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One must acquire many different ways to understand.

Minsky!"!

A ou know, Prof, my grades on the quizzes don’t

really reflect my understanding of the material.”

... “When you talk to Clarence about the mate-
rial, it’s evident he understands a lot about it, so why can’t
he do the homework?” . . . “I know the class understands this
concept, we’ve been through it many times, so why can’t
they apply it when they need it? Why can’t students access
what they know?”

These kinds of comments, from students and colleagues,
are familiar to any of us who have spent time in education.
They signal frustration in various guises, and often a voiced
frustration is but a symptom of deeper dissatisfaction and
perplexity. In pondering such comments, I've concluded
that many of them spring from a common basis: confusion
and misconception about what we mean by an understanding
of technical material. Such confusion should not be dis-
missed lightly, for it can hamper our attempts to help others
learn; and so it seems worthwhile to try to clarify what it
means to understand. But to unravel such confusion is no
small task. The word understanding is itself obscured by a
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vagueness that approaches the enigmatic. For once, Webster
fails us, merely offering as synonyms “perception,” “com-
prehension,” “appreciation,” and “mental grasp.” These move

us no closer to the root of the matter.

The ambiguity arises because there is not one understand-
ing, or even just a few. There are, in fact, many—many
kinds of understanding and many ways to reach them. It is
one thing to recognize you have a problem, another thing to
articulate the problem, yet another to identify what is needed
to solve it, still another to carry out the solution, and even
another to appreciate what the solution means. Given those
many goals and the many paths to each, it is no wonder we
have difficulty articulating general rules—or even rules of
thumb—that will consistently lead us to an understanding.
But what is difficult in general may be manageable in par-
ticular. Perhaps by restricting our attention to particular realms
of knowledge, such as those embodied by engineering and
the physical sciences, we can clarify what it means to under-
stand—at least for those restricted realms. That is the thesis
for the papers in this series.

Having recognized that there are many ways to understand
technical material, we then ask how those ways can be
organized. One appealing organization is a hierarchy be-
cause hierarchies identify levels, and this usage coincides
with commonly used, but ill-defined, ideas concerning lev-
els of understanding. In addition, a hierarchy provides a
systematic progression that can serve as the basis for helping
people learn. For example, a hierarchy of understanding can
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help us identify the current stage in a student’s study of a
topic, it can help us show the student what must be done to
reach the next stage, and it can help us determine when a
transition between stages has been successful. This series
of papers is primarily concerned with presenting and dis-
cussing a hierarchy for understanding technical material.

But the job of fostering understanding can also be clarified
if we know something about how people
learn—that is, how the human mind as-
similates new information and integrates
it with old information. Over the past
ten years we have seen significant
progress in neuroscience, especially in
neurobiology, psychology, and artificial
intelligence. As educators, we should
take advantage of that progress, recog-
nizing that the next ten years will bring
still more progress. By clarifying how
the brain functions, we can obtain clues
as to how to improve learning. We there-

Since learning
creates new
structures in the
brain by modifying
existing structures,
learning can only
begin from things

face—the cerebral cortex—alayer only 2mm thick and con-
voluted into folds to increase its surface area within a con-
fined volume. The cortex contains a significant portion of
the brain’s gray matter—the little gray cells so favored by
Hercule Poirot. The volume enclosed by the cerebral cortex
is filled largely with white matter: the strands and fila-
ments that connect brain cells. That is, much of the hu-
man brain is mere wiring.

The following sections of this paper
present an elementary overview of the
functioning of the neuron and of the huge
number of neurons that form the cerebral
cortex. These functions allow us to draw
certain conclusions about the nature of
learning. For a more detailed introduction
to brain structure and function, see refer-
ences 2-6; the illustrations by Macaulay'®
are particularly instructive.

THE NEURON

fzifev\:ll:nujs ;?eemreelft[afyf ::131; 22?:521::1 the student The basic unit of mental activity is a
aspects of brain structure and function. already knows. single N gell—the: neurom. Function-
These discussions will support the hier- This has ally, a neuron in the cortex collects signals

archy of understanding presented in the
second and third papers in this series.

BRAIN
STRUCTURE
AND FUNCTION

implications as to
whether a topic
should be taught

from other neurons, integrates them into a
single signal, and then either suppresses
the signal or forwards it to other neurons.
Structurally, a neuron is composed of three
principal parts: a cell body, which con-
tains the nucleus and performs the life-

The human brain is not a single entity tOp-dOWH sapport functiqns e focany biolog-
but rather a composite of several brains. [ deducti Vely ) or L alalle . - l?ranches iy
The tas of the soinal eosd Toris e dendprites that carry signals from other neu-
medullfzj which gl?r:ervises basic motor bOttOIIl-llp fons:{e e eell bacy: and.angron, a single
functions, including heart beat, respira- (inductively). strand that carries the signal from the cell

tion, and digestion. Behind the medulla
lies the cerebellum, which coordinates
body position, movement, and balance. Above the cerebel-
lum we find the limbic system, which includes the pituitary
gland, the hypothalamus, the hippocampus, and other struc-
tures. The pituitary makes hormones that control the func-
tion of most other glands in the body; its action is controlled
by the hypothalamus. More generally, the hypothalamus
regulates all life-support functions, including heart rate, body
temperature, chemical balances in the body, hunger, thirst,
and emotional responses to threats for survival. The hippoc-
ampus apparently participates in the formation of long-term
memories; this will be discussed in the third of this series of
papers. Atop the limbic systems sits the cerebrum, which is
devoted to all higher mental activities, including language,
conscious awareness, and abstract thought.

Of all these structures, the cerebrum is by far the largest,
yet most high-level mental activities are confined to its sur-
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More generally,

body to other neurons.

neurons are the primary
functional elements of the nervous system; for example, a
nerve is a bundle of axons. Axons vary in length from
millimeters in the cortex to about a meter in the case of the
axons that connect the toes to the spinal cord. Variations in
geometry provide a means for classifying neurons by struc-
ture;”! those in the cerebral cortex are called pyramidal
neurons because of the distinctive shape of the cell body.

The function of an individual neuron is illustrated sche-
matically in Figure 1 (next page). From contacts with other
neurons, a dendrite carries a signal, as a voltage difference,
to the cell body. At the cell body, signals from all dendrites
are combined into a single voltage that propagates to the
head of the axon. If this output voltage exceeds a certain
threshold, the neuron is said to fire, and a pulse voltage
propagates down the axon. The end of the axon divides into
branches, providing hundreds of terminals to other neurons.
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Each axonal terminal is separated from another neuron by a
microscopic gap called a synapse. When a voltage pulse
reaches an axonal terminal, it causes vesicles in the terminal
region to fuse onto the wall (the presynaptic membrane) of
the neural cell. This, in turn, causes the vesicles to open,
releasing a few thousand molecules of a neurotransmitter
into the synapse. These molecules diffuse across the synapse
to a dendrite or cell body of another neuron. If the neu-
rotransmitter can find an appropriate receptor—a pro-
tein—embedded in the postsynaptic mem-

the neuron by activating receptors that allow sodium ions to
enter the neuron through the postsynaptic membrane. These
connections typically occur on dendritic branches, with the
common excitatory neurotransmitter being glutamate. In con-
trast, inhibitory synapses tend to suppress firing by acti-
vating receptors that allow chlorine ions to enter through
the postsynaptic membrane. These typically occur di-
rectly on the cell body, with the common inhibitory neu-
rotransmitter being GABA.

brane, then the signal is successfully passed
from one neuron to the other.

The voltage difference propagating from den-
drite through cell body and down an axon is not
carried electrically, but chemically; that is, it is
not carried by free electrons but by sodium ions.
Therefore, the speed of signal propagation is of
the order of milliseconds, which is slow relative to
the speed of electrical conduction in metal wires.

Further, an axon does not conduct the signal
by a current propagating axially, as in a wire.
Instead, a local voltage difference in one part of
an axon relative to a neighboring part induces
opening and closing of molecular gates on chan-
nels within the cell membrane; these channels
allow flow of ions between the interior and exte-
rior of the neuron, changing the voltage in one
region of the neuron relative to an adjacent
region. Thus, sequential radial flow of ions
through cell walls produces the effect of a
voltage propagating axially.

The activity induced by the voltage reaching a fr
om

dendrites cell body

v

Impulse Propagation

synapse amounts to a key-lock-gate scenario. If [
a neurotransmitter (the key) can find its recep- | body
tor (the lock), then a molecular gate opens,

axon

+ + .
allowing ions to enter the dendrite, creating a Na Na vesicle
local voltage difference. neurotransmitter () /
A few dozen neurotransmitters have been iden- —» impulse synaptic gap
tified, and more probably remain to be discov- receptors
ered.”’ The common ones include glutamate, . B dendrite
dopamine, acetylcholine, and y-aminobutyric Na Na
acid (GABA). Certain drugs, including the opi- \
el : ] 0
ates, nicotine, and the antipsychotics, are known synapse

to either mimic or block the actions of certain
neurotransmitters.”® This is possible because
neurotransmitters activate receptors by match-

ing physical structures, so any molecular frag-

ment that matches the receptor structure might
activate that receptor; not only will a key open a
lock, but so too will a skeleton key.

Synaptic connections are of two general types.
Excitatory synapses tend to promote firing of
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Figure 1. (top) Principal parts of a single neuron, including synaptic connection to
the dendrite of another neuron. (lower left) Exploded view of an axonal segment;
radial flow of sodium ions between axon and extracellular fluid propagates a
nerve impulse from the cell body to the synapse. (lower right) Exploded view of an
axonal terminal and synapse. At the terminal, a nerve impulse stimulates vesicles
to fuse with the presynaptic membrane, releasing neurotransmitters into the syn-
aptic gap. The bottom views are adaptations of drawings by Macaulay.”
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THE NEURAL NETWORK

Although the functioning of a single neuron is a fascinat-
ing electrochemical process, the really astonishing functions
occur not at the molecular or cellular levels, but in the
collective behavior of large numbers of connected neurons.
The number of neurons in the human brain is estimated at
between 20 and 100 billion. Further, the average pyramidal
neuron makes roughly 1000 connections to other neurons; so
the total number of connections may well be about 10",
Most connections are among neighboring neurons, but many
axons connect neurons that lie in very different regions of
the cortex. In principle, any neuron can influence the
firing of any other neuron.

By itself, the firing of a single neuron is essentially mean-
ingless. Meaning only arises when a pattern is established by
the simultaneous or sequential firings of many neurons. We
do not know how firing patterns encode meanings (that is
part of the puzzle), but the following metaphor may capture

the essence. Imagine an array of lights forming a scoreboard.
The array itself has no meaning; if none of the lights are
activated, we have no meaning, and if all of the lights are
activated, we still have no meaning. Informative meaning
occurs only when some lights are activated while others are
not. Moreover, the meaning is in the pattern, not in any
particular lights; that is, meaning is encoded in the spatial
and temporal relations among the lights that are activated
and those that are not. For example, meaning is preserved
even when the pattern scrolls across the array. Now reread
the previous four sentences, everywhere replacing “light”
with “neuron” and “array” with “neural net.” This metaphor
suggests one reason for having both excitatory and inhibi-
tory synapses for in this way, not only can any one
neuron participate in any pattern, but in addition, when
the same pattern is replayed at different times, a neuron
can participate by sometimes being activated and other
times being quiescent.

Neural activity in the cerebral cortex distinguishes brain
from mind; that is, brain is the struc-

search for
meaning

ghost of
an idea

coherent
thoughts

ture and mind is the function. As
Minsky has written,""! “Minds are what
brains do.” But what is it that minds
do? In particular, what does the cere-
bral cortex do?

There is always at least a baseline of
neural activity in the cortex. It can be
seen crudely on an electroencephalogram
(EEG). But that minimal activity can be
driven to more active modes by stimula-
tion, either from the external world
through the senses or from the internal
world through other parts of the brain.
""" _ The response appears to be a search for
meaning—an attempt to find a pattern
that interprets or makes sense of the
stimulus. In other words, the baseline
firing of a huge number of interconnected
neurons amounts to a chaotic dynam-
ics—not random, but apparently random
with some underlying order."””! Such dy-
i namics are, by definition, sensitive to
o] small disturbances, so even a small stimu-
lation of the cortex can produce a quali-
tative change in the character of the fir-

neural grid

Figure 2. Schematic representation of sequences of neural firings in the cerebral cortex.
Grid represents an array of neurons; path represents the firing sequence. Shaded areas
represent repeated firings of patterns of neurons that have meaning, such as recognition of
a sight or formation of a coherent thought. Path segments between shaded areas represent
the search for meaning. In studies of dynamic systems, such as in process control and

ing pattern. Some changes in the dynam-
ics take the form of convergence to a
local attractor—a firing pattern that is
recreated and sustained whenever the fir-
ing trajectory passes sufficiently “close”

statistical mechanics, the grid is interpreted as a phase space and the path is a trajectory (4 neurons that activate the pattern. Such

of the system. Then the shaded regions are local attractors that order the trajectory into
patterns. Based on a figure in Calvin'” and a phase-space plot in Freeman' from EEG data

taken from a rat’s olfactory bulb.
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attractors constitute meaning to the or-
ganism. This is illustrated in Figure 2.
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We may become conscious of attractors—that is, con-
scious of thought patterns—when we encounter ambiguity.
An ambiguous stimulus causes neural firing patterns to bi-
furcate into conflicts or competition between two or more
attractors; the result is mental confusion. In such situa-
tions, the mind contrives more than one pattern that is
consistent with the data, and the conflict can only be
resolved with more data.

For example, consider the object shown in Figure 3, which
presents a conflict between foreground and background. If
you focus to bring the shading to the foreground of the
figure, you see the letter E. But if you shift your focus
slightly, the shading can be pushed to the background, and
you see the characters L and 3.

Your recognition of the E is an attractor produced by one
assembly of neurons, while recognition of the L and the 3
is a second attractor produced by another assembly of
neurons. Both attractors are consistent with the data and
additional visual cues would be needed for one attractor
to dominate.

The interpretation of thought as a dynamic process driven
to local attractors, as shown schematically in Figure 2, is
appealing, but it is likely an oversimplification for at least a
couple of reasons. First, the coding of meaningful patterns is
probably not just in the relative positions
of firing neurons; it may also involve

MODIFICATION OF :
BRAIN STRUCTURE: LEARNING

The association of meanings with particular stimuli con-
stitutes one aspect of learning. For example, if the stimulus
is a right triangle, then part of the associated meaning would
be the Pythagorean theorem. But meaning is connected to a
stimulus through neural firing patterns created in the cere-
bral cortex, so to learn new meanings, we must create new
firing patterns. For these new patterns to be accessible over
long times, the mind must bias connections among neurons
so that the new pattern is recreated whenever an appropriate
stimulus is encountered. That is, to make long-lasting changes
in function (the mind), we must make changes in structure
(the brain).

We do not yet know much about how learning modifies
the brain, though many observations are suggestive and the
more obvious possibilities are listed below. But we do know
one mechanism that is not used—the brain does not modify
itself by growing new neurons. The number of neurons is
constant through adolescence, and then neurons begin to
degenerate and die over the remaining lifetime. Estimates
usually put the average total loss at 10% of the original
number.”! During youth, the brain grows in complexity by
forming and pruning dendritic trees and axonal branches,
that is, by increasing and refining connections among exist-

ing neurons.”*

firing rates and sequences. That is, mean-

Here are some ways by which learning may

ing may involve both positional codes
and temporal codes.!"” Second, the ac-
tion of the cortex appears to involve dis-
tributed processes, in which multiple sub-
processes are performed simulta-
neously.!"'”! For example, visual recog-
nition of an object involves perception

change brain structure and function:"’

* Changes in the size and shape of axon
terminals coupled with changes in the
number of presynaptic vesicles (which
hold the neurotransmitter) to increase or
decrease the amounts of neurotransmitter
released

of contours, depth, and color—three ac-
tivities that are performed simultaneously

» Changes in the size and shape of postsyn-

but in separate regions of the cortex.

More complex functions appear to
progress through hierarchies of distributed
processes, which may explain why we like
to use hierarchies for organizing societies,
institutions, and problem-solving tasks.!"
Distributed processes make efficient use of
neural networks because the same assem-
blies of neurons can be used for the same
kinds of tasks in different situations.

Although we do not yet know the details
for how meanings are assigned to patterns,
we at least know what is being done: minds
are what brains do, and the search for mean-
ing is what the cortex does.
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Figure 3. Mental confu-
sion can arise when the
brain devises two con-
flicting patterns from the
same information. This
figure can be ambiguous
because it does not pro-
vide enough cues to al-
low one to distinguish
foreground from back-
ground. Focusing to bring
the shaded area into the
foreground reveals one
character, but focusing to
push the shaded area
into the background re-
veals two different char-
acters.

aptic receptors and channels to change
the level of activation voltages created
when a receptor opens

¢ Increases and decreases in the number of
receptors at certain synapses

e Changes in the number and location of
synapses

* Sprouting of new axonal terminals

* Remolding of terminal bulbs on dendrites.

IMPLICATIONS FOR EDUCATION

The brain, then, is a self-modifying neural
network. The processes carried out by that net-
work constitute the mind, and the function of a
part of that mind—the cerebral cortex—is to
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lus, while recall forms a meaningful pattern in response
to an internal stimulus. To test recognition, we might
pose a question such as “What quantity is defined by
Re=upd/u?” But to test recall, we would ask, “What
equation defines the Reynolds number?” Recall is more
difficult because we must not only create the pattern,

ascribe meanings or interpretations to both external and in-
ternal stimuli. These observations lead to certain implica-
tions about the nature of education, including

P Learning is a natural activity of the human mind.

P Learning is not storage and retrieval of information; the

brain does not store information.™'"! It only develops a
propensity to reproduce neural firing patterns that have
been found beneficial; that is, what we call memory is
actually a re-creation of information. To be able to use
what they know, students must learn cues that re-create
useful patterns.

P Since learning creates new structures in the brain by

modifying existing structures, learning can only begin
from things the student already knows. This has impli-
cations as to whether a topic should be taught top-down
(deductively) or bottom-up (inductively).

» The brain apparently modifies neural connections as

part of its response in those neurons that are activated to
form a pattern. Thus, learning new things amounts to a
perturbation of things already known; but if the pertur-
bation is too large, then no related neural firing pattern
can be created and no learning takes place. Thus, stu-
dents must be led to new knowledge in small chunks of
information that allow the brain to modify existing neu-
ral networks. Repetition is then needed to strengthen
new neural connections. The importance of repetition is
addressed in the third of this series of papers.

» Experts in a topic have highly interconnected constella-

tions of neurons that can be activated by stimulating any
of many different nodes."’ These elaborate networks
allow experts to quickly learn new things because their
vast networks offer numerous nodes that can be easily

but we must also generate the stimulus that produces the
pattern. Because of this difference in difficulty, students
generally prefer certain kinds of quizzes over others.

» Learning is easier than unlearning. Unlearning refers to

correcting misunderstandings from earlier learning. Dur-
ing learning, we modify a neural network to create a
new net; but during unlearning, we not only create a
new network, but we must also suppress formation of
the old erroneous pattern.

» To learn, students must actively participate in their own

education. Only the individual can modify its own syn-
apses, dendritic trees, and axonal terminals. No instruc-
tor can do this for the student.

» Quickness of mind (a commonly used indicator of intel-

ligence) decouples from the ability to think.""?! A quick
mind is one that moves immediately and decisively to a
local attractor. But the Latin root for intelligent is inter
+ legere, which means to select. And to select implies a
consideration of alternatives; that is, intelligent thinking
involves the identification of alternative attractors and
choosing from among them. This cannot necessarily be
done quickly.
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