatial images is coincident with right
hemispheric specialization. It is argued that the adaptive
advantage in tool-making would have selected for this form
of hemispheric asymmetry as well as the necessity for both
cognitive functions to communicate in the tool-making
process.

As a background to this model, Chapter II summarizes
the major events in the evolution of the human nervous

system.



II. The Evolution of the Human Nervous System

A. Introduction

The behavior-producing capacity of the nervous system
is a product of a long evolutionary sequence represented in
the fossil record and reflected in the comparative anatomy
and comparative psychology of 1living organisms. Analysis
of neural structure and behavioral capacity suggests that
the human nervous system evolved in two separate episodes:
first, the encephalization of successive cerebral struc-
tures resulting in a triune brain; and second, the
evolution of functional asymmetry of the cerebral hemi-
spheres. This chapter is a review of these episodes,
particularly the latter, as a background for a proposed
explanation of the appearance of asymmetry. In addition,
it summarizes the concept of biological intelligence as
defined by Jerison (1973, 1976) as a useful measure of the
progressive evolution of nervous systems and builds on this
concept to develop the points that a relationship exists
between behavior and neural structure and that this rela-

tionship is effectively viewed as one of positive feedback.



B. The Concept of Biological Intelligence

Intelligence can be viewed from either a psychometric
perspective or a biological perspective. A psychometric
definition of intelligence holds that intelligence is a
trait which intelligence (1.Q.) tests measure or, more
specifically, is the common correlative factor in all
intelligence tests. This common correlative factor is
called "g" by Spearman (Gould, 1981) and is useful in the
evaluative analysis of testable subjects but is not parti-
cularly useful as a concept which can be applied to the
evolution of intelligence or the evolution of the nervous
system.

Jerison offers an alternative to a psychometric
definition by approaching intelligence from an evolutionary
biological perspective. According to Jerison (1973, 1976)
intelligence is a reflection of the capacity of an organism
to internalize information about the external environment.
In this view the degree or "qua]ityf to which an organism
can reconstruct the environment internally provides a
selective advantage in the production of survival based

behavior.
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The biological definition of intelligence as developed
by Jerison has three main atfributes. First, it is inter-
specific and can be used as a basis for the description of
intelligence between synchronic species and for the evolu-
tion of intelligence through time. Evolution is not
necessarily progressive but Dobzhansky, Ayala, Stebbins,
and Valentine (1977) indicate that the evolution of a
particular trait can be viewed progressively in the sense
that there are often trends from generalized to complex
when viewed interspecifically through time. The fossil
record and comparative anatomy clearly indicate a progres-
sive evolution of the nervous system toward greater degrees
of complexity.

Second, the biological concept of intelligence merges
structure with behavior. It suggests that the behavior an
organism is capable of is a product of the structure of its
nervous system. Thus a fossil with a particular structure
is capable of an inferred range of behavior.

Third, the biological concept of intelligence is
compatible with models of brain function. A basic model
of brain function adapted from Sherrington (1940) and

Granit (1977) focuses on the nervous system's interaction



with the external environment in concert with the organs
of sensation and motor activity. A simplified model of

brain function appears in Figure 1.

Processing

VAN

Motor Action Sensation

\\\\\\\:9 Environment

Figure 1 Model of Brain Function

This basic model has four elements: the environment,
sensation, processing and motor action. The environment
includes the physical, biological and cultural phenomena
external to the organism. It is the context within which
adaptation and selection take place. In Jerison's idea of
biological intelligence the sensation and perception of the
environment is the initial step in producing an internali-
zation of the environment. Livingston (1978) defines

perception as a function which involves organs external to



the brain as well as mechanisms which transfer perception
into signals used by the brain. The organs of perception
are the familiar organs of sensation including eyes, ears,
nose, tongue, and skin which function to sense images,
sounds, smells, tastes, and touch. These structures vary
in species according to evolutionary background (Living-
ston, 1978). Vision, for example, is a process of perceiv-
ing certain light wavelengths but not all wavelengths.
Which wavelengths a species "sees" is a product of selec-
tion.

Sensed information is channeled to various processing
centers. Most organisms appear to process information
gathered by the various sensory modalities separately.
However, more complex forms, especially humans, have
structures which integrate information from various sensory
modalities creating an added dimension of the external
environment (Jerison, 1973). Grouped under the term
"processing," in this simplified model, are several higher
cortical functions including association areas, memory, and
the ability to formulate action from the internalization of
the environment. These capacities form the basis of what

Granit (1977) called "purposive" behavior, in that they
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initiate a series of events within the brain which culmi-
nate in a behavioral act on the environment.

The production of motor activity forms the basis of
the definition of behavior, and it is in the interaction
between motor activity and the environment that natural
selection takes place. Ultimately the importance of
biological intelligence is in the production of motor
action. The organism that can sense appropriate environ-
mental information, reconstruct that information into an
internal reality, make decisions, and enact those decisions
into a motor activity that can affect survival will have an

adaptive advantage.

C. Behavior and the Selection of Neural Structures
Livingston (1978) has suggested that brain structures

are selected for indirectly through behavior, and it is
behavior which provides the direct consequence in survival.
The act of behaving via the motor pathways is a key in
determining evolutionary success in that it is what the
organism does directly in response to the environment which
affects survival and with it the variation of genetic
material that will be represented in the next generation.

However, since behavior is produced by a circuit dependent
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on sensation, processing, and motor action; the selection
for behavior has the consequence of determining the vari-
ation of genes which produce the biological structures of
the brain. In this way behavior selects for structures of
the nervous system, and those structures in turn reflect
the capacity to produce behavior.

This relationship is a positive feedback (also called
deviation-amplifying, Maruyama, 1962) nature and is

diagrammed in Figure 2. According to this view a change in

Phenotypic Expression of thecz
Nervous System

Behavior = Fitness

> Environment

Figure 2 Positive Feedback Relationship of
Nervous System and Behavior
the structure of the nervous system would have affected the
capacity to produce behavior which in turn would have
affected interaction with the environment. Selection, as
measured by fitness, then determines the genetic component

of the structure of the nervous system. This ultimately
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Neomammalian

Paleo-
mammalian

Reptilian-Complex

Figure 3 The Triune Brain
Note. From "A Mind of Three Minds: Educating the Triune
Brain," by P.D. MacLean. In J.S. Chall & A.F. Mirsky

(Eds.). Education and the Brain. Chicago: University of

Chicago Press, Copyright 1978 by The National Society for

the Study of Education. Reprinted by permission.
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impacts the brain's capacity to produce behavior through
its phenotypic expression. This feedback relationship pro-
vides a mechanism through which a behavior element and its
related brain structure can interact in the evolutionary
process to produce new behaviors and new brain structures.

It should be emphasized that in addition to behavior
which can be called intelligent, a considerable range of
behavior is produced by the autonomic nervous system.
Autonomic behavior is not considered in the following
discussion because it does not directly affect the evolu-

tion of asymmetry.

D. The Triune Brain

MacLean (1978) proposed that the brain is an organ
which responds to evolutionary change not by overall struc-
tural modification but by "adding systems" to existing
structures thereby increasing capacities while at the same
time retaining the more primitive features. A structural-
functional description of the brain is therefore a paleon-
tological time map of successive stages of brain evolution.
MacLean (1978) proposed a triune system consisting of a
reptilian complex, a paleomammalian system and a neomammal-

jan system as represented in Figure 3.
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At the base of the forebrain is a concentration of

ganglia which are histologically distinct from succeeding
layers of nerve cells. These cells occur in “clumps”
rather than in layers and form what MacLean (1978) has
called the R-complex for reptilian complex because this
structure is the dominant component of reptilian brains.
Though extensive experimental evidence on reptiles is
lacking, MacLean's (1978) work with mammals indicated that
the R-complex played a primary role in the production of
behavior associated with ritual activity. For example,
removal of the pallidium or of the pathways leading to it
profoundly altered ritual display in monkey behavior asso-
ciated with territoriality, social grooming and agression.
R-complex behavior was extended to include imitation (iso-
praxis), preservative, reenactment and deceptive behaviors
which had a ritualistic component represented by repeated
action without significant modification. Reptiles were
characterized as fs]aves to repetitionf but, repetition is
also a component of mammalian (including human) behavior,
with its production directly related to capacities of the

R-complex.
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In terms of the concept of biological intelligence,
R-complex behavior represents a rudimentary form. Learn-
ing, defined as a change in behavior, does not appear as a
significant component of the behavioral capacity of the
R-complex which therefore lacks adaptability. For mammals
and man learning of ritual activity appears to be mediated
by higher cortical functions which appear as successive
evolutionary events.

The paleomammalian system or limbic system consists of
a series of structures overlying the reptilian complex and
localized in three areas: the amygdala division, the septal
division, and the anterior thalamic nuclei (mammalian
bodies) (MacLean, 1978). Histologically these areas
display rudimentary layering of cells which distinguish
them from the "clumps" of the R-complex, but they are not
as layered as the ascending neocortex. The Timbic system
and R-complex are also interconnected and do not represent
entirely separate structures. The amygdala division has to
do with functions concerned with the mouth and with preser-
vation and can be generalized into feeding, fighting and
self-preservation; the septal division is concerned with

activities involving procreation; and the anterior thalamic
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nuclei is involved in parental behavior. In general the
limbic system is involved in behaviors which elicit strong
emotions such as mothering, sex, or protective fighting.

These strongly felt behaviors represent a distinct
behavioral break between mammals and reptiles and provide
an adaptive advantage in that the investment of emotive
energy has a return in greater probability of survival.

The neomammalian system is represented by the neo-
cortex and is involved primarily with the ability to remake
the external environment into an internal environment and
to act on the external environment. The neocortex consists
structurally of two hemispheres, each divided into frontal,
parietal, temporal and occipital lobes. The anterior
neocortex consists mainly of motor projection areas whereas
the posterior neocortex consists of sensory projection
areas. In addition the two hemispheres are connected by a
bundle of nerve fibers called the corpus callosum which

serves to transmit information interhemispherically.

E. Encephalization
MacLean's concept of a triune braine implies three
distinct evolutionary events of the nervous system corre-

lating with the appearance of reptiles, primitive mammals,
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and later mammals. This further suggests that there is a
relationship between brain size (in relation to body size)
and behavior capacity when vertebrate phyla are compared.
Increase in brain size relative to body size is called
encephalization by Jerison (1973) and reflects the phylo-
genetic evolution of intelligence in the fossil record.

Comparing encephalization data from living and fossil
organisms, Jerison (1973) has demonstrated a progressive
series of events in the evolution of the nervous system
correlating with the emergence of reptiles, primitive
(archaic) mammals, and more advanced mammals. Figure 4 is
Jerison's (1976) encephalization data with brain weight
(as a reflection of brain size and assuming a uniform
density of neurons, neurotransmitters, and glial cells)
plotted against body weight. This indicates three distinct
levels of brain evolution corresponding to the three stages
of the concept of a triune brain.

Jerison (1976) developed the concept of encephaliza-
tion quotients (E.Q.) to numerically describe increases in
brain size. Encephalization quotient is defined as actual

brain size divided by expected brain size as determined by
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"averages" of living mammals (Jerison, 1976). Encephaliza-

tion quotients are summarized in Table 1.

Encephalization

Quotient
(E.Q.)
Reptiles 0.15
Primitive Mammals 0.3
Mammals (general) 1.0
Primates 4.5
Man 8.0

Table 1 Encephalization Quotients
Data from Jerison, 1976

Since the brains of the living reptiles consist pri-
marily of an R-complex with its associated ritual behavior,
it is reasonable to infer this pattern appeared with the
early reptiles as they evolved from generalized amphibian
forms sometime in the Permian and has remained basically
unchanged to today. An animal with only an R-complex would
have an average encephalization quotient of about 0.15.

An intermediate group appears with the so-called
primitive (archaic) mammals which are represented in this
data from the late Jurassic to the late Eocene. This group

appears to correspond to the lower reaches of the paleo-
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mammalian brain with an encephalization quotient of about
0.17 for primitive ungulates to 0.41 for primitive carni-
vores.

A neomammalian brain appears to have evolved rapidly
throughout the Tertiary and resulted in modern forms with
an average encephalization quotient of about 0.9 for
ungulates, and about 1.1 for carnivores. This rapid evolu-
tion of the limbic system and neocortex suggests a tremen-
dous selective advantage for emotive and intelligent
(biologically) behavior.

Figure 5 summarizes this encephalization data by
plotting it against time for various categories of animals
(Jerison, 1976). Whereas the average encephalization for
all mammals is about 1.0, primates have quotients in the
range of 4.5 while in man it reaches 8.0. The data
indicate the human brain represents a culmination of a
progressive evolution of the nervous system (dolphin brains
are problematical and are beyond the scope of this dis-
cussion). Its emergence from a generalized mammalian brain
represents one of the most rapid evolutionary changes
documented in paleontology. The relative rapidity of

this change suggests that this is a quantum evolutionary
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event as described by Simpson (1944). The focus of this
change is on the neocortex and its associated function of
biological intelligence. The data also suggests that the
neocortex in humans has been subjected to selective forces
of a different kind than that applied to mammals in general.
Whereas the gross structure of the human brain shares many
common attributes with other mammals reflecting a common
evolutionary episode, both its size and asymmetry apparently
reflect species-specific selection and a unique evolutionary

espisode.

F. Symmetry and Evolution

Principles of symmetry are used in biology to describe
form (morphology) which in turn is a reflection of function-
al adaptation and the natural selection process (Beerbower,
1968). There are four general classifications of symmetry:
radial, spherical, bilateral and asymmetrical. Symmetry
when coupled with the descriptor of polarity gives a
morphological sketch of the organization of the organism.
Symmetry is a primary concern in the description of the
motor organs and sensory organs as a reflection of the
organism's interaction with the environment. Since the

brain receives messages from the sense organs and sends



messages to the motor organs, it tends to have the same
symmetry as these organs. From an evolutionary standpoint
bilateral symmetry of morphological structure implies
bilateral function and asymmetrical morphological structure
implies asymmetrical function.

The typical mammalian pattern is bilateral symmetry
for the organs of movement, sensation and for the nevous
system (Corballis, 1982). This symmetry is maintained
despite decussation, the contralateral control of the left
motor organs by the right half of the nervous system and
the right motor organs by the left half of the nervous
system. This pattern appeared with the first chordates as
they evolved presumably from bilaterally symmetrical
invertebrates (Bilateria) with ipsilateral control (Sarnat
and Netsky, 1974).

The exceptions to this bilateral pattern in mammals are
the sensations of smell and taste. Organs for olfaction are
very primitive, appearing with the early amphibians, and
are processed in a primitive part of the brain (Jerison,
1973). Olfactory information of a directional nature is
accomplished by head turning. Information on taste is

Tikewise very primitive and is accomplished by being in
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direct contact with the environment. Directionality for
the sensation of taste is not a factor.

However, the organs for vision, hearing and touch
(somatosensory) are bilaterally symmetrical and this pro-
vides information about the environment in terms of
directionality. This overall bilaterally symmetrical
pattern is maintained in the mammalian organs of movement
and reflects the ability to respond to the environment
equally well to the left or to the right (Corballis, 1982).
With the sense organs of sight, sound and touch bilater-
ally symmetrical and the motor organs bilaterally symmetri-
cal, it comes as no surprise that the cerebral cortex, the
chief association area for incoming perception and outgoing
enaction is also structurally bilateral in the form of two
hemispheres.

In general the structural-functional bilateral
symnetry in mammals is a reflection of Jerison's concept
of biological intelligence in that it reflects the capacity
to internalize key elements of the environment including
spatial information of left and right, and react to that
information in the reorientation of the body in space

(behavior) also in terms of left and right. Certainly
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other organisms also have this ability, but in mammals the
bilaterally symmetrical patterh coupled with the complex
ﬂ]ayersf of the triune brain creates a greater dimension in
the ability to produce behavior and hence to affect sur-

vival.

G. Asymmetry of the Nervous System

Recent neuropsychological studies in humans have
identified a functional asymmetry in the two hemispheres
of the cerebral cortex. Asymmetry represents a break in
the general pattern of mammalian bilateral symmetry.
Human asymmetry is most pronounced in the propensity toward
handedness and in the propensity toward hemispheric speci-
alization. Morphologically neither the hands nor the
cerebral hemispheres exhibit gross structural asymmetries.
In the case of the hemispheres, however, some structural
asymmetries have been reported (e.g., Geschwind, 1972).
Though the significance of these structural differences
remains problematical, functional hemispheric asymmetry in
the form of specialization for sequential and spatial modes
of processing is well established. If this form of asym-
metry is specific to humans then it would imply that its

appearance is due to selective pressures specific to
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hominid evolution, and its explanation would be solely in
the context of that evolution. On the other hand if this
pattern appears in other mammals then its explanation is
not solely in terms of the events of hominid evolution.
Unfortunately the evidence of hemispheric asymmetry in
other mammals is not conclusive, but it does suggest strongly
the asymmetric pattern of the human hemispheres 1is unique.

Examples of asymmetries found in animals other than
primates include Nottebohm's (1977) evidence of the later-
alization of vocalization in some song birds but not in
others. Glick, Jerussi, and Zimmerberg (1977) demonstrated
that there is an asymmetry of the neurotransmitter dopamine
in rats which produced differential behavior in the ampheta-
mine stimulation of the two hemispheres. Webster (1972)
found evidence that cats trained for a specific activity
sometimes stored the memory for that activity in both hemi-
spheres and sometimes stored the memory in only one
hemisphere. In addition neuroanatomical asymmetries have
been reported for rats (Diamond, Johnson and Ingham, 1975)
and cats (Webster, 1977), but the behavioral correlates of
these have not been firmly established.

Primate structures show more evidence of asymmetry

but not at the degree to which human asymmetry has been
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established. Warren (1977) reviewed the evidence for
handedness in rhesus monkeys and concluded that though
individuals display preference, this preference lacks the
genetic component characteristic of human handedness.
Neural asymmetry has been demonstrated in monkeys where
Petersen, Beecher, Zoloth, Moody and Stebbins (1978) found
auditory preference for right ear presentation of informa-
tion over left ear presentation, and Dewson (1977) found
removal of certain areas of the left hemisphere produced
motor deficits when auditory stimuli were presented, but
corresponding deficits were not produced in the right
hemisphere.

The paucity of definite meaningful evidence of non-
human asymmetry may be a reflection of the experimental
difficulty in cross-species investigations, but for now
there is little good replicated evidence of asymmetric
functional organization reflecting distinct sequential and
spatial processing found in any species other than humans.
Webster (1977) has pointed out, however, that other mammals
may have evolved other forms of neural asymmetry not
necessarily corresponding to the human form of hemispheric

specialization. Specialization for sequential and spatial
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processing appears to be a product of selection pressures
unique to the human species. The evolution of this form of
functional asymmetry seems, therefore, to be a separate
evolutionary episode in the development of the human brain--

an episode not shared with the other mammals.

H. Asymmetric Hemispheric Specialization in Humans

In most other mammals it appears that information is
processed bilaterally with the left and right cerebral
hemispheres acting on information in the same way (Levy,
1969, 1977). But in humans the Teft and right hemispheres
tend to be specialized in the manner in which they process
information and are asymmetrical. Evidence of this
asymmetrical function comes from a number of different
Tines of investigation including: commissurotomy, temporary
hemispheric anesthesia, dichotic listening tests, analysis
of brain lesions, and EEG studies (Kolb and Whishaw, 1980).
A1l of these studies produce generally similar results
regarding the asymmetric specialization of the left and
right cerebral hemispheres as characterized below.

The left cerebral hemisphere was characterized by
Bogen as specialized for, “time ordered stimulus sequences"

(Bogen, 1977, p. 141). It is the hemisphere in which
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primary linguistic ability seems to be located, particular-
1y that aspect of linguistic ability involving temporal
sequencing (Krashen, 1977). Severe damage to this hemi-
sphere typically results in severe language loss (aphasia),
but to characterize the left hemisphere as the language
hemisphere is not entirely accurate. The left hemisphere
appears to be involved in any serial programming involving
motor sequences (Kimura, 1976). This certainly includes
speech but also praxic motor activities. Kimura and
Vanderwolf (1970) stated,

the peculiar contribution of the left

hemisphere to manual skill may thus

consist... (of) the increased efficiency

with which individual movements can be

coordinated into a sequence. (p. 775)
In addition Corballis (1982) stated,

there is now a quite widespread agree-

ment that an essential (if not the

essential) component of left cerebral

specialization has to do with praxic

functions--the control and planning of

purposeful, sequential actions. (p. 19)
Thus, the left hemisphere is specialized to process infor-
mation serially or sequentially and is particularly involved
in incorporating information into motor activity.

The right cerebral hemisphere was characterized by

Bogen as specialized for processing, "time independent
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stimulus configurations" {(Bogen, 1977, p. 141). Nebes
(1977) described this hemisphere as:

relying more on imagery than on language,

and being more synthetic and holistic

than analytic and sequential in handling

data. It is certainly more important in

perceiving spatial relationships. (p. 104)

Gazzanaga, Bogen and Sperry (1965) demonstrated that
the right hemisphere is particularly specialized for manip-
ulative-spatial skills. Corballis (1982) reviewed the
evidence and suggested that it is the spatial rather than
the manipulative component that is critical for the right
hemisphere. Further, he pointed out the interaction of
right hemisphere spatial abilities with left hemisphere
motor abilities. Corballis (1982) stated,

the critical lateralized component is

probably spatial rather than manipulative...

most normal people are better at manipulo-

spatial skills with their right hands than

with their left hands suggesting that

normal performance depends on cooperation

between the spatial skills of the right

hemisphere and the dominant motor centers

of the left. (p. 23)

The right hemisphere is, therefore, specialized for spatial,
time-independent type processing.

The corpus callosum is a large bundle of nerve fibers

whose primary function until recently was unknown but is
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now known to have the very critical function of transmitting
information between the two hemispheres (Springer and
Deutsch, 1981). The two hemispheres are specialized to
process information differently, but they also communicate.
The nature of this communication was suggested above by
Corballis. For motor activity the right is conceptual in
space while the Teft is temporal in sequence. The organ-
ism's function in time and space is thus determined within
the context of the nervous system, and temporal and spatial

information interact through the corpus callosum.

I. Summary

The evolution of the nervous system as represented in
the human species can be thought of as occurring in two
distinct episodes: the first as a part of an overall
mammalian trend and the second as a hominid event. The
human brain has shared with the other mammals the progres-
sive encephalization of structures resulting in a triune
brain with an R-complex, limbic system and neocortex and
the behavior producing capacities associated with each.
The appearance of these structures occurredin the first

episode.
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The second evolutionary episode appears to be restricted
to hominids and is reflected in a shift from a bilaterally
symmetrical brain to an asymmetrical brain. This resulted in
a form of hemispheric asymmetry with specialization for
sequential (time ordered) and spatial operations.

Utilizing Jerison’'s (1976) concept of biological intel-
ligence, the first episode resulted in a nervous system with
a greater capacity to represent the external environment
internally and to produce action beneficial to survival.
This is compatible with Livingston's (1978) idea that it is
behavior which is the selective element in nervous system
evolution since enaction of motor activity would result in
a perpetuation of those structures of the neocortex pro-
ducing the environmental representation. The first episode
apparently occurred within the context of bilateral symmetry
both for sensory-motor organs (with the exception of taste
and olfaction) and for separate but similarily functioning
hemispheres of the neocortex. This form of symmetry would
have enhanced equipotential sensation and response to the
environment.

In the second evolutionary episode the characteristic

pattern of bilateral symmetry is broken with the appearance
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of functional asymmetry in the form of handedness and hemi-
spheric specialization. Hemispheric asymmetry in the form
of sequential and spatial specializations represent new
capacities when viewed from the concept of biological
intelligence. From the nature of the specializations these
capacities would have been selected for because of a behavior
requiring sequential and spatial operations. The next chap-
ter reviews models that have been proposed to explain the
behavioral selection for hemispheric asymmetry as related to

temporal and spatial phenomena.
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III. Proposed Explanations of the Origin of Asymmetry

A. Introduction

From a selectionist perspective the essential question
is how the capacity for asymmetric hemispheric specializa-
tion could have evolved. Any such explanation must include
recognition of selective agents which required sequential
processing and sbatia] processing. In general the selection
of hemispheric specialization has been approached in two
ways. The first was from the standpoint that each hemi-
sphere became specialized for separate modes of processing
(Semmes, 1968). A different, but logically related view,
is that specialization was selected for in order to remove
interference that would occur if both temporal and spatial
processing were in the same hemisphere (Levy, 1969).
Whether the nature of the selection was toward specializa-
tion or away from interference would appear to be just two
sides of the same coin and will be considered here as part
of the same process.

Three models have been proposed to explain the origin
of asymmetry: a cognitive mapping model, a language model,
and a praxic ordering model. This chapter summarizes these

three models.
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B. Cognitive Mapping Model

Cognitive mapping was first defined by Tolman (1948)
to refer to an organism's ability to perceive of itself in
space and is closely tied to the concept of territoriality
and the maintenance of territory. Peters (1978) suggested
that the ability to produce cognitive maps was a major
factor in the behavioral evolution of hominids. This can
be related to the idea of pursuit hunting developed by
Krantz (1968) which suggested that the size of the human
brain is largely a product of memory and related functions
associated with the pursuit of game as hominids moved from
arboreal gathering to terrestrial hunting. Webster (1977)
applied the idea of cognitive mapping to the origiﬁ of
asymmetry not so much as a formal model but rather as a
suggestion of possible relationships. Webster's suggestion
was that right hemisphere specialization for spatial func-
tion was somehow related to the capacity to produce cogni-
tive maps in the establishment and maintenance of territory.

This kind of spatial function would not be specific to
hominids. As Webster pointed out, one would expect spatial
specialization of a cognitive mapping type to occur in other

species particularly carnivores in which knowledge of
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territory would have enhanced pursuit hunting. Peters
(1978) presented evidence that wolves proceeded directly
to a destination over a route never before taken which
suggested the ability to produce a cognitive map of their
territory. This was also experimentally demonstrated in
humans (Peters, 1978) but was not specifically linked with
a right hemisphere capacity.

The cognitive mapping model does not pretend to be
species-specific to the hominid line, nor does it pretend
to explain the left hemispheric specialization of sequenc-
ing. It does provide a plausible suggestion for the role
of the cognition of space in hominid evolution which may

have contributed to right hemisphere specia]izatioh.

C. Language Model

In 1864 the French anthropologist, Paul Broca, produced
evidence that language is produced in the left cerebral
hemisphere and that this hemisphere is specialized for the
production of language (Springer and Deutsch, 1981). Modern
neurophysiological research has expanded Broca's view by
establishing several specific areas within the left hemi-
sphere which typically are involved in aspects of language

and speech production (Geschwind, 1972).
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A model for the evolution of left hemispheric special-
ization with language has been proposed independently by
Hewes (1973) and Kimura (1976). This model incorporated
tool behavior and gestural language as preadaptations for
vocal language. They have developed the evolutionary
scenario that the left hemisphere became specialized for
sequencing motor activities and that this sequencing was
selected for through tool behavior. This led to, or was
somehow interrelated with, the appearance of language of
a gestural form where sequencing of symbols affected
communication. Oral communication became simply a transfer

from gestural motor sequences to audio-vocal sequences.

D. Praxic Ordering Model

The Hewes/Kimura model of language origin related to
left hemisphere specialization rests on an initial founda-
tion Qf a selection for motor sequencing through tool
behavior or praxic ordering. This relationship was first
noted by Sir Charles Sherrington (1940) where he implicated
brain asymmetry, handedness, technology and language.
Sherrington (1940) wrote,

man is a tool-using animal and tools

demand asymmetrical acts, acts which at
the same time are attentive and unified.
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Man has led a tool-using life for, some

say, the better part of a million of

years. Most of his tools are of a

right-handed use, even far back in

times almost pre-human. The left-side

brain is concerned with the right-side

hand. The human brain's left half

predominates; and speech belongs to

that half of it (p. 212).

The relationship of left hemispheric specialization for
motor sequencing, propensity toward right handedness, and
the appearance of tool behavior has contributed to what
might be called a praxic ordering model as proposed mainly
by Frost (1980) and Corballis (1982). This model has
relied heavily on Kimura's (1976) establishment of motor
sequencing as the phenomena for which the left hemisphere
is specialized.

Corballis (1982) expanded the view that the left
hemisphere became specialized for motor sequencing. He
cited the appearance of handedness as evidence that the
evolution of lateralization has to do with programming motor
acts in sequence. Left hemisphere sequencing, in this view,
enervates motor sequencing of the right hand which is
dominant in about ninety percent of human populations.

Frost (1980) suggested that human tool use and the

sequential operations of both manufacture and activity
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selected for left hemisphere sequential specialization.
Frost (1980) connected left hemisphere specialization with
right handedness and the sequential operations necessary
in tool-making and tool-use where he wrote,

the lateralized representation of these

mechanisms (right-handedness and left hemi-

sphere specialization) is an evolutionary

consequence of the requirement for asym-

metric employment of the forelimbs in the

making and using of tools during hominid

evolution. (p. 447)

The Corballis/Frost view sees left hemisphere special-
ization as a consequence of the propensity toward handedness
associated with sequential operations of tool behavior. In
Corballis' view the right hemisphere is not specialized for
specific modes of processing, as is the left, but functions
in a generalized capacity. It is specialized "by default"
in the sense that it reflects capacities that were proper-

ties of the brain as a whole before the onset of left

hemisphere specialization (Corballis, 1982).

E. Summary
The cognitive mapping model suggests an evolutionary
contribution to the right hemisphere specialization for

spatial abilities. The language model and praxic ordering
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model suggest an origin for left hemisphere specialization
of motor sequencing and hold that right hemisphere special-
jzation for spatial processing was not selected for but was
a vestige of some earlier generalized capacity. None of
the models suggests a meéhanism where both temporal motor
sequencing and spatial capacities would be selected for
together. Both the praxic ordering model and the Tanguage
model employ the use of technology as a selective agent
in left hemisphere specialization but do not sharply
distinguish between tool-making and tool-using. In the
following chapter a distinction is drawn between tool-making
and tool-using, and it is suggested that tool-making
specifically requires both the ability to sequence and the

ability to produce spatial images.
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IV. The Cognitive Requirements of Technology:
Sequence and Template

A. Introduction

The evolution of the nervous system is directly tied to
behavior, with behavior contributing to the selection for
neural mechanisms. Thus motor action as the final act in
behavior production must be taken into account in the selec-
tion for brain structure. Beginning with Sherrington (1940)
the unimanual manipulation of tools has been cited as being
responsible for handedness and the specialization of the
left hemisphere for the sequential operations associated
with technology. Praxic ordering focuses on the speciali-
zation of the left hemisphere and is further cited as a
preadaptive basis for the appearance of language. The right
hemisphere is seen, in this model, to be specialized for
whatever both hemispheres did before left hemisphere
specialization; in other words not so much specialization
but unspecialization.

In this chapter a distinction is made between two
fundamental aspects of technology: tool-making and tool-

using. Tool-making implies tool-using but tool-using does
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not require tool-making. Tool-making requires an organism
to have the motor apparatus (hands, etc.) to manipulate
natural objects but also requires a cognitive appafatus to
carry out the transformations on matter to produce tools.
The term transformational technology is used to describe
this process. It is suggested that transformational tech-
nology requires a cognitive capacity of both a sequential
nature and a spatial nature. The sequential nature of
technology is the argument of Frost as the selective agent
for left hemisphere specialization. But the argument is
developed here that sequencing alone does not explain the
ability to transform matter. The ability to efficiently
coordinate that sequence toward a desired goal implies the
ability to form a mental template of both the final form
and of the stages of manufacture. The transformation of
matter in the production of the artifacts, therefore,
requires the capacity both to produce sequences and
templates and to coordinate sequence and template. This
model is referred to as the sequence/template model of

transformational technology.

B. Tool-use vs. Tool-making

Alcock (1972) has identified twenty-one species of
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animals that regularly employ tool-using as part of their
food getting behavior. Alcock (1972) defined tool-using as,

the manipulation of an inanimate object,

not internally manufactured, with the

effect of improving the animal's effi-

ciency in altering the position or form

of some separate object. (p. 464)
Tool-using animals according to this definition include such
varied organisms as ants, birds, fish and numerous mammals.
These employ a variety of techniques including using stones
as anvils to crack open mussel shells (sea otter), and
squirting jets of water at terrestrial prey (archer fish).
Alcock (1972) suggested that tool-using does not necessarily
indicate a "high level conceptual ability" and neither does
it necessarily mean that tool-using animals approximate
human cognitive ability. According to Alcock (1972) non-
human tool-using is seldom more than a rare event and seems
to be a by-product for the evolution of some other ability.

Anthropologists have long considered tool-using and
tool-making as fundamentally different processes. In tool-
using a natural object is used, unmodified, for some purpose.
Oswalt (1976) has used the term naturfact to describe these

objects. An artifact or tool, however, is defined by Oswalt

(1976) as, "the end product resulting from the modification
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of a physical mass in order to fulfill a useful purposef
(p. 24). The use of naturfacts imposes a major restriction
on technology as an adaptation because the range of tools
is limited to the forms found without modification in the
environment. With technology based on artifacts, however,
matter can be organized and forms can be modified providing
a much greater degree of adaptation.

Through a complex series of preadaptations the hominid
line developed the physiological traits necessary for the
making and using of tools. This included in the main: stereo-
scopic vision, prehensile hands, and upright posture. For
technology to be realized these preadaptations had to be
activated by a brain capable of directing the operations

necessary to organize matter into useful artifacts.

C. The Alteration of Matter
Technology is based on the capacity to alter matter
from one form to another in a predictable and replicable
manner. This unavoidably necessitates the terminology
of physics because the alteration of matter involves work
[force x distance) which in turn involves the expenditure

of energy. The recently developed connection between
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matter, energy, work and information (Brillouin, 1956;
Morowitz, 1978) forms a basis for the measurement of the
alteration of matter from unorganized to organized from
the standpoint of a cultural system.

Trichner (1975) distinguished between non-purposive
systems and purposive systems. A purposive system is one
in which function can be deduced from the form and would
include both biological and cultural systems. The altera-
tion of matter from form to form can take place within a
purposive or non-purposive context. The non-purposive
alteration of matter occurs within the context of geologi-
cal weathering where no particular function can be deduced
from a form. The purposive alteration of matter would
occur within the context of producing an artifact where the
function can be deduced from the form. Within the context
of a purposive system the degree to which that matter is
changed (i.e., from unorganized to organized) is a reflec-
tion of the information content.

Information is used in the formal sense of the term
(Shannon and Weaver, 1964) and is defined as:

I = - PlogPy + P,+logP, + ... + P TogP_
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where I = information, P1 is the probability of the first
event, P2 is the probability of the second event and Pn is
the probability of the nth event. Shannon originally devised
information theory to describe telephone communication net-
works {Shannon and Weaver, 1964), but it can usefully be
applied to any system in which a linear array of symbols is
transmitted in a defined sequence (Morowitz, 1978). Informa-
tion in this formal definition should not be confused with
meaning. Information is simply a quantity associated with
the probability of a sequence of messages and does not
define whether or not those messages are meaningful or
meaningless.

Information is related to the probability of any
particular event in a series happening. Because of the
way Shannon originally defined it, events with a very high
probability carry little information to the extreme that
an event with a probability of 1 (certainty) carries no
information at all. On the other hand events with very
1ow probabi]ity carry a great deal of information.

On the basis of the relationship of very probable

states and very improbable states, Brillouin (1956) derived
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from Shannoh's formula the expression:
P

I = log
Pc
where I = information, P is the number of equally probable
alternatives, and Pc is the probability of the alternative
specified. If Pc is 1 then the information is directly
fe]ated to the number of probable alternatives.

Maruyama (1960) pointed out that organization is related
to information in that highly organized systems exhibit
greater information. These~concepts can be applied to arti-
facts as organized matter within the context of cultural
systems.

Using Brillouin's formula as applied to, for example,
stone tools, P is the number of shapes that a given size
stone can be formed into and Pa specifies the shape of the
artifact. The information content of the artifact is then:

P

I = log
Pa

where Pa = 1. Geologically, however, all forms of a stone

module are not equally probable since through weathering
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processes rock tends toward a sphere. The above formula

is therefore modified to:

Pu

I (artifact) = log
Pa

where Pu is the probability of the unaltered shape existing
in nature and Pa is the probability of the artifact shape
existing in nature. This definition is close to an intui-
tive understanding of the information needed to produce an
artifact in that it reflects how much a shape has to be
changed to produce a final form. Thus a flint nodule which
only takes the removal of a few flakes to produce a pebble
tool reflects less information than say the production of
steel which takes a great deal of information.

Trichner (1975) has pointed out that purposive ener-
getic systems require information in order to be organized
in any other than a random array. The temporal disorgan-
jization of non-purposive systems produces entropy and is
governed by dissipative processes leading to increasingly
probable states. Purposive systems, biology and culture,
on the other hand, require information to organize energy

and matter in structures that from a non-purposive
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perspective are exceedingly improbable. This latter pro-
duces negentropy {Morowitz, 1978) or the successive organi-
zation of matter and energy counter to the dissipative
processes of entropy. The production of artifacts contri-
butes to negentropy.

Information is a phenomenon entirely dependent upon
the system which perpetuates it and does not have a separ-
ate physical identity (Maruyama, 1960). In other words the
infonnafion content of a cell does not exist separately from
the cell but is a quantity attributable to the improbable
way in which the cell is organized. Likewise the informa-
tion of an artifact is a quantity directly attributable to
the improbable structure of the way the matter is organized.
Of importance to this discussion is the way in which energy
or matter is organized into improbable states. In biology
the mechanism by which energy and matter are organized is
DNA coding and the enzyme environment in which the sequence
of oogenesis takes place. In technology the mechanism by
which energy and matter are organized intp improbable states
is the sensory, cerebral processing, and motor enaction

capacities of the human brain. Empirically, artifacts do
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not occur in the absence of a brain just as life does not
occur in the absence of DNA.

It is the particular kind of information that is
important in the brain's capacity to transform matter into
artifacts. In the next sections the argument is made that
this kind of information is of both a sequential and

spatial (template) nature.

D. Sequence

Artifact productions require a sequence of motor
actions (somatic or extrasomatic) in the transformation of
matter into an organized form. Experimenters attempting
to replicate 1ithic technology have reported on the critical
sequencing of motor actions. Muto (1971) stated, "a reduc-
tion technology such as flint knapping by its nature pro-
duces a series of stages antecedent of the final form"
(p. 111). Collins (1975) stated,

all but the initial step are dependent

upon the output qualities of the prior

steps as preconditions for their inter-

action. Except in very rare cases,

none of the basic steps can be omitted
nor can their order be changed." (p. 16-17)
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Gunn (1975) also demonstrated that the sequence of steps of
production are critical to the form the material will ulti-
mately take.
Shannon's version of the information theory formula can

be applied to the sequencing of artifact production:
I (artifact) = - P,1ogP; + P,logP, +...+ P TogP

where P1 is the probability of applying the first motor
action, P2 is the probability of applying the second motor
action and so on. However, it is important to note that
this form of the information formula is an a posterori
definition (Maruyama, 1960; Morowitz, 1978). It can only
be empirically applied after the sequence is complete and
it is known which "direction" the random components or
probabilities took. An a priori application of this
formula would result in a distribution of final forms
(messages) proportional to the probabilities of each event.
Applied to the concept of artifact production this
would mean that if probabilities of sequences were the only
things governing the outcome, the range of artifacts in a
toolkit would reflect the probability distribution of the

events of dny given step in a tool-making sequence. For
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example, if we specify a simple four step tool-making
sequence where either of two actions could take place at any
step, then the possible combinations are: 2 x 2 x 2 x 2 =
16. Without some way of specifying which is the right se-
quence, it would theoretically take the production of
sixteen tools to produce the one intended tool. Empiri-
cally neither archaeological toolkits nor modern assemblages

reflect this disproportion of unwanted forms to wanted forms.

E. Template

If there is a model of the intended form then, to a
large measure, the sequence of tool-making events are
specified a priori. For example, in the above illustration,
if one of the sixteen possible forms is specified as the
intended tool, then the sequence of events is restricted to
actions which will realize that particular shape. Because
of the model or template specifying the outcome, the sum
of the probabilities (Shannon's information theory) becomes
a reflection of the information necessary to direct the
action toward the desired product.

This suggests that there is some other operator in the

production of an artifact than a random process based on
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probabilities of events. The concept of mental template,
a mental image of the form of the intended tool had been
advanced as a cognitive model which guides the tool-making
process (Deetz, 1969). Gunn (1975) analyzed his own
attempts to replicate stone tools and found that the
process could be broken down into discrete steps (though
the flow of movement was often continuous) and furthermore
that after each step in the sequence he cognitively
compared the form he produced to a mental image of what
that form should look 1ike at that stage of the manufac-
turing process. He proposed not just a sequence of motor
actions guided by an overall temp]ate{ but also a series
of templates (called tests) each one approximating the
appropriate form in the manufacturing process. Figure 6 is
a schematic of Gunn's model (Gunn, 1975).

This suggests a sequence/template model of tool produc-
tion in which the replication of a particular form involves
the interplay between the sequence of work done with cognitive
templates of what results of that work should look like. The
sequence is determined not by probabilities of possible move-
ments but by an overall template and a template for the vari-

ous steps in the manufacturing process.
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Gunn's (1975) model can be expanded to:

Template (artifact)

- Sequence 1

Motor Action 1 ———> Template 1 > Sequence 2

Motor Action 2 —— > Template 2 > Sequence X

-----

Motor Action X ——> Template X (artifact)

Figure 7 Sequence/Template Model

In this sequence/template model of tool production the
elements on the right, sequence and template, can be
described by information reflecting the transformation of
an unorganized shape into an organized shape. The elements
on the left, the motor actions, are the actual movements

which change the shape of the matter. These motor actions
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involve the utilization of energy and can be described, with

appropriate vectors, by the concept of work.

F. Summary

Tool-making involves the ability to transform matter
from an unorganized form to an organized form. This process
is counter to the physiochemical process of weathering which
acts on matter in such a way as to break down natural
materials and disseminate them. This dissipative process
produces entropy in that matter and energy proceed toward
more probable disorganization. Tool-making, however,
produces negentropy, the greater organization of matter,
toward highly improbable states. The production of
negentropy requires the cognitive capacity to sequence
motor actions in the step by step order characteristic of
tool-making. However, unless directed by some a priori
purposive design, sequences of motor action would simply
reflect a random combination of the corpus of actions.
A mental template, or spatial image of the intended result,
is suggestedAas the critical a priori component which acts
to guide and restrict the sequence of actions toward the

intended result.
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Since tool-making is the purposive reorganization of
matter, the cognitive capacity of an organism producing
tools must reflect the ability to design by intent, as well

as the ability to sequence the steps of production.
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V. Technology and the Origin of Asymmetry

A. Introduction

Tool-making requires the cognitive ability to both
sequence motor action and guide that action by appropriate
templates of spatial images. The sequence/template aspect
of technology juxtaposed with the data on asymmetric hemi-
spheric function produces a model suggesting that the
origin of asymmetry in humans reflects the cognitive
requirements of transformational technology.

This model is difficult to test because, though there
is ample documentation of an artifact record going back
about 2.6 million years, it is difficult if not impossible
to document the evolution of cerebral asymmetry from the
fossil record. One test of this model, however, can be
made based on a prediction derived from it utilizing data
from neuroanatomical disorders resulting in apraxia as
discussed below.

In addition to testing the model, a second problem
arises relating to the question of causation. Stated
simply, if technology requires an asymmetric brain, then

did technology cause asymmetry or did asymmetry cause the
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appearance of technology? This is discussed below along
with an evaluation of this explanatory model compared with

the existing models summarized in Chapter III.

B. Sequence/template Model and Asymmetric Function

The evolution of functional asymmetry in the human
cerebral cortex can be viewed as an evolutionary episode
which appears to be uniquely human, and its explanation
must be in terms of the events of the human paleontological
and archaeological record. Further, the explanation of
asymmetry by its nature must account for the appearanée of
capacities related to motor sequencing and spatial pro-
cessing. Chapter IV developed the point that tool-making
requires both motor sequencing and spatial processing in
the form of mental templates. Since the appearance of
artifacts with the early hominids (Australopithicines)
represents a distinctly human evolutionary episode and
since tool-making requires both sequential and spatial
processing, the cognitive requirements of technology formed
a behavioral selection for human asymmetric cerebral func-

tion.
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The realationship between asymmetry and tool-making is
presented diagramatically in Figure 8. This model suggests
that matter is transformed from an unorganized state to an
organized state (from a cultural standpoint) in the produc-
tion of an artifact through a series of motor actions which
can be described by the concept of work. The organization
of that work, however, requires information as ultimately
reflected in the degree to which that unit of matter is
changed. The information content depends upon a brain which
can both sequence the motor activity and produce a template
of the overall goal along with a series of templates for
appropriate stages in the manufacturing sequence. Asymmetry
of hemispheric specia]ization, therefore, reflects the
cognitive demands of the ability to produce technology.

This model emphasizes that the specialties of both
hemispheres must be coordinated in the act of producing a
tool. In particular it suggests that spatial imagery must
be translated into sequences resulting in motor action.

The corpus callosum represents a Structure which passes

information interhemispherically and thus is a reflection
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of this communication process. This implies that tool-
making would have selected for an interacting form of
hemispheric specialization rather than each hemisphere
developing capacities exclusive of the other and operating

independently.

C. Apraxia: A Test of the Model

As stated in the introduction to this chapter this
model is difficult to test because of the lack of direct
information in the fossil record of the appearance of hemi-
spheric asymmetry. Even if there were fossil information,
however, its correlation with the appearance and sophisti-
cation of technology would not necessarily prove interactive
causation. Another way to test this model is to test a
prediction logically deduced from it. This can be done
using information from clinical studies of apraxia.

The sequence/template model suggests the prediction
that individuals with l1eft hemisphere neural deficits in
the form of lesions or associated organic problems would
display disabilities such that they would be unable to per-
form a given motor action or motor sequence. On the other

hand the model suggests that individuals with right hemi-
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sphere neural deficits would be able to perform the required
motor action but Wou]d be unable to coordinate the sequence
of actions toward an intended result.

Geschwind (1975) defined the apraxias as,

disorders of the execution of learned

movement which cannot be accounted for

either by weakness, incoordination, or

sensory loss, or by incomprehension of

or inattention to commands (p. 188).
Springer and Deutsch (1981) listed four major forms of apraxia
of which kinetic apraxia, the inability to produce fine motor
movements due to damage to the premotor region of the frontal
lobe, and ideomotor apraxia, the inability to produce move-
ment based on spoken commands, are not of direct concern in
this discussion. The two that are of concern arevideational
apraxia and constructional apraxia. Ideational apraxia is
caused primarily by disorders of the left hemisphere and
constructional apraxia is associated with disorders of the
right hemisphere.

Ideational apraxia in the classic view developed by
Leipmann (Geschwind, 1975) is a product of left hemisphere
lesions or of lesions of the corpus callosum. Although

there are clinical problems of definition and the exact locus

of damage is difficult to pinpoint, ideational apraxia has
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been characterized by Springer and Deutsch (1981) as,
an inability to formulate an appropriate
sequence of acts or use objects properly.
A patient seems to know how to perform
isolated movements... but will do them
inappropriately ( p. 217).
The special role of the left hemisphere in sequencing motor
action is supported by Milner (1976) in a study of normal
(non-brain damaged) individuals. In this study anesthesia
of the left hemisphere produced the temporary inability to
perform a learned gestural sequence with either hand,
whereas anesthesia of the right hemisphere produced no
impairment.

Apraxia of the right hemisphere is termed constructional
apraxia though again there are clinical problems of defini-
tion. Constructional apraxia is characterized by Springer
and Deutsch (1981) as,

a loss in the ability to reproduce figures

by drawing or assembling. There seems to

be a loss of visual guidance or an impair-

ment in visualizing a manipulative output

(p. 218).

Tests to identify constructional apraxia involve manipulating

objects to produce a desired form and include such tasks as:

(1) assembling a jigsaw puzzle, (2) drawing a map, (3) copy-
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ing a design, and (4) building bridges, towers, etc., with
blocks (Kolb and Whishaw, 1980).

Kolb and Whishaw (1980) compared the evidence of left
and right hemisphere apraxia and suggested that left hemi-
sphere apraxia involved deficits which, "result from the
patient's inability to anust the parts of his or her.own
body," whereas right hemisphere apraxia involved deficits
where the requirement was, "that objects be ordered in
extrapersonal space" (p. 237).

Though the apraxias need clearer clinical definition
including studies such as Milner's (1976) with subjects
without brain damage, the above evidence does support the
deduced prediction that the left hemisphere neural deficits
result in the inability to produce motor movement or sequences
of motor movement, while right hemisphere neural deficits
result in the inability to coordinate movement toward a
desired result. This test of the model does support the
suggestion that tool-making requires the cognitive capacities
of an asymmetric brain, and therefore asymmetry and technology

are mutually implicated in hominid evolution.
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D. Positive Feedback Relationship

Several authors including Holloway (1968), Bielicki
(1969) and Tobias (1971) think that the relationship between
brain evolution and technology represents a positive feed-
back interaction. Th{s relationship reflects a strong
correlation between brain size increase (encephalization)
and an increase in the complexity of technology through
hominid evolution (Tobias, 1969). The relationship proposed
in this paper between asymmetry and tool-making adds a new
dimension to this positive feedback relationship.

An adaptation of the positive feedback model proposed
in Chapter II to asymmetry and tool-making appears in

Figure 9.

Asymmetric Function &

‘ of the Brain

Tool-Making
(sequence/template) —» Environment ———— > Fitness

Figure 9 Positive Feedback between
Tool-making and Brain Asymmetry

The survival advantage in the making of tools effective

in controlling energy would affect survival (fitness).



67
Survival implies that those brain characteristics contri-
buting to the production of tools would in consequence be
selected for and in turn affect the capacity to produce
effective tools.

The evolution of the brain and technology as it
concerns tool-making and asymmetry involves a type of
causation defined by Maruyama (1962) as mutual causation.
This form of causation results in the interaction of two
or more elements such that both are changed and requires
a mechanism such that information from one can be "fed
back" to the other. Figure 9 reflects a mechanism where
asymmetry and technology interact in mutual causation
based on positive feedback.

Asymmetry appears to be a functional reorganization
of the human brain and has not been tied directly to increase
in brain size. However, the very rapid evolution of the
human brain during hominid evolution implies reorganization.
Additionally the positive feedback nature of tool-making and
asymmetry suggests a mechanism for the quantum evolutionary
leap of hominid brain evolution. Prigogine (1972, 1976) has
demonstrated that positive feedback relationships can initi-

ate a series of changes in physiochemical systems leading to
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a redefined system. Positive feedback in the biological/-
technological systems of the human species may 1likewise have
led to the reorganization of neural structure and hence the

reorganization of its behavior producing capacity.

E. Evaluation

The sequence/template model of transformational technol-
ogy presented in this thesis suggests that the cognitive
requirements of technology played a major role in the behav-
joral selection for functional asymmetry of the human brain.
There are two main advantages to this model: (1) it explains
the specialization of both hemispheres and (2) it is based
on the known appearance of a behavioral form (artifacts) in
the fossil record.

Thé cognitive mapping model, language model, and praxic
ordering model each focus on the explanation of the speciali-
zation of the right and left hemisphere but do not satisfac-
torily account for the specialization of the other. According
to the model developed in this thesis, technology requires
specialization associated with both the left and right hemi-
spheres and for these modes of processing to work in tandem

in the production of an artifact.
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The second advantage, the known appearance of the
behavior involved in the selection (artifacts,or specif-
ically, producing artifacts), provides an empirical base.
Though we know that language evolved, there is no record of
precisely when it evolved. The same is true of the less
well-defined cognitive mapping. On the other hand, if
asymmetric function is a requisite of the ability to produce
tools, then it can be inferred that this asymmetry evolved
along with early transformational technology.

It should be pointed out that the sequence/template
model does not deny any of the above models. It is an
extension of the praxic ordering paradigm and has in common
the left hemisphere sequencing of motor activities associated
with tool-making. It differs in the role of right hemisphere
specialization, and it specifies tool-making as the selective
behavior.

The sequence/template model does not contradict the
Tanguage model as developed by Kimura and Hewes which pro-
poses tool-making as a probable preadaptation to language.

It should be pointed out, additionally, that this sequence/-
template model is compatible with the basic principles of

transformational generative grammar which hold that language
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is based on the ability to combine words into virtually an
infinite array of sentences through the application of a
few rules of transformation (Slobin, 1979). Likewise a
broad array of artifacts can be developed on the basis of
the rearrangement of sequences of motor action. Purposive
cognition is a fundamental attribute in technology and in
language.

The transformational technology model not only does not
contradict the cognitive mapping model, but there is an
affinity between them. Producing artifacts is only one part
of a very important two-part sequence. Produced tools are
only of value if they are also used effectively in securing
food and related survival activities. Most artifacts of the
earliest and longest span of human history, the paleolithic,
reflect a hunting function and it is reasonable to infer that
territorial hunting of a kind described by Krantz (1968)
necessitated some form of cognitive mapping ability.

These compatibilities suggest that the selection for
functional cerebral asymmetry came from a broad range of
behaviors throughout the evolutionary history of hominids.
The explanation presented in this thesis is advantageous,

however, because it explains the selection for both left
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and right hemisphere specialization and because it is tied
to the appearance of a behavior with a documented history.
Tool-making appears to be the primary triggering agent in
the shift from bilateral symmetry to asymmetry and played a
major role in shaping the organization of the human brain.

If the model presented in this thesis is correct, then
the evolution of human asymmetry is reflected by the
archaeological record. The pace of this evolution is
represented by the slow but inexorable progression of tech-
nological sophistication throughout the paleolithic. This
began with only a few types of simple pebble tools occurring
over more than a million years and culminated in complex
upper pé]eo]ithic assemblages with innovations occurring
with relative rapidity (Bordes, 1968). The paleolithic is
represented by cultures with hunting-gathering types of
economics where individuals or close kin groups both made
and used their own tools. The adaptive advantage of
tool-making, therefore, directly affected the survival of
the brain that made the tool. The advent of the neolithic
agricultural revolution and its associated specialization
of labor changed this pattern. Because of specialization

the same individuals who made tools were not the ones who
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also used them and derived the direct selective advantage
from them. This suggests a shift from a paleolithic pattern
of the selection of asymmetry through tool-making, to a
neolithic pattern where adaptive advantages due to technology
are a product of its social and economic distribution.

What had evolved throughout the paleolithic, however,
was a human nervous system with the characteristic of
asymmetric hemispheric specialization. The main implication
of the interactive evolution of the brain and technology is
the evolution of the capacity to produce purposive behavior
of a form where a template of an intended outcome acts to
determine a sequence of motor actions resulting in a
behavioral transformation of the environment. This cognitive
capacity would seem to be the basis not only for the trans-
formation of matter, but also of a more generalized human
capacity where an element external to the individual is
affected by internally generated sequences of behavior pre-
scribed by templates of intended outcome. This further
implies that new behaviors can be produced by the formulation
of new templates and the appropriate restructuring of se-
guences. This capacity of human innovation and transforma-

tional behavior would appear to have originated in the
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evolution of human cerebral asymmetry because of the cogni-

tive demands of technology.

F. Implications for Further Research

One of the values of an evolutionary model is the
implications the model suggests for further research. In
a model with the scope of the one presented in this paper
there are many implications. In this section comments will
be restricted to four which affect education.

First, further research on the relationship of apraxia
to tool-making appears promising. In particular the model
suggests a design where left hemisphere and right hemisphere
apraxia can be evaluated in terms of the performance of
integrated sequence/template behavior. Much of the research
on apraxia does not clearly distinguish between linguistic
and praxic deficits. For example, the inability to move an
object in space upon request may reflect a language deficit
or a praxic deficit. In addition research needs to distin-
guish between tool-use and tool-making as different opera-
tions. If the intent is to manipulate an object then it is
a reflection of tool-use and does not necessarily reflect

sequential and spatial operations. However, if the research
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design specifies the transformation of matter toward a more
organized form, then it is tool-making which implies both
sequential and spatial operations.

A second major area of further research 1ies in the
relationship of the differences in the degree to which
individuals are lateralized and the capacity to produce
technology. Techﬁo]ogy is here meant to mean not only the
tools we associate with direct economic function, but also
"tools" associated with what is traditionally considered to
be the product of artistic endeavor such as various forms
of two-dimensional and three-dimensional art. Lateraliza-
tion differences among individuals are characterized in a
continuum ranging from well-lateralized, represented by
distinct measurable forms of hemispheric specialization, to
diffusely lateralized where specialization is not distinct.
The detection of lateralization is a controversial issue
and beyond the scope of this discussion. Assuming accurate
detection techniques, the question becomes, "do differences
in lateralization result in differential capacities in the
ability to transform matter in the production of a tool?"
One would predict from the model that distinctly lateralized

individuals would be more proficient in the transformation of
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technology. This has far reaching implication in many areas
but especially in education. In education a functional de-
termination of the manner in which individuals produce tech-
nology (as broadly described above) would suggest curricula
which would maximize those capacities.

A third and related area of research lies in the rela-
tionship between the practice of producing technology and
developmental aspects of asymmetry. Since asymmetry has a
significant developmental component, tool-making requiring
differential cognitive capacities could conceivably act to
direct the nature of this development at certain critical
stages. Just as there appear to be certain critical stages
for language acquisition, there might also be critical stages
for the development of asymmetry through acts such as tool-
making which necessitate sequential/spatial behaviors.

A fourth area of research would approach asymmetry not
from the functional differences between hemispheres, but from
the standpoint of the interaction of those hemispheres. It
was suggested that tool-making requires a form of asymmetric
specialization which necessitates communicative interaction
between the hemispheres. Since the process of making a tool

would fall under the general category of behavior called
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"creative," the model presented in this thesis suggests
that the basis of creativity lies in the degree to which
spatial and sequential functions interact. Though it is
popular to talk of "education for the left brain" and
"education for the right brain" it may very well be that
it is education for the communication of the left and

right brain that educators should be striving for.



77

BIBLIOGRAPHY

Alcock, J. The evolution of tool use by feeding animals.
Evolution, 1972, 26, 464-473.

Beerbower, J. R. Search for the past: An introduction
to paleontology (2nd. ed.). Englewood Cliffs, N.J.:
Prentice-Hall, 1968.

Bielicki, T. Deviation-amplifying cybernetic systems and
hominid evolution, (English summary). Materialy I Prace
Anthropologizne, 1969, 77, 57-60.

Bogen, J.E. Some educational implications of hemispheric
specialization. In M.C. Whittrock (Ed.), The human
brain. Englewood Cliffs, N.J.: Prentice-Hall, 1977.

Bordes, F. The old stone age (J.E. Anderson, trans.). New
York: McGraw-Hill, 1968.

Brillouin, L. Science and information theory. New York:
Academic Press, 1956.

Collins, M.B. Lithic technology as a means of processual
inference. In E. Swanson (Ed.), Lithic technology:
Making and using stone tools. The Hague, Netherlands:
Mouton Publishers, 1975.

Corballis, M.C. The origins and evolution of human
laterality. In R.N. Malatesha & L. C. Hartlage (Eds.),
Neuropsychology and cognition (Vol. 1). Aalphen aan den
Rijn, The Netherlands: Sijhoff and Noordhoff International
Publishers, 1982.

Deetz, J. Invitation to archaeology. Garden City, N.Y.:
Natural History Press, 1969.

Dewson, J.H. Preliminary evidence of hemispheric asymmetry
of auditory function in monkeys. In S. Harnad, R.W.
Doty, L. Goldstein, J. Jaynes, & G. Krauthamer, (Eds.),
Lateralization in the nervous system. New York: Academic
Press, 1977.




78

Diamond, M.C., Johnson, R.E., Ingham, C.A. Morphological
changes in the young, adult, and aging cerebral cortex,
hippocampus, and diencephalon. Behavioral Biology, 1975,
14, 163-174.

Dobzhansky, T., Ayala, F.J., Stebbins, G.L., & Valentine,
J.W. Evolution, San Francisco: Freeman and Company, 1977.

Frost, G.T. Tool behavior and the origins of laterality.
Journal of Human Evolution, 1980, 9, 447-459.

Gazzanaga, M.S., Bogen, J.C., & Sperry, R.W. Dyspraxia
following division of the cerebral hemispheres. Archives
of Neurology, 1965, 16, 606-612.

Geschwind, N. Language and the brain. Scientific American,
1972, 226 (4), 340-348.

Geschwind, N. The apraxias: neural mechanisms of disorders
of learned movement. American Scientist, 1975, 63,
188-195.

Glick, S.D., Jerussi, T.P., & Zimmerberg, B. Behavioral and
neuropharmacological correlates of nigrostriatal asymmetry
in rats. In S. Harnad, R.W. Doty, L. Goldstein, J. Jaynes,
& G. Krauthamer (Eds.), Lateralization in_the nervous
system. New York: Academic Press, 1977.

Gould, S.J. The mismeasure of man. New York: Norton and
Company, 1981.

Granit, R. The purposive brain. Cambridge: MIT Press, 1977.

Gunn, J. Ideosyncratic behavior and chipping style. In E.
Swanson (Ed.) Lithic technology, The Hague, Netherlands:
Mouton Publishers, 1975.

Hewes, G.W. An explicit formulation of the relationship
between tool-using, tool-making and the emergence of
language. Visible Language, 1973, 8, 101-127.




79

Holloway, R.L. Cranial capacity, neural reorganization and
hominid evolution: a search for more suitable parameters.
American Anthropologist, 1968, 68, 103-121.

Jerison, H.J. Evolution of the brain and intelligence. New
York: Academic Press, 1973.

Jerison, H.J. Paleoneurology and the evolution of mind.
Scientific American, 1976, 234 (1), 90-101.

Kimura, D. The neural basis of language qua gesture. In
H. Witaker & H.A. Whitaker (Eds.), Studies in neuro-
linguistics (Vol. 2). New York: Academic Press, 1976.

Kimura, D. & Vanderwolf, The relation between hand prefer-
ence and the preference of individual finger movements
by left and right hands. Brain, 1970, 93, 769-774.

Kolb, B. & Whishaw, I1.Q. Fundamentals of human neuro-
psychology. San Francisco: Freeman and Company, 1980.

Krantz, G.S. Brain size and hunting ability in earliest man.
Current Anthropology, 1968, 9, 450-451.

Krashen, S.D. The left hemisphere. In M.C. Witrock (Ed.)
The human brain. Englewood Cliffs, N.J.: Prentice-Hal
1977.

1,

Levy, J. Possible basis for the evolution of lateral special-
jzation of the human brain. Nature, 1969, 224, 614-615.

Levy, J. The mammalian brain and the adaptive advantage of
cerebral asymmetry. In S.J. Diamond & D.A. Blizard (Eds.),
Evolution and lateralization of the brain. Annals of the
New York Academy of Sciences, 299, 1977.

Livingston, R.B. Sensory processing, perception and behavior.
New York: Raven Press, 1978.

MacLean, P.D. A mind of three minds: educating the triune
brain, In J.S. Chall & A.F. Mirsky (Eds.), Education and
the brain. Chicago: University of Chicago Press, 1978.




80

Maruyama, M. Morphogenesis and morphostasis. Methods:
Linguaggio e ¢ibernetica. 1960, 12, 251-296.

Maruyama, M. The second cybernetics: deviation-amplifying
mutual causal processes. American Scientist, 1962, 51,
164-179.

Milner, B. Hemispheric asymmetry in the control of gesture
sequences. Proceedings of XXI International Congress of
Psychology. Paris, 1976, 149.

Morowitz, H.J. Foundations of bioenergetics. New York:
Academic Press, 1978.

Muto, G. R. A stage analysis of the manufacture of stone
tools. University of Oregon Anthropological Papers.
1971, 1, 109-118.

Nebes, R.D. Man's so-called minor hemisphere. In M.C.
Wittrock (Ed.), The human brain. Englewood Cliffs, N.J.:
Prentice-Hall, 1977.

Nottebohm, F. Asymmetries in neural control of vocalization
in the canary. In S. Harnad, R.W. Doty, L. Goldstein,
J. Jaynes, & G. Krauthamer (Eds.) Lateralization in the
nervous system. New York: Academic Press, 1977.

Oswalt, W.H. An anthropological analysis of food-getting
technology. New York: Wiley and Sons, 1976.

Peters, R. Communication, cognitive mapping, and strategy in
wolves and hominids. In R.L. Hall & H.S. Sharp (Eds.),
Wolf and man: Evolution in parallel. New York: Academic
Press, 1978.

Petersen, M.R., Beecher, M.D., Zoloth, S.R., Moody, D.B.,
& Stebbins, W.C. Neural lateralization: evidence from -
studies of the perception of species-specific vocaliza-
tions by Japanese Macaques. Science, 1978, 202, 324-326.

Prigogine, I., Nicolis, G., & Babloyantz, A. Thermodynamics
of evolution. Physics Today, November, 1972, 23-28.




81

Prigogine, I. Order through fluctuation: self-organization
and social system. In E. Jantsch & C.H. Waddington (Eds.),
Evolution and consciousness: Human sys$tems in transition.
Reading, Massachusetts: Addison-Wesley Publishers, 1976.

Sarnat, H.B. & Netsky, M.G. Evolution of the nervous system.
New York: Oxford University Press, 1974.

Semmes, J. Hemispheric specialization: A possible clue to
mechanism. Neuropsychologia, 1968, 6, 11-26.

Shannon, C.E. & Weaver, W. The mathematical theory of
communication. Urbana: The University of I1linois Press,
1964.

Sherrington, C. Man on his nature. New York: MacMillan, 1940.

Simpson, G.G. Tempo and mode in evolution. New York:
Columbia University Press, 1944.

Slobin, D.I. Psycholinguistics (2nd ed.). Glenview, I1linois:
Scott, Foresman and Company, 1979.

Springer, S.P. & Deutsch, G. Left brain, right brain. San
Francisco: Freeman and Company, 1981.

Tobias, P.V. The brain in hominid evolution. New York:
Columbia University Press, 1971.

Tolman, E. Cognitive maps in rats and men. Psychological
Review, 1948, 55, 189-208.

Trichner, K.S. Information and biological thermodynamics. In
L. Kubat & J. Zeman (Eds.), Entropy and Information. New
York: Elsevier Scientific Publishing Co., 1975.

Warren, J.M. Handedness and cerebral dominance in monkeys.
In S. Harnad, R.W. Doty, L. Goldstein, J. Jaynes, & G.
Krauthamer (Eds.), Lateralization in the Nervous System.
New York: Academic Press, 1977.

Webster, W.G. Functional asymmetry between the cerebral
hemispheres of the cat. Neuropsychologia, 1972, 10, 75-87.




Webster, W.G. Territoriality and the evolution of brain
asymmetry. In.S.J. Diamond & D.A. Blizard (Eds.),
Evolution and lateralization of the brain, Annals of
the New York Academy of Sciences, 299, 1977.

82



