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Preface

This thesis develops a novel multielectrode array for neuroiogical
research and suggests a research method that may improve our knowledge
of the human visual system. Motivation for such a project lies in two
fundamental areas.

The first area concerns the development of visual pattern recognition
devices. Years of pattern recognition research has resulted in mwarginal
success. We can build commercially useful machines that read the printed
page if the print is precisely controlled. But we have had little success
with a device that can select objects from a complex visual scene. Such
a machine could revolutionize military reconnaissance and weapons guidance.
0f course, the human brain routinely accomplishes this task with seeming
ease. 1f we could understand and emulate the algorithms used by the brain,
the visual pattern recognition problem might be solved. Understanding the
human visual perception mechanism is the second motivation for this thesis.

The human visual system is a complex and mysterious device. It
can, with great ease, read the printed or handwritten word in a number
of idiosyncratic forms. Even though much is known about the anatomy
of the system, the algorithms used for human visual pattern perception
remain unknown. Medical researchers feel that if we can properly
identify the workings of the human visual system, we might better
understand other functions of the human neurological system. Such
knowledge could lead to solutions for many problems such as blindness.

This investigation is concerned with developing a multielectrode
array that may help solve problems in these seemingly unrelated areas:

pattern recognition and human neurology. The array is designed to obtain
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fire cr.ined data from the visnal cortex of a living mammalian brain.
The data should help identify the transfer functions used during the
visual perception process. I do not expect any easy or quick solutions,
but I believe that the multielectrode array will provide an important
tool to increase the knowledge of human visual perception.

I gratefully acknowledge the advise and encouragement provided by
Dr. Kabrisky, Maj. Borky, and Dr. Wolaver during this research. I am
also indebted to Lt. Joseph Tatman for his design efforts on the
multielectrode array. The use of the Air Force Avionics Laboratory's
Integrated Circuit Facility was fundamental to this research project,

and greatly appreciated.

Gary H. Fitzgerald

1i1




Preface . . . . . . .

List of Figures . . . .

List of Tables . . . . .

Abstract . . . .« . . . .

I

111

Introduction . . .

Significance . .
Background . . .

Present Knowled

Problem . . . .
Approach . . . .
Scope . . . . .

ge of the Visual Perception System
Past Research With Recording Electrodes

s

Sequer.ce of Presentation .

Biological Model and Theory of Operation

Intrcduction . .
The Neuron . . .

.

Contents

Anatomy and Function of the Visaal
Anatomy of the Visual Pathway

The Retinac .

The Lateral Geniculate Body .

The Visual Cortex

Cortical Interconnections

-

-

* .

The Basic Computing Element .
Physiological Research of the Visual

Chemical Neuroresearch
Bioelectric Neuroresearch
Psychological Neuroresearch
Kabrisky's Theory of Visual Perception

Pathway

.

A Method to Test Kabrisky's Theory .

Multielectrode Array Design and

Introduction . .

Multielectrode Array DPesign

Overview . .

Interelectrode Spacing

Array Size .

Contact Resistance
Multiplexing Requirements
The Insulation Layer

-

.

.

Fabrication

iv

.

Page
. i
. vii
viii
. ix
. 1
. 1
. 3
. 3
. 5
. 9
. 10
. 11
.12
. 13
. 13
. 14
. 18
. 18
. 20
. 22
. 22
. 25
. 26

28
. 28
. 30
. 32
. 37
.- 38
. 40
. 40
. &40
. 40
. 42
. 42

42
. 44
. 47




v

Vv

€olution of the Three Fabrication Problems

Multielectrode Array Fabrication .
Results of Electrical Tests . . . .
Design Improvements . . . « « « .« .

Support Electronics . . . . . < . . .

In

In

Introduction . . . . . . . o o . e e
System Descriptions . . . . . . . .
Record Mode . . . . . . . . . .
Playback Mode . . . . . . . . .
Drive Circuitry . .

Vitro Multielectrode Array Evaluation

Introduction . . « « + + + + & 4 & .
Static Pinch-off Tests . . . . « . .
Test Set=up + « « +« + o o o o o =
Test Procedure . . . . . « « « &
Test Results . .« . . « « & « ¢ &
Crosstalk TestS .+ v « ¢ o o o « o &
Test Set=up . + « « ¢« « o & « o &
Test Procedure . . . . . . . « .
Test Results . . . . « « « « « &
Ambient Noise Tests . . « ¢« « « « .
Test Set-up « . . + ¢« o« ¢ « « & .
Test Procedure . . . . ¢« « « « .
Test ResultsS . & « v ¢ o o o o o
Lifetime Tests o + ¢« ¢ v o « o « o o
Test Set—uUp . « « ¢ o o « o o «
Test Procedure . . . . . . . . .
Test Results . . . . « ¢« « « o« =
Multiplexing Tests . .« « & & « o « &
Test Set=up .« o + « « o o o s « @
Test Procedure . . . . . + « « &
Test Results . . ¢« ¢ &« &« &« « « &
Electrode Impedance Tests . . . . .
Test Set-up « . ¢« « ¢ « & o « o o
Test Procedure . . . . . . . . .
Test Results . . . . . . . « . &

Vivo Multielectrode Array Evaluation

Introduction . . . . . . ¢« .+ & .+
Test Equipment Set-up . . . . . . .«
Implant Protocol . . . . « . « . « &
Baseline Test Procedures . . . . . .
Data Acquisition Procedures . . . .
Data Processing and Analysis . ., . .

47
51
54
58

60

60
61
61
65
65

73

73
74
74
74
75

76
77
77
77
77
78
78
79
79
79
80
82
82
83
83
86
86
86

90

90
91
94
95
97
99




VII Conclusions and Recommendations . . . ¢ . &+ « v « v ¢ « « « « . 107
Introduction . . & ¢ & 4 v 4 4 e 4 s e e e e e e v e « e . . 107
Conclusions e e e e e e e e e e e s e e e e e e e e e e .. 107
Recommendations « o « v ¢ v « o o o « o o o o« o o o o « o« . . 109

Bibliography . ¢ . « ¢ v v v v v v e e e e e e e e e e e e e e .. 1IN

Appendix A: 1Initial Fabrication Procedure . . . . . . . . . . . . . 114

Appendix B: Revised Process Schedule . . . . . . . . . . . . . . .. 118

vi




Figure
1 The Neuron . . . . . . . « .« .
2 The Visual Pathways . . . . . .
3 Visual Field Arrangement .
4 The Visual Cortex . . . . . . « . .
5 The Basic Computing Elements
6 The Kanizsa Triangle Illusion . .
7 Mueller-Lyer's Illusion . . . . .
8 The Multielectrode Array . . . . .
9 Multielectrode Array Circuit Diagram
10 Lead Attachment to the Array . . .
11 JFET Curve Tracer Characteristics .
12 Record System Block Diagram . . . .
13 Timing and Voltage Level Diagram .
14 Playback System Block Diagram . . .
15 Drive Circuit and Array . . . . . .
16 JFET Switch Equivalent Circuit . .
17 Crosstalk in CVD Passivated Device
18 Electrode Impedance Test Set-up . .
19 Electrode Impedance . . . . « + . &
20 In Vivo Test Set-up . . + « + « .« .
A-1 The Fabrication Process Sequence .
A-2 Cross Section of the JFET Structure

vii

Page
16

19
21
24
27
34
36
41
46
53
56
62
64
66
67
71
81
87
88

92

124




Table

1

List of Tables

Calculated flectrode Impedances . .

viii




. Abstract

\<&A review of previous mammalian visual system neurological and
psychological research is presented. Results of previous research
motivated the development of a device that would record fine grained
electrocncephalic data from the surface of a living mammaliar cortex.

A nultiplexing multielectrode array has been developed and tested
for this purpose. The device consists of a four by four array of
electrodes and sixteen junction field effect transistors fabricated on a
silicon substrate using integrated circuit manufacturing techniques. 1In
vitro tests indicated the device is capable of detecting and multiplexing
fine grained cortical signals. Technical problems with the passivation
material precluded in vivo evaluation. A solution to this problem is

presented and an in vivo test procedure recommended.
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HE DEVELOPMENT OF A TWO-DIMENSIONAL MULTIFELECTRODE ARRAY

FOR VISUAL PERCEPTION RESEARCH IN THE MAMMALIAN BRAIN

I. Introduction

significance
Many years of neurological research have provided considerable
information concerning the structure of the central nervous system.
Yet little is known about the perceptual process of the mammalian brain.
In particular, the methods used by the human brain to recognize handwriting
and complex visual scenes are completely unknown. This thesis is signifi-
cant because it develops an integrated circuit device that can access
fine grained electroencephalic data from the visual cortex. These data
may improve the understanding of the visual perception process. Three
fundamental advantages would result from this improved understanding.
First, a machine may be developed that emulates the mammalian visual
pattern recognition process. A machine that could identify specific objects
in a complex visual scene has considerable military and civilian utility.
Military reconnaissance is an application area of particular interest.
Quality cameras, high altitude reconnaissance aircraft and reconnaissance
satellites provide the equipment necessary for effective photographic
intelligence gathering. But, in a scenario of high-speed mechanized
conventional warfarc, time required to process the miles of photographic
film can render the intelligence information useless. Data from weather and
earth resources satellites pose a similar problem for the civilian
community. Computer models of the human visual system might solve this
problem by providing an efficient, automatic pattern recognition system.
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Incircased knowledge of the visual perception process would improve
un.’crstanding of brain function in general. The reason for such conjccture
is the invariance of the cortical structure despite wide differences
in types of data it processes (Ref 1:21). The outermost layer of the
mammal ian brain, called the cortex, processes visual, auditory and somes-
thetic information. The areas where these data are processed have bcen
well mapped. Microscopic examination of the cortex shows that each processing
area consists of six layers of nerve cells or neurons. The individual
layers vary in thickness and the total cortical thickness also varies
about 50 percent, but the basic six layered structure is invariant between
processing areas. Connections between neurons are also invariant.

Such invariance could be compared to the structure of a digital computer.
The computer contains logic elements that produce specific responses to
given inputs. For example, a binary adder's output is strictly a function
of the input states. It does not matter that one set of inputs could model
the function of an aircraft's flight dynamics while another set of

inputs might represent the response of a highway system to changing
traffic loads. Similarly, a processing area in the cortex produces a
specific output based on its input data, no matter what the source of
these data. Thus, increased knowledge of the visual pattern recognition
process should enhance understanding of the function of other areas in

the brain.

The third advantage of improved knowledge of the visual perception
process concerns developing visual prosthetic devices for the blind.

Until 1967, an individual with inoperative eyes or optic nerves was con-
sidered irreversibly blind. Research by Brindley (Ref 2), Donaldson (Ref 3),

2




and the Institute for Biomedical Engineering, Universitv of Uta'. (¢
indicates that a prosthetic device can be developed to provide soure

to this class of blind individuals. Experiments on blind voluntcer:

show that visual sensations are perceived when current pulses arc applice
to eloctrodes in contact with the visual area of the brain. Increascd
knowledge of the visual svstem could improve the quality of the prostiicetis
device. 1In addition, the multielectrode array developed by this thesis
could be the prototype of a prosthetic device that would significantl:
improve the detail of the perceived image by increasing the number of
cortical contact points per unit area as well as the total number of

contact points.

Background

Present Knowledge of the Visual Perception System. Despite considerable

neurological research, the methods used by the visual cortex for processing
perceptual information remain unknown. The human visual system can, with
reasonable ease, decipher ideosyncratic hand writing, identify a familiar
face in a crowd, or pick out a specific object from a cluttered visual
scene. These activities are known to be very difficult pattern recognition
problems and designers have had little success in doing these things with
very large computers. Much is known about the interconnections between
the retinae and the primary visual cortex, but knowledge of the necessary,
complex interactions between elements in the two dimensional visual field
is very limited.

Anatomical research provides rather detailed interconnection diagrams
of the retinae, optic nerve and the primary visual cortical area. The inter-
ested reader can refer to Figures 2, 3, and 4 for information concerning

3




these faterconnections. It is “nown that the image impressed on the p.otina
L | is honeomorphically mappec to the primary visual cortex so that relat (e
positions of objects in the visual field are retained. Local cortical
connections allow interaction through the thickness of the cortex, but
connec _ions between individual visual data elements are almost nonexistent.
For this reason, it is believed that pattern recognition cannot occur in the
primary visual cortex. This theory is supported by physiological research
where points on the surface of the primary visual cortex are stimulated
and the resulting response is observed. Such research shows that stimulation
of the primary visual cortex yields a visual sensation of small points of
light called phosphenes. The relative position of the phosphenes are

retained and complex patterns are not perceived by the human subject. These

results indicate that pattern recognition of complex visual data occur
beyond the primary visual cortex.

Connections between the primary and secondary visual cortical areas
are very complex and detalled, complete information concerning these
interconnects is nonexistent. It is known, however, that each point on the
primary visual cortex connects to many points on the secondary visual cortex.
The complex interconnects allow, for the first time in the processing of visual
information, interaction between elements in the two dimensional visual
field. It is possible that pattern recognition begins either at the inter-
connects between the primary and secondary visual cortex or in the
secondary visual cortex itself. When the secondary visual cortex is
electrically stimulated, the subject reports seeing lines, or other more
complex shapes. This result suggests that some pattern recognition has

occured.




In summary, present knowledge of the human visual system sugpest .,
* that visual perception begins with the interconnections between the prinmary
and sccondary visual cortical areas. Extending the knowledge of this j;rocess
' requires additional research into these complex cortico-cortical connections.
, Twe po.sible approaches to such research are suggested by previous
successful neurological studies. The first approach is to develop a
detailed anatomical wiring diagram of each neuron in the primary and
secondary visual cortex. Total neural population in the primary visual
cortex is about 108 (Ref 5:150). Since each neuron from the primary visual
cortex connects to several neurons in the secondary visual cortex (a very
conservative estimate is ten), there are at least 109 interconnections.
If one could map one interconnection per second, the job would be completed
in just over 30 years. Such a research approach does not appear promising.

{ An alternate method is to map the data flow instead of the anateomical

structure. This mapping could be accomplished by simultaneously recording
electrical signals from the primary and secondary visual cortex so that a
transfer function could be determined. Recording electrical signals
requires a specialized electrode. The following paragraphs describe the
past research with such electrodes.

Past Research With Recording Electrodes. Increasing the knowledge

of cortico-cortical connections requires some form of electrode so that
electroencephalic data can be recorded. Past researchers have used three
major types of electrodes: the single cell microelectrode, non-invasive
scalp electrodes, and the multielectrode array.

Single cell microelectrodes are generally made from tungsten or platinum

alloy wires, or glass micropipette tubes which have been pulled to form
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a tip diameter of about one micron. The microelectrode is inserted jo:.,
the brain tissue so that the tip of the probe is inside a single ne¢poo
cell. FElectrical signals from single nerve cells are recorded and aralvzed
by coumparing cell activity with some form of input stimulus. Hubel and
Weisel rescarched the anesthetized cat's visual cortex (Ref 6) with this
type of microelectrode. They theorize that nerve cells are sensitive
to specific line orientations within certain visual field areas but there
is much controversy as to the validity of their results. One reason for
the controversy is the assumption that the coordinated behavior of an
aggregate of neurons (say, those of the primary visual cortex) can be
determined by observing the activity of numerous neurons, one at a time,
and assuming that the aggregate performance can be reliably inferred
from their individual performances. One could compare this approach to
that of determining a computer's function by observing the operation of
numerous transistors, one at a time. To determine the function of the
computer, many transistors must be observed simultaneously. The same is
true for the primary visual cortex and its neurons. Some research has
been accomplished that records the function of large groups of brain cells.
The scalp electrode electroencephalograms (EEGs) take advantage of
the neuronal electrical activity by recording electrical activity of neuron
groups produced on the surface of the scalp. The recordings can provide
important medical diagnostic information but they appear to lack sufficient
detail to determine how the brain processes information. Brain function
research with scalp electrode EEGs can be compared to examining the operation
of a large computer by recording electrical activity on the surface of its
cabinets. Since the early 1960's, signal averaging has been used to increase

the ability to detect more fine grained electrical signals from the
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visvi: cortex with scalp clectrodes. This experimental technique, called
the visual evoked response (VER) method, allows closely spaced scalp
electrudes to define where signals originate in the visual cortex. The
VER expurimenter records EEG signals while stimulating the visual system
with a specific input. After numerous recordings are made, the EEGs are
ensemble averaged as a function of time from stimulus onset. Since noise
is uncorrelated and the evoked response is correlated, the averaging
process reduces the noise level and increases the signal level. Thus, the
resulting ensemble average represents an enhanced visual evoked response.
Such research has identified locations of the VER on the cortical surface
(Ref 7:17). Yet, VER research does not enhance our knowledge of the visual
pattern perception process. It appears that investigation of the visual
perception process requires electroencephalic data more fine grained than
the VER, but more coarse than the individual cell microelectrode. The
following paragraphs describe research in this area.

Historically, multielectrode arrays were fabricated from fine wire
bundles. DeMott used wire bundles for auditory and visual evoked activity
research (Ref 8). Simmons developed an auditory prosthetic device which
consisted of a bundle of six fine wires (Ref 9).

These wire bundle arrays have several serious disadvantages. It is
difficult to develop arrays which are reproducible in their mechanical and
electrical properties and which maintain their mechanical and electrical
stability during insertion. Electrical impedance depends on the surface
area of the exposed tip, which for wire electrodes, depends on how
reproducibly the insulation can be removed. Relative position of the fine
wires is also very difficult to maintain. Finally, electrode termination
to amplifiers and recording devices becomes increasingly difficult

as array size increases.




in spite of these difficulties, DeMott developed and used a ruti. .y
large wire bundle array to record electrical activity on the primary il
cortex of cats, racoons, and squirrel monkeys. The array consisted o
400 stainless steel wires spaced 0.25 mm apart, imbedded in plastic so
that the array formed a flat contact surface of about 4 by 7 mm. Lach
wire was terminated to an RC coupled amplifier which was used to drive a
neon bulb. The neon bulb's intensity represented the level of electrical
activity for its respective electrode. His objective was to demonstrate
that nothing worth recording existed on such a fine spatial scale. Instead,
he discovered that the primary sensory areas of the cortex produced detailed
electrical responses to visual stimulus. The electrical activity was
distinguished by steep voltage gradients and excellent repeatability. It was
largely independent of background cortical activity. Such results
support the theory that fine grained electroencephalic data may be significant
to determining how the cortexprocesses visual information. Unfortunately,
the wire bundle arrays are difficult to fabricate and implant. However, the
semiconductor industry routinely produces devices with reproducible electrical
and physical properties. For this reason, photolithographic technology
was considered for the solution to the multielectrode array fabrication
problem.

Wise (Ref 10) developed the first biological multielectrode array using
photolithographic techniques. He used gold conductors on silicon substrates
and included a source follower FET amplifier for each electrode. This
approach solved the mechanical and electrical problems associated with wire
bundle arrays, but did not address the problem of terminating numerous wires
to external recording equipment. Research by Tatman (Ref 11) solved this

problem.




Tatman developed a novel matrix multielectrode array. This device
time multiplexes the signals on each column of electrodes down to a sinule
wire. Thus, an array of 400 electrodes requires only 40 connecting wires.
This approach enables the researcher to record fine grained signals from a
significant portion of the appropriate cortical surfaces.

Tatman's device consists of a matrix of gold electrodes spaced
0.25 mm apart on a silicon substrate. Each electrode is attached to a FET
switch that is photolithographically fabricated on the same substrate.

The output of each column of FETs is electrically terminated to an output
lead and the gates of each row of FETs are likewise terminated to an input
lead. By driving the TET switches with the proper logic circuits, each
column lead signal consists of time multiplexed samples of the bioelectric
data received by the electrodes. The Tatman multielectrode array consti-
tutes the tool for the research in this thesis.

Problem

The pruoiem to be solved is threefold. First, an operational multi-
plexing array and the necessary support equipment must be fabricated and tested.
Second, the array must be used to obtain bioelectric data from the visual
cortex of a mammalian subject. Third, the data must be analyzed to determine
some operating characteristics of the sensory cortex. The ultimate goal is
to define the transfer function(s) used by the visual cortex during the
perception process. The following paragraphs describe the three elements of
the problem.

A multiplexing multielectrode array that can access fine grained
cortical bioelectric signals must be fabricated. This device must survive
in a cerebral spinal fluid environment for several hours. Ideally, it

should survive for months or years if the ultimate goal is to be accowmplished
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(see chapter three). Crosstalk and noise should be at least 10 db o],
the bioelectric signal levels so that high quality electroencephalic data are
obtained and its multiplexing speed must exceed the Nyquist samplin, rate
for the highest bioelectric signal frequency so that aliasing does not
occur. The device must also be sterilizable and sturdy enough to survive
during the implant procedure.

The support electronics must control the multiplexing array so that
the bioelectric signals from the cortex can be amplified and recorded.
Additional support electronics must retrieve and digitize the multiplexed
signals so that computer analysis can be accomplished.

The implant and resulting in vivo test procedure must allow access
to the primary and secondary visual cortex of a living, unanesthetized mam-—
malian brain. The subject should be of a species with good visual
acuity. Visual stimulus equipment must be capable of developing repeatable,
time synchronized stimuli to the subject. Great care must be taken to ensure
humane treatment to the test animal (Ref 12).

Data analysis should determine if the biocelectric signals are capable
of providing improved knowledge of the cortico-cortical connections in
the visual cortex. The analysis should also identify any weakness in the
acquisition and recording procedures, and help provide solutions to these
problems. The ultimate objective of the data analysis procedure is to
identify the transfer function(s) used by the mammalian brain during the

visual perception process.

Approach
The approach to solving the problem identified in the previous para-
graphs contains six major steps. The first four steps concern the

10




fabrication and testing of the multiplexing multielectrode array and t:',.
associated support electronics. Step five obtains bioelectric data {rom
the test subject and the final step analyzes these data. The followiny
paragraphs describe these procedures.

Fabrication of the multielectrode array requires that three major
problems encountered by Tatman be solved. These problems are lack of
ohmic contact with the metalized leads, leakage paths in the passivation
layer, and cracks in the final passivation layer. Once these problems are
solved, a revised process schedule must be developed and used to fabricate
the multielectrode array. The support electronics must be designed and built.
To insure the device and support electronics function properly, a series
of in vitro tests must be conducted. These tests should determine FET pinch-
off voltage, lifetime in a saline bath, crosstalk, ambient noise, multi-
plexing ability and frequency limit, and frequency response of the electrodes.

After the devices and support electronics are evaluated, a multielectrode
array must be implanted on the visual cortex of a subject animal. The
animal's visual system is stimulated and the resulting biocelectric
signals are recorded. The animal must be unanesthetized during data
acquisition so that brain function is essentially normal.

The recorded data are analyzed to determine data quality. Additional
analysis must be accomplished to determine some characteristic of the

visual cortex during the perception process.

Scope

In order to reduce the complexity of prototype support electronics,
the initial multiplexing array is limited to a four by four. This array
is sufficiently large to determine the feasability of the approach and to

identify any possible problem areas that warrant additional research.

11




The implant is limited to au acute process with no attempr to
accomplish transcutancous signal transfer. 1In future work, chronic
implants may be desirable so that several days or weeks of visual data
may be recorded.

Data analysis consists of evaluation necessary to determine operational
quality of the multiplexing array and support electronics. In addition,
limited data analysis should be accomplished to identify some fundamental

characteristics of the visual perception system.

Sequence of Presentation

Chapter two discusses the biological aspects of the visual system
and Kabrisky's theory concerning its operation. Chapter three presents
the various requirements of the multielectrode array and the resulting
design constraints. In addition, this chapter explains the fabrication
process used to produce the multielectrode array. Chapter four shows the
development of the support electronics and provides block diagrams of the
resulting configurations. Chapter five explains the in vitro tests used
to evaluate the multielectrode array and the support electronics. Chapter
six discusses the proposed implant, data processing, and analysis
procedures. Chapter seven lists the conclusions and recommendations of

the thesis.
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11. Biological Model and Theory of Operation

Introduction

Study of the mammalian visual perception process requires knowledge
of the unatomical, physiological, and psychological aspects of the visual:
system. This chapter contains a description of these aspects. The approach
is to prescnt the information from a data processing viewpoint. As a
result, the information contained in this chapter is not exhaustive, but
is adequate to provide insight into the problem and goals of this thesis.
The first five sections of this chapter discuss the results of past
research into the anatomy and function of the mammalian visual perception
systemt The reader will note that the results of previous research strongly

7
support Kabrisky's theory of visual perception which is explained in
section six. The following paragraphs briefly describe the contents of
this chapter.

The first section discusses the neuron's anatomy and function. The
clectrical data signals, called action potenti;ls, and the chemical inter-
connections between neurons are described. In addition, this section
presents information concerning the signal averaging characteristics of
post synaptic potentials and how these potentials are recorded with small
electrodes placed on the cortex.

The second section presents the anatcmy and function of the mammalian
visual system. Connections from the light sensors in the retinae to the

primary visual cortex are described. This section also includes a functional

description of the retina and lateral geniculate body.
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The third section describes the visual cortex and includes infcr: ,tion
concerning its layered structure, the location of input and output ncurons,
ard tho structure of local cortical interconnections. It also theorizes
about t'ie connections between the primary and secondary visual cortew.

This scction culminates with a theoretical description of the basic
computing element, how it may function, and its physical size.

The next section describes some physiological research. 1t discusses
the results of chemical neuroresearch, describes a visual evoked response
(VER) experiment, and provides information concerning past research with
multielectrode arrays. In addition, it reviews the results of Hubel and
Wiesel's single cell microelectrode research.

Psychological brain research is discussed. The visual system's
response to optical illusions is compared to the response of a computer
algorithm that models the visual perception mechanism. In addition, the
spatial frequency sine wave grating response of the visual system is
presented.

The next section presents Kabrisky's theory of the visual’perception
mechanism. It includes a description of the possible interconnects
between the primary and secondary visual cortex and a transfer function
that these interconnects might support. The final section presents a

method to test Kabrisky's theory.

The Neuron
The neuron is the fundamental building block of the brain. Collections

of this specialized cell perform the total function of the central nervous

system. Data transmission as well as data analysis is solely a result

of the neural activity. Although neurons occur in different forms, all
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exiitit cimilar physical and functional characteristics. Figure 1 depivts
these common phvsical characteristics.

Tae neuron is composed of three major parts: the soma, whicl is the
main body of the neuron and contains the housckeeping components; a
single axon, which extends from the soma and transmits data to the soma and
dendrites of other neurons; and the dendrites, which are a group of
arborized branches that gather and process data from surrounding ncurons.
The data acquisition and transmission functions are accomplished with two
separate, but related activities. The first activity 1is the intraneural
transmission of electrical pulses down the axon. The second activity is
the chemical transmission of data from the axon of the transmitting
neuron to the dendrites or soma of the receiving neurons.

Intraneural data transmission is initiated with ion exchanges between
intracellular and extracellular fluids. Within each neuron, active ion

"pumps”

force positively charged sodium ions from the cell's intracellular
fluid and potassium ions back into the cell. As a result, the ambient
internal voltage level is about 70 millivolts more negative than the -
surrounding extracellular fluid. This potential difference is called a
resting potential. The resting potential is maintained until some outside
stimulus causes a depolarization or rise in the intracellular voltage.
Should the intracellular voltage rise above some specified threshold voltage
(about -60 millivolts in most neurons), complete depolarization will occur
because the ionic permeability of the cell membrane will clhiange and the
cell will suddenly allow sodium ions to enter the intracellular space.

The inrush of positive ions causes an action potential which is a positive
voltage spike about 1 millisecond in duration and about 100 millivolts in
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Fig. 1. The Neuron.
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amplitede, The action potential is propagated throuzhout the ncuron at

a speed of up to 130 meters per second. After passage of the electrical
impul=<, the neuron will repolarize by removing the excess sodium ions and
pumpin: in potassium ions. Repolarization can be done at rates sufficient
to allow generation of several hundred action potentials each second.

The action potentials are essentially invariant in amplitude and pulse
width. Thus, pulse repetition rate is the modulating medium for electrical
data transmission by the ncuron. Once the action potential reaches the
termination between its axon and the soma or dendrite of another neuron,

a chemical data transmission process occurs.

Neurons transmit data to other nerve cells through a special inter-
neuronal junction called a synapse. The axon terminates in a synaptic
junction, which is a very narrow space between the axon of the transmitting
neuron and the dendrite or soma of a target neuron. The electrical impulse
in the axon causes the release of a chemical substance in the synapse
called a neurotransmitter. About 30 different chemical substances are
known or suspected to be transmitters in the brain (Ref 14:134). Some
neurotransmitters tend to depolarize target neurons. The depolarizing
effect enhances their excitability, which reduces the additional stimulation
(electrical or chemical) required to elicit an action potential. These
synaptic junctions are labeled excitatory and the depolarizing effect is
called an excitatory post synaptic potential (EPSP). Other neurotrans-
mitters tend to hyperpolarize or inhibit target cells. This effect is
called an inhibitory post synaptic potential (IPSP).

Target neurons receive synaptic neurotransmitters from hundreds or
thousands of o*her neurons and integrate the inhibitory and excitatory
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post svniaptic potentials to forim a composite output signal. Tt s helioend
that the eclectric field produced by the summation of the EPSPs and 1i¢:v.,

is reccived by small electrodes resting on the surface of the cortical
tissne. Thus, an electrode would record data processing activity of the
neuron: beneath it.

Past research with multielectrode arrays indicare that the voltage
potentials recorded from the cortical surface range from 200 to 500
microvolts in amplitude and from 1 to 40 Hertz in frequency. The electrode
used for this research project measures 100 by 160 microns and will sit above
a population of approximately 1600 neurons. A consequence of the results
of the activity of these 1600 neurons will be recorded by each electrode.

The visual cortex section in this chapter describes the cortical architecture
which supports the theory that such recordings will en