
Chapter 2

Brain Overview

The brain is composed of 1011 neurons. While they are share common mech-
anisms of signaling and organization, they are hardly distributed uniformly.
Instead the circuits they form exhibit many different levels of specialization.
Their most abstract organization is into major subsystems. Such subsys-
tems have specialized functions that can be interpreted from the vantage
point of circuitry needed to develop behavioral programs.

Initially much of what we know about the brain’s subsystems came
from people who have selective damage of one subsystem or another ei-
ther through disease or cerebral injury. Tragically, one way of damaging
the brain is through battle injuries. The study of brain function advanced
greatly during and after the 1904 war between Russia and Japan because
the muzzle velocity of rifle bullets had increased to the point where bullets
could pass through the skull. Wounded soldiers survived and could be ex-
amined for the effects of their injuries. In earlier wars such as the American
civil war, slower bullets typically lodged inside the skull, producing fatal
infections. Nowadays, there are a wide variety of different avenues that pro-
vide information the differential functioning of the brain different parts, but
cerebral incidents that produce damage, such as strokes, continue to provide
valuable information on the function of different subsystems.

Epilepsy, which is treated more and more successfully with drugs still
has cases that require surgery. Such surgeries are typically conducted with
the patient conscious for a large part and include situations whereby indi-
vidual neuron responses to stimuli are recorded as part of the procedure.
Figure 2.1 shows one of these operations. Since epilepsy is often due to a
widespread circuit overload, removing some of this circuitry often can solve
the problem. And the effect of the seizures is so debilitating - think of falling
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down suddenly while crossing a busy street - that the patient is happy to
have the procedure done. The patient is shown a card with a common im-
age on it while an area of the memory is stimulated with a small current.
If a patient subsequently cannot name the item on the card then this part
of the memory is deemed important and the surgeon will try and spare it.
Parts that are apparently uninvolved in the correct naming are candidates
for surgical removal.

Figure 2.1: A patient undergoing surgery for epilepsy. An epileptic seizure
is basically an instability in the network of cortical neurons that can be
controlled or eliminated by removing portions of the cortex.The top of the
skull is removed and portions of the cortex that are important are deter-
mined by extensive testing and labeled. These are spared during the final
surgery.[Permission Pending]

Most recently, our understanding of the brain has been greatly improved
by the development of non-invasive imaging techniques. One of the foremost
of these is magnetic resonance imaging or MRI. To get the gist of how this
technique works imagine a conventional grayscale image inscribed in a cir-
cle. Now pick a tangent to that circle and for each perpendicular at regular
intervals along the tangent, add up all the grayscale values that it crosses.
You do not have an image anymore but just a function that, for all the
points on the tangent, records sums. It turns out that if you have enough
of these tangent functions at different orientations you can reconstruct the
original image. The MRI process creates such projections which are then
transformed into the original image. The grayscale value is related to the
amount of resonance of atoms in a small region and different atoms have
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different resonance values. For functional magnetic resonance imaging, or
fMRI, you can measure the slight difference between the resonance of oxy-
genated and deoxygenated blood as a function of time. When neurons signal
they use lots of oxygen so by subtracting the image for a baseline condition,
you can see where the most metabolically active neurons are in the brain.

The introduction to the brain in Chapter one concentrated on the biggest
picture wherein many of the parts of the brain have regulatory or life sup-
port functions. The focus of this chapter is on the most recent evolutionary
development, the forebrain, which includes the cortex, basal ganglia, hip-
pocampus and amygdala, as well as the thalamus and hypothalamus.

The reason for focusing on the forebrain is that its collective functions
are most similar to that of a modern computer. Of course making such a
statement risks confusion. Since we still do not know exactly how the brain
works it is possible that this simile will throw us off track. Furthermore
when we get to describe the details of the various components in later chap-
ters, you will see that they definitely are very different from conventional
computers in the way that information is acquired and organized. We still
think it can be reduced to a Turing Machine; its just that, form the stand-
point of conventional computing, the architecture will be very alien. Those
are the caveats. Having got them in the open, we proceed with a quick in-
troduction to the forebrain’s components from the conventional computing
vantage point.

Conventional computing uses what is known as a random access machine
or RAM. The idea is that the program and data are stored in a memory.
The program consists of a sequential list of instructions that a processor
knows how to execute. The execution of the program consists of a more
or less sequential traverse of this instruction list although some instructions
can cause a jump to a more distal instruction location. While its not at
all like a conventional memory, the Cortex is an exotic memory that has
an enormous storage capacity. The exact limits of cortical memory are
completely unknown. And while it is not exactly like a processor, the Basal
Ganglia is the brain’s main place for sequencing instructions. If you like
you can think in primitive Turing machine terms. The state of the TM is
a configuration of Cortical memory and the action of a TM is a traverse
dictated by the Basal ganglia. Of course the difference is that whereas the
TM instruction and memory reference can be described - for small TMs or
RAMs - in a modest amount of bits, the equivalent descriptions that the
brain uses must take millions of bits. Nonetheless the correspondences are
helpful to orient us. Other key components of a silicon computer are input
and output devices and their ‘driver’ programs that read and send them
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Figure 2.2: A. The brain’s major components to scale. B. Comparing Silicon
computer functions with those of the cortex.



2.1. CORTEX: THE BRAIN’S LONG TERM MEMORY 5

information. The brain has those too in the from of the spinal chord an
thalamus respectively. But the brain has other problems to handle that
are not present in silicon. One is that of staying in calibration. That lot
falls on the cerebellum. And the final job is the biggest of all and that is
that of creating new programs. This is a complicated process indeed but
the Hippocampus, Amygdala and Hypothalmus play major roles. The first
two to specify the programs and the last one to rate the programs’ value.
These comparisons are summarized in Figure 2.2. The job of the rest of the
Chapter is to elaborate on these roles.

2.1 Cortex: the brain’s long term memory

If you open up the skull you would find that the brain is protected by rubbery
encasements. But if you cut through these you will be looking at the surface
of the Cortex, as you were in Figure 2.1. The Cortex is the main site of the
brain’s permanent memory. It has the structure of a thin six-layered sheet
of neurons that has been compared to a pizza in shape. However to fit
in the skull the pizza has to be folded up and hence the observer peering
in sees folds or sulci. Neurons in parts of the cortex have very different
characteristic properties and these are best visualized if we have some way
of unfolding the cortex. This is not so easy to do, but two popular ways
are to flatten it as shown in Figure 2.3 A or to inflate its position data
mathematically as shown in Figure 2.3 B.

When we think of the concept of “memory” we typically conjure up
rather elaborate sequences of events. We can recall whole conversations with
friends sometimes verbatim along with their facial expressions. Or we can
recall a scenic walk in a park with animal sounds, sights and smells. These
exquisite experiences of memory are misleading in a discussion of cortical
memory. For although the cells in the cortex produce a major component
of these experiences, they need help from other areas. It is more accurate
to think of the cortex as having all these memories, but they are latent and
coded. At any moment, the active part of the cortex is capturing a state in
memory using a small instant in time.

At this point it is important to raise the distinction between computation
time and the time represented by the running program. Of course we can
think of episodes that last weeks or years, but to do so we have to run
them on our brain computer and they all must share the basic cycling of
the machine architecture. So the question is: How large can this temporal
chunk be? It cannot be smaller than one millisecond as that is the time it
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Flattened Representation of Monkey Cerebral Cortex
Van Essen and Drury 1998

fMRI Mapping of Human Visual Cortex
Sereno et al. 1995
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Figure 2.3: A. The vanEssen laboratory’s image of a macaque cortex that
has been flattened to easily visualized the different areas. B. Martin Sereno’s
mathematically inflated human cortex being used to show the representation
of the visual field obtained from fMRI data.
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takes to a neuron to create a spike to communicate with another neuron.
And it cannot really be longer than 300 milliseconds as that is the modal
time that we hold our eyes still. Thus the likely length for a cortical memory
instant is about one third of a second or less, motivated by the modal time
the eyes are fixed on a region of space.

Why should a cortical time constant be so dependent on the stability of
visual fixation? The human visual system is truly remarkable in that our
continuous percept of the visual world is somehow created from a these series
of discrete instants lasting about 300 milliseconds. where during this time
the gaze is held more or less stationary on a point in the world. We need to
do this as the resolution of the eye is only very good for one degree of visual
angle near the axis of gaze. To experience a visual degree, hold your thumb
out at arm’s length. After about one visual degree the resolution drops
rapidly to a factor of 1/100 at the periphery. In addition, high resolution
color vision is concentrated at the fovea. Nonetheless for our discussion
here the most important point is this: The vast array of visually-responsive
neurons - estimated at one third of the cortical cells in a monkey brain -
are retinotopically indexed. This means that their responses are sensitive to
the position of the gaze points of the two eyes. Move the gaze point and
all these outputs of these neurons will change. As a consequence what we
would like to think of as a program state, at least for vision, is only stable
when the eyes are stable and thus this stability is unlikely to last more than
300 milliseconds.

You can now appreciate what a technical achievement the perception of
a seamless stationary world is. Imagine the riot in a movie theatre if the
projectionist slowed the projector down from the 16 frames a second to just
three! Nonetheless the brain solves this problem for us in a very satisfactory
fashion since we are normally totally unaware that any kind of difficulty
exists.

That the human brain dealing with the problem of having a very small
visual area of good spatial resolution can be readily seem from primate eye
traces, since the brain is forced to choose special areas in the world to look
at three times every second. These choices provide tremendous information
as to the organization of running programs as by recording eye movements
we can watch a trace of running programs in action. We can see hints of
these programs in some of the first eye gaze traces obtained by Yarbus in the
1960s. In Fig 2.4 we see the gaze vector rapidly scanning the image in very
different patterns motivated by different questions asked of the viewer. In
the figure, every time the trace stops at a location, usually indicated by ei-
ther a small widening or corner in the trace, that represents an instant when
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Figure 2.4: A human wearing a gaze tracking device examines a famous Rus-
sian painting entitled “The unexpected visitor” for sessions of three minutes
each. The different questions asked of the subject are 1) No question; free
viewing, 2) How long had the visitor been away from the family? 3) What
are the ages of the people? Note the very different scanning patterns for each
of these questions, reflecting the need to extract very different information
from the picture in each case.

the cortex is carrying out some state-computing operation. We don’t know
exactly what operation it is except in very special experimental conditions,
when there are some hints. Nonetheless, one good bet is that the Cortex
can achieve extremely compact memory encodings by using the strategy of
prediction.5 In its extreme form if the prediction of what would happen
matches what actually occurs, then no explicit signal need be generated.2

Only mismatches caused by the unexpected need be explicitly denoted. A
bonus of this strategy is that the unpredicted is often what is of interest or
importance.parietal ctx? Phantom

limbs? To sum up, the cortex is a vast memory of unknown capacity, that
contains literal and abstract representations of our life experience, as well
as prescriptions of what to do about them. However the part of the memory
that is active, in the form of spiking neurons, which in computer science
parlance is called the state, represents a small set of temporal instants from
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this huge library. The job of stitching together successive instants falls on
the Basal Ganglia.

2.2 Basal Ganglia: the brain’s program sequencer

The Basal Ganglia is a region in the center of the brain that plays a major
role in sequential actions that are central to complex behaviors. It has
elaborate chemical reward systems for rating the value of different action
sequences. These are essential as a fundamental problem is estimating the
value of current behaviors that are done for future rewards.

Figure 2.5: The BasalGanglia is actually a collection of several intercon-
nected areas implicated primarily in the control of movement but also sec-
ondarily in thought patterns that we can think of as simulated movement
through an absract domain.

The Basal Ganglia guides a huge projection of neurons onto the spinal
chord and these govern body movements. Diseases that selective attack
the Basal Ganglia, such as Parkinson’s, Huntingdon’s or Touret’s manifest
themselves by producing movement disorders. Extensive clinical observa-
tions were a major part of the reasons that for a long time the Basal Ganglia
was thought to be exclusively in charge of physical movement. For example
Parkinsons has been sometimes exclusively associated with the motor sys-
tem but as the following observation shows, this is an oversimplification. A
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clue that this might be so is that patients can be frozen when staring at a
blank unpatterned floor but can move forward when a very similar floor has
patterned tiles. That is, the overall system is not exclusively motor, but in
this case needs to be triggered by the relative strength of visual input. The
implication here is that, once again, it is best to think in terms of sensory
motor programs with sensory input interlinked with motor output. We can
generalize this point with the eye movement system discussed earlier. Suc-
cessive gaze points produce visual inputs which in turn prompt the selection
of new gaze points. Generalizing, we can think of visual and other sense
data setting up a basal ganglia defined movements that in turn produce
new data and so on.

This view of sequences is supported by data from special neurons in the
Basal Ganglia called Tonically Active Neurons or TANS. These are a special
class of cells that comprise only 10 % of the total number of cells in the Basal
Ganglia, but nonetheless they play an important role. When a complicated
sequence of movements is carried out the TANS stop signaling vigorously
precisely at the breakpoints in the task. as shown in Figure 2.6. This
data makes the following important point and that is that the basal ganglia
does not define the details of the movement. Those details are handled by
brainstem and spinal cord circuitry. Instead the basal ganglia only has to
specify the abstract components that are just detailed enough so that the
more concrete circuitry can select what to do.

Now we can introduce the more general view of the Basal Ganglia, which
is that of subsystem that governs the generation of sequences. These se-
quences may be concrete motor movements of course, but can also be ab-
stract such as the steps in a mental program. Analogously to a motor
program we can think of a general purpose mental program as one the has
steps that produce new data just as motor steps produce new sensory data.
To produce mental sequences, your brain co-opts the circuitry used to pro-
duce motor sequences. Of course when you do this you have to be able
to make the distinction between what is real and what you have imagined.
A grandmaster chess player can imagine what the board would look like
twenty moves ahead for some situations, but she doesn’t confuse that posi-
tion with the current one. And even blindfold chess players still can make
the distinction!

The view of the basal ganglia as a general program sequencer is further
supported by observations on an important brain feature termed working
memory. Everyone has the experience of trying to remember a telephone
number by rehearsing in either out loud or silently. In turns out that humans
have a general property of only being able to keep a small number of things



2.2. BASAL GANGLIA: THE BRAIN’S PROGRAM SEQUENCER 11

Figure 2.6: Tonically active neurons comprise only 10% of the neurons in the
Basal Ganglia yet they play an important role in signaling task segments.
Moreover they do so by becoming silent. The rows above show individ-
ual trails of neural recordings together with their histograms. The second
and third sets of recordings clearly show the gaps, marking key points in a
task.[Permission Pending]

in mind at a time. This ability has been extensively studied and we will
have much more to say about it later, but we just touch on it here because
it helps pin down the role of the Basal Ganglia and has a nice interpretation
in terms of programming concepts.

Remember from the Turing machine description that an essential element
of a program is the state. This is the information needed to keep track of
where you are in the program. Think of making tea. You have taken out the
cup, added the tea bag and sugar, put the water on to boil and are waiting
for the water to heat up. For the state you do not need the information
about the sugar or tea - these elements have been added at this point in
your program - instead you need the information as to how you are going
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Figure 2.7: In making a peanut butter and jelly sandwich, eye fixations are
used to orchestrate sequential steps in the task. The momentary location
of the fixation point is indicated by the small white circle. A) Spreading
peanut butter B) Spreading jelly C) Pouring cola D) Replacing cola cap.

to measure when the water is boiling and the location of the cup. This
information is what you need to keep track of in working memory. Of course
after the discussion of the role of the cortex, you know that the main site
of the information in working memory is the cortex, but the basal ganglia
needs to refer to that information to do its job.

Experiments? show that diseases that selectively damage the Basal Gan-
glia lower the capacity of working memory. Now here is why that data
makes sense. If the essential information in a program is held in its state
aka working memory, and if the Basal Ganglia is in charge of refrering to
that information in going from one state to the next, it is logical that dam-
aging the Basal Ganglia would reduce the amount of state that one can refer
to.
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2.3 Hippocampus: the brain’s programmer

At this point you should have the image of the cortex defining a massive
‘state,’ and the basal ganglia being able to refer to that state in sequencing
to new states. So the basic elements of programs are defined. But how do
you get new programs? This is the job of the brain subsystem termed the
hippocampus (and the Amygdala, which we will get to in a moment). The
hippocampus plays the central role in the permanent parsing and record-
ing of the sequences of momentary experiences. Of the deluge of ongoing
experiences that you have every day, what is worth remembering? The
hippocampus has mechanisms for choosing and temporarily saving current
experiences until they can be stored more permanently.

For people who have injured their hippocampus, time stops at the point
of injury; they can participate in conversations, behaviors, and the like but
do not remember them. Their working memory is typically intact, so they
can run programs that they have and deal with new information in the
moment. But they cannot save this information for the next encounter. The
movie Groundhog Day has this condition as its premise; all the citizens of a
small town experience the same day over and over again. The hero knows
this is happening, and uses the information to comic effect, but everyone else
is clueless. Their experience is what its like to do without a hippocampus.
Every day is more or less the same new day. But like the foils in Groundhog
Day, such patients are seemingly unaware of their lack of knowledge.

Even though you now know what the hippocampus does, you might be
wondering why this function could not have been included in the cortex
itself. After all the cortex is the place where memory instants are stored.
Why not just somehow add in the new ones? The problem is that the
cortical memories are very compactly coded. Thus when a new memory
comes in it cannot be added willy nilly but must instead be filed near similar
experiences. The task of doing this is delicate and takes time. We’ll describe
some models of how its done in chapters four and five. So the hippocampus
has two main things to do: 1) it must remember the experiences that are
going to be permanently saved and then 2) add them to the cortico-basal
ganglia complex.

Conceptually it would seem to be possible to have the permanent mem-
ory storage to be an ongoing process. In computer jargon this would be
a ”background job,” something that can take place while the other impor-
tant programs of the moment are directing the body’s daily living activities.
And very recent evidence by suggests that some for of this may be possible.3

Rats running mazes are using their hippocampus to remember sequences and
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Figure 2.8: The hippocampus is an extension of the cortical sheet that re-
minds one of a jelly roll in cross-section as shown here. The roll extends a
good distance longitudinally to allow contact with all the cortical circuitry
representing abstract descriptions. but its circuitry is very special and de-
signed to extract and remember encodings of the crucial parts of everyday
experience.

their hippocampal neural spikes can be recorded. However when they stop,
it appears they play back the spike trains in reverse order. While it is not
known just how this information is used, the suggestion is that it is a part
of the encoding process, since the rats is not doing any thing else when
this happens. However it appears that encoding cannot be completely done
without sleep. the most likely explanation is that some facets of the memory
consolidation process interfere with the use of memory in these daily activ-
ities. There is some possibility that auditory hallucinations are the caused
by this interference. The consolidation process accidently turns on during
waking hours. You here a voice playback but you ‘know’ its not yours; it
must belong to someone else. Thus in normal people the consolidation is
postponed until sleep.

We know that consolidation occurs in sleep because of experiments that
were done by Karni et al.4 In particular their experiences showed that
consolidation occurs during a particular portion of sleep termed REM sleep.
REM stands for rapid eye movements. During REM sleep the eyes dart
back and forth under the eyelids. As the eyeballs are imperfect spheres,
this activity can easily be detected by characteristic wiggling of the eyelids.
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What Karni et al did was have subjects learn a skill and then wake them
up during the subsequent sleep period during REM sleep. A control group
was awakened for the same amount of time but not during REM sleep.
Aren’t you glad you weren’t a subject in this experiment? The control group
retained the skill when tested on the next day but those disturbed during
REM sleep had impaired skill performance. In emphasizing REM sleep we
have glossed over the sleep cycle which has several distinct phases, the exact
purpose of which is still unknown. Nonetheless it is extremely likely that
they have important and related functions. What is clear is that the sleep
cycle is essential for the hippocampus to do its encoding and downloading
work.

It is hard not to appreciate what an amazing technical feat defining a
program is. In conventional silicon computation the way to get a program
is to get a programmer. But the brain has to be its own programmer. Out
of everyday experience it has to try new programs and save the really good
ones. It is impossible to save everything and we just don’t. Presumably
that would swamp the playback coding system. So a first task is to digest
a day’s experience into the important episodes worth saving. Saying that
finesses another issue though: That experience is a continuum of sights,
sounds of the environment and people you met. Furthermore the encoding,
as reflected in REM sleep can be quite literal. How are the essential features
pulled out of what Kuipers calls the ’fire hose of experience’? This is what
the hippocampus has to do. It has to take the new descriptions of what
happened and save them in a states and actions format.

2.4 Amygdala: rating what’s important

The amygdala plays a major role in arousal, orienting the brain to place
emphasis on events that are especially important. In this task it is especially
associated with fear. People who have had the misfortune of damaging their
amygdalas do not get the adrenulin shock that you or I do when we see
scary pictures. A particular patient with amydala damage attempts to draw
sketches of the various emotions. All are reproduced satisfactorily except
for fear. But it is unlikely that it is the emotional system per se that is the
issue, here instead the issue is danger. Extreme danger has to be handled
specially.

Remember that when we discussed the cortex and hippocampus, one
key point was its ability to code experiences and the associated difficulties
in doing so. Between the cortex and hippocampus and elaborate electrical
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dance takes place to fit new experiences in in the most efficient fashion.
But what if something really bad happens to us, something so bad that it
was life-threatening but still a near miss? It seems in this case the brain
handles the coding in a straightforward way that bypasses or augments
the cortico-hippocampal route. In this exceptional case you get to burn in
neural circuitry that saves the details of this near disaster. Think of this
mechanism as a “life insurance policy.” If you had the good luck to deal with
this successfully once and it was close to the dangerous edge, then you save
the experience in a more verbatim form that preserves its gory details.

Figure 2.9: A relatively small area in the forebrain codes for fearful situa-
tions. The need to cram as much experiences into the cortical memory as
possible may have led to the elaborate cortico-hippocampal circuitry where
new experiences are catalogued in terms of the memory’s existing ways of
parcelling novel items. However some extremely dangerous situations may
best treated as one-offs that are remembered as is. In this case evidence
suggests that the amygdala circuitry is recruited to retain a more direct
encoding that elaborates on the particulars of the near miss. Naturally this
strategy needs to be used judiciously given its relative expense. [Permission
Pending]

2.5 Cerebellum: keeping the brain’s programs in
physical calibration

The cerebellum plays the major role in the memory for complicated senso-
rimotor experiences associated with actions. Catching a baseball in a glove
requires associating the “thwack” sound of a successful catch with motor ac-
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tions that control the glove’s inertia. The cerebellum handles these complex
associations.

Figure 2.10: The cerebellum is a highly organized semi-independent nucleus
that handles the coding and adaptation of sensory-motor experience.

The coding of such experiences also requires constant adaptation. During
development the size of the body changes enormously. This is handled by
the cerebellum. Even in the moment, the sensory motor mappings amy
change as when you try to balance a cup of tea while carrying a magazine
underarm. The cerebellum handles these cases also.

If you are lucky enough to be near a prism viewer you can experience
this all for yourself. Such a viewer looks like a pair of goggles but it is
special in that it moves the visual field, typically horizontally to the left or
right. When wearing the viewer, try and throw a wadded-up paper into a
wastepaper basket. You’ll find that you miss to one side initially but over
the course of three or four throws, you adapt to be on target again. Now
remove the viewer and try again. Your first throw will miss on the opposite
side, but again you will re-adapt in short order. You can still access your
extensive library of movements without your cerebellum, but you will have
lost this ability to adapt to new situations. You might appear normal in
almost every respect, but you’d never learn to shoot baskets remotely like
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Figure 2.11: Adaptation of sensory-motor experience using prism goggles.
A) A person can throw a balled-up paper into a wastebasket B) When she
wears prism goggles that shift vision to the left, she initially misses to the
left C) After a few tries, she is able to re-calibrate and hit the target D)
Removing the goggles causes and initial miss to the right.

If you think about this process for a moment, you’ll quickly realize what
a profound ability it represents. The cortex has the job of coding states in
a vast table so that every response can be looked up. This coding process
is painstakingly laid in so that these responses can be accessed in real time.
The adaptations to the table required by the prisms are huge. A movement
that worked for the normal relationship between visual space and motor
space is now off by a large margin. So there is no possibility that the cortex
could handle this gap. Hence the need for a device like the cerebellum that
can quickly reestablish the new mapping between the sensory input and the
correct motor response.

2.6 Thalamus: input/output

The thalamus is a major gateway that filters all sensorimotor input and
output to the cortex. However unlike a conventional silicon-based ’driver’
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program that shuffles input and output in standard computers, evidence
suggests that the thalamus may use some kind of compressed code based on
expectations.

To expand on the idea of expectations, let us start with an expectation-
free account of an everyday activity. Imagine the job of reaching for your
cup and picking it up. You could handle this in a Cartesian sense, which is
the way robots would do it, by building a geometric model of the cup and
calculating grasp points, moving the robot arm to the cup and verifying that
the grasp points were achieved. One special problem that robots and humans
have to deal with is delays. If a finger touches something like a hot surface,
then it has to be retracted quickly. In a robot the heat sensor has to drive
the motors that do the retracting but this can take time owing to inertia.
Robot systems do their best by calculating at rates of 10,000 calculations
per second, but the rigidity of robot surfaces means that there are always
problems. The brain has a much greater handicap since the neural circuitry
that does the calculating is ten to one hundred times slower. The time for
a signal to get from the hand’s heat sensors to the cortex is on the order of
hundreds of milliseconds. To counter this difficulty special reflexes are built
in that do not go to the forebrain but instead connect more directly to the
muscles via the spinal cord. An elaborate repertoire of reflex circuitry that
handles these kinds of emergencies protects us, but this vocabulary does not
have nowhere near the range of responses that the forebrain is capable of.
How can the slow cortical circuitry be made useful?

The way the forebrain can handle this is different and makes heavy use
of prediction. It also exploits the body’s fancy design, in the case of grasping
an elaborate sticky skin surface. Using these two features, the grasp can be
achieved with a more cavalier opening and closing of the five finger system
because many different configurations of the hand can be made to work.
To see if in fact a grasp did work, the expectations in terms of specific
haptic sensor readings can be calculated in advance. Thus the detection
of a successful grasp comes down to expressly not building and testing an
entire and elaborate description of the cup configuration, but only the image
of the parts that are relevant by being under the finger pads. The visual
sensing can be handled in the same way in that since we typically need very
specific things from a image - e.g. where is the tea pot? - we can employ
special purpose visual filtering to just acquire the information that is going
to help in this task.

The idea that the brain might run on expectations is gaining follow-
ers, for example see Hawkins,1,2 but still takes getting used to because the
experience of seeing is so different. We cannot escape the sensation of be-
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ing immersed in an elaborate colorful, depth-filled, three dimensional world.
Yet the evidence suggests that the machinery that provides this experience
is heavily coded and very unlike the literal sensation. You don’t have to
worry if this seems counterintuitive: Early theories of visual representation
did not get this either and posited a ’picture in the head,’ painted by eye
movements. It was not until the realization that some inner ’person,’ a ho-
munculus would have to look at this image and thus no progress had been
made, that this idea was abandoned.

Figure 2.12: The Thalamus is a large nucleus of cells that manages neural
communication to and from the forebrain. It is likely to use a compact
expectation-based encoding signaling the differences between what occured
and what the internal neural systems ’thought’ should occur.

2.7 Hypothalmus: rating what is really important
for survival

If there was a candidate for central control in the brain, the hypothalamus
would be it. This small region regulates visceral functions. The hypothala-
mus famously can be thought of a mediating the four ”Fs”: fighting, fleeing,
feeding and reproducing. Of these, the first two are associated with stim-
ulating the body to vigorous action for example by raising the heart rate
and increasing the production andrenulin, whereas the second two are as-
sociated with complementary acts such as stimulating digestion and sexual
functions. This complementarity is reflected in two different neural systems.
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The sympathetic part of the visceral nervous system is in charge of ”fight or
flight” decisions and the parasympathetic division is in charge of ”rest and
digest” activities.

A B

Figure 2.13: A) The hypothalmus is a relatively modest sized portion of the
brainstem but it has enormous influence as it controls our basic drives and
is adjacent to reward centers. The most abstract programs in the forebrain
have to negotiate for approval with this lower center B) The complexity
of human behavior is divided into two main subsets controlled by separate
neural cabling. The sympathetic part of the visceral nervous system is in
charge of ”fight or flight” decisions and the parasympathetic division is in
charge of ”rest and digest” activities.[Permission Pending].

The hypothalamus is also right next to the brainstem nuclei that gener-
ate neurotransmitters that modulate behavior such as dopamine, adrenulin,
histamine, and seratonin. Dopamine is the major indication of reward for
signaling the value of performing a function but it is likely that the other
transmitters can be seen as having reward-related functions as well. The use
of chemical rewards is of major importance to computational models and
its discussion will be taken up when we discuss reinforcement in Chapter 5
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and continued in the discussion of emotions in Chapter 9, but we can get
started on the issue here.

When writing programs the brain has to have a mechanism for creating
programs in the first place and this is the job of the hippocampus. It is
not that the hippocampus has to create them in situ but rather that it
can specify programs in terms of connections to the rest of the forebrain’s
programs. Extensive use can be made of existing programs. But ultimately
for the novel parts there has to be a way of evaluating how well they are
performing. To do this the brain uses a currency, neural ‘money’ if you like,
in the form of the neurotransmitter dopamine. Its use can be very complex
and it can mean different things in different brain regions, but to get started
the currency model is apt. In honor of the european euro, let us call it
the ‘neuro’. As a neural currency it achieves the same goal as its monetary
analog in that it makes many different programs commensurate. You have
programs for reading a book, eating, catching the bus. If you are faced
with choosing one of these in a given moment what could be the mechanism
involved? The brain needs a way of reducing each of these options to a
currency and dopamine is that currency.

Like any currency, the neuro is prone to problems of inflation and defla-
tion. What determines the value of running a program. If its to get food,
say an apple, then the value can be ultimately reconciled after eating the
apple. The body reports its nutritional value in neural codes and from that
the cost of getting the apple in terms of physical effort expended, again
translated into neuros, can be subtracted for the net. The system actually
does a little better than this as it predicts the values of each in advance and
only has to make adjustments if the expectations are not met.? But while
the apple problem has a ground truth in that the nutritional value can be
reported, more abstract behaviors - e.g. being a little more friendly than
usual - can be hard to evaluate.

An important additional insight, can be had by refocusing on the hy-
pothalmus. The neural wiring to hand out the neuros is adjacent to it, so
that the two centers work in concert. The basic drives in the hypothalmus
set up an agenda that the rest of the brain tries to satisfy. Over time the
forebrain has become more and more elaborate. This allows it to come up
with more and more creative ideas about what should receive reward. But
as the circuitry has to talk to the hypothalmus, no matter how abstract the
proposed behavior, it has to satisfy the basic drive funding agency. Think of
the Aesop’s fable of Billy Goat Gruff exacting a toll for crossing his bridge.

If we combine the thoughts of the last two paragraphs, first the issue of
calibrating the value of programs, and second the fact that reward is handed
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out by a master circuit in charge of our basic drives, you can see that the
system is delicate. What if the forebrain is able to talk the hypothalmus
into supporting programs that are not valuable, perhaps even destructive?
The world of course provides helpful feedback, but since we are the ones
that interpret those messages, there is plenty room for mischief.

2.8 Summary and Key Ideas

The site of behavioral programs is the forebrain. Different aspects of these
programs can be associated with different forebrain regions:

• The cortex is the place where programs define their state. This state
can be extremely elaborate, involving multiple modalities.

• The basal ganglia is the place associated with sequences in programs.
This sequencing can be for actual programs directing actions in the
world or simulated sequences directing actions in the imagination.

• The hippocampus plays the role of creating the structure of new pro-
grams. New programs make heavy use of existing program descrip-
tions.

• The amygdala codes for rare life threatening situations.

• The cerebellum controls the adaptation in sensory motor programs.
Changes in the body from different loads or during child development
are handles here.

• The thalamus handles input and output to the forebrain. To overcome
the slow circuitry, heavy use is made of model predictions.

• The hypothalamus represents basic drives. Even the most abstract
programs have to negotiate with this region which is adjacent to the
sources of regulatory neurotransmitters.

• The most important neurotransmitter is dopamine which is a basic
currency that allows different programs to be compared.

CTX:Parietal
pic;BG:TANS,Parkinson?:HIPP:SCIENCE-
REM,Wilson;AMYG:fearpic
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Brain Subsystem Function
Cortex Memory
Basal Ganglia Sequences
Hippocampus Program capture
Amygdala Life Insurance
Cerebellum Sensory/motor adaptation
Thalamus Input/output
Hypothalmus Basic Drives
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