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11 Introduction to modeling of biological phenomen*

Don'’t believe everything you think. Anonymous bumper sticker

It is the models that tell us whether we understand process and where the uncertainties
remain.
Bridgeman, 2000

11.1 Background

In presenting the second quotation, Bridgeman charaafdtizecurrent state of research into the vision psoces

He said, “The neuroanatomical analyses can telthexe to look for a particular mechanism, and neurophysiology
can tell usvhen the critical information is being processed, but curtechniques leave theow' of the process
tantalizingly elusive® The first quotation highlights the difficulties of rigly upon intuition, or what is

sometimes described as introspection. The goal ohépter is to provide a model that can support a wide range
of experimental results and lead the way to a broader stageling of the visual system.

There are a number of problems associated with modglengignal processing functions in vision. One of the
biggest is the plethora of simplistic circuit diagrams tbimthe literature. The second is the extremely high
impedance level found in the initial stages of signalggsing. These impedance levels are to be expected; they
relate to the extremely small size of the elementsthey reduce overall power consumption. A third is the
reluctance of the biology community (at least untikerdty) to embrace the fact that there are synaptictions

that involve only the movement of electrons actbhssboundary. No movement of chemical ions (much less
complex organic molecules with the complexity of a proteinnvolved. And finally, the fact that 99.9% of the
neurons in the retina operate in the analog (noterbthary pulse) mode puts them in a class separate frgh m

of the vision literature.

It is noteworthy that the field of morphology is invet primarily with static conditions or very slowlyariging
conditions relative to growth. The field has largelgrooked the subject of neural signaling. One neuraipolo
text, that is heavily weighted toward morphology listsyipes$ of cell-to-cell communications in hierarchal orde
but does not mention neural signaling based on eledtslytt is also noteworthy that the literature consaimo
detailed description of the signals at different posit@iesg the signal path from the input voltage at a netoite
the output voltage at the axon of a neuron.

Some of the material in this Chapter is designed ®matttual laboratory researcher or serious analygfoek into
more depth than required by the typical reader. The ahspimcussed on the modeling of the larger parts of the
visual system. The modeling of an individual Activa,jiradividual synapses and various individual circuits within
a single neuron are addresseChmpters 8 & 9. Section 11.1can be read selectively as needed by the reader.

'Released: May 17, 2005

?Bridgeman, B. (2000) Neuroanatomy and function in two visystems.Behav. Brain Scivol. 23, no. 4,
pp 535-536

*Shepherd, G. (1994) Neurobiology, &l. NY: Oxford Press. pg. 72 in the 1988 edition
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Sections 11.2hroughl11.8encompass the various phases of the detailed modelihg eisuals system.

Section 11.1.1s critically important if one is to avoid the macgnceptual traps found in the current literature.
Section 11.1.2%rovides many detailed definitions that are requiredsorm consistency and correlation of the
material in adjacent chapters.

Section 11.1.3oncentrates on the high level architecture of tleeadl neural system, using the non-visual system
as a template for understanding the visual system..

Section 11.1.4rovides an internally consistent set of morphologicahenclature for the neural system and
Section 11.1.5loes the same thing for the electrical waveformsiadly associated with the neural system.
Section 11.1.6provides a review of graphical techniques of specifioevah modeling the visual system.

Section 11.1.#discusses the subtle differences between data and atformrates.

Section 11.1.8&eviews some of the models used in other presentatiotise system aspects of the visual process.

11.1.1 Clarification of concepts

Before embarking on modeling of biological systems,dfeee a variety of major concepts that must be disgdusse
before proceeding to the more detailed subject of telogg@nd conventions. The analysis of biologicaleyst
follows the same methodology as for any other “systerhether chemical, mechanical, electrical, hydrgugic.

In fact, the typical biological system employs elersdrim each of the above disciplines. The rules stesy
analysis are well established and precisely documeniedever, their development is beyond the scope of this
work. For the non-mathematically inclined, Regan prasided a list of principles related to system analysis a
number of useful examplesWhile tending to bound the field and be very usefuheolayman, his seventeen
postulates should not be taken as mathematically rigordsie states, there are a variety of caveats ayptyi
some of the postulates.

11.1.1.1 Models and Diagrams to aid understanding

To help interpret this work and the literature, it isfulse® explicitly define a series of different types obdels.
The most basic classes of models are the abstrddharfunctional.

+ Abstract modelstypically present a conceptual block diagram or contairathematical equation. The
conceptual block diagram is frequently found in pedagogicaltgiisa The mathematical equation is usually
intended to bound the performance of some process oramigah in vision without relating directly to they
underlying mechanisms or processes. Both tend to beadisg with respect to the underlying electrophysiology
of the system.

+ Functional modelstypically attempt to describe the actual mechanismspaacesses of vision and must
conform to the electrophysiology of the system tadyesidered correct.

Computer emulations normally conform to the definitdbthe abstract model because the algorithms used seldom
relate to the underlying electrophysical mechanismspaocksses.

Equivalent circuits on the other hand, and especiaflgphisticated, attempt to represent the electrophysoalbgi
situation using an equivalent topology in a different tedbgy.

‘Regan, D. (1991) Spatial Vision. Vol. 10 of Vision and Vidbgsfunction, Cronly-Dillon, yeneral ed
Boca Raton, FL: CRC Press pp 3-12
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Specialists in system synthesis and analysis hageused a series of block, schematic and circuit diagrams to
document the configuration and operation of a wide vadkesystems. These tools attempt to represent thialac
circuit topology of the visual system. The diagramsuse to aid in seeing both the forests and the trees
simultaneously. Simultaneously, they provide a mediunddoumenting systemic relationships. Such systems
may be of many types. They include electrical, hydcaunfiechanical, aerodynamic abidlogical types.

Although not used widely or consistently in the visueldj an attempt will be made to use them consisteetly h
according to the following hierarchy;

+ Global block diagram

+ Species specific block diagrams
+ Schematic diagrams

+ Multiple circuit diagrams

+ An individual circuit diagram

A block diagram is usually used to indicate fundamental butrgénelationships between major elements of the
system. They are useful for orienting the reader andidgfterms. They usually lack detail and are not
indicative of the topology of the system. The schéndiagram is intended to illustrate relationships betwibe
elements of a block diagram. The titles of the eldmare frequently chosen to indicate the top level tapobf
the system and to indicate both feed forward and feedimtbls. At the next level of detail are the circuit
diagrams. These frequently occur in two classes, higkek circuit diagrams illustrating the interplay of sate
circuits and the individual circuit diagrams. The highgeleircuit diagrams frequently employ high level
symbolic representations of individual circuits to sirfyplhe presentation and emphasize the topology of the
system at this level. The individual circuits on tiigeo hand use the lowest possible level of symbologyduaide
a detailed understanding of the actual circuit. The sysrdr@ usually of the most basic type and indicativhef t
most fundamental circuit elements. Because the sygpdd so important to understanding within a profession,
the actual symbols are usually standardized by profesgiogenizations within each discipline.

A complete set of diagrams prevents floating models asmgpiropriate assignment of individual parameters.

11.1.1.1.1 Domains of signal manipulation

It is important to differentiate between the spat@poral and abstract (or saliency) domains of visibhe bulk
of the operation of the visual system prior to percepitiothe midbrain occurs in the temporal signaling domain
(SeeChapters 12 to 14. Beyond the midbrain, the bulk of the interpretatoml cognition occurs in a more
abstract domain that will be called saliency space@eapter 15). Only a very limited amount of signal
manipulation occurs in the spatial domain (Sbapter 2 and xxx [tremor reference])

As a result of defining the functional model of the visstem in considerable detail, it becomes necessary
properly account for the different domains used for sigmaipulation as well as the demarcations between them.
It is obvious that the optical system of the eyezhie to process information in the spatial positiod spatial
frequency domain related to object space. Additional geieg in this domain is frequently assigned to the retina
and/or the rest of the system. However, it is imgoarto be specific. There is no known processing withe

retina that does not rely either on time delay orperal frequency related parameters. The time delay batiiee
arrival of two signals at a given node is a major, @agerally, unrecognized parameter in the visual system.
When discussing the transformation of spatial inforamatmaged on the retina into temporal domain infornmatio
tremor plays a major role, particularly with regardrte perception of complex shapes and relationships. Nearly
all apparent spatial signal processing in vision thaetxeen related to the retina can be accounted fathmr e

time delay or the effects of tremor (motion introdubgdhe visual system to aid in perception and interpogtat

of primitive shapes in object space).
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Chapter 15 of this work develops considerable information aboatgbst retina signal processing employed in
vision. This processing involves a variety of relally independent signaling paths. As signals proceed along
these paths, their processing becomes more and maracalasid independent of both the spatial and temporal
domains ( although the vectors created to representésatay contain a time related tag). By properly
interpreting the signal space associated with diffei@ztions along these paths, a new perspective becomes
available concerning the signal manipulations employgzkngeption, interpretation and cognition.

Beyond the point of perception, the operation of thénbaad the definition of the saliency space and safienc
signals associated with memory remains quite enigmatficis work will not proceed beyond discussing the
framework for this processing and the rudimentary metlogies of perception and cognition related to reading
and primitive shape recognition (Seection 15.4.

11.1.1.1.2 Bayesian (or other statistical) mathematics are not reged in vision

While a variety of investigators have applied the cpteef statistical mathematics to their analysithefvisual
system, this is an inappropriate tool. Except when disegghe operation at the lowest light levels, where
guantum noise is a significant factor, the visual systeemtirely deterministic. While some of the meauisens of
vision require advanced mathematics to quantify them cetelp| statistical mathematics does not offer an
alternative solution.

11.1.1.2 Proper assignment of signal sources

It is common in the literature to find an author aggowog a particular characteristic of vision with adtional
element other than the element in which the charistic first occurred. For instance;

+ rods are routinely defined in terms of achromatsoovi at the psychophysical level. However,
at the electrophysiological level, there are presemsiton red rods and green rods but no
presentations on the specifics of achromatic rods.

+ it is common to find descriptions of the dark adaptatimction which describe the shorter
term response function to cones and the longer terntidunto rods even though the literature
shows the same adaptation function to occur in regibtieaetina where there are presumably
no rods.

+ it is common to find the eccentric cell in Limuldesscribed as if it were a photoreceptor cell
and a spectral absorption characteristic associatédtwit

+ it is common to find descriptions of the chromatasitivity of a ganglion cell because the
investigator was limiting his investigations to actjmotentials.

In order to gain the maximum understanding of the visioogas it is important to describe where in the signal
chain a specific characteristic first occurs and prepestociate that characteristic with the functieriaiment that
creates it.

11.1.1.2.1 Proper assignment of dependent variables

There is a tendency in psychophysics to assign a depevatéttle status on a variable when the origin of tha
variable is not completely understood. This has gelydreén the case in calculating a dependent variable,
velocity, as the ratio of the temporal frequency respaf the visual system divided by the spatial frequency
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response This assumed dependency has led to considerable confuithoregard to selective frequency tuning
circuits within the visual system. The above refeeedescribes the current confusion in this area.illlbes

shown that temporal frequency is the dependent functieproduct of spatial frequency in object space times a
velocity. Velocity is an independent variable insthélationship. It may be of exterior origin or duérgamor
within the visual system.

11.1.1.3 Adequately quantifying stimuli

Quantifying precisely the photon fluxes applied to the setind the electronic currents flowing in the retina is
relatively difficult at this time because of the liedtamount of precise data available in some areas.

As an example of the geometric problems, it is relbtigasy to quantify the radiant flux from an external seur
falling on an area the size of the apparent apertuteeafye. However, since the actual aperture is iatéothe
optical system, the size measured from the outside fréguemot the actual aperture size. If the radiance
originates from an off-axis location, the correcesit the aperture is seldom determined correctly.

Since the terrestrial eye employs an immersed opysém, it is not correct to calculate the photon fabing on
the retina based on simple ray tracing involving simtileangles. The ratio between the apex angles must equal
the reciprocal ratio of the index of refractions b&wé¢he two mediums, air and the vitreous humor.

*Regan, D. (1991) Op. Cit. pp 53-54
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The retina is a mosaic of photoreceptors sensitiiffierent spectral regions. It is frequently difficudt t
determine the amount of the radiant flux falling on tst&na which is actually intercepted by a photoreceptar o
given spectral characteristics. In the insect andedomer animals, it appears possible to determine the
geometrical distribution of the various photoreceptostaen calculate the geometric cross-sectional area fo
each spectral type of photoreceptor. This has not éeee for the human eye. For the human and many other
eyes, there is little if any rigorous data as to thegrgage of the available area of the retina wisckensitive to a
specific spectral band. This percentage may, and probabl/vary with location on the retina.

Where really careful measurements have been made efdbtronic waveforms generated within the eye dae to
given radiance, it is not always possible to deterrfriora the literature explicitly whether the polaritytbe
signal was positive going or negative going at a specifitt pgpon the application of an increase in flux.

11.1.1.4 The grounding plan

The architecture of the electrical grounding plan ofvisaal system appears to be closely correlated with the
barriers associated with control of chemical diffusidgthin the tissue. Cunha-Vahas edited the papers of a
symposium on this latter subject. At that time, thpartance of the various barriers was appreciated egpect
to disease but the symposium was not designed to addragditief the barriers to the electrical performaraf
the eye or to the chemical protection of the delicat®emophores.

In most circuitry, it is usually advisable to establsshommon electrical reference point for the erdireuit that is
known as the circuit ground. Frequently, this circuit grognmbnnected to a highly conductive metal plate or film
that then serves as a common ground for all of tleaitily mounted on, but isolated from, that common ground
plane. This approach makes it convenient to conneébetoommon ground by connecting a wire from a specific
circuit terminal to the ground plane rather than usingradactor (wire) to connect the terminal to a distardudt
ground. This design approach frequently encounters probfetigh performance circuitry for two reasons. In
high performance circuitry, there are frequently eleatrsignals of vastly different amplitude and impedance tha
can generate local changes in the voltage of the groame plue to its finite impedance. Secondly, the finite
impedance of the ground plane, particularly at high frequeraeyjntroduce sufficient impedance between two
terminals of a circuit or circuits to cause instapilinder these conditions, it is preferred to sepdhatground
planes associated with the major portions of the ¢mcuin many man-made circuits, it is also advisable

provide a separate ground plane for the power conversiamtey. These individual ground planes are then
connected by a single low impedance connection thatatsghe flow of undesirable ground currents related to
irrelevant signal currents.

The important portions of the visual system of aninaaésthe high sensitivity-high amplification photodetect
circuits, the signal processing circuits, the signal ptga circuits and the remotely located signal intergdien
circuits. The visual system employs a system of dispgoswer supplies that are associated with each individual
circuit. This approach greatly reduces the instabilibpfams that might be associated with a common power
supply. As indicated elsewhere, the region of the adigtween the Outer Limiting Membrane and Bruch’s
membrane constitutes an electrically and metabojicstlated area. The electrolyte of the IPM in triea can be
considered the local ground plane for at least the toflézad of the input Activas of the photoreceptor cella
several papers, the drawings suggest the common emétis déthe photoreceptor cells are also in electrical
contact with the IPM. The remainder of the eleefrmonnections of the photoreceptor cells, along With

neurons of the signal manipulation stage and the gangits) appears to be within the INM.

%Cunha-Vaz, J. (1979) The blood-retinal barriers NY: Plefuass
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11.1.1.4.1 The detailed ground plan of the retina

Figure 11.1.1-1presents the local ground plan of the retina. It shbesetina as divided into a series of
electrically isolated regions with currents flowingatoed from a large number of neurons within each regibis.
the netvalue of these various currents within an in-vivo oagihat are usually measured in the laboratory as a
voltage across the impedance network shown on the figletground connection shown on the right is a global
ground associated with the entire system as discusskd ivekt figure and section. It is difficult to define the
physical location of the global ground and the node shgthe black dot. The actual voltage measured is
frequently between two “taps” along the length of tlgatrmost impedance. The use of different tap locations
results in measurably different experimental resultsis iEhparticularly true with respect to the summation of
individual waveforms exhibiting different time delays.

Choroid

The figure shows one complete “straight through” ——

signal path and a portion of a second in order to >ww—
illustrate the operation of both the bipolar and the
lateral signal manipulation neurons. The
photoreceptor cell shown is not defined in terms of itg = = Signal comp.
spectral sensitivity. Not shown explicitly are the
Activas of the photoreceptor cell found within the
Outer Segment and providing the current that forms
the Class C waveform at the location shown, circled
C. This waveform is usually measured as a voltage
due to the summation of the currents from a variety ¢f
spectrally selective photoreceptor cells passing
through the impedance associated with the IPM. The Inner Limiting Membrane
Activa shown represents the distribution amplifier of Yo Renatmerses
the photoreceptor cell. The voltage, circled D, is the amer
voltage of the axoplasm of a single photoreceptor cell. !
This voltage can be measured individually. !
Frequently however, a voltage is measured that .

represents the sum of the currents through the load = — -

impedance of the photoreceptor cells multiplied by thlélgur(_e 11.1.1-1 The ground plan W't.hm the retina.
impedance associated with the INM. The waveformsA Seres of me_mbran_es_ actas electrical as well as
of these two recording are necessarily different beingChem'_Cal barn_ers W'thm. the_ eye. The currents
that one represents a current across a diode and theassqmated with the qlrcuns of the eye are
other represents the summation of similar currents confined by the_se barriers. The dashed arrow
through a resistive electrolyte. This situation heais | 'EPreSents the signal summed from the currents

to considerable confusion in the discussion of these passm_g thrqugh the collectors of _the adaptation
waveforms in the literature. amplifiers within the IPM. The circled letters, C

through F, describe the class _of waveform found

The voltage, circled D, at the pedicel of this cell is at a ;pecmc Iocat_lc_m. D and P represent the
shown being passed to the dendrite, D, of the “straigﬂ‘?ndm'_C and poditic paths through a neuron
through” bipolar cell and the podite, P, of the lateral respgctlvely. The black dot represents the
(horizontal) cell. This results in the formationtab location of the e_lectrode_ used to sense the
distinctly different signal waveforms within the S- wayeforms associated with th_e retina. . The
plane of the retina, circled,nd circled E The r_e&stances shown are electrolytic and exhibit a
voltage at circled F is that of the action potential ~ Ume delay, as do the neurons. — (See text.
measured within the axoplasm of a ganglion cell. Expanded from a conceptin H & Afg. 11-3.)

The currents associated with this waveform from a

RPE Cell Barrier

Outer Limiting Membrane
Ty [

N

Synapse

Synapse

I Envelope of

Optic Nerve

J—t—od= -
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large number of individual cells pass down the optic nerihe brain. The voltages are individually regenerated
at Nodes of Ranvier along the way.

In this figure, the tightly packed RPE cells (hot shonaividually) form a physical barrier between the choroi
artery and the IPM for both chemical and electrisaldtion. In this context, the morphologists and clars
label this barrier the outer barrier, one of theotlloetinal barriers. The ONL and ILM also form etegzl

barriers within the retina and the ILM may also panole in chemical isolation between the vitreous tiuand
the richly perfused tissue of the retina. The purposlessie barriers has not been considered by the mogibalo
community.

If each region of electrolyte between these barigeconsidered an electrical ground plane, the eleciioalit
elements on the right can be drawn to help explain sditiee signals obtained by various LERG proceduress It i
also possible to sketch in the electrical circuittheffundamental signaling path through the retina andlieto
optic nerve. The individual circuits (neurons) of thedamental path are shown simplified. The heavy arrows
show the non-signal currerngsitering each neuron or Node of Ranvier. The smailews perpendicular to the
signal path suggest the non-signal curréedsing the neurons. Using a notation similar, bitthe same as,
Neuman’s, the INM or IPM would be considered a current sourcéhlferneurons via the heavy arrows and a
current sink via the small arrows. Alternately, hleels can be interchanged if applied to the cells thkes

The heavy arrows would relate to the cell as a sink.

The labels source and sink are not normally used whee th source of potential in the loop as in the caee
electrostenolytic processes supporting the cells. ®heention is that the conventional current flowsrfra point
of higher positive voltage to a point of lower positixdtage. In the case of the neurons and their individual
electrostenolytic power sources, the arrows indidegedirection of conventional current flow from andlp&zan
electrolytically homogeneous medium.

This model reverses the direction of the current@iQbter Segment relative to that shown by
Newman. It also eliminates the difference betweercarrent flow to the Outer Segment
associated with a vertebrate and that of Laughlinriangertebrate. The conclusion is that the
photoreceptor cells of all animals exhibit the sangation of “sinks” and “sources.” Finally, it
employs electrons and not potassium ions to explainuirerd flow.

In this simple representation, the signal curréregel along the centerline of the signal path. eNbat a probe
inserted into the IPM or the INM measures only acuetentor a net voltage due to the summation of many
individual currents.

It is one of these net currents associated with @ated neuron that Hodgkin & Huxley
attempted to graphically, and then mathematically, deceenjmto an inward and an outward
current. They then assigned arbitrary names, assoaiétie the concentration of sodium and
potassium ions on the two sides of a biological men#ramthese putative currents. It is now
recognized that these biological membranes contaydiaphobic core and are essentially
impervious to these ionsThe signal currents through biological membranes are dueotthe
flow of electrons and/or holes, not ions.

Neuman, E. (1985) XXX Trends in Neurosci. vol. 8, pp. 156-158 Ahown in Heckenlively & Arden
(1991), pg. 104



Biological Phenomena 11- 9

11.1.1.4.2 The large scale ground plan of the visual system

The distance between the brain and the signal proges=sgion of the retina is electrically significanthése two
regions effectively use separate electrolytic ground glafiée use of pulse signaling between these two regions
reduces the sensitivity of the system to voltage and tlelays. However, researchers frequently encouoltage
differences and time delays that are not accounteciémuately.

Instead of a two dimensional ground plane as found in maatmade electronic equipment, the
ground planes of vision consist of separate three-dimealkiegions of a relatively high
conductivity electrolyte.

The overall visual system is best described using fouo¢4) ground planes, one formed by the IPM and
associated with the high sensitivity portion of thetpheceptor cells, one formed by the INM and assochattd
the signal processing portion of the retina, one forbyetthe cerebral-spinal fluid (CSF) enclosing the braing
one representing the remainder of the body fluids adriiiesl both schematically and morphologicallyigure
11.1.1-2 These regions are interconnected by low, but nat mmpedance inter-ground bridges. These
impedances consist of both a resistive and capacitivpaonent. Of even greater importance is the time delay
associated with these resistances due to the fimitesport velocity of ions within the electrolytesceétsion
measurements of visual waveforms must account for timagedelays. Since the various regions of individual
electrolytes may parallel each other for some digtaiés not always possible to define a specific tiocafor

these inter-ground bridges. Many of the bridges to ddg fluids can be represented by the conduits formed by
the vascular system. However, even the walls afglvenduits represent an impedance. Sampling of th@eslta
associated with the currents in these finite impedartee-ground bridges have played a significant role in the
electronic measurements of vision when they have lmated.

The bridge between the IPM and INM is unique in that ihithe form of a distinct lip, or collar, at the rexhe
edge of the cup formed by the IPM and containing the cupedrby the INM. Although this lip cannot be
directly contacted, the current density in the regiarsea a significant voltage drop. Because of the largedr
this cup relative to the thickness of the Outer LingtMembrane separating the IPM and INM, there is also a
significant capacitance between these two region®reTlis a similar magnitude capacitance between thealriv
the choroid/sclera due to the thinness of Bruch’s manér

An electrode placed in contact with the sclera abbigeliridge with a return electrode placed on some other
portion of the epidermis can detect a voltage represeatatthis complex electrical network. If the sensed
voltage is recorded as a function of time, an ERG{reletinogram, is obtained. The second electrode is
frequently placed on the forehead or near the ear. ellbeations are frequently labeled in the literature as
“indifferent locations.” However, these locationg aot indifferent with respect to time delay. Eaatation can
be characterized by its distance from the sourceeo§igmals it is attempting to record. This subjectse a
addressed from a clinical perspective but in less detaktéen in Heckenlively & Ardeh

8Heckenlively, J. & Arden, G. (1991) Principles and praatfaginical electrophysiology of vision. St. Louis,
MO: Mosby Year Book, pg. 384-390



10 Processes in Biological Vision

Making electrical contact to the neural system of an
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Figure 11.1.1-2 The ground planes and bridges
pertinent to the Visual system. The optic nerve is
not shown between the eye and the brain. The
epidermis is a poor conductor of electricity. This
condition is frequently accepted in order to avoid
medical invasion of the subject.
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animal via mechanical contacts on the epidermispisos but convenient method of obtaining technical
information about the visual process. Whereas theithgal neural signals involve voltages in the 1-100 miltivol
range and exhibit very well defined waveforms, mosttedeacephalograms and electroretinograms involve
measured signal voltages in the range of a few micvditis only possible to obtain sufficient curremtaugh

an impedance to generate adequate signal voltages fodiregby illuminating a large region of the retina. This
is because a large number of Adaptation amplifiers arntedxsynchronously. As the collector current fromacéll
these amplifiers are summed and passed through the IPNWitbridge, a signal of significant amplitude and
waveform can be recorded. Otherwise, the recordedfarave are very noisy.

11.1.1.5 Inappropriateness of Ohm’s Law in vision

Another great difficulty in vision research has besmdssumption that the eye involves linear resisiiements
and Ohm’s Law can be used in describing the signal vatdgeugh simple models. Nothing could be further
from the truth! Ohm’s Law is a simplification of onéKirchoff's Laws. It is based on the assumptioattthe
resistance (or conductance) of the resistive elemera<ircuit is independent of the current passing thraugh
This condition is not true in vision or the neuralteys in general!lOhm’s Law does not apply to the vision
process in animalsexcept under the most restrictive conditions. If an ex@nter is making measurements over
an exceedingly narrow irradiance range, of less thal0%; an effective resistance may be determined by
measuring the change in voltage related to a changerienturThe resulting value only applies for the irradésnc
specified and an extremely narrow range near it. Kifshioaws on the other hand allow for any kind of
impedance, but the mathematics becomes more involved.

The basic fact is that the neurons of a living anidmhot employ resistive elements as normally defimetl a
manufactured by man. The basic impedance utilized inditissue is represented by the diode. The voltage
across a diode is not given by the product of a constaas the current passing through it, i.e., the common
expression E=I * R; the voltage across an ideal diodesenddy the natural logarithm of the current passing
through the diode, conversely and more specificallyl, @'~ -1) where V is related to the temperature and the
material comprising the diode.

Because the impedance of neural tissue is not resising, of the algebra appearing in the literature is not
appropriate to neural or vision processes. Models emgl@gmmon resistive elements are rarely appropriate.

Linear matrix algebra is not appropriate for the solutbwision problems if the excitation level changesiiye
than +/-10%. Linear matrix algebra is based on the fugsear homogeneous equations with constant
coefficients. Mathematically, the terms are nanlbbgeneous and the coefficients are clearly not constareural
tissue and vision.

11.1.1.6 Inevitable results of the non-linearity of animal tissue
There are two inevitable results of the fact thatah neural tissue is not characterized by a resistor.

First, as will be shown in the next Chapter, the outbtite Photoexcitation/De-excitation process and hémee
signal associated with vision is a quantity of elecr(which is normally moving with respect to time and
constituting a current). When passed through a neural impedthe resulting voltage is not linearly related to
the charge (current). The voltage is related to therablogarithm of the current. Thus, in probe experiment
and ERG’s, the measured quantity is generally not ligeathted to the signal; the measured quantity is
proportional to the natural logarithm of the signal paeten

Second, as will be shown in the next following Chaptée signal channel associated with chrominance
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information relies on the linear summation of volsiges., the linear summation of logarithmic functiafishe
underlying signals. In fact the signal channel assediaith luminance information also relies upon thedme
summation of voltagesThe summing of logarithmic quantities is equivalent to the multiplicafioine

underlying signal parameteraNearly all of the psychophysical and many of thetebphysical experiments in the
literature measure parameters resulting from such logaidttummations, but they do not recognize that fact and
proceed to perform linear subtractions in order to sépapectral components of their data. There are two
principal results of this failure to recognize the nanfréhe parameters measured.

The calculated visual spectrum, based on the arithmatiostion of the absorption coefficients
for the individual chromophores, does not match thead\virigh irradiance (photopic) or low
irradiance (scotopic) spectral performance of the dyégarithmic summation of the
individual absorption coefficientdoes give the measured overall spectra for all irradiance
levels!

The attempts to characterize the absorption coettigief the individual chromophores by
employing the linear subtraction of measured voltagesriably give incorrect spectral
characteristics for at least one of the individuabamophores (typically the L-channel).
Utilizing logarithmic subtractionthe correct absorption coefficients can be obtairiedall
three (four in appropriate animals) of the individual chophores Moreover, all of the
absorption coefficients obtained are unipolar. No negatbsorption in the blue region is
required of the L-channel chromophore.

11.1.1.7 Availability of Complete Photoexcitation/De-excitation Equatn

The major focus of Chapter 12 is the development o€tiraplete Photoexcitation/De-excitation (P/D) Equation
of the vision process in animals. It will be shatlvat such an equation exists, is applicable to all visigtems
and is based on conventional physics. The matherhdétails of the equation are presented in Appendix A.

The P/D equation provides a closed and complete solutithretaisual systems initial response to irradiance.
When combined with certain nonlinear processes, itipes the exact solution to what is usually called the
generator potential. The solution is presented in i@tyaof simplified forms to show how it is most egapplied

to different experimental problems. In the completenfat demonstrates both the amplitude profile of the
generator potential and the time delay associated &hesponse in detail. The P/D equation includes a number
of primary features. The P/D equation:

+ includes the spectral absorption coefficient ofdlemophore explicitly,

+ describes the effect of ambient temperature on thetlamplitude and time delay of the
photoreceptor of any animal,

+ describes the changes in both the amplitude and tirag dithe response as a function of
irradiance, and

+ is applicable to each and every spectral responsenehahthe animal vision system
The P/D Equation also includes a number of secondanyrésat The P/D Equation:

+ provides the exact equation of both the rising anchfaltiortion of the waveform under any conditions,
and
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+ reduces, in a special case, to an equation origisadjgested by Hodgkin.

11.1.1.8 Obsolescence of the Michaelis Equation and the Logidiquation in the Vision
context

For more than the last half century, the experimestsliave not been able to provide an accurate maticamat
equation for the generator potential and have developadhaer of “rule of thumb” equations and simple models.
Many of the investigators ignored the trailing edge efgknerator potential and concentrated on the rising (or
leading) edge of the waveform. They frequently appliednpls hyperbolic equation to their data using a variety
of names depending on what their own discipline®w&ome went further. They adopted Lumped Constant Filter
Theory to develop simple electrical models to accounthfe observed changes in the rising waveforms.
Unfortunately, none of these equations and models ée¢@bescribe both the rising and trailing edge of the
generator potential. The simple models based on Lumpest&d Filter theory required so many degrees of
freedom that they could be used by the investigatorsatohmany waveform if only the characteristics & th
complete generator function were available. The RjDaion demonstrates successfully that:

+ it can describe the entire generator potential fanainder all condition,
+ the actual process does not involve a hyperboliegisdge,

+ Transport Delay Theory, not Lumped Constant Filtezorit provides the correct solution to the
problem, and

+ it can be used to describe the entire a-wave diyffieal ERG. In fact, it can be used to subtract out
the a-wave, thereby providing the complete form oftiveave.

11.1.1.9 Filtering of the P/D Equation by proximal circuits

There are rate limiting processes in the signal chiihe retina which become important under high amplitude
stimulus situations. These limitations are primardiated to the transport of materials required to keep the
various electrolytes and locations of redox processegiatiy supplied. Thus, the output versus input
characteristic of many neurons exhibitsssashaped curve However, although the curve appears at first glance to
be of arbitrary shape, Kahn & Bockris writing in Gutmat Keyzer® have provided the exact shape of this curve
when applied to signaling in neurons. As they point diet,shape is actually invariant and results from the rat

of two exponential expressions.

11.1.1.10 Elucidation of additional ERG waveforms

The conventional ERG represents a composite wavederimed from mixing waveforms from both Stage 1 and
Stage 2 of the model. Because of this mixing, it isdliffito find a unique home for the ERG in the context of
this model. As will be seen Bhapter 13, the P/D Equation actually expands the data obtainabtethe ERG.
With the P/D Equation of Stage 1 available, it cast®vn that there are additional “waves” present in the
typical ERG. Specifically, after mathematical remaMahe completea-wave from the overall waveform, it is
possible to actually see not only the b-wave asstiaith the in-line processing performed in the Innerléarc

°See Charlton & Naka (‘70), Naka & Rushton (‘66) (‘67), ExarsmEForti and of Lamb in Torre, et. al
(1990)
“Gutmann, F. & Keyzer, H. (1986) Modern BioelectrochemistdY: Plenum Press pp. 1-44
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Layer but also see the additional waves associatedéthncillary processing related to the horizonths eand
the amercine cells. An expanded convention for nanfiegémponents of the ERG is providedsiection 11.1.5.

11.1.1.11 Exceptions to the Principle of Univariance

There is another principle which needs to be carefydplied in the following material. The Principle of
Univariance has been taught widely as a foundation stotie visual process. At a conceptual level, itloan
applied to the vision process with some success. Howiegenerally fails at the detailed level. To iest the
Principle, it must be rigorously defined.

Naka & Rushtort} speak of the Principle of Univariance as “the mostguful postulate in colour

physiology."They begin with a description of a photoesitl conclude that “the output is of only one kind
(univariant) it cannot give simultaneously separatermédion as to both intensity and wave-length.” \&lte
output signal is unidimensional, its value remains a fonadf two input variables. As Naka and Rushton proceed
with their discussion on page 538, they deviate fartherfantiger from reality.

In the next paragraph they say “The Principle of Unasace may be stated as follows: Each visual pigment can
only signal the rate at which it is effectively daittg quanta, it cannot also signal the wavelength assaotivith
the quanta caught.” This restatement obscures théhiicthe variable is a function of two variablesheT
variable is equally capable of signaling the wavelengihdapturing quanta under conditions of fixed quanta
intensity.

They proceed to restate the Principle it in what ttedlya more definite form: “The signals from eache&o
depend only upon the rate at which it is effectivelgloatg quanta; it does not depend upon the associated wave
length.”

This author would subvert the term cone in favor ofrtitege general form. “The signals from each photorecept
depend only upon the rate at which it is effectivelgloatg quanta; it does not depend upon the associated wave
length.”

In a second paper in their set (pp 556-586) Naka & RushtorBseiypefore proceeding to a description of this
work, we must mention a fundamental principle that weetelto hold without exception, for our arguments rest
upon it.” They then open the paragraph titled Principldrofariance by saying “It is not accurate to say tha
every quantum absorbed by a visual pigment has the séutigkspective of its associated wavelength!”
[Exclamation point added by this author] Their discussiatgeds into areas they were attempting to explore and
understand better.

When discussing color physiology, it is important to nh&erate of quanta capture as a function of wavelesgth i
critical to the perception of chrominance in visiohhe next two paragraphs will examine the reality of hemnice
and chrominance detection in vision more carefully.

It is best to consider the Principle of Univarianseaa archaic pedagogical tool that obscures understanding of
actual operation of the biological vision system.

11.1.1.11.1 Failure of Univariance with respect to luminousity

“Naka, K. & Rushton, W. (1966) S-potentials from colour uimtthe retina of fish@Qyprinidag J.
Physiol. vol. 185, pp. 536-555
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This principle seems intuitively obvious. Howewére Univariance Principle is not rigorously correctwhen
applied to the long wavelength spectral channel and irtjitecthe luminous channels of vision. It is based o
what can be called classical or Newtonian physitassumes the energy of the photons is absorbed “thgrma
Quantum physics provides a different postulate for deteptiooesses, such as vision, involving the internal
photoelectric effect. Things in the quantum mechamicald are not always as they seem. This is partitular
important here where the Photoexcitation/De-excitgpi@tess has been divided into three sub-processele In t
first, an electron is raised to a higher quantum eneagd lue to the absorption of a photon. However, whése it
located in that energy band is still a function ofitiigal energy (wavelength) of the photon. After eation of a
number of electrons into the* band of the chromophoric material using photons of kifie energy, one can
actually select which excited electrons will be de-extly adjusting the energy threshold of the de-excitation
process (it is typically a function of temperature ifnzals). By moving this threshold up or down, one can
actually recover a plot of total excitons created asation of the energy (wavelength) that created them.
Therefore, at this stage, the chromophoric mateaialsignal both the number of photons absodretitheir
energy.

The translation sub-process involved in vision (andritest as de-excitation) exhibits a fixed energy threshold
(which is a function of temperature). There are twysithat excited electrons can be de-excited from thtedxc
guantum state in the translation sub-process.

1. Inthe first, a free electron is generated icanientional” conductive circuit for each exciton i th
* pand of the chromophore which is de-excited. Theszreles will correspond numerically to the number of
excited electrons which had an energy exceeding the tiidestihus, the number of free electrons is univariant
with respect to the variables, number and wavelengtheophotons in the irradianc&he Principle of
Univariance is sustained in this case

2. In the second case, the excited electrons in tHmnd do not have enough energy individually to
generate a free electron in the conductive circuitweéser, they are able to sum their individual energiesifin
the sum exceeds the threshold, one free electron evikleased for each group (typically two but sometimeseth
or four) of electrons. If there are other phenomesturring wherein the excited electrons can be de-excited
thermally or by fluorescence, the output clearly becameate equation which is not linear. Even in thseace of
these other modes of de-excitation, the function deagrithe number of free electrons produced is a convolution
of the number of excited electrons present and thenggrevel. This is not a simple product of the number of
photons absorbed@he Univariance Principle does not hold for this case

The L-channel of human vision is an example of thers#case and interesting experiments can be performed to
demonstrate this fact. The literature contains nohsgrved examples of this case. The fact that theitaabgl
response of the L-channel photoreceptors exhibits aesdmarrelationship to the incident signal amplitude & th
mesopic region is a direct example of the failure ofdh&variance Principle

There is also a third situation of trivial importande: general, individual photons absorbed by the chronrgsho
of vision which have an energy less than the thidsbicthe de-excitation process will not generate aeg fr
electrons in the output of the overall process. Ayl@w irradiance levels, excitons generated by photéns o
energy less than the threshold of the translatiorpsatess can be absorbed by the chromophore but fzél to
summed with another exciton before they are losteéosibion process. These photons never result in the
generation of a free electron. The Principle of dniances thwarted completelyn this case

In summary, the overall Photoexcitation/De-excitapoacess in vision does not conform to the Univariance
Principle. The Univariance Principle only appliesitaations where the incident photons have sufficieergyn
to generate excitons with an energy greater than tlexadtation threshold energy of the translation procéss.
general, the L-channel does not meet this criteribmerefore, taking a que from Naka & Rushton, the prindgple
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restated in a more definite form--

Principle of Univariance --The overall Photoexcitation/De-excitation processigion is linear
and univariant for photon wavelengths corresponding togeseabove the threshold energy of
the translation sub-process (wavelengths typicallytshéinan 575 nm). For photons
corresponding to energies below the threshold of tmslation process (typically at longer
wavelengths than 575 nm), the process is inherentlymearl and not univariant.

This is the same situation found in photography wheteage in response with irradiance is commonly found in
the long wavelength portion of the spectrum. The terfris' used to describe the exponent in the output versus
input equation for photography. In both cases, the exposn@ot a constant with respect to the photon
wavelength. It is approximately one for wavelengthsteinahan 0.5 microns and approximately two for
wavelengths between 0.5 and 1 micron.

An explicit value for the threshold energy of the tratish stage has not been found in the literature. kenvan
implicit value can be determined from the observed perdioice of the visual system in humans. Only the L-
channel exhibits a change in sensitivity relativehtoother channels as a function of irradiance. Woisld lead
one to assume that the threshold energy is in themr@gitwo electron-volts or about 0.6 microns. Theiakt
value of the threshold energy may be determined bywhsgethe long wavelength skirt of the M-channel spectral
absorption coefficient as measured electrophysicaliiyabutput of the photoreceptor cell. At a wavelendikere
the energy of the photon becomes less than the tildeshergy, the absorption spectrum should show a
discontinuity. A similar discontinuity may be found hretshort wavelength skirt of the L-channel. In thgecof
the L-channel, it may be more difficult to discernstbhange because it will not involve a rolloff ineetive
absorption. It may only involve a change from a er@&ton process to a two-exciton process--i.e., thamycs
of the process may change with respect to changesaitiance level, similarly to the photographic case dgamlis
in the previous paragraph. Using the data of Slineyerirtfrared, it appears the best estimate of the thlgsh
energy of the translation stage is not more than 2.3@&3 microns).

11.1.1.11.2 Failure of Univariance with respect to chrominance

In the biological retina, an interdigitated array ofctpaly specific photoreceptors are used. This diffesmfthe
situation in photography where individual layers of calensitive material are laid over each other. Inegitase,
the sensation of color is determined from the redativmber of quanta absorbed per unit of excited area hy eac
spectrally specific class of absorbers (where thdexkeirea is significantly larger than the cross-sedi@a of a
single photoreceptor).

Thus the photoreceptors are used in the very mode tlkat &i&Rushton exempted from their discussion and
Principle of Univariance. The output of each spectiedscof photoreceptors is proportional to the wavelenfjth
the quanta captured under conditions of constant excitpgionnit excited area. It will be shown in Chapter 13
that the signal processing accomplished in the retinaasub the logarithm of the signal amplitude from the
photoreceptors of individual spectral types. This subtraés accomplished using pairs of spectrally selective
photoreceptors. The result is a set of signals tleamearly linearly proportional to wavelength over digant
spectral intervals. These signals constitute thensimance signals of biological color visioiThe operation of
color vision contradicts the Principle of Univariancas stated by Naka & Rushton.
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11.1.1.12 Emergence of the Biological Transistor

It is amazing to report in the year 2001, there is notimerin the scientific literature of the presenceaafevice or
configuration in the neural system of any animal theet been described as a transishdpielogical transistor--
when there is so much evidenogerwhelming evidencéor such a designation. It can only be explained byyma
investigators failing to see the forest for the tre@sving credit where it is due Michael Bennett caragy\close to
discovering such a device in the 1960's.

Interestingly, in mid 2001, a search of the Internet dicdr@cover a single reference to the term “biological
transistor,” except at this authors site.

There is an immense amount of electrophysical evidiEmdde definition of a biological transistor as@malog to
the semiconductor transistor. Some of this evidenitdevpresented here. More will be presented in AppeBdix
where the formal properties of the device will be depetl and explanations of how the device is used within the
neural system will be presented. The evidence is céimpeind the acceptance of this reality greatly simgdifi

the investigator’s task.

During the development of this Theory, the active ebdygtic semiconductor device, the Activa, was discodere
and awarded a United States Patent, #5,946,185.

Until the 1960’s, it was categorically denied by the leadéithe vision community that the eye employed

signaling by way of electrical currents (as opposed éoital affecters) at synapses. This has changed
considerably beginning in the 1980’s. Similarly, thereas a large community of investigators whose work is
based on the physical transport of large numbers of aenfdnd large) ions every second through a membrane
surrounding the Outer Segment of each of the photoreceyjtthrs eye even though there are immense amounts of
evidence from other investigations tllaére is no cellular membrane surrounding the Outer Segnsenthe

Outer Segments are actually extracellular.

11.1.1.12.1 The Activas within the Outer Segment

The Outer Segment iBhordataconsists of a stack of disks and each of these digsséntially covered by a
liquid crystalline membrane. However, this matersabmly an organically derived film. The substratehelse
disks consists of a structural protein, created in a eranot unlike a fingernail. The substrate is then EVdy
an organic film by precipitation. The result is a fiing structure with very unique optical and electronic
properties. This structure is in electronic communicegtiwith the Inner Segment of the photoreceptor viatwh
are usually labeled the cilia of the photoreceptor ddiiwever, it is more precise to speak of these adehdrites
of the neuron enclosed within the Inner Segment opttaoreceptor. The interaction between the diskseofaS
and the dendrites of the IS is the first instanca dfiological transistor in the visual signal path. Buis not the
last.

Each of the dendrites of the IS is laid in one oftabgrooves around the edge of the stack of disks. Each
dendrite is in contact with each of the disks whilew®le assembly is immersed in what is called therint
Photoreceptor-Matrix (IPM). This is basically a condtetmedia that is also used to transport the chromophori
material before it is precipitated on the disks as irtdttabove. The result is a very close “junction”adhedisk
between an organic membrane of the disk and an orgamdnane of the dendrite with a thin space between
them. Each of these membranes is porous and subjbet kaws of diffusion. Interestingly, each is alabjsct to
the laws of electrostatics--and they are in extrerolelse proximity, on the order of 50 Angstroms. Theselae
electronic characteristics of a device capable ofignog signal amplification, more specifically charge (or
current) amplification. By applying the appropriate bialtages between the various elements of this
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configuration, an excited electron in the chromophorétarial of a disk can generate 1,000 to 10,000 free
electrons in the dendritic structure. Note the disiimchere; the disk material is of organic origin busihon
vital (living). It is extracellular. The dendritic neatal is of similar organic origin, but is intracelluland is

vital. The presence of the IPM is a necessity psatides an ohmic connection to the structures immdarsé.

The key to the operation of a transistor is the cogptiithe diffusion process between the two regionseén th
presence of an electrostatic field. However, thioouces another critical requirement. In a semiconducto
transistor, it would be self-destructive to employ audifin process that actually moved the ions making up the
structure during operation. The process would ultimatelyae#ie underlying physical structure. Instead, there
is apparent motion of the ions, by what are calledethd While electrons move about in tbenduction banaf

this sandwich under the countering forces of electiestand diffusion, the “holes” move through tedence
bandof the material subject to the same forces. Thaeritg of these two different “currents” is in genetplite
different and the difference constitutes “transistdioac’

The effect to the outside world is that there is &ctebn current flowing in one direction and a flowais in the
opposite directionIn fact, no ions ever movelhey must be present, libey do not moveThe result of this
arrangement of organic membranes to form an orgaamsistor is truly fantastic. Again, the complete
development of this area is found in Appendix B.

The Rhabdom in the eye AfthropodaandMolluscais constructed similarly topologically to that@hordatabut
differently topographically. It communicates with tlestrof the neural signal path in a similar way.

11.1.1.13 Ramifications of the Biological Transistor

As will also be developed in Appendix B, the mysterious puwjpbdshe Nodes of Ranvier is easily and directly
explained in the context of a biological transistor.dAne critical test of this theory is provided by Tasaki

leader in the field of nerve excitation. Quoting his 1p@pel’, “We note that cleaned axons are incapable of
developing action potentials when immersed in a mediunplataty free of divalent cations.” Going further, it is
proposed here that the actual situation was that axerin@pable of developing action potential when immersed
in a non-conducting medium or a medium not capable of prayittie proper ohmic contact to the middle layer or
(poda) of the biological transistor located in the aabthe Node of Ranvier. The whole purpose of the bireak
the myelin (insulating) sheath of the axon is to altkmeh contact with the surrounding media.

It is a prediction of this work that investigators viilid that complete photoreceptor cells will
also misfunction if they are first washed and placed imon-ionic or inappropriate ionic
solution.

Going further, the key feature of a biological tramsisircuit is the easy creation of a region of nagati
resistance in the voltage-current characteristib®fdevice. The simplest possible use of this feasui@ i
recognize that such a characteristic cannot existavaxtended range; it requires a source of energy tedteat
over even a limited range. Therefore, in a typidalasion, this region is bounded on both ends by a regfion
positive resistance. It is absolutely elementamgréate a bistable circuit using a biological transigtat will
exhibit two stable states. Hence, thendationfor the TWO-STATE THEORY of neural excitation is exioled.
The only trick is getting the device to switch statethie desired manner. To accomplish this, utilizeokogical
transistor and,;

?Tasaki, | (1975) Evolution of theories of nerve excitatio vol. 1, The Nervous System, Tower, D.
editor in chief NY: Raven Press pg. 177-195
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adjust the impedance of the electronic element impdige lead properly and you will achieve an
action potential regenerator.

adjust the electronic element in the dendritic and/onaki®ads of the biological transistor and
you will produce an action potential with an interpulseetiinterval which is a direct function of
the analog input signal (if it exceeds the threshold Jevel

adjust the impedances differently and you will obtain emélg high analog current
amplification under very low noise conditions (and ndeptill be generated).

use two biological transistors in what is commonlyecha cascode arrangement and you can
obtain extremely high analog current amplification undsarly thermal-noise free
circumstances.

11.1.1.14 Rationalizing the confusion over polarity

There has been a long standing, and sometimes acrinsomiebate over whether the polarity of the generator
potential observed iArthropoda MolluscaandChordataare the same or different. Unfortunately, until the
recent development of residual dye techniques, it wasuliffior investigators to know precisely what cellsythe
were actually obtaining electrophysical signals fromd-ahether these signals represented intracellular conslit
or extracellular conditions. Furthermore, capacitivé&ygicfrom adjacent cells has frequently been a problem
because of the high impedance levels involved.

There has also been the problem of relevance. @timvided a side by side comparison of the output potential
from invertebrate and vertebrate photoreceptotdowever, his comparison suffered from several uedtfactors.
He used the response from an eccentric cellinfulusas a typical invertebrate photoreceptor cell response,
whereas most investigators consider this particuldiaseh special case of a signal manipulation type ¢#lalso
showed the response to a long pulse of light in theafabe invertebrate and the response to an impuldeein t
case of the vertebrate.

This problem will be examined carefully @hapters 12 & 13in order to provide a defendable explanation of the
actual situation--a necessity if many of the expertagorograms under way in neural signaling are to be
concluded successfully. In brief, the results of thisrération are that all photoreceptor cells in animsion
operate similarly and generate the same polarity sigridhge same location. The polarity of the signaked

near the OS is opposite to that sensed by probing thptasxo of the photoreceptor cell because of the diffexlent
amplifier circuit found in the IS of all photoreceptotlse

11.1.1.15 Important consequences of the adaptation mechanism

The fact that the adaptation mechanism introducesairzéhe transfer characteristic of the photorecepatir
means that the intrinsic animal visual system iy gehsitive to changes in object spad&e visual system is
inherently blind to fine detail in a stationary scenelhe higher level molluscs and the higher level chexlat
have evolved an additional mechanism to overcomectt@sacteristic. They introduce tremor via the ocular
muscles to continually move the scene relative tditteeof fixation of the eyes. This tremor is dis@ti detail
in Section 11.1.2.8.4

¥0ttoson, D. (1983) Physiology of the nervous system. ®ford Press, pg. 365
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11.1.2 Terminology and conventions

Some of the electrical terminology that has evolvethe biological field is not easily translated inemeentional
electronic engineering notation. Before proceedingrélevant terms and conventions will be examined and
some equalities defined.

11.1.2.1 Responses

With vision being a life science, investigatory wonkthis field necessarily involves biological-based expents.
These biophysical experiments fall into several categpexhibiting various degrees of precision:

Psychophysical-based on the observed or reported response of an smgémapplication of a
physical stimulus. Psychophysical experiments lead tdppyysical relationships rather than
psychophysical measurements. They do not normally prathsmute values. They normally
provide null values or suggest trends.

Electrophysical-based on the use of electrical probes to intercgptis generated by an
organism in response to the application of a physicaustis. Electrophysical experiments lead
to exact measurements but, on the scale of the visoe¢gses, may not involve exact knowledge
of what is being measured.

Within the group of electrophysical measurements, taere number of fundamental types:

mass responseselectrophysical measurements frequently taken at ateepoint relative to the
point of electrical signal generation, hence represgrdan average response of many circuits
operating simultaneously (and frequently representing agelacross a resistor in a “ground
loop” in electrical engineering terms)

Electroretinagraphs (ERG)--mass responses taken by measuring the voltage on the
surface of a complete eyeball with reference to ésé of the organism (and hence measuring the
voltage on an equivalent impedance consisting of the inmeedaaths due to the entire optic
nerve, the muscle tissue connecting to the eyebaltrenliquid medium surrounding the eyeball
plus any other impedance leading to the point where thenréead is connected)

Visual Evoked Potentials (VEP)-mass responses taken by measuring the voltage
between a point on the scalp at the rear of the shlallive to a second point generally at a
second point on the skull considered in some sense neuingifferentfor purposes of the
experiment

more specific responses

Local electroretinographs (LERG)-potentials measured with a probe, either
extracellular or intracellular, and referenced to a nharal reference point than the eye cup. A
pair of concentric probes may be used resulting in arrefignal lead connected to a point only
5-100 microns from the input signal probe

Extracellular potential-- potentials measured with respect to a return signal kgad b
using probes and frequently involving the capacitative cogpif signals from several adjacent
cells. The return signal lead is frequently connectesbhoe nearby structure, the eye cup, the
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retinal epithelium, etc.

A particularly important extracellular potential obtairveith a probe is the potential in the
vicinity of the Outer Segments due to the P/D process.

specific responses

Intracellular potential (current)--potentials (currents) measured utilizing npoobes
to penetrate a given cell and measure its internadgeltvith reference to the return lead. The
return signal lead is frequently connected to some nesirbgture, the eye cup, the retinal
epithelium, etc.

A particularly important intracellular potential obtatheith a probe is the axoplasm potential of
a photorecepter cell and frequently labeled the gengpatential.

The above descriptions surfaces a serious problemionwviesearchthe frequently casual treatment of the
return electrode. Quoting the Brussels Symposium ad-hoc comnditfee VEP research in discussing the
Electrode Montage, “The electrode montage and polarityerttion (e.g., negative upward) should be clearly
stated. The word ‘indifferent’ should not be used in desgy the reference electrode, as it begs the questibe.
ear electrode, commonly designated a ‘reference’ guiénetly anything but a passive reference in relatiaghéo
occipital response.” The same can be said about gfezence electrode positions. The conventional ERG
classic case of this problem. The response measufredjigently described in terms of an a-wave, b-wavecand
wave, etc. based primarily on when they occur in tinoe,where they originate in the visual signal patittid_or
no attempt is made to subtract the ‘tail’ of the a-@vltem the start of the b-wave, etc.--although independe
signals conforming to the a-wave are now generallyiabla from intracellular recording.

Failure to adequately describe the electrode montageteadsa which is difficult to interpret because of frequen
corruption by other unexpected signals. This is true vehgrobe is inserted intbe retinaa given physical
distance and also when a probe is inserteddrdell a given physical distance. The signals resulting frooh s
insertions are frequently indecipherable or misleadingmit a detailed model of the visual system being
examined.

When attempting to record electrophysical waveformis, dgain necessary to be very specific with regatddo
technique used. Ruben & Wallsnake an important point in discussing probing the retinatious depths: “The
signals within the retina to which the retinal nerweust attend are not necessarily the same as gmmeled

from the surface of the cornea, a mere 2 cm awathelfetina is penetrated slowly by a tiny electraggjinning

at the vitreous side and progressing toward the pigmenteépith the polarity of the signal abruptly changes
when the inner limiting membrane is crossed. Thegevhere is positive going, followed by a negative-going b
wave, a positive going c-wave, and a negative d-wavpatéfntial. Except for the c-wave, all of these
components are upside-downrelationship to those recorded at the cornea.is Tdwversal phenomenon is well
illustrated in Figure 2 of Heynen & van Norf&nSuch reversals have caused long-standing arguments in th

“Halliday, A. Arden, G. Bodis-Wollner, 1. Jeffreys, Kulikowski, J. Spekreijse, H. & Regan, D. (1977)
Methodology of patterned visual stimulation. in “Visuabked potentials in man: new developments” ed.
J. E. Desmedt Oxford: Clarendon Press pg 6

“Rubin, M. & Walls, G. (1969) Fundamentals of Visual Sciengeringfield, 1l: Charles C. Thomas, pg
195

*Heynen, H. & Norren, D. van (1985) Origin of the electtmogram in the intact macaque eye--I. Vision
Res. vol 25. pg. 700
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literature related to the signal paths in the retina.

Expanding on the above paragraph, Murikani &'Phkve provided material comparing the recording of intra-
cellular and extra-cellular ERP’s. Their actual commegspecific: “As was noted in the preceding section the
intracellularly recorded waveform of the early receoiential is substantially different from the extracatly
recorded waveform.” They go on, with inserts by #nighor: “The intracellular recording represents a suthef
potential across the cell membrane and the potentipl @ong the resistance in the extracellular space figaii
the return electrode}, while the extracellular recordiegresents the latter alone {plus the signals from adjac
sources through capacitive coupling}.”

Heynen & van Norrefi provide an entirely different scenario of utilizing edellular recording with a concentric
microprobe to obtain LERG waveforms. With a differern tip position of 25-30 microns, they tend to be making
differential voltage recordings between layers occupieth®yOS, IS, ONL and INL. Furthermore, with an inner
tip of 1-2 microns and an outer tip of 10 microns, theradifpe(and probably both since the probes were being
retracted during data taking) is clearly integrating sigfiate a number of nearby cells. Both probes were at
relatively high impedance introducing the likelihood of catpge coupling. The probes penetrated the retina at an
unspecified angle relative to the local surface of #tia and were not correlated with the local signat pat
geometry, although the sites were apparently extrafoveal.

Another area of difficulty is in the concept of linggr There seems to be a great deal of confusion netjlard to
the concept of linearity as it is applied to an inpuhatus or signal and as it is applied to a transfer funafan
physical process, channel or system. Rodieck & Fbiale attempted to clarify this situation by separatfirey
two situations. Whether an input stimulus, or any offigmal, can be classified as linear depends on whigther
can be represented by an equation of the first degrdeethét a transfer function associated with a procesbe
considered linear depends primarily on whether the preegissies the Superposition Principle. This Principle
states that the response to two stimuli presented sinedtisly is equal to the algebraic sum of the responsles t
two stimuli presented separately. They list four car@dls to this Principle:

The relative time course of the response is indepemd¢he amplitude of the stimulus.

The amplitude of the response is proportional to tygitude of the stimulus.

If the stimulus is inverted the resultant respongavierted.

Knowledge of the response to a simple stimulus, sual@adse’ or a ‘step,’” permits
calculation of the response to any other stimulus.

PonE

They then draw a conclusion that is slightly too reste: “The response of a linear system to a pulsstep may
thus be said to completely characterize the linedeisy8 This statement is also true for the pulse respaofha
time-invariant nonlinear system.

The VEP technique will not be discussed in this work bgeaf its limited specificity. Ffytche, Guy & Zeki reav

“Murikami, M. & Pak, W. (1970) Intraculluarly recorded eadgeptor potential of the vertebrate
photoreceptors. Vision Res. vol. 10, pp. 965-975

*Heynen, H. & Norren, D. van (1985) Vision Res. vol. 25,697-707 & 709-715

“Rodieck, R. & Ford, R. (1969) The cat local electroretinogto incremental stimuli. Vision Res. vol. 9,
pp. 1-24
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made some valid comments on this techritjuleckenlively & Arden present the general measuremagyimne”.
Recently, Ffytche, et. al. demonstrate that whenbooed with auxiliary magnetic intervention (mVEP),st i
capable of a quite important degree of temporal preciditowever, there is still considerable ambiguity in the
precise spatial location of the events monitored aadpiatial extent of those events. This leads to aniigjui
the specific type of circuit actually involved.

Any experimentalist in vision would be wise to readititeoductory remarks of Rubin & Watfsefore
proceeding into the laboratory.

11.1.2.1.1 Mathematical manipulation of the responses

Historically, the mathematics associated with tle&lfof vision research has been less sophisticatedtiiea
biological or psychophysical investigations with whitlvas associated. The equations of vision found in the
literature have always tended toward linearity, evethéface of Weber’s Law, Fechner’s Law, etc. The
Chromaticity Diagram of 1931 was based heavily on theemtrthat color vision in humans involved linear
responses to irradiance and that the various visuahet&im the eye were linearly summed in order to ertved
sense of color. There is overwhelming evidencettiiatis not the case. In 1989, Flitcfdfjuotes Naka &

Rushton from 1966: “For each pigment system, every quantanistieffectively absorbed makes an equal
contribution to vision.” One can argue with what N&kRushton meant by ‘effectively absorbed’, but the fac
that adaptation is a very nonlinear process and phatmswbed under different conditions of irradiance and time
have vastly different impacts. Furthermore, the opmraif the L-channel at mezotopic light levels does no
satisfy Naka & Rushton’s claim. Never-the-less, #rigciple of Univariance has been widely pursued andduas
to the use of the 'Silent Substitution’ method in psythsics. Flitcroft adopted this tenant and the foundation
equations for the CIE Chromaticity Diagram to develdpeory based on matrix algebra of linear homogeneous
equations. As will be shown in the next few chaptirs basic signal detection function is grossly nonlir{gas
optimized for change detection and not for good color temmdiand the basic signal processing function is based
on logarithmic mathematical manipulations (which mdab multiplication in the underlying signald)he result

is that in the vision process, the appropriate equatiss) between input and outpugre not linear, are not
homogeneous, and are not of the first order This is true even for signal amplitude ranges ofttle ks 2:1.

When the appropriate arithmetic is used, a wide rangeeafurements and sensations can be explained without
making arbitrary assumptions. These include adaptatiertrahsition from photopic to scotopic vision (innber

of both the change in spectral sensitivity and the édolor sensation), the change in temporal frequency
response with irradiance (and differential irradiandeveen signal channels) and the time delay as a funetion
irradiance found in vision.

11.1.2.1 Polarity

The adjective polar is overused when discussing visibis ulsed to discuss the incoming optical radiation, the
structure of the nerves involved, the voltage at aemades and to describe how the “action potential” is

Drfytche, D. Guy, C. & Zeki, S. (1996) Motion specific respes from a blind hemifield. Brain, vol. 119,
pp. 19711-1982

ZHeckenlively, J. & Arden, G. (1991) pp. 400-404

2Rubin, M. & Walls, G. (1969) Fundamentals of Visual Sciengeringfield, 1l: Charles C. Thomas, pg
50

zFlitcroft, D. (1989) The interactions between chromaberration, defocus and stimulus chromaticity:...
Vision Res. vol. 29, no. 3, pp 349-360
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generated/transmitted along the nerve structures.

11.1.2.1.1 Polarization of radiation

In this work, the polarization of the incident opticatliation will be discussed in the conventional engineer
sense, the polarization of light is described by thengdocal direction associated with the electricdbifieector of
the radiation.

11.1.2.1.2 Polarization in morphology

When discussing the structure of neurons, virtually elrrpgy text illustrates the types of neurons using a
nomenclature developed by the early histologists. An egdadrsion of such an illustration is shownkigure
11.1.2-1 The histologist defined essentially three typeseofral structure based on how many structures
emanated from the cell body (alias cyton/parikarydt)us, they named the neurons monopolar, bipolar and
multipolar. Most authors caveat there figures by saltimese forms are not definitive, the geometry of eerv
covers a wide continuum in between these three bgses.t In fact, these designations have no functional
significance and lead to endless confusion when discudsingelated electronic phenomena. There are three
primary structures associated with the neuron. Inigued, the circle represents the nucleus or Soma, #uo& bl
rectangles indicate the active electronic devicesAtttiza, and the areas inside the dashed rectangl¢sare
reticulum or electrical conduits of the neuron. Reticidare usually separated into two classes, those assbcia
with the input structure of the neuron, and enclosed mitié neurites, and those associated with the output
structure and enclosed within the axon. Note the texumite is used to describe two types of input structure, the
dendrites and the podites. All neurons contain at teestActiva. All Activa have a minimum of three elécal
terminals. These terminals are best described atretgéc terminology as the emitter or input, the barse
common, and the collector or output terminals. Mosatthree terminals can usually be associated with the
Activa. Some of these additional terminals are assmt with capacitances. The combination of eaclvaatith
the other circuit elements supporting it, besides theitestand axon, are defined as tomexusof the neuron.
This conexus is entirely internal to the neuron arahlg observable by high magnification electron micops
(>50,000x) (A) shows a monopolar neuron with its threetrric terminals shown on the surface of the plasma
membrane as dark bars. Note the identical functiamg@rozation in (B) for the bipolar neuron. Clearlgwyh
close the nucleus is to the functional parts of theareigirrelevant. Whereas (A) and (B) show only tdendrite
of significant physical size due to arborization, $6dws the poditic or base terminal also being of dicarit

size. The result is an easily identifiable threediaal configuration related to the internal Activd) Ehows the
dendritic terminal further arborized. Neurites frequeatlyorize significantly, leading to thousands of input
connection¥.

Although there is only one nucleus in a given neurais,possible for there to be a great many Activa. sti)ws
a typical projection neuron, such as a ganglion celltainoimg three internal Activas. The sections betwee
Activas are called internodes, or axon segments, oe ayqgpropriately conduit segments. The reason is that
conduit segments exhibit terminals suggestive of both desdind axons.

24
Wassle & Boycott. Physiology Reviews, vol. 71, no. 2iAp891 pp. 447-480.
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The biologist also speaks of the neural cell as
“polarized,” meaning the signal is usually carried in
the direction defined as beginning at the dendrite
structure and ending at the pedicel (alias
bouton/knob/end foot) of the axon structure. This is
relatively trivial use of the word and it should not
cause any problem.

A. Monopolar

Dendrite

/o\j Axon

11.1.2.1.3 Potential and Polarization

The term polarization as used to describe an electropic Podite Podite

C_OndItIOH n biology is usually used to describe the C. Simple Multipolar ~ D. Multipolar, two dendrites
difference in voltage between the electrolyte on two

sides of a membrane making up the wall of a cell. The ,

N . . Dendrite \6\\ Internodes

inside of the cell is normally found to be at a negativ = )i\' ______ X X )

potential with respect to an external electrode near t
cell wall. The potential is typically 50 to 100
millivolts. This value is normally named the resting
potential.

E. Bipolar (with Nodes of Ranvier)

Figure 11.1.2-1 Correlation between the functional
and morphological neuron. The nuclei of the cells
are indicated by a circle. The Activa within each
cell are indicated by black rectangles. The other
circuit elements associated with the Activa and
completing the conexus or Node of Ranvier are

By associating the resting potential with the celllwal
instead of the internal electrolyte, many biologists

have considered this potential to be similar to ticallo
polarization of a distributed capacitor. Based on the

above notion of polarization, a cell wall becomes

depolarized when the negative voltage of the internal ,..ounded by a dashed line.

plasma of the cell is reduced. Conversely,

not shown. The reticulum are indicated by areas
(A), the simple
monopolar neuron. (B), the simple bipolar neuron.

a

hyperpolarization is taken to be an increase in this (C), the simplest multipolar neuron. (D)

negative voltage. This notion has delayed the advanggiinglar neuron with dual dendritic arborization.
of understanding in the area of neurology. In this (E), A projection neuron containing multiple
work, depolarization and hyperpolarization relate to activa located at Nodes of Ranvier.

the relevant plasmas and not to the cell wall.

Figure 11.1.2-2 shows the typical voltage profiles of the three majactional classes of neurons in vision. The
profiles focus on the axoplasm of a neuron. Therétis data in the literature on the potential of thediteplasm
and podaplasm. However, the voltages of these plasmassity deduced from the theory in this work. Some
care must be taken, in the case of photoreceptor sglse some of their plasmas are in close electcmatact

with the inter-photoreceptor cell-matrix, IPM, insted#dhe interneural matrix, INM). Both the photore@ept
and signal processing cells are electrotonic (they psogralog voltage waveforms). The projection neuroms a
phasic and generate action potentials in responseitpansignal greater than a specific DC potential.

The reference potential for these figures is the piatenf the interneural matrix, INM. In most castss
potential is significantly different from the circuit@ymd, 4 of the individual neuron. The circuit ground is
usually 10 mV more negative than the reference ground.inffiesic membrane potential,oY, is the potential of
the axoplasm in the absence of current flow througmt@brane. This is not the potential usually reported in
the literature. The commonly reported potential isrdsting axoplasm potential .V V. and \.¢ are
approximately equal only in the case of the projectiamares during the interpulse interval. During this interval
the voltage drop related to the current passing througbethwall is negligible. Under all other neurological
conditions, V. is less negative thancy. In frameA for the case of the photoreceptor cell,i¥ a state variable
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determined by the average illumination of the cell dredprecise state of its adaptation. For this cellisV

typically -45 mV relative to the interneural matrix. élrertical bar shows the instantaneous dynamic voltage
range of this cell to be approximately 35 mV. This rabpegins at the dark adapted set point of about -25 mV. In
these cells, an increase in light causes the outpigeto approach the intrinsic electrostenolytic paaénirhis

has traditionally been defined as hyperpolarizatiomefdell. The prefix hyper- is unwarranted in termsef t
functioning of the circuit.

The signal processing neurons operate at a differeont seminal voltages than the photoreceptor cells ag/sh

in frameB. In this case, the intrinsic electrostenolyticamiial is typically -154 mV relative to the INM.

However, the Activa is typically drawing current througle axolemma continuously. This results in a continuous
voltage drop across the power source. The resulting axopatential is typically near -70 mV and it can vary
instantaneously over a span of about 130 mV. Its maggttive potential is controlled by ¥ and its most positive
potential is controlled by M, Vesar iS the lowest output voltage achievable by the Aatitadle the collector
remains reverse biased. Note the overlap betweetlytteamic range of the photoreceptor cells and the signal
processing cells.

The literature is unclear as to whether bipolar @dtsept signals at their poditic terminals and are tbexef
biphasic in their output. For the following discussidmwill be assumed that only lateral cells can adhasrting
amplifiers. This assumption has no impact on the ¢vireory.

For photoreceptor signals applied to the non-inverting inpattypical lateral cell, the gain of the signal
processing cell is ~1.0 and the output at the axon of ¢imalsprocessing cell is nearly identical in voltageht® t
input signal from the axon of the photoreceptor cellweieer, in this case, the hyperpolarization in the
photoreceptor has resulted in a depolarization ( a reduictithe instantaneous voltage of the axoplasm relative
the INM) of the second cell relative to its restinggoial.

For a signal from a photoreceptor cell that is applithédnverting terminal of a lateral cell, the sitoatis
different. The synapse between the cells must Heechppropriate size to shift the average DC potentiddeof
signal while maintaining the voltage gain of the combion of the synapse and the inverting input circuitrat o
near 1.0. After this shifting and amplification, thetamtaneous output signal of the signal processing neuron is
nearly identical in shape to the input signal but it een inverted and its DC level has been shifted bytatid

mV. The dark adapted set point of the photoreceptorscalbw represented by a voltage near -140 mV in the
signal processing cell and a hyperpolarization in thegshogptor cell due to an increase in illumination result

a depolarization in the signal processing cell, i.e silgnal is driven toward the resting axoplasm potential.

If two photoreceptor cells are excited equally and thgitads are provided to opposite inputs of a lateral dedl, t
output level of the lateral cell remains essentiallghanged at its resting potential.
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Figure 11.1.2-2 Fundamental voltage regimes in visi ~ on. A, for a photoreceptor cell. B, for a signal
processing cell. C, for a signal projection cell.

FrameC illustrates the electrical profile of the third neutgpe, the projection neuron. The potentials applied to
the cell are essentially the same as those of algigncessing neuron. However, the cell is used in two
diametrically opposite operating modes.

For those projection neurons designed to accept mono pipagesignals (typically parasol ganglion cells
accepting luminance signals), the internal Activa iswadly biased at cutoff. In the absence of an inpyrtai, no
current flows through the internal Activa. The regtaxoplasm potential is equal to that of the electrostgao
process supporting that axon. For input signals belovhtiestiold voltage for action potential generation, the
projection neuron acts as a linear amplifier with angdiabout 1.0. The output terminal will display an output
waveform that is a copy of the instantaneous input fwave However, it will be at a DC value containedhin
the voltage range shown as -140 to -130 mV. Howevernfartisignals exceeding a fixed DC potential, the
circuit becomes unstable. It becomes a monopulsédatsciif the input signal exceeds the fixed threshold only
briefly. Otherwise, it becomes a continuous pulsdlasoi. When in the oscillatory mode, all of the gested
pulses are of the same amplitude. This amplitude is gioemnally by the voltage M- -Vsar- It is possible for a
measured waveform to exceed this maximum amplitude dependihg size of the capacitances used in the
oscillatory circuit. The voltage at -130 mV is labelsdfze threshold for impulse initiation to conform tagiice
in the literature. There is no threshold in the axola potential. This level is the equivalent voltagthoactual
response threshold voltage in the input circuit of th@geption neuron.

For those projection neurons designed to accept biphgsit signals (typically midget ganglion cells accepting
chrominance, or other bipolar signals), the inteAwlva is normally biased so as to oscillate contislp The
axoplasm potential is typically -140 mV during the internatileen pulses and the amplitude of the individual
pulses is as described above. The time interval batagjacent pulse peaks is a nearly linear function of the
instantaneous biphase voltage at the input terminalegptojection neuron.
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As developed elsewhere in this work, all Nodes of Raraiie also monopulse oscillators employing an Activa
circuit identical to those discussed above that respontbtmphase input signals. They are normally biased to
cutoff and only generate an action potential in resptma@ input signal exceeding the threshold voltage of its
input circuit.

Historically, it has been very difficult to measure tholtage of the dendritic or poditic plasmas. It hanbe
conventional to speak of the potential of the axoplastia potential of all of the plasma inside the cél. seen
above, this convention is misleading and untenable.

The intercellular material in any organism is usuaiesy good insulator compared to metals, xxX dbms per
square (no units are needed here). And cell walls ardysgery good insulators, except when disturbed.
Although the dielectric constants involved are smh#se walls are thin and relatively small numberdeaiteons
or ions can generate significant voltages.

Most of the biological literature, with its strong iéag toward chemistry, does not consider the transfeharge
along the surface of a membrane. It concentratésad®n the movement of ions perpendicular to the merabra
surface. Furthermore, most biological literature da#scansider the effect of individual electrons or ionsa
membrane, preferring to work in units of moles or gransi This will not be adequate here where, in théifig
case, we are examining the signal generated by avetyesimall number of photons (i. e. hundreds or lesken
limiting cases). In addition, the distinct possibilifyindividual ions traveling along the surface of a meamler
must not be ignored, especially in the case of theaethere distances can be extremely short (10’s obmsgr
Thus a potential difference of one millivolt betwebr external surfaces at the opposite ends of a onenmamg
structure generates an electrical field of vdlts per meter, a very significant field strength.

Juusola, et al. has recently provided a limited tabulatf@ome axoplasm and neurite potentials in general
agreement with the above discussion

11.1.2.2 Electrical fields

In the biological field, the vast majority of the aldexperimental work involved skeletal (alias
principal/projection) neurons used to communicate ovetively long distances. More recently, much efford ha
been applied to describing the actions of signal prouggalias local circuit or /inter-) neurons.

The skeletal neurons exhibit electrical pulses travalingg the axon structures. These pulses are usually
described in terms of “action potentials” in contriasthe resting potential. The “action potential” foundhe

giant Squid axon is found to have a peak amplitude of +95 niiliv&everal investigators have related this
voltage to an assumed -60 millivolts resting potentiattie axoplasm. Under this assumption, the axoplasm
would become positive with respect to the surrounding métriing the period of the action potential. As seen in
Figure 11.1.2-2(C) the axoplasm resting potential of projection neurom®isally -140 millivolts. Based on

this value of the resting potential, the axoplasm is @ejzald during the action pulse interval. However, tlere

no reversal of the potential across the axolemma.

Recent neurological literature has been concentratirthedendritic portion of the skeletal and signal pracgss
neurons. It recognizes that signaling may occur inrehog instead of a pulse mode. In this case, a sustained

#Juusola, M. French, A. Uusitalo, R. & Weckstrom, M. (198&rmation processing by graded-potential
transmission through tonically active synapER¢Svol. 19, pp 292-297, figure 4C
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potential different from the resting potential is ddsedi as a “electrotonic potential.” Smith indicatessth
electrotonic potentials (which are usually smalleamplitude than the potentials associated with actiompiats)
are usually small depolarizations of a nerve cell mamdrand are caused by essentially passive spread of
electrical current through the conducting fluids inside andide nerve cells and their extremitfes As indicated
above, many of the fluids involved in the signal procgsenvironment may not be highly “conducting” and
surface transport must also be considered viable. Fragudre fluids are liquid crystalline in nature and ionic
transport may not be possible. In this case, ele@ma hole transport may be the method of charge trenspo
through the medium.

Smith also notes that, especially in the retinagrihare very few if any voltage dependent sodium gatesryirés
Furthermore, the electrotonic signals recorded in itireas processing neurons of the retina are both pogjbusgy
and negative going with respect to the axoplasm restingtate This work proposes these electrotonic potestial
are actually small polarizations and depolarizationh®faxoplasm and not of the axolemma.

No report could be found in the literature where an itiyator actually measured both the absolute resting
potential of the axoplasm and the absolute amplitude ai¢tien potential in the same projection neuron with
respect to the surrounding fluid matrix.

11.1.2.3 Signal transfer between neurons

At the present state of the art in biophysics, thgestibf how signals are passed from the axon of oneondor
the dendrite of a second neuron is expanding. Until rigcéatimply the transfer of a signal by means ottien
the physical transport of ions was blasphemous. Tistesmde of so-called gap junctions (alias electricahgyas)
between neurons is now becoming accepted. Howevér ctiegacteristics are not completely defined. Smith
gives a brief description of a gap junction. Howeveg,dbncept will be broadened here to accept the case of
current sources as opposed to voltage controlled gatesh &wes define a crucial aspect of a gap junction, a
hydrophilic pore created at the junction of two hydrdphilinals, one in each cell. He speaks of this peiregb
controlled by a voltage. Most morphologists speak etigulum inside the axon. It appears the canal is a
conceptual version of the reticulum of morphology.

As developed in this work, Smith’s concept of two camalsnected by a pore can be replaced by two reticulum
connected by a three terminal Activa. The Activasists of the two neurolemma, the axolemma and the
neurolemma separated by a liquid crystal of hydronium. eléetrical transmission of the Activa is contrdllay

the potential between the axoplasm within the reticudmah the surrounding fluid. The potential of the
orthodromic neuroplasm is inconsequential as long asitore negative than the axoplasm and the surrounding
fluid. Under these conditions, a current is transfetoetie neuroplasm in response to the potential oftbe.a
The result is an all-electronic synapse. No othenthbals are required within the active region of theapge.

The all-electronic synapse is unidirectional becauskefequired bias potential between the neuroplasm a&nd th
surrounding fluid.

11.1.2.3.1 Cascaded Circuits

A problem of paramount importance in the visual systethat the circuits of the signal detection, signal
manipulation and signal projection stages (stages 1, 2 €3Jigectly coupled. This method of coupling is not
widely used in man-made electrical circuit designs foardety of reasons. The primary reason is the diffjcol
maintaining the signal in the center of the electnodtage passband of subsequent circuits. For morethrea
circuit stages, the stability of the circuit usually regsiprovision of an external feedback loop. Othervise,

2 Smith, C. (1989) Elements of molecular neurobiology. Bbdhn Wiley & Sons. page 257
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signal is usually truncated at either high or low sigaedls as it passes down the signal path.
11.1.2.4 Signal control

Smith describes the "membrane ‘gates’ or ‘channelsiinecting two neurons as dividable “into two categories
those which are controlled lojhemical molecules (ligandsand those which are controlled by transmembrane
voltage” He continues: “In fact this division is not ahs@ly clear cut . . . Nevertheless, for the purposes of
exposition, we shall consider each in turn.” Thesels/indicate clearly how tentative the science wakim
area as of 1989. In fact, the words gates and chaneelasynonyms in any context. A voltage may be used t
control some other entity which carries a signalabligand as used here is clearly a signal carrying emtitynot
a controller. If the signal were to be carried Bc#ons instead of ligands (or ions), then it is quetesonable to
think in terms of a current source as generating tHesg@ns as an alternative to a voltage controllhvese
electrons. The concept of an equivalent current sesir@evays available when one speaks of a voltage ated
current, i. e. Thevinen’s Theorem. In this cas#) ¥he high impedances involved and the presence of
‘channels’, a current source may be the more approprasieept.

11.1.2.5 Signal measurement (Reserved)

This section is provided to collect and summarize thaiteology and major concepts discussed in this and
previous chapters.

11.1.2.5.1 Voltage polarization (Reserved)

It is important to point out that the topography of syeapsssociated with the pedicels of photoreceptor aalls a
the topography of Nodes of Ranvier are essentiallyaates. The signal path is along the axis of a Node of
Ranvier and the electrostenolytic reservoirs surrotinthithe case of the pedicel, the electrostenobgservoir is
frequently in the center and the synapses are grouped atound

11.1.2.5.2 Signal isolation

Padgham & Saunders have illustrated the limited spatiaispreaised in establishing the circuit used in and ERG
or EEG’. They have also illustrated the difficulty in filteg the low level signals normally reported and the
resulting poor precision in the elements of the resyivaveforms.

Figure 11.1.2-3attempts to illustrate the importance of positioning rieturn electrode carefully while also
illustrating the topographical location of the sourceasfous waveforms. In the literature, the placeméttie
electrode is usually discussed in terms of finding an inowes, or “indifferent” neutral location, such as the
outside of the eye cup, the back surface of the RPE |etiact, these are very poor locations for obitegn
meaningful information. The return probe should be Etat the INM or IPM as close to the probed locatisn a
possible in order to avoid extraneous signals due to “canimpedances.” When two circuits share a common
impedance, the total signal measured by a probe locatetkigircuit will contain signals related to the other
circuit. This is an especially important considerafmhigh impedance circuits where capacitive coupling ds we
as resistive coupling can occur. The problem is endenggperiments in vision research where it is comboon
present waveforms clearly showing the summation ohalével analog (electrotonic) waveform measured at a
high impedance point corrupted by a pulse (action potemt@leform capacitively coupled into the test circuitry

#’Padgham, C. & Saunders, J. (1975) The Perception of Ligh€alodr London: G. Bell & Sons pp 32-36
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from a higher voltage, and lower impedance, signall_'l X
. © Outer segment of PC

source. In this case, the extraneous pulse wavefor o Innor segment of PG

frequently has a voltage higher than the desired o Pedicle of the PG 7

x  Pedicles of the INL neurons -

electrotonic waveform. This result is easily caltedh -
from the ratio of the impedances involved. -

- SOURCE of WAVEFORMS

A related problem endemic to vision research is that + Geee
Class D

of attempting to measure a waveform at a point of Olose £
extremely high impedance. Frequently, the CURRENT SINKS
bandwidth of the original signal is wider than that of (Sinks in INM
the test set used. The waveform obtained is therefofe oo
not that of the original signal but that of the tett s
This problem is further complicated by the “loading”
caused by the presence of the test set probe near o
contact with the signal node of interest. In thiseca
the resulting waveform may be a complex function o INM
the combination of the test set and the signal under
examination. This will be discussed in later sectiond
when it will be pointed out that an open gate field Surtace
effect transistor cannot normally be used in thertgst
of very high impedance circuits since the operation (
the transistor is not symmetrical with regard to rapid

n

Other (extraneous)
Signals

Actual Signal Return
Ideal Signal Return

=

voltage swings about a bias point (a resting potentiaBigure 11.1.2-3 ERG lead placement relative to the
In these situations, it is not adequate to purchase angipography of the retina. The source of the
utilize a standard amplifier circuit without different classes of waveforms are shown on the
demonstrating that the performance of the amplifier right in this cross-sectional view of the retina.
alone is well understood and not distorting the signathe |LM, OLM, Bruch’s membrane and the sclera
waveforms. are shown as insulators shunted by conductive
impedances on the left. The black dotindicates a
Baylor et. af® have obtained some very high quality signal probe in contact with the outer surface of
data while operating at the very low signal levels  the sclera. The return probe is shown connected
associated with the OS. By making current mode to an “indifferent location.” This probe location
measurements, which are inherently low impedancemakes the test set susceptible to extraneous
their data shows no discernable interference from  signal pickup.
higher level pulse waveforms generated in the nearby
Inner Nuclear Layer.

11.1.2.5.3 Isolation from stimulus generator

Figure 3 of Baylor, et. al. (1984) shows a particularlydiusis type of interference problén When acquiring
data at very low signal levels, it is generally natognizable. However, when summing multiple data trazes t
improve the signal-to-noise ratio of the overall dadkection, the synchronous noise associated witlstingulus

generation circuitry is enhanced rather than supprededtiis case, a nominally 15 Hz sinewave contaminates

the data.

»#Baylor, D. Lamb, T. & Yau, K. (1979bid
Baylor, D. Nunn, B. & Schnapf, J. (1984) The photocurranise and spectral sensitivity of rods of the
monkey Macaca fascicularigl. Physiol vol. 357, pp 575-607
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11.1.2.5.4 Decoupling

In electronic circuits, if the individual amplifier cirits are powered by a weak source, the source can beedodel
as a voltage source and an associated resistanceestiiieunder large signal conditions (see the following
paragraphs for definitions) is that the measured sigrnbb&/corrupted by a signal related to the power source.
The same situation occurs in the operation of the & power source, the metabolic supply system, wréailto
be “just adequate” under normal conditions. Under laigyasiconditions, a drift or transient is observed & th
measured signal which is directly relatable to the igadey of the metabolic system to provide an “absolutely
stable” power supply to the photodetection process. ditdlse of the eye, this large signal problem has three
ramifications:

1. The signal performance of an individual signal pathexihibit variable performance under
different input illumination levels, including exhibitinghéstory of previous illumination, due to
the marginal performance of the metabolic supply.

2. The signal performance of an individual signal pathendhibit variable performance based
on the input illumination applied to nearby signal patitsabse of the common impedance in the
metabolic supply. This is frequently labeled “cross-cagjlif the signals are of relatively high
frequency.

3. The signal performance of an individual signal pathwaity with its position in the retina
due to the combination of both of the above effects.

Adjacent signal path coupling is a critical factor in €ye. The decoupling is usually inadequate under
experimental conditions due to the application of largenihation signals. Because of geometric limitations of
the metabolic supply available, the performance oktleewill vary in many ways with respect to geometric
position in the retina.

11.1.2.5.5 Adaptation

Because of the relatively poor characteristics oftie¢abolic supply in the eye, the performance of tleecan
exhibit significant temporal changes over short intisrsased on the prior illumination history of the aye, the
eye illustrates significant fatigue effects. When étfesigue effects are combined with the decay charattsr
related to the photodetection process in the OS, #ftests are generally described under the term adaptation.
The eye exhibits significant sensitivity variationghatime after either an increase or a decreaseenage input
illumination. These changes vary considerably withtosin the retina. The actual circuit used to prowige
mechanism of adaptation is unique and based on the uniqugappyg of the photoreceptor cell. This topography
introduces a nonlinear mechanism into the colledtoictire of the first Activa found within the photorecapt
cell. This mechanism causes the circuit to exhibiery large change in amplification factor as an invéusetion
of the input stimulus to the circuit. The result is atpat that is essentially constant regardless of the input
amplitude. The details of this process are present8ddtion 12.5.3

11.1.2.6 Signal classification

Because of the dynamic range of the vision systers niecessary to carefully specify the signal levehdeipplied
to the eye, processed by the eye and/or measured éyaheThis is normal practice in the electronicklfighere
the circuits normally perform in a linear mode wheraBrsignals are applied to them--and in a nonlinear mode
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when large signals are applied to them. A conveniétarion in electronic circuits is to classify thgsals based
on their amplitude as a percentage of the supply voltdgage signals have amplitudes which are a significant
percentage of the supply voltages; whereas, small siglvedys have an amplitude that is below 10% of the
supply voltages.

In the case of vision, the signal circuits will b@si to exhibit an instantaneous maximum dynamic range of
about 100:1, two orders of magnitude. The scene contrast@pplkhe eye is normally less than 6:1 for natural
scenes and only approaches 20:1 as a maximum when viewtigifk on white paper. The average natural
scene contrast is about 2:1 on an RMS (root mean schasis)

The eye is normally exposed to low contrast, or seigilals, except under abnormal conditions.

Much psychophysical testing is done under abnormal conditiIn fact, much of this testing involves the
application of a large signal followed by a thresholdt tiss involves a combination of a large signal amdi
signal conditions and any analysis of the resulting ohatst account for the response of the system to bgtfals.
Because of the transient response associated witirgdl signals, it is frequently found that the small digna
threshold tests are a function of time from the appbioaor cessation of the large signal.

In the case of large signals, the photodetection pracebg eye exhibits a logarithmic response. This tfpe
response exhibits interesting properties which will beeldped below in later sections of this work.

11.1.2.6.1 “ON” and “OFF” in psychophysics

For those not initiated into the psychophysical comityuii brief word is needed about “on” and “off” signals.
These terms are not used in their literal sense. p§iehophysicist uses these terms to describe the miotudédt
a baseline or carrier irradiance level. An “on” sibar excursion merely increases incrementally tked to
irradiance. An “off” signal does not turn off the idiance. It merely reduces the irradiance level by tg roiff
the incremental value associated with the “on” sigiidiey then report activity resulting from these change
Thus, in a large signal situation, they will reportatfiresulting from an “off” signal which is actuallglated to
the establishment--or reestablishment--of a new;zevo, irradiance level.

11.1.2.7 Resonance

The term resonance must be carefully defined when disgugee eye. It is used differently in different disaigs
and in fact appears in different forms in different fimcal areas.

The molecular structures found in the eye and utilizegtiatodetection are found to be quantum-mechanically
resonant at wavelengths directly related to the wagghs of visible light. Mathematically, their opetatican be
described in terms of second order differential equations.

The overall photodetection/electron excitation progesformed by these structures does not involve a resonan
process. This quantum statistical process can be degéniberms of first order differential equations.

The basic analog signaling structures found in the eyedexhibit either physical or electronic resonarley
only exhibit resistive and one type of reactive (inkalbwn cases, capacitive) impedances. The responsessef
structures are described mathematically by first ord@rdntial equations. However, it is possible through
feedback of signals within the signaling structures taterelectrically resonant circuits. The performaofdhese
circuits must be defined utilizing second order differergglations.
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11.1.2.8 Bandwidth and risetime

11.1.2.8.1 Spatial versus temporal frequency response

Before proceeding, it is important to provi@eautionary note It is common in psychophysical,
and some electrophysical, experiments to attempt toureése spatial frequency response of
the eye utilizing temporally varying signals as a sulogtit Frequently, bar or checkerboard
patterns of variable pitch are caused to reverse itragiras a function of time. These
experiments must be extremely carefully designed and comfmgectlevant model if results are
to be obtained that can stand close scrutiny. Thisgause of two things; the complex
relationship between spatial features in the objectgpénd the temporal signals generated in the
eye/brainandthe determination of what is being measured in the enpat--the apparent
spatial response measured at the output of a differenciptifiem such as an amercine cell, can
exhibit a different signal depending on the temporal phasfitige chromatic input signals. If
the phasing is not carefully specified, confusion wiluleduring the analysis and evaluation of
the data.

11.1.2.8.2 Individual circuits

The description of the temporal performance of a siggaircuit can be relatively complex since it may beejuit
different under small signal and large signal conditiddsder large signal conditions, first order (i.e., non-
resonant) circuits exhibit a temporal response congistf one or more exponential response functions tepa st
input. The temporal response is usually described by fndne dime constant of these exponential waveforms.

The output waveform presented by a first order circuquige distorted relative to the input signal. Howeveis th
is not of technical significance here. The eye da#snake use of thehapeof the input illumination waveform as
a function of time. However, the effect is quite offgesented in experimental waveforms and the sourtésof t
distortion should be understood.

11.1.2.8.3 Types of temporal frequency filters in vision

The filtering topology and technology used in vision isnfeore sophisticated than recognized in the literature.
The typical animal vison system employs at least fmique types of temporal frequency filters. To fully
understand the effect of these filters, it is necggsanave some formal training in filter design. Tdoacepts of
poles and zeroes in filters is the key. The propeofiéise filters found in vision are unusual and only foimd
sophisticated man-made systems:

1. A high frequency pole that is a function of illumination—The quantum-mechanical photodetection/de-
excitation process creates a high frequency pole tlsghisitive to the illumination level.

2. A zero at zero frequency-The adaptation mechanism found in virtually all photepéar cells introduces a
zero in the frequency response of the visual systeraratfrequency.

3. A conventional high frequency poleMany circuits in the visual system exhibit an RC-tymghHrequency pole
due to the effect of circuit capacitance and the effectsistance of the circuit.

4. A pre-emphasis circuit-A circuit with a pole in both the numerator and the denator of the transfer
function that are at only slightly different frequenaias cause a narrow peak in the frequency response of the
overall circuit.
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5. A sampling induced pole that is a function of the magnitte of a bipolar signal amplitude-The encoding of
bipolar information by the midget ganglion cells introduiaespecial form of filtering that results in a high
frequency pole with a magnitude that is proportional tcsteal amplitude.

When a signal is passed through a cascaded series oflifiesnt types of filters, the results cannot becaoted
for using lumped constant filter theory. It is thistfdat makes it so difficult to interpret the paperdhie t
literature. Many authors have attempted to accourth®performance of the visual system using multi-stage
lumped constant filters. There are, in fact, no malgis lumped constant filters in the visual system ands$beof
a lumped constant filter as an analog of a dynamic fétenappropriate.

It has also been common in the literature to conghiebasic character of the visual passband a lowfitess
The presence of a zero in the system due to the adsptaéchanism makes this inappropriate. The simplest
representation of the actual visual system from thecfgedf the photoreceptor cell on is a bandpass filter &
low pass pole near 0.3 Hz and a high pass pole below 100 pn@ag on the illumination level).

The performance of these filters will be discussed iddadly in the following sections and chapters.

The unusual presence of the poles related to the P/Dgsreaggests an unusual methodology when discussing the
temporal frequency response of the visual system. $ireceest of the visual system associated with acatiom

vision exhibits fixed temporal parameters, it is temptmgeat the output of the P/D mechanism as the stimulus
for the electronic portion of the achromatic visugtem. This approach allows the electronic systebeto

described using lumped constant filter theory. In this@gugr, only the quantum-mechanical stimulus to the
electronic system, the A waveform defined below, ségaal with variable temporal parameters that are
proportional to the illumination. Although this stimulkeennot be measured directly, the Class B waveform
defined below can be measured. Under small and mediun signsient conditions, it is a good representation of
the actual Class A waveform.

11.1.2.8.3.1 A bandpass filter combined with pre-emphasis

An area leading to confusion in the visual scienceli@gthe combination of a pre-emphasis circuit with an
underlying bandpass circuit. This can lead to a circait éxhibits “peaking” at the high end of the overall
response. Some people look at just this peak in the respond speak of it as a bandpass filter while otheks loo
at the relatively flat lower frequency portion and diésit as a low pass filter. It should be pointed oat the
so-called bandpass portion is merely the peaked portibreaverall filter response. The pole at 0.3 Hz. presven
this overall filter from being described as a low pats.

11.1.2.8.3.2 The variable pass band of the P/D Equation

The P/D equation exhibits a low pass filter charadienghere the cutoff frequency is a function of thadiance.
This means that the frequency band of the informaiassed down the visual signal processing chain varies with
the irradiance level. At lower irradiances, the sigremdwidth is reduced. Details of this phenomenonbeill
found in Appendix A.

11.1.2.8.3.4 Combined variable cutoff low pass and pre-emphasizeahlol pass filters

When the generator function created by the P/D equetioombined with the following circuits that include a
pre-emphasis circuit, interesting results occur. Atitoadiances, the signal frequency spectrum is limitechby t
low frequency characteristic of the P/D equation; terall spectral response of the signal information asptea
be that of a low pass filter. If the irradiance ldgancreased, the limiting frequency response of tiedRjuation
rises and the signal frequency spectrum becomes widex siidpe of the overall frequency response is now
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controlled by the stage containing the pre-emphasisitir@he result is that the high frequency spectrum is
boosted relative to the low frequency spectrum. Thdtreg spectrum is frequently labeled a bandpass
characteristic because the investigators are notdédonis the low frequency region which is still presenttis
feature stresses the importance of maintaining clasea of the irradiance level on the retina wherkimg
spatial frequency measurements.

11.1.2.8.3.5 Combined variable cutoff low pass and simple high pdsiers

When the generator function created by the P/D equetioombined with the following circuits that include a
high pass circuit, even more interesting results ocbuthis case, it is possible for the P/D equatiolowat
irradiance to generate a signal that contains norrdtion in the pass band of the high pass circuit. As th
irradiance level rises, the cutoff frequency of the BfDation rises until it overlaps and exceeds the loweffcut
frequency of the high pass circuit. Signal informatiowmappears in the high pass circuit signal channel. This
process appears to be a major factor in the trandibom scotopic to photopic vision.

11.1.2.8.4 Scene information modulation by saccadic motion-TREMOR

As discussed above, the intrinsic animal visual syssdolind to information in the far field that is nmioving
relative to the line of fixation. This is a majamitation in the visual system. Without an evolutionfix for this
problem, it is doubtful that the higher animals would henvalved at all. To overcome this limitation, thigher
animals have introduced tremor as a mechanism of osulacle movement. Tremor, sometime referred to as
micro-saccades, consists of a low amplitude signalish@intinuously applied to those muscles except during
other larger saccades. Tremor has a nominal temfpecaiency of 50 Hz and a nominal amplitude of 30 arc
seconds (or 1.5 photoreceptor cell diameters). By matiadine of fixation continuously, all of the infornart

in the scene is modulated about this 50 Hz carrier. effhet is to move all of the information relatedhe scene
into the passband of the visual system, 0.3 Hz to amadriDO Hz. To recover this information, the visuatem
must synchronously demodulate the neural signals relatathinance and other signals (such as chrominance) at
a later point in the system.

A major advantage of introducing tremor is that the piggical spatial resolution of the visual system is not
limited to the pixel size of the detectors. Typicathan exhibits a limiting spatial resolution that is abegix
times better than that predicted by the size of thégpbceptors.

An important consequence of introducing tremor to oveectire limitations introduced by adaptation is the fact
that large areas of constant irradiance in the saghstill not be modulated by the tremor mechanisdpon
demodulation of the scene information, the brain still not have information available concerning the
luminance or chrominance of these areas. To compeefwahis fact, the brain employs a “paint program” t
compute the luminance and chrominance as part of theri&tion process. It uses the luminance and
chrominance values it receives from points along thiengter of a constant area, a contrast boundaryrtgpate
these values. This technique is also used to elimthatblindspot associated with the optic nerve usurpinggbart
the retinal area at its point of exit.

Failure to recognize the importance of tremor in igaaing system of vision has led to great experimental
difficulties in the laboratory.

The fine continuous tremor of the eye has a signifieffiect on the temporal frequency content of the dgjima

the neural system. If an edge is projected on thearetird the tremor causes a photoreceptor to continuoasky m
back and forth across this edge, the effect is to maglthatirradiance signal applied to the photoreceptoreat th
frequency of the tremor. Under this condition, the aignay or may not be passed by the photoreceptor
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depending on the irradiance level. Ifit is passed,
1. it may or may not be pre-emphasized by a pre-engphbiasuit.
2. it may or may not be delivered into a high passitichannel for further processing.

This process is a major contributor to the colorovistapability of the eye under dark adapted conditionthelf
intensity is adequate, a point source of colored lightheilrecognized without difficulty on a black field.

Tremor has recently been introduced into man-made tmeswsional sensor arrays to achieve the increasedlspat
performance offered by trenide

11.1.2.8.5 Cascaded Circuits

Because of the nonlinear performance of first ordeutis when used in signal processing, the mathematical
description of the bandwidth and rise time of the oVeieduit is difficult. The experimentalist usually wjlist
measure the output waveform as a function of the inpuniftation and describe the overall transfer function as
due to an “equivalent” single stage first order circuihistwill frequently leave artifacts in the output wavefo
unaccounted for.

These circuit characteristics will be developed moregietely in the following chapters.

11.1.2.9 Delay

The subject of delay, as used in vision research tigsually defined clearly. Many authors have tried terjpret

the delay times they measure in terms of the delaciaded with lumped constant electrical circuits alombey
have largely or completely ignored the idea of transgelidy due to the finite and relatively low velocity of
transmission of electrical signals over biologicahpatys. These velocities are frequently in the 10 rfesteond
range as opposed to the velocity in metallic circuitsictvis usually in the Edneter/second range. This

difference of 10indicates the effects of low transport velocity maesiconsidered in the calculation of the transport
delays found in biological circuits. In most cases,tthasport delay will predominate over lumped constant
circuit delays.

It is very easy in biological circuits to have a spart delay that is larger than six or seven stagesnvientional
(copper wired) lumped constant delay. An investigator shaluwbays evaluate all contributing factors to the
measured delays before beginning an analysis which assalhtkelays are due to lumped constant effects.

The definition of delay used in small signal and largeadigircuits is usually quite different. In small signal
circuits involving sinusoidal signals, it is usually etsgefine the delay in terms of the phase shift ohaseidal
signal measured at one location compared to the sanad siglasured at another location. This phase shift wil
usually be a function of the frequency. If the delayesmassociated with these delays is plotted, the delgypena
independent of frequency or it may contain an offsehfr@ro that is independent of frequency. If it does, thi
constant value is defined as a group delay. A group delespily related to a transport phenomenon, not a

%Landolt, O. & Mitros, A. (2001) Visual sensor with resadat enhancement by mechanical vibrations
Autonomous Robotsl. 11, pp 233-239

%iollet, S. & Franceschini, N. (1999) Visual servo systeased on a biologically-inspired scanning sensor
Sensor Fusion and Decentralized Control in Robotic Systeshdl Bellingham, Wa: SPIE pp 144-155
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lumped constant phenomenon. A frequency dependent portioneoflelay is usually related to a circuit
containing lumped constants. It is not possible to daségiine nature of a particular small signal delay without
taking measurements at several frequencies.

In large signal circuits, such as generally found in theal system, the delay is usually related to the time
between the occurrence of some feature of a wavedbtwio different places in the overall circuit. 1&th
waveform is sufficiently accurately reproduced as tomaftor this measurement, the type of delay involved is
invariably of the group delay type, i.e., all frequenamponents of the waveform are delayed by an equal time
interval, and group delay is a transport delay phenomenstaa-tumped circuit delay phenomena.

11.1.2.9.1 Transport delay as a tradeoff

It appears and it will be assumed that all of the ndeeals related to vision within the retina are unmyegd.

As the axons of the ganglion cells exit the eye, thay become myelinated after reaching the lamina i#to
Prince did not further describe this feature. Howetés,probable that the myelination extends to theneation

of the optic nerves to the midbrain. Myelination restuthe shunt capacitance of the axon and thereby sesrea
the propagation velocity (or transport velocity) of tignal. It is interesting that in the retina whdigances are
short, lower transport velocity has been accepteddardo achieve increased component packing density. The
resultant higher transport delay, that varies withtiooain the retina, is an integral part of the olledasign.

11.1.2.10 Feedback

Feedback involves the reinforcement of an input sigpal portion of the output from any amplifying device. The
reinforcement can be positive or negative, or at@rase angle in between. It can also be internatterreal
(involving a signal path external to the basic circult).complex signaling systems, feedback can occur in a
variety of scenarios--some not too obvious. Inreuti built from discrete components, it is usually e@ssee the
external (extrinsic) feedback loops around the major @eiements. It is sometimes more difficult to recegni
feedback due to common elements shared between tweediffaurrent paths. This type of intrinsic feedback
usually occurs where impedances are placed in the comasendad of man-made and biological transistor
circuits. In fact, this type of intrinsic feedbaclpi®sent in every transistor because of the inhenepe¢dance
associated with the base terminal of the device.it§dius, virtually every active circuit involves intel

feedback. The importance of this feedback is only demat degree. In most man-made transistor devices, th
internal feedback due to the base impedangcés only important at high radio frequencies and above.

Typical circuits employing internal negative feedbacktheelateral cells. Typical circuits employing intdrna

positive feedback are the ganglion cells and the Nodeafier. There are no clear instances of exterrsitip®
or external negative feedback in the biological ciroofitgision.

11.1.2.11 Charge transport

Electrical charge transport is accomplished quite diftéyém different forms of matterTable 11.1.11gives a
brief summary of the situation:

Table 11.1.11

%2 Prince, J. (1956) Comparative Anatomy of the Eye. SpaltiyfiL: Charles C. Thomas Pg. 43
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Charge carriers in matter

Particle Metal Solid Crystal Liquid Crystal  Liquid
electron XX XX XX

negative ion XX
positive ion XX

hole XX XX

*The designation semiconductor implies a difference incortluctivity with direction through the material.
Very briefly, charge is transported exclusively by tii@/ement of free electrons in metallic materials.

In the case of liquids, the situation was found to ergift, and more complicated, long ago. In dilute saistio
not involving a semipermeable membrane or differgoesyof electrodes, the charge is transported by thegalhysi
diffusion of both positive and negative ions through tlate under the influence of the externally applied electri
field. Depending on the mobility of the various ionsggre, one ion may be the dominant current carriére T
current can then be described in terms of that ionadjgee; i. e., the current can be described as n-typisi
carried primarily by the negative ions and p-type if iearprimarily by the positive ions.

If the two electrodes are different, there will beimternally generated electric potential due to the wffee in
potential of the half-cells associated with eachtebtee and the electrolyte. The charge will still beried by both
positive and negative ions, and one type may dominab@®.

In discussing a semipermeable membrane, a distinctionbausade between a membrane that is semipermeable
to different size or chemical class of particles (lopthilic, hydrophobic, etc.) and one that is semiperneeibl
electronic charges, i. e., a semiconductor.

If there is a membrane separating the solution intodwambers that is semipermeable based on partiel®isiz
chemical class and some of the particles are iorse thill be a partial separation of ions and a regyltion-
uniform ion density; this will create an electrigaitential generated by the membrane/solution systemchwhay
support or oppose the potential due to the electrode HEf-Gehe resulting ion current may become considerably
more complicated. The mobility of the various ionsspre can vary between the two bulk electrolytes aad th
interior of the membrane. It is even possible t@dbs the dominant charge carrier as a function of ¢éigeon
between the electrodes. The biochemistry of theamsuand vision has traditionally assumed this type afgsh
transport through biological membranes.

A fundamental biologically based membrane is a bilajighospholipids that is not semipermeable to ions or
large particles. It contains a hydrophobic core hdfthembrane is electrically asymmetrical due towelayers
of the bilayer being different, it is normally semipmrable to electrical charges and is therefore atrielic
semiconductor.

For the two semiconductor states associated with #iallic state and the liquid state, the situation is quite
different. In these cases, as in the metallic chgeatoms of the material are not free to move utideeffect of
potential fields, but there are still two types of deatransport. One involves the motion of electrbmsugh the
conduction band of the crystalline material. The iotheolves the apparent motion of a positive chargeugh
the valence band of the crystalline material follogvthe loss of an electron from the valence bandeapositive
electrode. This motion of an apparent positive chadrgaigh a crystal lattice in the absence of any atonaton
is described as a “hole current.”
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Notice in the above case for a liquid crystal, ionetenial must be present but it cannot move sincedcled

into a lattice. The current is due to hole movemeat physical ion movement. This effect has beennsktely
explored and evaluated in the metal semiconductors.leéssvell known in the liquid semiconductors. However,
it can be easily demonstrated in liquid crystals. Thobihty of the electrons and holes can be quite differe
resulting in a dominant charge carrier in a given regiteg describable as of the n-type due to predominantly
electron movement or p-type due to predominantly holeemewnt. The mobility of these charge carriers is als
typically much greater than that of the mobility afisoin equivalent but less concentrated solutidrtss
guantum-mechanical charge transfer mechanism is the mechanibat actually dominates in the biochemistry
of neurons and vision.

11.1.2.12 Reversible Thermodynamics, the non-dissipative resist

It is not surprising that the reversible nature ofttlemodynamic processes used in vision has been okedoo
previously. The field of electrolytic chemistry hdways been an obscure one, similar to electricalnpéesin
physics and electronics. However, it is a critigaldf that forms the foundation of the neural communiceti
system in the animal. This subject will be exploredenfally in the Appendices. The critical fact that mist
recognized at the most basic level is that in thentbdynamic equations of an electrolytic system, tiseeestrong
tendency to associate the resistive component agsdeiéth the flow of current with a dissipative resistdhis is
not required! The resistive component can be represented by etnafytic equation relating to the change in
state of various atoms in the electrolyte (as whHerging a battery). Thus, equation (2-169) of Schwartz in
Adelmari® need not be interpreted as he does:

If the reciprocals of the integral conductance, thistasce, to each ion respectively are denoted
as

l/g=r= dx/Puc;i=a,k,

Instead, define the unintegrated term for what it isgx@gyonential function related to the changing of thegdar
state of atoms in the electrolytic system. An @etresponsible for this exponential function has aeneim
electronics. It is a diode. It does not exhibit astant resistance at any current level. In eledioslythis diode
does not dissipate any power at any current or potdew@ll It is indicative of an underlying process of
electrolysis. It can be, and is in a neurologicdirsgt a thermodynamically reversible process.

The underlying importance of this situation cannot be tstated. In biological membrane models throughout
history, if each battery and variable resistor ineseis replaced by a battery and non-dissipative dioderiiles, the
concept conveyed is much more accurdtkere is no longer a need to find a mechanism thahangesthe
variable resistor.

Because of this unique characteristic of the non-dissgetsistive component in electrolytics, it is imiamt to
distinguish this element from its conventional dissiygtiousinespeciallyin electro-physics and electro-
physiology. The conventional resistor is closely allied to thttdr R or r in conventional metallic circuit
electronics, where irreversible thermodynamiceived. Another symbol needs to be found to clearly
differentiate the non-dissipative resistor, utilizinga®sible thermodynamical principles. The clear choizild
be to use the Cyrillic letter for the yau sound, This code is now readily available in desk top publighwithin
the Word Perfect CyrillicA font by typing small a. istalso available in the Microsoft Cyrillic fong on 1ISO

# Schwartz, T. The Thermodynamic Foundations of Menm#Rimysiology. in Adelman, W. jr. (1971)
Biophysics and Physiology of Excitable Membranes. Man Nostrand Reinhold
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Since the diode does not exhibit a resistive compoihanis independent of the current passing through it, it
becomes difficult to define a resistive equivalent tolihe normal technique under small signal conditions is
define the differential resistancey/ | as the dynamic resistance, R. In the electrolyteversible) case, V/ |
= . Under large signal conditions, the normal practide gefine (V-\J/I-1,) as . The location Y,l, is entirely
arbitrary but is usually taken as 0,0.

11.1.2.13 Inhibition versus differencing

The term inhibition occurs frequently in the biologititdrature of vision. The discussions are normally
conceptual in nature. At the conceptual level, and pdatily in behavioral testing, it is generally used tocdegs
a putative throttling of the signal in one signal chafoyea signal in a different channel, frequently in joorction
with a horizontal cell or an amercine cell. lingportant to review the mathematical foundations appatgitio
the interaction of two signals; in simple situatios involving a feedback loop containing a time delag, th
options are a multiplication of two signals or a summohtyvo signals (which includes the concept of
differencing). When electrophysiological tests arequanéd onin-vivo retinas, particularly involving
spectrographic tests with more than one chromophosenrél excited, it is found that these so-called intabgi
of one signal by another actually involve the subioacbf one signal from another (a truly antagonisticadion),
either to obtain hue information in the chromatgnsiling channels or spatial size information in thengeoic
channels. The result is a situation where either igjgutal can be described as inhibiting the other (whigtlies
a product relationship); however, the actual situatidghas a change in either input signal will affect tlpat
signal linearly (which implies a summing relationshifr).general, the term inhibition should be viewed with
suspicion when found in the visual science literatur@ his work has not found a single incidence in thegs®c
of animal vision where a signal is actually multipligdabsecond signal so as to throttle, or inhibit, atiginal
signal.

11.1.2.14 Use of the term “Neural Networks”

While the use of an expression such as neural netwagrkitis appropriate to the study of both the architecture of
the neural system and the circuitry internal to a emgfrthe central nervous system, it has not been used
extensively in these venues. Instead, the title newgtaork has been usurped by the high performance
computational community. It was initially defined coptaally as involving a highly parallel set of nonlinear
equations as thought to be found in a complex biologicalaheetwork. While this label was originally used to
describe a class of networks ostensibly based omeeshl networks of the biological sphere; in fact, érety
introducing a different class of nonlinear equationse fibnlinear character of these equations is not faurigei
biological sphere.

In the context of high performance computing, Jones &gBten have recently defined a neural netwbrkA
neural network is a set of nonlinear equations that grediput variables (Y’s) from input variables (X’s)an
flexible way using linear combinations of S-shaped fumgi” Such networks were contrasted with the more
conventional linear set of quadratic polynomials wtsaffer from two problems. They lack the ability teat
high curvatures verging on discontinuities, they do net tneultiple maximums or minimums well, and they
inevitably lead to expressions that go to infinityleEmge values of the X'’s.

In the biological sphere, neural networks associated iwdividual engines of the CNS appear to be highly

*Jones, B. & Creighton, L. (2003) Using neural networks tmleh response surface designs Scientific
Computing & Instrumentation, April pg 28-31
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complex Boolean circuits. A simple biological neuraMoek may accept hundreds of input signals and generate
an equally high number of output signals. Some of the isignals may be considered as acting simultaneously as
input signals and as control signals within the ovdsafllean circuit. The individual operators within such
networks appear to consist of simple logical elemeitsese provide AND, OR, NOT AND (NAND), NOT OR
(NOR), limiting and other simple conversion functiorifese simple functions that can be assembled in a wide
variety of ways to provide both signal processing andt¢bom memory in a fundamentally analog signal
environment. The environment of a specific engineaies in a self clocking mode due largely to the time
constants of the underlying neurons and the circuit tggaldopted to exploit those neurons.

11.1.3 Methods and capabilities of available tools

11.1.3.1 Traffic analysis as a major adjunct to anatomy

When dealing with the peripheral neural system, anat@myprovide a nearly complete mapping of a neural
system. However, it does not provide adequate informatiohe detail level or in areas of very complexustrc
paths. Traffic analysis, using the term from militarelligence, is widely used at an elementary level by
physiologists to learn more about the detailed circugr@ia of a given neural system. In its basic fornffitra
analysis involves observing the volume of signalsvargi at a given location by various means as a funeifon
time and attempting to correlate that volume with thiemial sources of such signals. Once the coarse
relationships between the data arriving at a locatiwh its sources are determined more sophisticated methiods
be used to learn more about the traffic. These stepb/e a more careful analysis of the originationdgiand
arrival time of the signals to determine if any imtediate relays may have been involved. If a relayfesred,

the analysis is expanded to locate the path(s) involiagelay.

Once the signal traffic has been identified with resfesource, destination and timing, it is possiblettack
individual messages in an attempt to determine theirtst@iand information content. Determining their
information content generally involves determining dreguage in which they are encoded. Here, the language
may refer to the machine language of the transmissistem, the human language of the sender, and any
encryption method used to disguise the human language textn é&sample there are multiple types of “Morse
Code” used to transmit messages by teletype and multjps tf computer code used to transmit computer data.
There are also multiple human languages and an infinitetyaf encryption schemes.

At the current time, the traffic analyses used in stglyhe physiology of the central nervous system rentaiite
simple. Historically, the most common technique ltesen to insert a probe into neural tissue and then move
source of stimulation within the object field assumebd@ssociated with that tissue until an electricgpanse

was observed. This technique has produced a large voludagaoivith respect to the visual systems of many
animals. However, this basic technique does not promifdemation about the path between the stimulus and the
observed signal unless multiple probes are used. Multipeghrave only been introduced during the last ten
years and the technique remains cumbersome and laeosive. Most of the data collected has not included the
transit time of the signals from the source to thé@rocation.

Recently, a series of non-intrusive techniques havesapgéMRI, fMRI, PET, magnetic VEP, etc.) that have
offered a more comprehensive and less labor intetrgiffec analysis capability. Except in the case @&f th
magnetic visually evoked potential ( magnetic VEP), theseniques have not provided information concerning
the transit time of the signals.

Where the visual signal paths have been determinedksatba the information content of the signals haenbe
successful where ever the information exhibits a sirgpégial relationship to the stimulus in object space.
However, as the degree of spatial coherence of thalsigth respect to the stimulus decreases, the ability
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interpret the signals is reduced. At the current timem mmas not determined the nature of the “machine language
used in the neural system to convey abstract (nonadigatoherent) information. Determining the machine
language used in the central nervous system is probabhettt great frontier in vision (and general neural)
research.

11.1.3.2 Spatial and temporal resolution of available tools

Churchland & Sejnowski have provided a useful summary ofplagal and temporal resolution previously
achieved using a range of technigtieFigure 11.1.3-1extends their figure to differentiate between synapse
investigation at the morphological/cytological levetlaguch investigations at the molecular
chemistry/crystallography level. The ranges are reamhto indicate theoretical limits. The inclusidrelectron
microscopy opens a vast area not considered by ChuccBl&ejnowski. It allows the definitive description of
the synapse and the electrostenolytic mechanisnus@tto understanding the neural system.

%Churchland, P. & Sejnowski, T. (1988) Perspectives on degmituroscienceSciencevol. 242, pp 741-
745
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Figure 11.1.3-1 The spatial and temporal resolution
Modified from Churchland & Sejnowski, 1988.

range available with current techniques.

11.1.4 Architecture of the neural system

The convergence of the work of many investigatorsiegsin to generate confusion in the labels used for many
functional structures within the neural system relateddion. It is important to resolve some of thdgterences
to avoid additional confusion.

Recent editions of widely used college level texts hagsqumted introductory level material on the architeatfire
both the overall neural system and the individual neurdiese works concentrate on the morphology of the
neural system and overlook the physiology of that systéfile adequate in many ways for the study of simple
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animals Arthropodaand lowerMolluscg), these materials do not illustrate the actual aechite of the overall
system as found in the higher animals (higlletfluscaandChordatg.

In the higher animals, the neural system is frequelidigussed in terms of a number of operational spheres or
modes. Figure 11.1.4-1provides a simple description of the names of theseaplaad their primary function.

The
BRAIN

CENTRAL NERVOUS SYSTEM
PERIPHERAL NERVOUS SYSTEM

SOMATIC SYSTEM AUTONOMOUS SYSTEM SENSORY SYSTEM

(Conscious Control) (Automatic control) (Multiple Modalities)

(Voluntary muscles) (Self Governing)

SYMPATHETIC SYSTEM PARASYMPATHETIC SYS.
(Responds to External Regulates Normal Functions
Stresses) Between Periods of Stress

Figure 11.1.4-1The spheres of operation in the high  er neural systems.

Many texts overlook the sensory systems in theirchdiscussion. It is quickly seen that vision does rahto

this figure easily. The oculomotor muscles clearly afgetunder both the somatic and autonomous categories,
virtually simultaneously. The larger saccades can $tggimted by volition (conscious control) or due to aarral
(autonomous operation due to an external stress). Miorades and tremor are primarily autonomous but do not
involve an external stress. Therefore, they woulddseribed as parasympathetic in character.

Torrey has provided a collage of simple neuro/musculaemsgsthat encompasses the simplest neurosensory cell
path up through relatively complex reflex &fcsThese arcs involve sensory and motor cells interected by a
signal processing matrix and what is labeled an assmtiaguron. However, there is no discussion of any
cognitive element or central nervous system. Hea@isits any discussion of analog versus pulse signaling over
these circuits. Shepherd has presented a similar caltaaysingle cell level where he speaks of intrineid a
projection neuror’§ However, the projection neurons are characterigdthling a high overall length to nucleus

*Feduccia, A. & McCrady, E. (1991) Torrey's MorphogenesihefVertebrates,"sed. NY: John Wiley &
Sons, pg. 406
$’'Shepherd, G. (1994) Neurobiology? 2d. NY: Oxford Press, pg. 64
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diameter ratio where the length is always less thamtillimeters. Similarly, there is no discussioraofalog
versus pulse signaling over these neurons.

When approached from the signaling aspect of physiologyaithitecture of the neural system appears quite
different. Circuits (E) and (F) of the Torrey figureeanly the low level circuits of a much more complegray
architecture and the so-called projection neurons gblgtrd are only the individual simple analog neurons of the
detection and signal processing stages of the neurairsysikis work defines projection neurons quite differently
from Shepherd. This definition is more aligned with tisage by those studying the central nervous system
specifically.

A grand architecture of the complete neural system easubdivided into a number of levels based on their
functional characteristics. These levels includelmadefined by functional names:

A primitive neurosensory cell

Sensory neural cells

Local signal processing neurons

Local signal projection neurons (employing analog siggaver distances of less than 2 mm.)
Distant signal projection neurons (employing pulse $iggaver distances greater than 2 mm.)
Motor effector neurons that interface with musissue

Glandular effector neurons that interface with etecy tissue

ok whEO

The primitive neurosensory cell was described by Torteis the type of cell that is seen in the mdsteentary
animals where excitation of the sensory cell willsathe animal to contract a nearby muscle and tury faoma
the stimulus. The detailed signaling physiology of thedls s not well understood.

The above types of cells can be interconnected iida variety of ways. These include the simple locti¢xearc,
the more complex arcs associated with the knee-jerk hued autonomous responses that do not involve the
central nervous system. One can build a hierarclkyaf more complex reflex arcs. Each of these arcesepts
a more complex expression of a response to one or fondis These responses can all be described in theory
using boolean algebra. They are in general reproducillela not involve time delays that are variable (except
with respect to the temperature of the animal). Heweat a certain point, the complexity of these aegsins to
involve cognitive processes. At this level, the resgoof the animal is no longer rigidly reproducible aredtiine
of response may involve significant variation. Thasethe rudimentary signs of intelligence.

11.1.4.1 The basic neural unit

The morphologist invariably insists that the neuranthee minimal biological cell must be considered the
fundamental neural unit. However, they have not bbebnta differentiate the minimal biological cell fratime
minimal biological neuron. On the other hand, Shephesiheld quite recently that the synapse is the
fundamental building block of the neural systénThese two views are quite far apart. Furthermois,quite
clear that the synapse is a very complex functionatsire.

The problem here is to differentiate the neuron froheiocells and to describe the feature that makesein®n
different. There is one fundamental feature that difféates all neurons from all other cells. Theralse a
secondary feature that is quite prominent. Both ofetfiegtures are only discernible using the electronasetpe
at magnifications of over x100,000. Each neuron contairesawe electrolytic semiconductor device that can

¥Shepherd, GEd. (1998) The Synaptic Organization of the Brain. NY: @dfdniversity Press pg 3
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provide electrical signal amplification. It is called Activa. The secondary feature is the presence diptall
interior plasma spaces that are isolated from eaadr bthmembranes that are in close proximity in adtleae
area. The Activa is found in this area of very cld®e very structured, proximity.

When examining the internal structure of a neural cellipared to a non-neural cell, it becomes quite cledr th
the neural structure is an overlay. All of the norglaments of a cell are found in a neuron. Howeberetare
additional elements not found in the non-neural cellisThakes it quite clear that the portion of the neumon
common with non-neural cells provides the housekeepingawvath capabilities of the cell. It is the Activacan
the arrangement of the isolated plasmas that condgtiteteniquely neural elements of the neuron It will e
that multiple copies of these features may be foundsingle neuron. The photoreceptor cell is a particularly
complicated exampleChapter 12). On the other hand, the projection neuron conngetisensor or a muscle to
the CNS is a particularly simple example showing consifier@plication of the basic neural structugdépter
14).

Using the projection neuron as an example quickly showshkaynapse is not a basic unit of the neural system
It is only a particular configuration of the basic néazhitecture that is shared with all of the NodeRanhvier

and the internal amplifiers found within the soma. iirty, looking closely at the projection neuron shatat

the neuron itself is not the basic unit. It contaneplicated structure centered on the Activa.

The basic unit of a neuron, that separates it from any non-neural célk ective electrolytic
semiconductor device named an Activa that is formed in conjunction vétiea ef isolated
plasmas within their individual conduits. The Activa need not occur vathiguron. It is also
found connecting the plasma conduits of two adjacent neurons. In this situaisatheitmajor
component of the synapse.

11.1.4.2 A hierarchy of the neural system architecture

As discussed above, the neural system of all animdissigined as a hierarchy. The complexity of this habrar
is determined by the evolutionary development of thenahand its needsFigure 11.1.4-2(A)illustrates this
architecture with respect to ever more complex refleg.aNote that it is only at the lowest level thagignal is
generated by a sensor and travels in only one dire@rmh generally to a node before arriving at an actuator
mechanism (whether muscular or secretory). All higbesl paths are shown as bidirectional. They agtuall
involve two distinct paths, an initial afferent patlpgoing arrows labeled s) and a subsequent efferent path
(downgoing arrows labeled m). Note also that all nedesive signals from and transmit signals to at heast
locations. It is the paths leading to the higher néldasprovide the capability of coordinated movement and
eventually cognition. In this context, frame (D) igfure 17-1 in Torrey can be considered as illustrating the
lowest level reflex arc. There is an afferent nawand a efferent neuron between the sensory cellhend t
responding cell. His frame (E) introduce cross-couplingidsen individual paths and corresponds to the next
higher level reflex arc shown Figure 11.1.4-2(B) His final frame, (F), introduces the concept obarociation
neuron between two nodes. Although not stated, the assmngain be made that this neuron was processing
analog signals. As indicated above, this type of neigrbmited in length to only a fraction of a millirrest

Note the symbology used in the figure. The nuclei inditély the black dots within the soma
play no functional role in the neural system. Theyiavolved in the support of the signaling
function and the health of the cell. The Activadigated by the solid arrow within the soma, is
the active and primary element within each neurdfithout at least one Activa, the cell is not,
and cannot function as, a neuran
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Up to this level of complexity, all signaling employs Exgawaveforms. This type of signaling becomes energy
intensive for lengths greater than a fraction of Himméters and an alternate, albeit more complex, syste
needed. To meet this need, pulse signaling is introduceagrized by the characteristic action potential).
Introduction of this signaling mode requires replacing thgls association neuron by a projection newst@ye
consisting of a signal encoder neuron (typically, thegan cell of the nervous system), a signal decoder meuro
(typically, the stellate cell of the CNS) and frequestbnal regeneration mechanisms between the prewimus t
neuron types (the Nodes of Ranvier). As a resultefritroduction of this signal transmission technique and
stage, it is useful to extend the concepts in Torregdimude those ofigure 11.1.4-2(C) The shaded area
encloses the signal projection stage and involves pigisalgyg. Pulses are actually found from the output of the
Activas within ganglion cells to the input of the Aas/within the stellate cells (the region of darkerdaing). To
the left of the projection stage is the signal proogsstage associated with the sensory neurons. Tagthtds

the signal processing stage associated with the efieetoions.

Simple signal projection neurons are also limited igilerio about 2mm. Beyond this length, pulse signal
regeneration is required to maintain pulse signal fidelNgdes of Ranvier are introduced near this spacing all
along the axons of signal projection neurons. ThesedNadenot shown at the scale of this drawing.

Dowling has presented a conceptual drawing similar taéheorks in these figur& However, the details differ
from those shown here.

Dowling, J. (1992) Neurons and Networks. Cambridge, MA: barWniversity Press pg 309
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When employed in vision, many of the lower level amghe left of the above figure, up to the level &f th
interface of the optic nerve with the midbrain, anédirectional. The hierearchy of lower level anadwgs
associated with vision are combined and representdtehydural layers of the retina. They representirab
detection and the initial signal manipulation stagessibn.

Figure 11.1.4-3presents the visual system expressed in a more geogfal/el block diagram form compatible
with the rest of the neural system. The stageseofidual system are shown as defined below. The figisce
shows the path of the two servomechanism subsystesosiated with the visual system. The first involadsop
that turns at the midbrain and is labeled a reflexRAg,J. The second is a loop that turns at the cortex and is
also labeled a reflex arc (RA Whereas the first loop is essentially one comfgep serving the muscles
associated with the multiple axes of the eye, the skisoa broader designation for all high level reflex arcs
involving the cortex. These latter high level arcsegafly involve the cerebellum. As a result of trami some
reflex arcs can be instituted via the cerebrum. Howeis those associated with the cerebellum that ar
genetically “prewired.”
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Figure 11.1.4-3 Top level block diagram of the neur  al system focused on the visual subsystem. The
stages defined in the text are shown. The top leve | reflex arcs are designated RA ,for those turned
in the midbrain and RA . for those turned in the cortex. The role of the mi  dbrain as a “gatekeeper”
is emphasized. The parallel roles of the cerebellum and cerebrum are shown. Some reflexes
involving the cerebellum are highly autonomous and can not be controlled by the midbrain as
suggested by the dotted line. The signals controll ing the oculomotor subsystem are a complex
mixture of autonomous and sympathetic signals.

Being at the top of the reflex pyramid, all of the highel reflex arcs involving the cortex are able to oariarge
numbers of muscles simultaneously. This allows thmahio close its eyes, turn its head, and crouch
simultaneously.

The nature of the signals are described crypticallp@bbttom of each stage. In all cases, signal deteatid
signal manipulation is performed in analog mode. Soms distance signal projection is performed in analog
mode but statistically speaking, pulse signaling is the pregorhform of signal projection. The arrows at the
lower left represent the various nerves proceedingetarthscles and glands of the body.

In this figure, signals can originate in the cortex bame cognition. These signals can not be easily edsdc
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with a reflex although they may be reflexive, evenradtéong period of time. They are basically sympathet
at will, signals.

The efferent oculomotor signals are a complex mixtusautdnomous and sympathetic signals where the
autonomous signals are also a temporally complex mixtureflekive and genetically programmed signals.

Stage lencompasses the signal detection process subsequemirt@atiing of light onto the retina. This stage
will end with the presentation of the signals at théigeds of the photoreceptor cells.

A stage Ocan be defined if desired to encompass the physiologtais of vision. This will
allow the stages defined here to remain generally cobi@atith the two and three stage models
currently found in the color vision literature.

Stage 2consists of the signal processing and manipulationethaut between the pedicels and the input terminals
of the Activas within the ganglion celtd the retina. Being a functional element in thgnal processing stage,

the synapses associated with the pedicels will be deresi part of Stage 2. Similarly, the neurites of thegliam

cells are also key players in the signal processingagfes2.

Stage 3encompasses the signal projection circuits of the Miiséem. The signal projection function is highly
developed and easily characterizedCimordata It is used wherever it is necessary to transmitalesignals over
significant distances (typically a millimeter or mord)his includes both the efferent and afferent siga#ths of
the peripheral nervous system (PNS) and the paths wtfibibrain, or central nervous system, (CNS).

Within the visual system, the projection function isdisoutinely. It is used to transmit signals over thigco
nerve to both the LGN and the pretectum. It also usédibhsmit signals from the LGN to area 17 of theeport
and to transmit signals from the pretectum to areat®eofortex. Within the cortex, projection neuronstesed
to interconnect the different feature extraction engjened logic units of the brain with the initial mogsystem
command generation centers.

In the nominal case, the projection function extenasfthe input terminal of the Activa withieach ganglion

cell to the output pedicel of each stellate cell witthia brain that receives enervation from a neurdgh@bptic
nerve. Note: the dendritic structure of the gangliohiséboked upon as part of the signal manipulation function
of stage 2 and not as part of the signal projection functiostafje 3 Such a division highlights the role of
ganglion and stellate cells as transition devices letw@alog and binary (pulse) signaling.

The further subdivision aftage 3to accommodate this situation will be addressedhapter 14.

Stage 4consists of all of the higher level signal manipulatamd processing that occurs subsequent to the arrival
of signals at the brain froi®tage 3 It may be useful to subdivide this stage to clarig/fimdamental difference

in the signal manipulation occurring in the Pretecturmftbat occurring in the LGN and that occurring in the
cerebral cortex.

Stage 5consists of command signal generation within theegaahd controlled by the midbrain acting as
gatekeeper. This stage comprises the initial effeignaing generating engines associated with the signals
emanating from the cortex and associated with the visisé¢ém (such as the oculomotor system and some aspects
of the skeletal motor system). Asstage 4above, it is difficult to make clear distinctions aisttevel between the
portions of the stage that involve analog signal pratgsnd pulse signal projection within and between arkas o
the cortex.
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Stage 6consists of the command signal projection paths betfendortex.

Except for the very few neurons required to control tlhisctes within the ocular, the relevant effector signal
developed in the brain, and related to vision, pass dovaugh the motor-neuron system. A similar situation is
found with respect to the audio neurons as well as tsmeciated with taste and smell.

11.1.4.2.2 The hierarchy within the CNS
Without discussing the details, the brain can be coreidersponsible for four primary functions:

1. To provide reflex responses of the most complex fdrtheahighest level in the reflex pyramid,

2. To provide the animal with general situational awass relative to the outside world,

3. To provide highly specific situational awarenesstirgddo specific conditions (such as the color, sneghtour
and texture of possible food items),

4. To provide a degree of memory for certain classesaits and situations,

5. To control communications with other animals Hame the mechanisms available to the animal.

The human is noted particularly for its high level abletion with respect to functions three (contour) and.fi
This evolution has been highly dependent on the syrstioési semantic system, language, followed by the
development of an external mechanism of memory, wgifamd it subsequent ramifications).

The following discussion may conflict with many discoss based only on morphology or only on psychophysics.
However, when the work in these fields is melded vhhdvailable work in physiology of the neural systerasim
investigators will agree with the following material.

At the top of the reflex arc pyramid is the brain.the lower animals, it is typified by what is callee thid or
mid-brain in humans. It is essentially the top leedlex arc although it may involve considerable craaspting
between individual signaling arcs. As these cross-cogplirave become more complex, the brain has evolved a
separate structure, the cerebellum to handle them. siricture continues to be primarily a correlation eefar
ever more complex reflex actions. It is generally @ered the seat of autonomous responses. It does mbtenv
memory or cognition and can be described in termdlugjtacomplex, boolean algebra (no variable time delay
elements).

Within the chordates and the higher molluscs, a neest doo a higher level of signal processing that included
memory as a significant factor. For this purposegctrebrum evolved as another extension of the mid-bréire
functional complexity of this structure is so enormoug than has only begun to investigate and understand it. |
differs from the cerebellum and the lower structures grilyin its employment of memory. The addition loist
capability adds a new dimension to calculations basedapitinon boolean algebra.

The addition of memory also adds a new dimension terives-coupling between the signals associated with a top
level reflex arc. The response need no longer retdieto the present. It can relate to prior responseer

similar (or all-together different) circumstances.the extreme, the response can be the result of coossation

only involving prior events. This cross-coupling of sitmistored previously in memory can be considered the
kernel of cognition.

It is worth noting the recent recognition, primariyaugh MRI and fMRI techniques, that memory is not foedss
in a specific portion of the brain. It is intrindthe individual processing centers of the cerebrum laad t
cerebellum. Because of the overall complexity of thedwvidual centers, they are defined as engines inwbig.
This name correlates very well with the engines @efiim current computer processing. An engine is a major
hardware portion of a computer that incorporates meia®ryell as algebraic manipulation and frequently
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employs its own specialized software routines.

The cognitive process involves bringing a series armftion vectors into the saliency plane of individual
engines of the cerebrum and manipulating them.

As a result of this organization of the brain, thel4biain has evolved to be a gate keeper. It is aldel&y or
influence a variety of autonomous responses from ttebeflum based on the information received from the
cerebrum. It also controls virtually all sympathesponses of the animal.

As the complexity of the brain has evolved into a nmalilp, a cerebellum and a cerebrum-plus a variety of
auxiliary structures- it has become desirable to introdmcadditional feature. This feature involves the
bifurcation of individual (groups of ) afferent signalsattow timely processing of the information by diffeten
portions of the brain. This bifurcation is extremiahportant to the operation of the visual system and applgr
the audio systemThis bifurcation has been largely overlooked in morphological studies isutéy to the
understanding of these systems

In the case of the visual system, the signals frarofitic nerve bifurcate upon arrival at the mid-brainportion
of the signals associated with general situational @wess are initially processed by the lateral geniculatéei
(LGN), a region of the diencephalon. The most timitcal (change related) signals from the retina aipsed
off the data stream by the LGN and returned to theigtoacOptical System (POS) of the mid-brain immediatel
The information required for stereo-optic vision isoadfripped off at this point and returned to the POSe Th
remaining material is then passed to the posterior mggieea 17) of the posterior lobe of the cerebrum &y th
LGN via the geniculocalcerine pathway for further preses. The material presented to the posterior lolbleeof
cerebrum is further processed by a variety of enginekiuistentirely in vector form. This informatiois then
passed to the cognitive and memory engines in the paairedaemporal lobes of the cerebrum.

The other information from the optic nerve, whictofdhigher spatial resolution, is more time criticairf the
perspective of information theory and originates infdveola, are initially processed by the pretectunoonérd
portion of the mesencephalon. These signals are oeahiith other signals, primarily from the vestibulgstem
and completely vectorized prior to being sent directlgrte of the cognitive portions (area 7) of the parietad of
the cerebrum via the Pulvinar pathway. Although theyw#sual signals, these high precision, time sensitive
signals do not pass through the so-called “primary visuaéx’ at the posterior of the posterior lobe of the
cerebrum.

It appears that the auditory signals from the earslaoebéfurcated and processed simultaneously by two distinct
areas of the mid-brain. The auditory system will beaddressed further here.

Recognizing the above role of the midbrain as gateketpedescription of the suggested dual signal paths within
the brain is slightly different than that in Figure 17-16 orrey. In this work, the mid-brain acts as a jimrct

point involved in the receipt and issuance of virtuallyignals associated with the CNS and capable of
controlling the relay of some of these signals, paldidy the efferent command signals to the peripherstesy.

This activity involves processing two separate claetsgnals within two distinct areas of the midbraifhe first
class relates to the general situational awarenabe @nimal. The second involves the specific sibnai
awareness. These signal paths will be developed in detad inChapter 15. Recognizing this role, it is not

clear that any signals from the cerebellum are evesquhthrough the midbrain to the cerebrum. However, eve
and never are hard words to defend in this field.

11.1.4.3 Consequences of introducing memory in the CNS
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There are interesting side effects to the introduatfatynamic, as opposed to genetically encoded, memory into
the CNS. These can generally be divided into thoseia$sd with short term memory and long term memdtry.

is evident that short term memory is shared with ¢lerbees who are able to remember the path tadestquply

long enough to return to the hive and perform their ircsitonal dance for the benefit of other bees and the
community as a whole. It is difficult to quantify theepence of long term memory versus genetically programmed
procedures in the bees because of their short life speanthey able to return to the same site some laasts

based on experience. Nearly all higher animals wiife apan of over a few months are known to exhibiglo

term memory. Recent films have shown the abilitthe octopus to return to one of a series of homes av

period of weeks with unexpectedly good precision. It genedaks not rely upon intermediate landmarks nor
does it take a previously defined path. Long term mensoggmnerally associated with experience whereas genetic
memory is provided across evolutionary time intervals.

11.1.4.3.1 Anachronistic consequences of memory in the CNS

With the availability of memory within the signal pessing engines of the CNS, these engines are atdd to
upon experience, as stored in their individual memoriefpnpeicomputations, and restore the results in other
areas of memory and/or generate command signals. c@pability can lead to relatively bizarre results.
Fortunately, the mid-brain acting as gatekeeper cariatestme of these results. Also fortunately, thesalts
can provide information about the importance of menrothe visual and other processes process (particularly
hearing).

A particular example of anachronistic behavior is slealking in humans. This phenomenon stresses the
capacity of the long term memory within the enginethefCNS associated with sensory system as a whdl¢he
computational scope available to these engines. Tgiaesncan generate all of the necessary command
instruction to effect the movement of the individuathwut benefit of visual ques, over a considerable digtan
and along intricate paths. Fortunately, the mid-bnaiitsi role as gatekeeper is usually able to prevenatitigity
from being implemented by the muscles. Sleep walkingeguently interrupted when the person encounters an
unexpected obstacle that is not where memory indicasbitld be.

A second example is the ability of a human to see ghiostlges or hear sounds that clearly are not present.
These perceptions are based on the engines of thed&chlBirg stored vectors representing these (previously
experienced-learned) events into saliency space. Thepra@rises when the individual believes these computed
events (hallucinations) are real.

A more serious situation arises when a human retadgetabove computed events from memory, performs
computation upon themin saliency space, and then staawetv result in memory. As a result of this process,
individual can progressively lose the ability to separas events stored in memory from computed but
hallucinatory events. This can lead to a spiral insanity.

11.1.4.4 Recent fMRI data confirming the distribution of the éature extraction engines of
the brain

Within the last dozen years, our understanding of theatiperof the visual portion of the brain has increlase
immensely with the introduction of functional magnetisonance imaging (fMRI). The name is meant to descri
the ability of the imaging device to record activitytire brain in response to images projected onto tireareA
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particularly vivid example of this imaging technique wasnely published by Logothetis, etal When combined
with the VEP technique, it can be used to determinéithesequence of events relative to the different exsgaf
the brain.

Such techniques have already demonstrated the arrisgratls in the mid region of the
cerebrumbefore the arrival of similar signals in the occipital @rtt(the socalled primary visual
cortex).

11.1.4.5 Chemical versus electrical foundation of the architeat

As developed in detail i€hapter 10, this work does not support a chemical basis for tieading mechanisms of
the neural system. Although the original proposals feeran electrolytic signaling mechanism, the chemical
community has pushed a chemical mechanism to the datedver the last 75 years or more. This competition
has not incorporated the newly discovered biologicalleld electrolytic semiconductor device, the Activathin
absence of this discovery, the chemical thesisdoral signaling has become ever more fanciful, dauntirigen
words of one authét However, it has not been able to demonstratedrolectrical signal within a neuron is
converted to a chemical signal in the orthodromicrivgaral space and then back into an electrical sigrialrwi
the next neuron. Based on the discovery of the Aetindithe recognition that the synapse and the Node of
Ranvier are simple electrolytic circuit elements base the Activa, the fundamental electrical mecharosthe
neural system becomes evident. In addition, a detestinmiescription of the neural system, external tchigher
levels of the cortex, becomes possible.

Beginning with E. G. Gray in 1959, the electronmicrosaopymunity began delineating the structure of the
synapse at the level of tens of nanometers. Thut tress been the description of the fundamental synelgficas
approximately 30 nm in width and less than 2 microns in eiam This is the structure defined electrically as an
Activa in this work. The discovery of the Activa waxemorialized by a United States Patent in 1999. In many
synapses, and related structures such as the Node oERdhig fundamental structure is reproduced as an array
of fundamental devices in order to achieve higher cuamting capacity. This mechanism provides a lower
circuit impedance between orthodromic neural conduits.

The above paragraphs are not meant to denigrate thef @iemistry in a supporting role to signaling. It has
profound role to play in providing the electromotive foeteergizing the neural system and it may play a
significant role in causing the creation of short terma long term memory.

11.1.4.6 Electrotonic versus pulse signaling

The visual signaling system is divided into two clas$esrouits. The vast majority of both the CNS and$PN
circuits involve electrotonic signaling. Only the nens of the signal projection stage, stage 3, employ pulse
signaling. Although the method of signaling varies, tleemanisms used to generate and pass signals within
neurons and between neurons do not. They are eléictmolgchanisms.

“Logothetis, N. (2002) Functional MRI probes monkey bragiophotonic Internationalpril 2002, pp55-

56

“Shepherd, G. (1988) Neurobiology,"2ed. NY: Oxford Press, pp. 75-76 reprinted with different page
numbers as the“®ed. in 1994
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It is useful to re-examine the thesis of Bieda & Copegehdn a recent pagér The paper is based on the
conventional wisdom that signaling between neurondvegcecretion of chemical neurotransmitters. teso
correctly that transfer of a signal from one neumariother does not require sodium action potentials. eldeny

it does not demonstrate or reference laboratory testfirming that either GABA or glycine is required as a
signaling mechanism between neurons. It merely asstirae®nventional wisdom that since these substarees
ubiquitous near neurons, the transfer involves thesaichesubstances. They are correct that these sidesta
impact the transfer of signals because they impact|dutrostenolytic power supply to the neurons.

11.1.5 Categorization of neurons by stage and function

In this section, the term function will be used in a much more precise mode than it is usually used
in morphology and biology. Where the biologist frequently defin  es a type of neuron conceptually by
the function it “mediates,” the function of a neuron will be defined here in one of two more concrete
ways. The first is how it modifies the (multiple) signal waveforms presented to it. The second is
how it oscillates, either in free-running mode or in response to  an instigating signal.

Books traditionally describe an abbreviated set of morphologica | types of neurons suitable to the
purposes of the author. These sets are frequently incompatibl e. The most fundamental problem
with such lists is their focus on the nucleus of the cella s a point of departure. This element has
virtually no role in the function of the cell as shown in Chapters 10 & 11. As a shining example,
the description of a neuron as monopolar, because it has only on e appendage on the soma, is
completely irrelevant to the function of the neuron. The so-call  ed bipolar neuron actually has three
appendages, although one may be difficult to see in the absenc e of electron microscopy. Similarly,
an amercine cell has a fully functional axon, although it may be packaged with one of its neurites
for anatomical efficiency. Steriade, et. al. “3, and Pannese** provide a variety of morphological
images of neurons that can be easily understood based on their electrical functions and electrolytic
properties, as developed in Chapter 8 and this chapter.

A problem arises immediately with regard to the adaptation a  mplifier within the photoreceptor cell.
A decision must be made as to whether a change in amplifica tion associated with the adaptation
amplifier should be considered signal processing and be disc ussed as a Stage 2 function or whether
it should be considered an integral part of the Stage 1 func tion. Considering all of the functions
occurring within the photoreceptor neuron as Stage 1 functions  leads to a simpler model. With this
guestion resolved, the earlier definitions regarding each stage can be definitized.

Although there are many idiosyncrasies associated with the p  hysical structure of visual neurons,
leading to difficulty in determining their proper morphologic al classification, Figure 11.1.5-1
defines the more significant functional types to be addressed in the following chapters. A Type
Designator is assigned to them for ease of cataloging. The ¢ ommon names are those usually found
when discussing the visual system of chordates, probably t he most sophisticated of the neural
systems. Several names commonly used when discussing non-ch ordates can be added to the table.
The retinular neurons can be listed as receptor neurons and pr  obably contain the same internal

“Bieda, M. & Copenhagen, D. (1999) Sodium action potentigl®at required for light-evoked release of
GABA or glycine from retinal amacrine cells. Neurophysiolvol. 83, pp 3092-3095

“3Steriade, M. Jones, E. & Llinas, R. (1990) Thalamicliedimns and signaling. NY: John Wiley, pp 132-
133

“Pannese, E. (1994) Neurocytology. NY: Thieme, pp 5 & 80-116
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circuitry as the photoreceptor cells. In the context of this  work, the eccentric neuron of Limulus is a
stage 3 projection neuron with its input structure performin g stage 2 signal processing and its

output structure encoding the resulting signals. Thissu  ggests it is functionally a ganglion neuron

in the above table.

Class Type Common Name Purpose/Features
In Chordata
Stage 1 Signal Detection
Receptor AT Photoreceptor Adaptation Ampilifier; strip line form, exponential
(Vibrissal cell) internal feedback, collectors in parallel

AD (auditory cells)

(vestibul. cells) Distribution amplifier; current to voltage converter

Stage 2 Signal Processing (within PNS)

AB In-line/Bipolar Summing and isolation amplifiers; non-inverting
AL Lateral (Horizontal) Differencing amplifiers with two inputs; internal
(Amercine)  feedback
(Pyramid)
? AX? Interplexiform Putative external feedback amplifier; from amercine

to horizontal neurons

Stage 3 Signal Projection

Signal Encoding AG Ganglion Encoding: analog input to pulse output, internal
feedback, oscillatory, action potential generator

Signal Decoding AR Stellate Decoding: pulse input to analog output, capacitor
integrator

Sig. Regenerator AN Node of Ranvier Regeneration of action potentials

Stage 4 Signal Manipulation (within CNS)

Signal correlation AS Sense amplifier Sums signals in multi-dimensional correlators,
found in LGN, PGN, pulvinar & cerebral cortex

Stage 5 Information Manipulation (within CNS)

Stage 6 Action initiators (within PNS)
Muscle Activation AM End plates Decodes action potentials at high current level

Enzyme secretion ? ? Secrete enzymes after decoding action potentials

Figure 11.1.5-1 A tabulation of neuron classes and their common names based primarily on the
visual system. See text. The existence of an inte  rplexiform neuron supporting external feedback
in the retina is questionable. The orderly naming of neurosecretory neurons has not been pursued
in this work.
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The receptor neurons of Chordata appear to exhibit the full ran  ge of neuro-secretory functions
available to the neuron. The ability of the photoreceptor neurons , the vibrissal neurons and the
hair cells of both the vestibular system and the auditory s  ystem to secrete a protein is well
established. These proteins form mechanical structures that  support the sensory function. It is
likely all these neurons exhibit the same internal topology as photoreceptor neurons, as this would
explain their ability to vary their sensitivity signific antly with stimulus intensity. It is likely that

the receptors of taste and smell also secrete proteins.

The horizontal and the large group known as amercine neurons a re all lateral cells in that they
accept signals from neurons carrying signals from differen  t spatial locations (which may also exhibit
chromatic differences within the retina. They combine this information using a variety of
algorithms that vary with their specific role (Chapter xx x). Pyramid neurons are lateral neurons
that are found elsewhere in the PNS.

The ganglion neurons of stage 3 exhibit a variety of individ  ual features that will be described in
greater detail in  Section xxx

The morphological descriptor’'s monopolar and bipolar do not rela  te well to the electrical
performance of neurons and the morphological term monopolar will not be used in this Chapter.
The bipolar name will be used to define a neuron primarily wi  th respect to its in-line location in the
retina between the photoreceptor cell and the ganglion cellina  signal path. This neuron is
electrically monopolar (its signal waveforms proceed in only on e direction from its resting potential
when subject to an input stimulus) while it is morphologic  ally bipolar.

Because of the fact that an active device may be formed upon t he juxtaposition of any two
membranes associated with neural conduits, amplification, in the broad sense, may occur at two
different locations in the nervous system. It may occur insi  de a given neuron and also between two
adjacent neurons. The Nodes of Ranvier are examples of multipl e amplifiers within a single cell.

The circuit associated with the Activa of Type AN (the N  for Node of Ranvier), will be discussed
briefly in Section 3.3 xxx because of its prototypical role in all signal projection an  d hybrid
neurons within and outside of the eye.

In this section, the term function will be used in acim more precise mode than it is usually used in morphology
and biology. Where the biologist frequently definespe t9f neuron conceptually by the function it “mediates,”
the function of a neuron will be defined here in onenaf more concrete ways. The first is how it maifthe
(multiple) signal waveforms presented to it. The sedsmmbw it oscillates, either in free-running moderor i
response to an instigating signal.

Books traditionally describe an abbreviated set of magglical types of neurons suitable to the purposes of the
author. These sets are frequently incompatible. nitst fundamental problem with such lists is their famus
the nucleus of the cell as a point of departure. Teimeht has virtually no role in the function of thé as

shown inChapters 10& 11. As a shining example, the description of a neuron@wmpolar, because it has only
one appendage on the soma, is completely irrelevahetimunction of the neuron. The so-called bipolar neuro
actually has three appendages, although one may be dificade in the absence of electron microscopy.
Similarly, an amercine cell has a fully functional axalthough it may be packaged with one of its neurites fo
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anatomical efficiency. Steriade, et*aland Panne&provide a variety of morphological images of neurons tha
can be easily understood based on their electricaliturscand electrolytic properties, as develope@hapter 8
and this chapter.

A problem arises immediately with regard to the adaptatioplifier within the photoreceptor cell. A decision
must be made as to whether a change in amplificat&wciaded with the adaptation amplifier should be
considered signal processing and be discussed as a Stag&dhfanavhether it should be considered an integral
part of the Stage 1 function. Considering all of the fiens occurring within the photoreceptor neuron as Stage
functions leads to a simpler model. With this questesolved, the earlier definitions regarding each stagdean
definitized.

Although there are many idiosyncrasies associatedtiviiphysical structure of visual neurons, leading to

difficulty in determining their proper morphological cld&sition, Figure 11.1.5-2defines the more significant
functional types to be addressed in the following chaptarslype Designator is assigned to them for ease of
cataloging. The common names are those usually fourd discussing the visual system of chordates, probably
the most sophisticated of the neural systems. Sewamaés commonly used when discussing non-chordates can be
added to the table. The retinular neurons can be bstedceptor neurons and probably contain the sameahter
circuitry as the photoreceptor cells. In the contéthis work, the eccentric neuron laimulusis a stage 3

projection neuron with its input structure performing stagegnal processing and its output structure encoding

the resulting signals. This suggests it is functionatipaglion neuron in the above table.

“*Steriade, M. Jones, E. & Llinas, R. (1990) Thalamicliedimns and signaling. NY: John Wiley, pp 132-
133
“Pannese, E. (1994) Neurocytology. NY: Thieme, pp 5 & 80-116
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Class Type Common Name Purpose/Features
In Chordata
Stage 1 Signal Detection
Receptor AT Photoreceptor Adaptation Ampilifier; strip line form, exponential
(Vibrissal cell) internal feedback, collectors in parallel

AD (auditory cells)

(vestibul. cells) Distribution amplifier; current to voltage converter

Stage 2 Signal Processing (within PNS)

AB In-line/Bipolar Summing and isolation amplifiers; non-inverting
AL Lateral (Horizontal) Differencing amplifiers with two inputs; internal
(Amercine)  feedback
(Pyramid)
? AX? Interplexiform Putative external feedback amplifier; from amercine

to horizontal neurons

Stage 3 Signal Projection

Signal Encoding AG Ganglion Encoding: analog input to pulse output, internal
feedback, oscillatory, action potential generator

Signal Decoding AR Stellate Decoding: pulse input to analog output, capacitor
integrator

Sig. Regenerator AN Node of Ranvier Regeneration of action potentials

Stage 4 Signal Manipulation (within CNS)

Signal correlation AS Sense amplifier Sums signals in multi-dimensional correlators,
found in LGN, PGN, pulvinar & cerebral cortex

Stage 5 Information Manipulation (within CNS)

Stage 6 Action initiators (within PNS)
Muscle Activation AM End plates Decodes action potentials at high current level

Enzyme secretion ? ? Secrete enzymes after decoding action potentials

Figure 11.1.5-2 A tabulation of neuron classes and their common names based primarily on the
visual system. See text. The existence of an inte  rplexiform neuron supporting external feedback
in the retina is questionable. The orderly naming of neurosecretory neurons has not been pursued
in this work.

The receptor neurons of Chordata appear to exhibit theafujje of neuro-secretory functions available to the
neuron. The ability of the photoreceptor neuronsyibigssal neurons and the hair cells of both theilvelstr

system and the auditory system to secrete a proteialligstablished. These proteins form mechanicatsires
that support the sensory function. It is likely atsh neurons exhibit the same internal topology as uetoror
neurons, as this would explain their ability to varyitisensitivity significantly with stimulus intensityit is likely
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that the receptors of taste and smell also secreteipso

The horizontal and the large group known as amercine ngare all lateral cells in that they accept sigfrals
neurons carrying signals from different spatial locagipmhich may also exhibit chromatic differences witthie
retina. They combine this information using a varadtalgorithms that vary with their specific rolen@&pter
xxx). Pyramid neurons are lateral neurons that are foised/ieere in the PNS.

The ganglion neurons of stage 3 exhibit a variety of iddal features that will be described in greater detail in
Section xxx

The morphological descriptor’'s monopolar and bipolar daelate well to the electrical performance of neurons
and the morphological term monopolar will not be useithim Chapter. The bipolar name will be used to define a
neuron primarily with respect to its in-line locatimnthe retina between the photoreceptor cell and thglgen

cell in a signal path. This neuron is electricallynopolar (its signal waveforms proceed in only one divact

from its resting potential when subject to an input stirs) while it is morphologically bipolar.

Because of the fact that an active device may beddrmapon the juxtaposition of any two membranes associated
with neural conduits, amplification, in the broad semsay occur at two different locations in the nervogsiesm.

It may occur inside a given neuron and also betweeratijarent neurons. The Nodes of Ranvier are examples of
multiple amplifiers within a single cell.

The circuit associated with the Activa of Type ANgtN for Node of Ranvier), will be discussed briefly in
Section 3.3 xxxbecause of its prototypical role in all signal proetand hybrid neurons within and outside of the
eye.

11.1.5.1 Notation for the ganglion neurons

Figure 11.1.5-3provides a cross-index of the function and names assdaiith the ganglion cells in different
works. The formal references to the various authadimgs will appear later in this PART.

Pathway in Type of Ganglion Ganglion Poperties Names in

Optic Nerve electrical name projects to of Ganglion Selected Papers
Input to in this work (Enroth*)
Ganglion Leventhal Boycott

(Monkey, '81) (Cat, '74

R (luminance) Monopolar Parasol Magnocell. Y-like A cells a cells
Y (direct signals) Monopolar Parasol TRN & Pulvinar A cells
P & Q (chromin.) Bipolar Midget Parvocel. X-like B cells B cells

Figure 11.1.5-3 Correlation of ganglion cell names  found in the vision literature.
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*Enroth-Cugell & Robinson (1966)
“Boycott & Wassle (1974)

After studying the various papers listed above, there sbwious conflict among these designations. Wassle, e
al. identified the commonality between the X-Y atd classifications noted abdVén 1975. Some of the
descriptions of the cells and their output signal spetidicaare only marginally adequate for identificatiorain
system context. There is a problem in labeling gangl@is of the retina as parvocellular or magnocellular
because these labels suggest that all parasol celleatdorthe magnocellular section of the LGN and ohret t
parasol type cells connected to the Pretectum.

11.1.6 Notation of principal waveforms of electrophysiology

There are two principal categories of waveforms antlifea of waveforms used in ERG collection and analysis.
There are the fundamental waveforgenerated by individual electrolytic processes withartburons. These are
defined in the next Section in conformance with theléwel schematic and other models of this work. Thiey a
described by an uppercase Class name (Class A wavedtorin, There are also a variety of labels assigned to
various features of the composite waveforeorded in the ERG by experimenters and cliniciarmsder to
compare and discuss their findings. These labels areshé of empirical investigations and are described by
lower case dashed name ( a-wave, etc.). They ar¢addslated below.

The clinical community has adopted a standard for clirlextroretinography. However, it is not based on a
theoretical foundation and the waveforms are highlyzsty. It was originally published in the Arcives of
Ophthalmology in 1989, vol. 107:816-819 and also appears in Heckg&iveden®.

11.1.6.1 Component waveforms of the composite ERG and LERG

Based on this work, it is possible to define the spewiveforms making up the observed composite waveforms of
the ERG and the LERG found in the literature. Thismdlgdin is particularly precise because of the development
of the suction pipette technique for measuring the curesssciated with the Outer Segment of a photoreceptor
cell.

The first four waveforms designated by Class, and the<F waveform are unique. They are annotatéture
11.1.6-1 The other waveforms involve signal manipulationjuding subtraction, scaling and differential
amplification, of combinations of the Class D waveie and are therefore highly variable in detailed stinect

“\Wassle, H. Levick, W. :& Cleland, B. (1975) The distribataf the alpha-type of ganglion cells in the cat’s
retina. J. Comp. Neurology, vol. 159, pp. 175-193
“Heckenlively, J. & Arden, G. (1991) Op. Cit. pp. 283-288
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OLM
Class C waveform Class D waveform

11.1.6.1.1 The Class A waveform-of the (awave) (partorbrwave)
P/D process ‘\ i /'

IPM  (a) E @ INM

The quantum-mechanical exciton flwaveform,
generated by the photoexcitation/de-excitation (P/D)
process, at the interface between the Outer Segment
and the dendrites of the photoreceptor cell (in Stage| _Powrs Do
1). This waveform is described by the complete P/
equation. The waveform is a direct function of the (2): Unbypassed
restricted biological temperature range between the Feedback

Impedance (b) ©

freezing point of water and nominally 50 C. -

The photoexcitation/de-excitation waveform (Class AFigure 11.1.6-1 The principal signal waveforms of
waveform) describes the operation of the the photoreceptor cell. The Class A waveform is
chromophoric material of the OS in its in-vivo state represented by the jagged arrow and the word
The waveform only exists when the chromophoric ~ “excitons” in the figure. The Class B waveform is
material is in functional contact with the dendrités o Mmeasurable only at the open base connection of
the IS. Separating the OS from the IS results in a the left Activa. The Class C and Class D
fundamentally different mode of chromophore waveforms are in phase opposition and sum to a
operation. This waveform can not currently be constant (neglecting the delay). See text.
measured in the laboratory.

11.1.6.1.2 The Class B waveform—-at the IS

Fundamentally a curremtaveform, previously un-named, created by the totakaotitat the emitter of the Activa

of the adaptation amplifier (in Stage 1). This currerttes a negative-going voltage with incident irradiation
across the common emitter impedance shared with ttigafarcting as a distribution amplifier within the
photoreceptor cell. The Class B voltage waveformeasurable as the dendroplasm voltage at or proximal to the
colax of the photoreceptor cell. This waveform hasheen measured in the laboratory. The charge prafiteus
time associated with this potential is only presenihivithe emitter-base region of the distributed Actiw#fin

the dendrites of the photoreceptor cells.

This “amplified P/D” waveform (Class B’ ) is a descigpt of the electrical signal current through the emitife
the adaptation amplifier. Because of both the timesteonts found in the power source of the collector aad th
avalanche gain mechanism of the adaptation amplifieramplified P/D waveform is strikingly different frormet
basic P/D waveform under high contrast conditions.s Thparticularly true for long, high intensity illumiinat
pulses. For large pulses, the adaptation amplifier ismtiveaturation. This situation does not occur in the
natural world.

11.1.6.1.3 The Class C waveform—at the photoreceptor cell

The Class C curremwaveform consists of the total current through thé&serof the dendroplasm of the
photoreceptor cell, distal to the colax, into the IRMStage 1). Probes frequently record a voltage equivident
this current passing through the impedance of the IPMivel& the local ground plane. This voltage waveform is
known as the early potential waveform. The wavefmr@so negative-going with incident radiation and hés le
to confusion in the literature since it constituteseeond negative-going signal associated with the phofmicece
cell. The waveform is structurally different from t8&ss D waveform associated with the pedicel. Itiscc
significantly earlier and contains components relabethé current through the capacitgr & well as the
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recharging current through the dendrolemma related tdeéh&@stenolytic process.

This “amplified P/D with recovery” waveform (Class @aveform) is a description of the electrical signakent
collected within the IPM near the collector of trdaptation amplifier. This waveform is similar to {ilass B
waveform except it also includes the recharging currattréturns capacitor Qo its original, pre-pulse, value.

The Class C current waveform can be measured by tolieihe current emanating from the dendrites associated
with the Outer Segment of one or more photoreceptts dating excitation.

11.1.6.1.4 The Class D waveform—at the photoreceptor pedicle

The voltagewvaveform at the pedicel of the photoreceptor celSgimge 1). Also known as the generator potential.
Created by the total collector current of the (secAntiya of the photoreceptor cell acting as a low output
impedance distribution amplifier, and the impedance oa#ttéemma of that cell. The voltage represents the
logarithm of the current due to, and is negative-going v@fipect to, the incident irradiation. This wavefdras
been widely studied. It is not linearly related to ¢laelier current waveforms except under small signal
conditions.

A summed version of the Class D waveform (the Clasw&yeform) is found at the output of the bipolar cells

11.1.6.1.5 The Class E waveform—at th&' atrix

The Class E waveform is not a unique waveform. dtfamily of waveforms created in the processing medraf
Stage 2. It consists of a summation of the waveforom the lateral cells, primarily from thé& iatrix of the
signal manipulation stage in humans. The characteyistithe Class E waveform are controlled by theashof
illumination and the state of the individual adaptatiorplfiers in each photosensitive channel. The wawefor
from each lateral cell consists of the algebraiced#fice between the voltage waveforms received fram tw
chromatically different types of photoreceptors. CEsgaveforms are also created in tfi€rgatrix of the signal
manipulation stage as part of the creation of the appear@, channels of vision. The encoding of spatial
information in the human retina is not a significamtction. However, it frequently is in predatory animallhe
Class E waveforms as a group are known as S-potemntitig iolder literature. When recorded from the distal
region of the inner nuclear layer (the location @ 1fi matrix), they tend to be simple and related directth&o
chromatic wavelength of the illumination when recordsithg a sweeping monochromatic light source. When
recorded from the proximal region of the inner nuclegerdthe location of the"?matrix), they tend to be more
complex functions of the total illuminance and the spggametry for which they encode.

For purposed of discussion, non-inverted Class E wavefaaiagive to the associated Class C waveform, beill
defined as Class,Bvaveforms. Inverted waveforms will be labeled Class

11.1.6.1.6 The Class F waveform—at®matrix

This waveform is actually a variety of waveforms swable at the output of any of the lateral cells efZA
processing matrix. The circuits of this matrix performyiad of correlation and integration functions tha a
similar to the processes carried out in the featuraetin engines of the cortex. Most of the circuitpss
signals exhibiting time-diversity. This makes their ouigstrong function of the stimuli applied to the retides
a result, it is very difficult to interpret probe resdtam this matrix without a clear understanding of thecgjoe
mode of operation of the circuit probed.

Figure 11.1.6-2provides a caricature of the signals that can be deddrom a single lateral cell of th& 2natrix.
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Assume that four photoreceptor cells located at equalrspéeot necessarily adjacent) and in a straight liee ar
excited by an impulse stimulus. Following a specific dasgociated with the P/D process, each cell will ekhib
generator potential at its pedicel. These will occugsaentially the same time (except for those celiberfoveola
with an exceptionally long axon). Following synapse witther neurons of the INL, and traveling over variable
path lengths to reach a neuron of therRatrix, the signals will arrive at that neuron atefiéint times as shown.
Assume for the moment that signals 1 & 3 are appliedemtm-inverting dendritic input to the neuron and that 2
& 4 are applied to the inverting poditic input to the neuron.

] e—

The lower frame shows that three different outputs cgn o

be recorded at the axon of the cell, depending on the ﬂ\ ﬂ1\

nature of the stimulus. If all of the selected PR \ Dendites
photoreceptors have the same spectral sensitivity and o /\2
the stimulus is a field of uniform intensity, The outpu

will resemble the output on the left. The algebraic /\3 .
sum of the signals exhibits ripples that are usually Fodte
labeled OP’s or oscillatory potentials. These wal b /\4

discussed in a following section under the title OP :

features. If the stimulus is a semitransparent grating Time. ms

with an average intensity equal to the uniform field Hpmse

used as a pre-excitation source, and a pitch stimulte

approximately that of the photoreceptor cell spacing,
the response of the neuron will be similar to theeren
waveform of the frame. This is obviously because th
signals from the opaque part of the grating have /\ /\\
induced an inverted signal at their pedicels relative tp |
the clear portion. These signals were applied to the| ° Uz \/4/ 0 Tmems
inverting input. The right hand waveform is the res - - - ;
of moving the above grating at a specific velocity andilgure 11.1.6-2 Time and spatial diversity

in a specific direction under the same illumination ~Processinginthe 2 ™lateral matrix. The upper half
conditions as above. All of the signals resulting fromS0WS the signals from a line of photoreceptors

the stimulus arrive at the axon of tHé Rteral matrix 2PPlied to the dendritic and poditic inputs of a

at the same time and are summed. The result is a\)@?ral neuron as a function of time. The lower
strong signal specifying the presence of an object half shows three waveforms that can be reqorded
moving in object space with very specific at the OL_Jtput of the same neuron erendmg on
characteristics. The direction of the motion is ohe tN€ spatial characteristics of the stimulus. See
these characteristiciReversing the direction of text.

motion will result in a different waveformat this

neuron. The new waveform will be similar to onegha other two waveforms shown. These are the signal
characteristics explored but not explained by Hubel usingatfeand employing what is generally defined as
pattern electroretinograptty They exemplify the performance of tHé Rteral matrix. This matrix is vestigial in
humans but is highly developed in hunting animals, includieqhbers of théeline and theavefamilies. The

signal on the right can be passed through to the cangbalhd be used to cause a reflex action extremely valuable
in hunting.

Signal amplitude, mV

D

OP's
h

Signal amplitude, mvV

|
I
0

Themechanisndescribed above, but not the circuit, is the core argisim underlying all center-surround

“Hubel, D. (1988) Eye, brain, and vision. San Franci¢o,W. H. Freeman
Heckenlively, J. & Arden, G. (1991) Op. Cit. pp. 291-298
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experiments in the laboratory.

11.1.6.1.7 The Class G waveform—-at ganglion output

This waveform is the classic action potentbheurology and is associated with the signal projectage (Stage
3) of vision. It is a monophasic signal representirggahitput of either a ganglion cell or a Node of Ranviers
created by a monopulse oscillator (in the case oithde of Ranvier)acting as a signal repeater or asutpeioof

a ganglion cell. The ganglion cell output can take orte@fforms, a series of pulses requiring an analog signal
above a threshold to initiate the pulse stream oriassef free running pulses with the time delay betwiben
pulses controlled by the net bipolar signal applied tal#rarites of the cell. The free running pulse train is
usually associated with a midget ganglion cell. The puisar® requiring an analog input signal for its
generation is usually associated with a parasol gangtibn c

11.1.6.1.8 The Class H waveform—at the stellate cell

This waveform represents the initial decoding of thes€IG waveforms (in Stage 4) to recover the encodedlsign
from earlier neurons in the signal manipulation stdgés the result of using a sampled data signal projection
system and may contain considerable harmonic distorélative to the original signal.

The Class G waveform is indicative of the output dihapte time delay pulse signal decoding circuit. This output
still exhibits amplitude components that can be coredl&d the input pulse train.

11.1.6.1.9 The Class J waveform—following the stellate cell

This waveform is the result of “filtering” the Clalswaveform (in Stage 4) to create a signal more gjosel
representing the original signal created in the signalipodgation stage of vision. The recovered signal may be
monopolar or bipolar depending on the needs of the cortex.

The Class H waveform is representative of the outpahaidditional integrator following the initial decoding
circuit mentioned above. Although a smooth continuowadagnwaveform, it may still exhibit inflection points
correlated to the input pulse train.

11.1.6.1.10 A complete ERG as an example

Since this work involves developing a model for a simgiividual signal path anthen the aggregating of
individual paths to define the ultimate signal path(s)ileathe eye, the “electroretinograph” (ERG) represants
good example of the normal situation found in the laboyat®he ERG is similar to measuring the current drawn
from the main battery at a telephone switching affités a perfectly valid indication of the healthtbe overall
station but it gives little information about the stabf a specific pair of wires connected to a speaifixseriber.

On the other hand, ERG records provide a surprising anobumfbrmation under specific test conditions.

Figure 11.1.6-3 provides a typical ERG recording and the individual wawefoused to create it. The overall
waveform is actually a voltage representation of thal signal currentvaveform as it passes through the
impedance due to a ground bridge. This waveform is obtaisé@ulicated above. The first major peak is known
as the a-wave and consists primarily of a summatidheoClass C waveforms of the photoreceptor celtse T
trailing edge of this peak is impacted by the delayed @asaveform of the photoreceptor cells and the Clgss E
and Class Ewaveforms of the signal processing neurons. The maimand the polarity of the Class E
waveforms are a function of the chromaticity of sienulus. The sum of the Class D, E1 & E2 waveforms can
cause the total waveform to go negative in the regi@® anilliseconds delay. If it does, the resultant negati
peak is usually described as the b-wave in electroretaipbgr If it does not, the second positive peak is gdyeral
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defined as the b-wave. Other -wave designations alsanfe subject to the precise stimulus since they intpact
amplitude of the various Class E waveforms that areeptes

The individual waveforms can be obtained by measuringitireals produced by a group of similar signaling
circuits if proper attention is paid to the ground conivectif the test equipment. Conceptually, the photoreceptor
waveform can be obtained by measuring the sum of therdsrpassing between the excited photoreceptor cells as
a group and the corresponding group of signal processing néDPRitan be obtained by measuring the return
current between the IPM and the INM.

Obtaining a meaningful voltage waveform due to the signadessing stage is more awkward for three reasons.
The low frequency currents involved in this stage oirlyutate within the INM. There are both summing and
inverting amplifiers present. Finally, the pulse ger@rain the ganglion cells share the same ground platheeas
signal processing circuits. However, there is a delthimthe amplifiers and signal conduits. As a reshi, t
signal waveforms due to this stage can be distinguishéietinomposite recording. If the voltage of the INMhwit
respect to a truly indifferent location is recordedjaveform due to the current entering the signal proagssin
circuits will be recorded. It will be followed by aWo
frequency waveform due to the current leaving the
signal processing circuits. The output of either the 00
bipolar or lateral neurons can be minimized in the
overall waveform by careful selection of the spectrum
of the exciting illumination. In the example, the
output of the non-inverting bipolar cells begins at 31
ms. The output of the inverting lateral neurons begins
at 37 ms. Both of these signals relate to the initial
signal processing matrices. There is also a small
signal that begins at 43 ms. It may be related to an
additional signal processing path related to tHe 2
signal processing matrix or the input stage of the
ganglion cells. Summing these signals results in a 10! L L L L 1
signal, the solid red line, almost identical to the

completeexperimental waveform labeled 250k in

Relative voltage amplitude

Time in milliseconds

Figure 11.1.6-3 COLOR The ERG as a composite
of the photoreceptor and signal processing
waveforms. Red solid line, the conventional ERG
waveform. Blue dotted line, the isolated waveform

of the photoreceptor cells, Class C. Green dashed
line, the isolated waveform of the non-inverting
signal processing cells, Class E ;. Magenta dash-
dot line, the isolated waveform of the inverting
signal processing cells, Class E ,. Delayed solid
line, an additional signal occurring later in the
signal path and related to the non-inverted
waveforms. These waveforms do not show the
initial 3.36 ms delay due to the transduction
process.
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Smith & LamB®. This waveform was unusually well characterized it & Lamb. It was obtained using only
blue light, (peak wavelength 450 nm, Lee 195). In contrastdio interpretation of only the leading edge of the
waveform, the complete waveform is seen to includetineplete a-wave (also known as the generator potgntial
represented by the dotted blue line, and the later b-vesresented by the polarization sensitive compositieeof
delayed waveforms.

Unless signals obtained through electrical contact thighiNM are passed through a low pass filter, the
recordings are frequently corrupted by the presence offteghency currents related to the action potential pulses
of the ganglion cells.

11.1.6.1.11 Comments applying to the above waveforms

To aid in tracing these waveforms through the circuiggidiens of the following chapters, they will frequently be
identified by the above letters enclosed by a cirbhen used in the text, the waveforms will be descrized
class A or class B, etc. Each of these wavefortss @ the laboratory in two distinctly different fos. One as a
result of exciting the system with a long pulse of irridimand a second resulting from the excitation of the
system with an impulse (a pulse of irradiation shortgarad to any time constant in the system). In therah
world, the visual system never encounters irradiati@erilged by an impulse, except by the observation of a
lightening bolt. Recently, man has introduced many ssuot very short duration irradiation (such as strobe
lights).

In the laboratory, the use of impulse radiation is ket interpretation and understanding of the ERG. YHith
understanding, the ERG in response to longer pulse radlzmmmes analyzable also.

In the response of physical, and biological, systehesamplitude response of a system to an impulse has a unique
mathematical relationship to the system. It is d&fias the transfer function of the system. When one
concatenates a group of individual subsystems, the respbtiseoverall system is easily calculated from the
individual transfer functions of the subsystems. THeutation does involve the mathematics of LaPlace or

Fourier transformations.

In another situation, exemplified by the ERG, the réedrresponse is merely the algebraic summation of two or
more of the above waveforms. In the summation, &ach is modified by a coefficient indicating how mudh o
that term was sensed by the ERG electrode.

The ERG introduces two additional complication. Fitstachieve a voltage level above the noise levii®test
set, it is normal to illuminate all of the photoreaptof the retina simultaneously and sum the wavefauesto
all of there neurons. Except when examined on a fine sicale, milliseconds or less, the signal paths thrtugh
retina (except for some associated with the fovea)@itemarkable uniformity. When examined on a firedesc
differences will be seen reflecting the position ofcjieneurons in the retina associated with specific
photoreceptor cells relative to the position of ttet pgobe. This information can be used to quantifyehgporal
diversity introduced into the signaling channels of visis a function of the point of origin of individual sitga

Second, the ERG depends on the capacitive coupling betthweetectrolytes within the conduits of the neurons
and the surrounding electrolytes. The surrounding elet#soblso represent resistive impedances. As a result,
the ERG signal is derived from a serial network comgjsbf at least two sections of RC elements in paral
shown in Figure 11.1.2-3. Such a network can pre-emphasize or de-emphasizeispeattires in the

*Smith, N. & Lamb, T. (1997) The a-wave of the humantebeetinogram recorded with a minimally
invasive technique. Vision Res. Vol. 37, pp. 2943-2952
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waveforms. This fact must be recognized when anadyamERG in detail.

As indicated above, the nature of the group of wavefdaireded Class F waveforms is very complex due to the
time diversity technique employed. An interesting LRE@eziment could be designed to measure the time
dispersal of signals arriving at a specific lateral cEthe second matrix by using a small, narrow spebaad,
spot illumination source that could be moved about to ithate different regions of the retina.

11.1.6.2 Features of the composite waveforms of the ERG

Waveforms of the various class defined above can ibio@d in a variety of ways as demonstrated in the pleam
of [Figure 11.1.1-3 The situation in the literature is more complex beeamne experimenters have used an
impulse (a short flash measured in milliseconds or kss) stimulus and others have used a long pulse (typically
longer than 100 milliseconds)igure 11.1.6-4illustrates the different composite waveforms thay negult from
these experiments using either type of stimulus. The erpaters have labeled different features of these
composite waveforms in an arbitrary way based o thdividual experiments without completely recognizing
the variability of their waveforms. Because of thiactice, correlation between experimenters is awkwaide
variability between impulse and pulse stimuli is obviolike variability as a function of spectral wavelenigth
more subtle but is shown clearly in the lower frarhthe picture where the contribution of the Class Eef@m
varies significantly. The following sections will i these features of the composite waveform as defime
Heckenlively & Ardef®® This is the only known text that attempts to defii®f these features in a consistent
way. Unfortunately, each feature was defined in a s¢épahapter prepared by a different author. In these
sections, the author’s name will be given followedh®y notation H & A followed by a page number.

*Heckenlively, J. & Arden, G. (1991) Principles and PractitClinical Electrophysiology of Vision. St.
Louis, MO: Moshy Year Book
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P/D Signals Other signal components
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Figure 11.1.6-4 Definition of ERG -wavesintermso  ftheir constituent waveforms. The graphs employ
a logarithmic abscissa. The upper frame applies to an impulse at time zero. The initial negative
going a-wave is formed by the Class C waveform. Th e following negative going wave is un-named
and is formed by the Class D waveform (including th e dotted portion). This waveform intersects the
Class E waveform. The intersection defines the beg  inning of the b-wave. The b-wave may be
positive or negative going from this point dependin g on the polarity of the Class E waveform. The
ERG in response to an impulse dies out completelyw ithin 0.1 seconds. The lower frame shows the
same sequence of events for a step change in illumi  nation. Note that each waveform exhibits a
steady-state value of about 70% of its peak value ( as does the resulting composite). See Text for
details.
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11.1.6.2.1 The a-wave

In the earliest ERG recordings, it was difficult td tak initial signal recorded from a transient due to
electromagnetic interference. As time went on, siisal was resolved and measured. Using the ERG
convention, it was negative going, measured only a fdlivatts and its duration was typically less than & fe
milliseconds. Its amplitude was normally measured frimenquiescent baseline to the peak negative deflection.
The so-called a-wave came to be defined as this neggding waveform. Some authors have considered the a-
wave as only the part of the composite from the bzeséd the first peak of the waveform. Others havyandd it

as extending from the baseline to the trough followiregtéak. The initial part of the waveform is clearly tue
the Class C waveform. Although a small ripple is ususdbn just before 0.01 seconds, it is not always rekolve
It is due to the Class D waveform.

11.1.6.2.2 The b-wave

The major variation in the composite ERG is usuallytdute polarity of the Class E waveform. The pojecén
contribute to the formation of a second negative peakrapid return of the composite to (or near) the besel
This situation has led to multiple definitions of thevave.

Fulton & Rushtof® have defined the b-wave, under transient conditiontheapositive going segment extending
from the negative peak of the a-wave (the trough oathave) to the peak of the positive excursion. Thikes
case for an inverting Class E waveform (Clags E

Newman & Frishman, in H & A—pg 108 have followed this d&fam. They discuss the options concerning the
source of the b-wave. Their proclivity is to assigtoiMueller cells without strong convictions about the
mechanism involved. They also address the altermatetiat it might be due to the action of bipolar cell$eir
discussion of the origin of the b-wave is based onhantstry and is not supported here . In this work, thae
is dominated by the Class E waveform from a lateghilic the F' lateral processing matrix..

Where Newman & Frishman discuss the rod vs cone bsvilaigeonly necessary to replace the term rod by M-
channel photoreceptor and the term cone by the S-chiahnel photoreceptor to be in agreement with thedtod
this work. The M-channel signal, o-Wwave, is generally larger and of longer latency. @tmer channel signals,
or b-waves are generally smaller and of shorter latealtigqugh latency was not defined in that paper—with a
sloping leading edge, larger signals lead to longer latémryeimeasures to the peak of the waveform). In the
first case, they are talking about the long b-wave chbgehe Class E2 waveform. In the second case ateey
talking about the small positive going peak before the farggative going peak. This small peak of short
duration is due to the Class D waveform associatedantipolar cell of the luminance processing matrix.

Newman & Frishman, in H & A—pg 108 also discuss a dc-compafehe b-wave. They say, “The dc

component continues at reduced amplitude in the ERG h#tdransient response (the b-wave) and then decays at
stimulus offset. This component emerges in the dark-adl&R& at lower intensities than do b- or c-waves.”

This component is shown clearly in the lower frarhthe figure. Its origin is in the P/D equation, e.tge Class

A waveform. If the stimulus was of sufficient duratidhis part of the waveform would be seen to decay lack t

the baseline due to the adaptation process. For shlontation stimuli, it appears to be a near horizontatiqor

of the waveform.

*Fulton, A. & Rushton, W. (1978) Rod ERG of the mudpuppy: etfedtm red backgrounds. Vision Res.
vol. 18, pp. 785-792 & 793-800
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Heckenlively has presented both the scotopic and phdtepaves based on ERG technicieS here is a
significant delay at the lower illuminance levels congoito the higher levels. Bunt-Milam, et. al. havevted
some values under pathological conditiéns

11.1.6.2.3 The c-wave

Investigators beginning with Noell in 1954 have maintaitined the c-wave is generated within the RPE because
of their simple experiment of measuring the voltage betvthe IPM and the choroid or the choroidal
circulatior?®. As discussed iBection 4.1.2.4.1this is not an adequately defined experiment or propdsebes

not demonstrate that the measured potential was retasetsource”.

Griff, in H & A--pg 91, used a stimuli with the responseasi#red with a time scale of minutes and describes the
c-wave as corneal positive and consisting of two supoorents, “a corneal negative subcomponent is generated by
the neural retina and a corneal positive subcomponéntansimilar latency and time-course is generated éy th
RPE.” He points out that if these two subcomponerggqual in amplitude, the c-wave will be absent. He
discusses the generally accepted view that the negaftivg waveform (relative to the cornea) is generatediwit

the neural retina and the positive going waveform is igeae within the RPE. These descriptions reflect the
limited precision of probing with finite size probesavery complex environment.

Over periods as long as those used by Griff, the adaptatiplifiers and all subsequent neural stages have
essentially returned to the quiescent resting state. oty expected currents would be due to the Class B
waveform measured by collecting current from the Ouégng&nt and the Class B waveform collected at the
surface of the Inner Segment. These two waveformseayeclosely related and only differ slightly. Thew d&oth
generated by a single differential pair amplifier. Theeor measured at the IS exhibits a time delay due t@gehar
transport within the neuron.  One current refleataacitive component that the other does not. Howéwviesr
component would not be observed after a period of 100 edtlisds. Griff appears to label the difference due to
either the time delay or the capacitance the initiaave in his figure 9-2.

This work suggests that the two components enumerated apd@vriff and the voltage measured by Noell et. al.
are due to a single electrical source physically locatédde IPM. This single current source is physicailyelted
within the microtubules of the OS and is associated thie¢ emitter terminal of the adaptation amplifiehisT
current source causes the IPM to become negative @ggiect to both the cornea and choroid circulation, atid w
respect to the INM. If the equivalent circuit of thégjion is drawn, with both the RPE/Bruch’s membrarmaar
acting as a high impedance between the IPM and theidhmroulation, and the outer limiting membrane acting
as a second high impedance between the IPM and thertiok& relevant electrical properties of this netwonk ca
be determined. As a result of the change in voltagieeofNM, a corneal positive component is measured 8cros
the RPE in the terminology of Griff, and a corneajatése potential is measured across the outer limiting
membrane. Both of these voltages are of the samaeityalelative to the source in the IPM. The fdttthe two
waveforms are of approximately equal amplitude is in nose@ycidental. They originate from the same current
source and are both the primary impedance between Mhan# the equipotential (common ground) of the entire
body. As a result, the current through each impedanestihe value of the impedance is approximately equal to
the source voltage due to the photoreceptor dendritic dur@&nce these two potentials are not employed in the
signaling function, they are irrelevant to a detaileccdpson of the visual process. Their amplitude is ratgwo

*Heckenlively, J. (1988) Retinitis Pigmentosa. PhiladelpBi J. B. Lippincott Co. pg 7

*Bunt-Milam, A. Kalina, R. & Pagon, R. (1983) Clinical-w@structural study of a retinal dystrophy Invest.
Ophthalmol vol 24, pp 458-469

*Matsuura, T. Miller, W. & Tomita, T. (1977) Cone-specifizvave in the turtle retinaVision Resvol. 18,

pp 767-775
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guantifying the parameters of the transduction operation.

In this explanation, the trans-epithelial potential PJE not due to any change within the RPE or its iddad
membranes (apical and basal) but is due to the voltagesased on the RPE between the source within the IPM
and the common ground of the entire body.

11.1.6.2.4 The d-wave

Frishman & Karwoski, in H & A—pg 112, describe the d-wavarmitial deflection in the ERG at light off8let
Their figures are for 0.6-1.0 second pulse illumination. ifTgp@phics show the waveform occurring with varying
amplitude and over variable intervals relative to thenination and to the other elements of the composite
waveform. The graphs as a function of penetratianaktlepth also show a clear a-wave when near the
photoreceptor cells. They describethe d-wave as pagjting in the photopic ERG and negative-going in the
scotopic ERG of mammals. In cold-blooded species (frélgsy indicate the d-wave is positive-going when
recorded on the cornea or in the vitreous and negating gden recorded in the distal half of the retiftlaeir
figure 12-1] They proceed to discuss the controversial aspectssofviive. The duration of their d-wave is similar
to their b-wave (that is of the Classtipe) under the same conditions.

The fact that the polarity of the d-wave can revelesgending on where it is measured suggests its hereditary quite
clearly. It is strongly related to the configuratidrttee test set. It may be derived from a ground loopecuirr In

the context of this work, the d-wave is an artifadthaf complex signal processing occurring in the signal
manipulation circuits of the INL. or of the re-adaptatfmocess of the photoreceptor cells at the end of the
stimulus. Its precise form and timing is dependent on evhi@riginates in space relative to the sensing reldet
Additional data based on flash illumination experimentddtolarify the ambiguities related to this feature.

11.1.6.2.5 The e-wave

Karowski, in H & A—pg 115, describes the e-wave as a delaffditld potential recorded mostly in a very few
cold blooded aquatic animals. It has occasionally beeorded in these species trans-retinally. Its primary
feature is its occurrence from 2 to over 60 secondsafmifplight offset It has only been recorded in dark adapted
retinas. Karwoski does not provide a graphic representafithe measured e-wave although some of the
references may.

With the length of delays indicated, it is not cleawhbe experimenters relate the putative e-wave todfidiéld
potential.”

11.1.6.2.6 The m-wave

Karnowski & Frishman, in H & A—pg. 118, describe the m-waseonsisting of a slow, negative-going response
at both light onset and offset to a small, well-cesdespot. They say that “Annular and diffuse illumination elicit
complex waveforms, sometimes dominated by the b-waliehas been described in detail for the cat and the
authors suggest the feature appears to originate in thaehblt_ the inner plexiform layer. This work would
suggest that these waveforms are formed within thiaral processing matrix. They are representatitieeof
type of processing associated with center-surround angpHtiel orientation of patterns that has been explored
most recently by Hubel. This processing involves tiispersal processing of signals on a time scale of
milliseconds. The polarity of the signals would be exgbtd be arbitrary and could easily be as they showed.

11.1.6.2.7 The early and late receptor potentials
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The literature contains a variety of referencehitodarly (ERP) and late (LRP) receptor potentialsweder, they
are seldom defined in detail. Hillman, et. al. havelube term consistently and defined it graphically ierdes
of papers related to Limulus and the crustabetgnus’.

The early receptor potential is the feature generatédeblass C currentaveform as measured at the OS. Itis
generally called the a-wave in the ERG. This signetgules the similar voltageaveform measured (under small
signal conditions) at the pedicel of the photoreceptibibgehe transport delay of the signal traveling wittine
electrolyte of the reticulum of the photoreceptor cé@lhe distinction between these two waveforms depends
strongly on the positions of the test probe.

The late receptor potential corresponds to the b-whtleedERG. Hochstein, et. al. (in the final papethef above
set by Hillman, et. al.) correctly note that thignal contains two (frequently) antagonistic componehis, of the
Class D and Class E waveforms. The word frequentlyobas inserted above since one can obtain b-waverewh
the only Class E component present is in phase wélCtass D waveform.

11.1.6.2.8 The OP or oscillatory potential feature

Karwoski & Kawasaki, in H & A—pg. 125-128, give a brief discusgbthis feature. It is described as typically
represented by a series of several rapid, low-amplitudmpals superimposed on the b-wave. The number of
OP’s varying from four to ten (presumably before thet ilimination change). The source is not defined
precisely but their conclusion is that they originatkez in the INL or in the inner plexiform layer (IPL They
support the position that the pulses originate proximaltii¢égphotoreceptors based on experiments occluding the
central retinal artery nourishing the inner and midderal layers. They summarize the literature by $pgin
source within the ganglion cells is unlikely. Howeubey document a wide variety of OP’s found in or near th
IPL or ganglion cell layer (GCL). Their final conclas mentions depolarizing interplexiform cells, presumably
within the IPL. These guidelines precisely describddbation of the 2 lateral matrix defined in this work.

Whereas these features are seldom seen in convdriEiREss they are commonly seen in local ERG’s (LERG

The LERG actually involves a probe penetrating to siyerls of the retina. This is understandable when the
number of individual signals summed by the ERG is recogniZéis degree of summation would average out the
signal amplitudes of many of the specialized neuronseofdtina. The LERG can probe a much smaller area and
isolate individual neurons or only a few neurons.

These OP’s of the literature exhibit a variety of pugervals and amplitudes, exactly as expected under
uncontrolled illumination conditions or no illuminatiott appears they can be grouped into two categories, the
intrinsic signals at the output of the neurons of tHda2eral matrix and stray signals originated by theoacti
potentials of the ganglion cells. The stray signamfthe ganglion cells are truly oscillatory in natuué &f no
technical significance. The designation OP is a poerfor naming the intrinsic signals. Although the signa
may exhibit a degree of periodicity, the signals areosotilatory in character or origin. They exhibit theeme
periodicity as a string of binary code symbols. A meppropriate name would be periodic potentials, PP’s.

In the following paragraph, it is important to differexté between the frequently observed first ripple in the
waveform immediately following the peak in the a-wawmd ¢he subsequent ripples after the peak in the b-wave.
This first ripple is generally due to the inflection cadiby the Class D waveform before the Class E wawefo
begins to dominate. Subsequent ripples are associatethwitiet of waveforms defined as Class F waveforms in
Section 11.1.6.1.6

SHillman, P. Dodge, F. Hochstein, S. Knight, B. & MinBe,(1973) Rapid dark recovery of the invertebrate
Early Receptor Potential. J. Gen. Physiol. vol. 627 86, 87-104 & 105-128
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Wachtmeister has presented a comprehensive paper @Pthé the human recorded via the conventional ERG
(indifferent electrode attached to the earlobe), primat mezotopic light levels, using a 6500 Kelvin pulse
sourcé. It bears careful study based on the circuitry proposédis work. His nomenclature is slightly different
and the multiple pulse stimulus protocol complicates théysisa In his figure 1a, He considers the first major
positive peak to be the first OP rather than a sunotbf the b-wave and a possible OP. He doesn’t conttider
OP’s to be ripples on the underlying ERG. If his osgilams are expanded, considerable more structure is
apparent than immediately meets the eye and is discusbéslarticle. The fact that peaks are missing tloatladv
be expected to appear if the pulses were due to an osdillatsignificant. His peak recorded voltages are in the
tenths of a millivolt range, as would be expected usirgtddhnique, even though the underlying peak potentials
(for a single neuron) are in the tens of millivolts.

Wachtmeister also noted that the “OP’s adapt independefithe a- and b-wave to changes in background
illumination.” This would be expected since the Clas®@&, E waveforms exhibit a variable delay relativetie
leading edge of the pulse depending on the intensity ofahle $timulus and the prior state of adaptation.
However, the Class F waveforms exhibit a nominakgd delay relative to the Class C wavefornite noted that
the first OP in a series had a frequency considerailgrl (about 60 Hz) than that of the dominating frequeficy o
the oscillatory response. Frequency is not an apprepeatn here. This statement can be reworded tdirshe
OP (positive going peak) in a series had a time delay éroset of illumination considerably longer (about 16 ms.)
than that of the time interval between subsequente@flifes (about 8 ms.). The 8 ms interval is the sartieea
delay of the peak in the a-wave following the stimulusigdelay includes the initial delay of 3.2 ms due to the
P/D process). This situation is consistent with whatld be expected under this theory if the OP’s were dause
by one or more Class F waveform from tfi&ldteral matrix.

Wachtmeister performed a Fourier analysis on the pirdeis oscillograms, usually after discounting the fir8t
ms of the waveform by moving the origin to that lomat It is difficult to perform a precise Fourier ays$ when
the pulse train only includes a few pulses. Heckenli&eirden include a brief discussion pointing out these
difficulties®. However, a more thorough source should be studied kefeiadiscriminate use of the readily
available software routines.

The Wachtmeister paper and the summary in H & A—pg 322-327 deosdi wealth of detailed information
concerning the OP’s and their relationship to the adiaptatate of the human. All of it appears consistéttt
the position taken in this work. Optimizations forarting the OP’s are also listed.

11.1.2.5.9 The PNR—proximal negative response

Karwoski, in H & A—pg 115, describes the PNR as a light eddietd potential than can be recorded in the
proximal retina. It consists of a sharp, negative-gtiagsient at both the onset and offset of a sttt Ispot.
[their fig 13-1]. They stress the spot of light must &etered precisely about the microelectrode tip. Thagite
of the spot was not discussed. The use of an annuthififuse light source elicit complex waveforms that are
sometimes dominated by positive-going responses. Dykimgarindicate the PNR is maximal in the INL. It has
been recorded in virtually all vertebrate retinas exathi The references given suggest that the signal degina
in the location of the" lateral processing matrix. It has been observed sdigtioning of the optic nerve, under
the assumption that this action terminates the funictgpof the ganglion cells. It has been observed inyma
higher mammals, including cat and among primates.

The graphic provided by Karwoski is conceptual. This wookilds support the conclusion that this is a normal

Wachtmeister, L (1972Acta Ophthalmvol. 50, pp. 250-269
*Heckenlively, J. & Arden, G. (1991) Op. Cit. pp. 237-249
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signal resulting from the highly complex signal manipulatigthin the INL and probably associated with the
lateral cells processing spatial information priorit@f encoding by the ganglion cells prior to signal prtagec
In this regard, it would be expected to be more promimrenais than in man. The effect is directly relagabl
center-surround experiments.

11.1.7 Graphical presentations

Although all of the equations required to quantify the vigwatess are available, there are a large number of
variables involved. Many relationships can be undedstoore easily if graphical presentations are employdid.
of the graphical presentations of semiconductor physiede used profitably. In addition, there are several
graphical presentations from photography that are quitelus@he of the most useful graphical presentations
employs the multi-quadrant format.

11.1.7.1 Obsolescence of the nomograph

Nomographs have traditionally been used in the luminphase of vision research because the underlying
foundation was unknown. The nomograph was a convenietiiath of bringing some order to the empirically
derived data in the absence of a theoretical framewatkhe time Dartnall began proposing nomographs to
describe the spectral sensitivity of the photorecepbiise eye, the experimental database suggested a virtuall
continuous range of different sensitivity profiles amangmals. Even in the 1970's, the data base still suggested
continuum of different spectral sensitivifiesAt that time, there was significant discussion albaotpoints; the
considerable scatter of the data relative to the goaphs, and the the systematic deviations of the datatfie
current nomographs. In hindsight, much of the formerdueesto poor experimental technique. Much of the latter
was due to the inappropriateness of the assumptions upoh thiei nomograms were based. The empirical data is
now showing that there are only a few significantifedent spectral responses within the animal community

With the availability of well founded theoretical equats for the chromophores of vision, it is more imanttto

use the actual parameters of the chromophores to del¢hkir spectral responses. The deviation between th
calculated responses and the measured responses aresmallsthey actually contribute to a further
improvement in both the equations and the test proceddeill be seen in this PART, the difference betwe

the theoretical and measured values for the absorgtiaracteristics of chromophores of animal visionreow

less than +/-2.0 nm. at any wavelength of interest averadiance range of 10r greater.

11.1.7.2 Graphs from semiconductor physics

Since most of the operational aspects of the visuakegsofind parallels in conventional solid state sendootor
electronics, it is possible to adapt most of the gragplpresentations used in that field. It is only importa
realize that most of the circuits of vision involwe-bypassed impedances in the base lead of the Acfleesse
impedances constitute an internal feedback mechanisnis. f@edback mechanism frequently perturbs the
standard graphical presentations shown in elementabyotekd on solid state electronics. Caution is advised in
adapting such elementary presentations.

In most man made solid state electronics, the loaddampee found in the collector circuit of an active deisca
linear dissipative resistive device. This is genenadiythe case in the electrolytic semiconductor sbeats of
vision. The load impedance in vision is generally alinear, non-dissipative resistive device (a diode)e Th
impact of this change is particularly evident in the outinguit of the photoreceptor cell. The diode causes the

Ebrey, T. & Honig, B. (1977) New wavelength dependent vigigahent nomograms. Vision Res. vol. 17,
pp. 147-151
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voltage at the pedicel to be logarithmically relatethecurrent through the distribution Activa of the célhe
graph ofFigure 11.1.7-1illustrates how this is accomplished. This figureria@tated to show the active, cutoff
and saturation regions of the device. For a PNP typeead&ybe active, the collector to base voltage rbest
negative (the collector must be reverse biased) anentitéer to base voltage must be positive (the emitiest be
forward biased). The result is a negative collectorerurusing the standard conventions for these terms.

The basic graph shows the output current at the collettbe Activa as a function of the resting membrane
potential and the input current at the emitter. Thedasameter is shown parametrically. Note the cuaitec
current is essentially identical to the emitter curigypically >99%). This is to be expected in a semicotmuc
device. To account for the finite load impedance incthikector circuit, a load line is used. The load liafects
the amount of voltage appearing across the load impedarec&action of the current through it. Two load lines
are shown in the figure. The straight diagonal lingingting at -150 mV represents a linear resistor with an
impedance of 3.75 x 2@hms (3,750 megohms). The curved load line originatitigeasame point represents a
nonlinear diode at 37 degrees Kelvin with a reverse cotofent of 0.2 pA. The load lines are drawn assuming
that the electrostenolytic potential is -150 mV. Thesgoent (or resting) axoplasm potential is located at the
intersection of the appropriate load line and the inputeatirat the emitter of the circuit.

These impedance values are extremely high. Inthe| — Saturation

. . . . . region Active region
case of a single neuron, it is virtually impossible to o8 , \

measure the voltage in such a circuit with a * \ \ l
conventional test set. Only highly specialized tet s \ I, = 40pA
such as those employing an open gate field effect
transistor_ (mounted in the probmot in an equipment
rack) can be expected to successfully measure such|a
voltage without impacting the operation of the
circuit. Frequently, even the added shunt
capacitance associated with the open gate transisto]
will cause the circuit to go into oscillation.
Fortunately, it is easier to measure currents than
voltages in this situation and the relevant currergs a \ \\
easily accessible using an extension of the suction [F TN 0 {
technique developed by Baylor, Lamb & Yau. ‘ 1.,/
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There are several important features to note in the I AT
case of the nonlinear load line. First, the quiescent

axoplasm potential is a function of the emitter currer Collector-to-base voltage drop Ve, , mV
and the reverse cutoff current of the diode load. Thg Axoplasm-to-podaplasm voltage drop
emitter current is determined by the bias potential
existing in the emitter to base circuit. This biasis Figure 11.1.7-1 CR Typical common base output
significantly different in the signal detection, signal Ccharacteristic of a P-N-P semiconductor device.
processing’ Signa| projection, and Signa| recovery The cutoff, active and saturation regions are
neurons of vision. The nonlinear load line shown is shown. Two load lines are also shown beginning
for a diode with a reverse cutoff current of 0.2 pA.  at zero collector current and -150 mV. Note the
For larger reverse cutoff currents, the load line rises change of scale in the saturation region. Compare
more steeply and reaches a given current at a more to Millman & Halkias (1972).

negative collector to base voltage.
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Second, note thehangein potential between the axoplasm and podaplasm, inahléear case, as the emitter
current approaches zero. The potential begins to chmogeslowly as the current approaches cutoff. Itis th
characteristic, the axoplasm potential as a functigheflendritic current for a specific load line that ket the
intrinsic logarithmic response of the photoreceptak cel

The maximum current through the various Activa circuitskarown to be as high as 40 pA. Torres, &. sthow
values between 30 and 40 pA for a newt photoreceptor cgtiriness. They also show a constant current of about
half of this maximum value when the same cell was iilhated by a background light.

11.1.7.3 Multiple quadrant graphs

The output characteristic, of the collector (axoplasatiage to the emitter current of the distribution anngijfof
the photoreceptor cell can be combined with the inpwefeam information. When done on a multi-quadrant
graph, the output waveform of the circuit is obtained gregilyi Figure 11.1.7-2illustrates the general graphic
form that is widely used to describe multi-variable tiefaships in many engineering applications, and partigularl
those involving non-linear relationships. By emplagyparametric curves in the different quadrants, the effect
as many as 6-8 variables on the ultimate outcomesdfithation can be presented at once. This type of giaaph
be used to illustrate product relationships between Vasand amplitude offsets. However, it cannot display
summation relationships except in special cases.alsgsimportant to note that a given axis contains onby
underlying parameter (or equation). There may be twhenaatically related scales, but only one underlying
parameter.

The highlighted portion of this figure, quadrant #2, is thedfer function defined above. The waveform in
qguadrant #3 is an illustrative representation of the ctiwameforms passing through both the emitter and
collector circuits of the adaptation amplifier. The Bbove the time scale indicates the period of illutiama
Because the adaptation and distribution amplifiers ofddlisare connected as a differential pair, a ristén

current through the adaptation amplifier results in a éseren the current through the distribution amplifieor F
this example, the distribution amplifier current,i$ taken as 20;Ithe adaption amplifier current, in picoamperes.
This is indicated by the dual horizontal scales in quadtan

The amplified P/D waveforms (Class B waveforms) in qaati#3 are idealized. They emphasize the intrinsic
variation in the delay related to the rise of the paksa function of illumination level in the P/D furatti

occurring prior to this point. They also stress thot faat all of the pulses in the adaptation amplifieimately
end at the same point in time but follow different dedagracteristics due to the above delay. The amplizale s
in this quadrant is linear for illustrative purposesorily extends over a limited range relative to the ttage of
the adaptation amplifier. The time scale is chosdretlong relative to the transport delay in the P/D equdiut
to be short relative to the time constant of thepgatéon amplifier collector circuit. Over a longemé# scale, the
gain of the adaptation amplifier would change. This woesdlt in a droop in the amplitude of the individual
waveforms with time.

Quadrant #1 shows the generator potential waveformsgClagveforms) resulting from the input waveforms
being applied to the transfer characteristic of theitigion amplifier. There is a finite delay in thgsal

passing through this circuit. However, it is quite smalktive to the delay in the P/D process. It is ghow
figuratively by the double vertical line near time zerquadrant #3. The original pulse of illumination is show
beginning slightly to the left of zero to account foistdelay. The distribution amplifier does not exhibit a
variation in response with time interval as showie only change in the output waveforms relative tanpet

%Torres, V. Forti, S. Menini, A. & Campani, M. (1990) s of phototransduction in retinal rods. Cold
Spring NY: Cold Spring Harbor Laboratory Press. Pp. 563-573
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waveforms are a result of the logarithmic compressarsed by the transfer function. This situation diffess
that represented by Hagins. Hadfressumed that the amplitude versus time function of tuirlg edge of all the
output waveforms was the same and scaled the waveforquedrant #1 accordingly. The result was a
presentation showing a highly unlikely situation with l@gbutput levels at the photoreceptor pedicel resulting
from lower input illumination levels.

A step has been introduced in the illumination generahindhighest input waveform for illustrative purposes.

The step is completely suppressed in the output wavefornodbe tutoff of current through the distribution
amplifier. The transfer characteristic also tendsotmplete the signal normalization process begun by the
adaptation amplifier. At the output of the distributionpdifrer, the dynamic range is less than 100:1 compared to
the scene input dynamic range which may exceéd.1T’he highest voltage shown in quadrant #1 is equal to the
intrinsic axolemma membrane potential of the photqriececell.

11.1.7.4 Graphs from photography
Collector current thru
Although the visual system operates completely st gmel. (inearscale)
automatically, a presentation known as the reciprocity

curve of photography has an important application ir]
vision research. The graph used to illustrate this
failure portrays the exposure obtained for various
illumination levels and exposure times. In 20 T
sophisticated presentations, a separate reciprocity o scalel 5 1 2 3
curve is shown for each chromophoric layer of the ! 1° TIME- relative
photographic emulsion. The same graphical concept
can be applied to vision. It is usedSection 17.4.1
to describe the overall performance of the human ey,
as a function of illumination level.

(linear scale)
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_ Cutoffof _ _
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Figure 11.1.7-3provides the basic concept behind thi
graph as used in vision. The horizontal scale extends
over the entire illumination range. The verticallsca
extends over a much more _Iimited range. This_ ra”g%igure 11.1.7-2 The multi-quadrant graphical

can be considered the relative voltage range (lingar) esentation.

the pedicels of the photoreceptor cells or the contras

range (logarithmic) perceived by the animal. The

sloping lines represent the transfer function betwkese two ranges. They represent a 1:1 transfer betiveen
horizontal and vertical logarithmic scales. In photqdny, they represent the exposure time used to expose the
film. Hence, the left scale represents the produttiefllumination multiplied by the exposure time. In oisi

the sloping lines represent the amplification factawben the input illumination and the output voltage at the
pedicel. This amplification factor is adjusted automd#lticaver a very large range primarily by the adaptation
process. This range is augmented by the operation afshie its secondary role. The object is to keegglacted
part, as a minimum, of the contrast range of a scéhé@wthe operational range of the visual system. ditews
indicate the change in adaptation amplifier gain requiredaimtain the contrast range of a scene within the
operational range of the visual system. In this dhgepbject is to keep the solid circle representingrikedian of

1)

®Hagins, W. (1965) Electrical signs of information flowghotoreceptors. In Symposia on Quantitative
Biology, vol XXX Long Island, NY: Cold Spring Harbor baratory. pp. 403-418
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the illumination range of the scene in the middle efglerceived brightness range. The amplifier gains slaoan
illustrative.

Amplifier gain
104 102 1.0
m2-- $100 - — 4 _ L s __ _
& 2 |
9 =) Light ag?ptatlon\; :
w141 D4qp - _ - _ _r__ — S -
S 3 «—/ !
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Figure 11.1.7-3 The reciprocity graph of photograph  y. Used here to illustrate the performance of the
adaptation amplifier. The diagonal lines are only straight for short and middle wavelength
irradiation. By adjusting the adaptation amplifier gain as shown, the signal level impressed on the
signal manipulation and subsequent stages of vision is maintained nominally constant regardless

of the incident illumination. The circles represen tthe quiescent signal level in the visual system f or
a given incident illumination.

11.1.8 Data rates versus information rates

There are a few references in the literature touthaas conceptual understanding of the capacity of thelvisua
system. Estimates of this capacity have generdlgnfanto the range of 10 to 50 bits per second withoutciegr
definition to what is being discus$&édMost of the discussions only relate to the capafitiie foveola related
analysis channel based on the type of experiments destuselying only on this channel to define the capadit
the visual system is not completely adequate. Manyasido not have a foveola. Their information capasit
clearly not zero because of this fact.

Most of the discussions in the literature do not recogror appreciate, the critical role of the midbrainhe
operation of the visual system. Tovee, as an exammpdaks of the cerebral cortex by which he means the
neocortex to the exclusion of the midbrffain While he presents a variety of interpretationthefstructure and
operation of the neo-cortex, he does not present adglnobthe overall visual process to which he cangassi
individual time intervals that can be accumulated torest the actual “Speed of Though.” As an example, he
does not assign any time delay to the various commigshs found between the various engines of the
neocortex. A more careful assignment would assign tifaysleo the individual commissure as well as to the
various individual engines. In this way, the overalf@@nance could be more realistically discussed. Such

%Lucky, R. (1989) Silicon Dreams, information, man, andmmae NY: St. Martin's Press. pg 26-31
®Tovee, M. (1998) The Speed of Thought. NY: Springer
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assignments require attention to the participation ehtidbrain.

The study of information theory has been comparedgddismal science” of accounting with which it shaaes
number of features. Although information theory recgiz@nsiderable precision in the definition of individual
concepts and parameters, and requires difficult experineptgdin precise numerical values for those
parameters, the results are critically important &odtaluation of the performance of any system. &kielty
Lucky was prepared for the mass audience and is not intémtbedrigorous in its descriptions of concepts. It
merely leads the serious student to other documents.

Lucky does not discriminate carefully between a dataagteessed in bits per second and an information rate,
also expressed in bits per second. These are two dligtiifterent concepts. The data rate is usually used to
measure and describe ttegpacity of a channel The information rate is used to measure and dedtribe
informationcontent of the signaldransmitted over that channel. This informationteat may be essentially zero
if the channel is not transmitting any meaningful eomti. e., it is not transmitting any signals otremsmitting
random noise (truly random noise, not something thavise like—such as an encrypted signal that is designed to
be hidden).

Shannon defined theapacity of a channelin great detail and with profound precision during the 1840He

was working with digital signals over simple channelshgy/standards of today. However, his results have been
extended to include multiple level encoding over both anatebdigital channels. Simultaneously, he and his
colleagues began the difficult process of determiningrifteemation content of various signals sent over such
channels. This latter work was part of the efforbrieak the German and Japanese codes of World Wamng.oD
the key aspects of such work is a knowledge of the infdomaontent of various character groups generallyaalle
words. The information content is not proportionathte number of characters in a word. The information
content is a strong factor of the specific charadestheir order within a word.

11.1.8.1 The data capacity of the visual system

The data capacity of the visual system varies tremehdaithin the various signaling paths of the systens aA
nominal value, each photoreceptor of the retina caseptean analog signal to the following circuitry tharm c
exhibit any one of about 128 discrete levels at interofddout 0.005 seconds. This corresponds to a channel
capacity or data rate of about 128 X 200 or 25,600 bits per se®artbus estimates of the number of
photoreceptors in a single retina generally fall in288 million category. Thus the channel capacity of the
photoreceptors of a single human retina, prior to ahgrgbrocessing is on the order of 2.5 X?Hits per second

or 2.5 million megabits per second. This author would questiicky’s calculation on page 306 for a number of
reasons. Photoreceptors do not “fire.” They opezateely in the analog mode. Their maximum passband is
closer to 100 Hz than to 1000 Hz. He is correct thatttsea considerable amount of manipulation of the rae da
signals. In general, the data rate is reduced in orded® over the optic nerve which consists of about one
million individual fibers that can each carry signalagulse rate (not an analog passband which is cagable o
transmitting two data bits per cycle) of up to betweendi 200 Hz (the higher rate appears to apply to some of
the signals from the foveola). The signals trangditiver the optic nerve are in fact binary signals@ditby

action potentials. The total signaling rate of thecopérve is then on the order of one million times h0@dred

or 100 million bits per second. This is still a substdmate compared the above referenced 10 to 50 bits per
second. Until just a few years ago, a personal compatgd not reach such a high rate.

Once the signals reach the midbrain, they are retumad analog format for further processing. There are

®Shannon, C. (1948) A mathematical theory of communicat®ell Telephone Journadxx
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multiple signal paths through the midbrain, some with higlapacity than the optic nerve and some with less.
These are described at various levels of detail in @dj5t The important point to note tmaany of the

individual feature extraction engines of the brain (p#rating in analog mode—no action potentials involvedghav
data processing capacities at least equal to that opticenerve. There are a variety of estimates efnthmber of
engines in the human brain. These numbers usualiyfdie 100 to 1000 range but may well be in the 1000 to
10,000 range. Thus the data processing capability of the hiorasm calculated by considering all of the
individual engines of the brain working in parallel istbe order of one million million bits per second aeo
million megabits per second. This is a number thaiNdwgonal Security Agency is still trying to use effeety by
ganging thousands to millions of individual Pentium classroprocessors.

11.1.8.2 The information capacity of the visual system

Determining a definitive information rate for the wds system is complicated because the importance ofgrofi
matching versus raw computational power is not knowmappears patently obvious (but this may be a false
assumption) that the visual system operates at a mueh ioformation data rate than the above signaling data
rates imply. However, the rates of 10-50 bits per seappears extraordinarily low when considering both the
audio and visual (and more limited but useful tactile) cdipiaisiof the human.

11.1.8.2.1 The problem of calculating information content in the alysis channel

This work will not proceed into the calculation of infeation content. It will only point out that experinalists

have made good progress in computing the information comtémdividual words but more limited progress in
computing the information content of multiple word sené=n The task is made more complex because it involves
the human in the evaluation loop. They have stilldistovered the rules required to compute the information
content of a face, much less the myriad of otherctbgeen in everyday vision. Experiments have bedarpexd

to determine how long it takes to recognize a facalmrabject. However, the results depend on a greay man
variables that are difficult to quantify. The informmaticontent of audible sounds is still largely uncalculatab
Therefore, the description of the information progegsiapability of the human brain is still largely copicel at

this time.

11.1.8.2.2 The problem of calculating information content in the alm channels

A very large role in vision is the detection of chasgearticularly sudden changes in the field of view. Such
changes frequently relate to a threat to the anirhalwill be seen in Chapter 15, a large part of the igtf the
midbrain is concerned with recognizing these changesadirty appropriate response measures. These responses
can be quite complex and involve much of the skeletal-maissystem. The problem of defining the information
content of a specific threat based on trajectorypstzand texture is difficult. Although we allow a pitchettioow

a ball at 90 miles an hour on a trajectory passing wighfioot of our chest (and calculate whether it wilgpa
through a box shaped area of about a foot on a sidegkeenhatever action is possible if he throws it on a
collision course with even our foot (which is consal#y farther away from the centroid of our body thia@ t

target box). In this scenario, the batter has le@s bne half second to make a very large number aflegitms

and actually respond. The response time (summing bottetiral and muscular response times) is known to take
up a significant amount of the total time availablewduld appear that information rates considerably higjnan
hundreds if not thousands of bits per second are invaivéds and similar activities.

11.1.8.3 Calculating the data transfer rate of humans
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Carpenter & Sutin have illustrated the vastly differsighal propagation velocities found in the neural system
Figure 11.1.8-1is modified from their figure to show the Activa expligiwithin the neuron and to note the
difference between the group velocity and phase velocigtion potential transmission. The important poant
note is the difference in velocity is related to thede of signal transmission. The axoplasmic signals getpa
by diffusion of charged chemical species within an etége. The action potentials propagate as electrontmgne
waves within a coaxial cable type structure. The ete within these structures plays no active r@arpenter
& Sutin suggest the difference in velocity between thesemodes is on the order of one million to one.isTdoes
not appear to be accurate and may have been due to aafypagd error. What they describe as the axoplasmic
transport velocity (and is equally applicable to dendropiasransport velocity) appears to be closer to 7% 10
meters/sec based on the ERG dat3esftion 11.1.6and the path length data®éction 17.5.6.1 This would

make electromagnetic transport about 1000 times fasteretietnolytic transport. The range in electrolytic
transport velocity may be great because it is highlymdget on the diameter compared to the length of the
plasma conduit and the location of the electrostermgbytbcess powering the circuit.

A ELECTRO-MAGNETIC PROPAGATION
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Figure 11.1.8-1 Summary of the signal propagation v elocities in neural systems. Three distinct
modes of propagation are shown within one neuron. Electromagnetic signal (data) transport is
much faster than electrolytic transport. However, the electrolytic transport velocity of Carpenter &
Sutin appears excessively slow. See text. The sma |l dimensions of the dendritic tree, compared to
the length of the axon, play a negligible roleine  lectromagnetic transport (except in the thalamus).
Heavily modified from Carpenter & Sutin, 1983.

The Activa is an analog amplifier found in every sorhavery neuron. It is the active mechanism thaived|the
generation of an output signal of greater power (and patgiitian the input signal. The critical factor sepagat
the action potential generator (typically labeled a gangtell in stage 3 circuits) from the analog signal afepl

SCarpenter, M. & Sutin, J. (1983) Human Neuroanatomy. mali&, MD: Williams & Wilkins, pg 86
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(typically found in stage 2 signal processing circuitsihésrelative size and structure of the hillock. THitk
is the source of the large capacitance required to camisepulse oscillations that are the technical nanleof
individual action potentials. The hillock also actaasatching section between the bulk circuit charatitesisf
the circuit within the soma and the distributed circhérmacteristics of the axon. Details of the actioteptal
generating neuron is presentedSection 9.3

A second Node of Ranvier has been shown in the axdheoright. This helps illustrate the difference betwe
the group velocity and the phase velocity of the aqgtimtential. Each Node of Ranvier is an active cirthét also
contains an Activa.

The ratio between the velocity of action potentélsl axoplasmic signals is actually higher than showouflgok
at the phase velocity of the action potential sigefivben Nodes of Ranvier of a single axon. This vBloci
averages 4400 meters/sec at 37° Kelvin. The average, gy, giglocity of the action potentials is reduced
considerably because of the time required to regendratection potential at each Node. The average group
velocity for Nodes spaced at a nominal 2 mm, is 44 misem's This is only one hundredth of the phase velocity
Because of the very small dimensions of the dendrii of a cell producing action potentials, there isgligible
delay in the overall signal related to the dendrites.

The slow propagation velocity of electrolytic transgertlue primarily to the very low potentials, and thereflow
potential gradients found within the neuron between yhaeses along the dendrites and the Activa and between
the Activa and the pedicle of the axon.

11.1.8.4 Calculating the information transfer rate of humans

There is no adequate model of the information processistgm of the human brain or even the visual system a
this time. It is conventional to compute the infotima transfer rate of humans by using simple input rate
experiments or simple throughput rate experiments. Howewae complex and more revealing calculations
might be based on the evaluation of threat conditiongry short time intervals.

The speed records for speed typing (using electronic keyhaardspeed reading are both above 300 words per
minute or 1500 characters per minute based on five lettet groups. We won’t get into QWERTY versus
Dvorak keyboards. While the comprehension rate of edspsader might be questioned, the throughput rate of a
speed typist is more definable. Such a person must reaeéjygeand transmit signals to the fingers that intrpr
what he read at the above rate. Using English text, @@cters per minute times an entropy of about 3.5 bits
per lettef® corresponds to an information transfer rate of aB@ui bits per second (achieved while the alarm
mode system of the body was still functioning normallhe above is based on the assumption that the tyasst
retyping random letter groups. If he was retyping recodpezaords, the entropy of the letters might be reduced
to nearer one bit per letter. This would reduce theeabdormation transfer rate considerably.

Based on the above, and the discussion of the previotisnsg the specification of the informatiprocessing

rate of the visual system as 10-50 bits per second appearfufatdhis time. Similarly, specifying such a rate as
applying to the informatiotransfer rateof humans also seems inappropriate. More work and &pecif
nomenclature are required.

As indicated above, a baseball batter has less tlasefonds to perform a large number of calculationsgharse
multiple images of the pitcher and the ball, in ordestd¢cide whether to swing the bat and also how to hibdfle
if the previous decision is positive. However, it @ olear how much of the calculation process relies upon

%L ucky, R. (1989) Op. Cit. pg 137 ( or any book on cryptography)
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computational power and how much relies upon image matebitige memory files (in saliency space) based on
experience. Experience (training) clearly plays a laotein the ability of a batter to hit a baseball unde
professional league conditions.

11.2 Description of the circuits of visual signal processing

It has been common in the past to find very simpletdaic models used as analogs for explaining the operation
of photoreceptors without significant (i. e. detailedgmation being paid to whether the model fits the actual
situation. Usually a very simple voltage based modat$simed without regard to the impedance levels involved.
Because of the impedance values found in the eye réqsdntly more appropriate to use a current based model.
The current based model is not commonly used in modeéioguse most people are never exposed to it in early
training in electronics. It is frequently taught th&eVinen’s Theorem allows the interchange of a voltmygce

for an equivalent current source; this is true, howeher proper choice is frequently determined by the
impedance of the circuit, not just its resistance, the capacitance as well as the resistance ofrtti@tanust be
considered. In addition, the type of circuit involved magke only one type of modeling appropriate.

An additional complication is the quantum nature of lighhe eye generates individual electrons in response to
individual photons. The quantum nature of these individegt®ns is important in the early stages of the
operation of the eye. These characteristics are disgur lost if a voltage based model is used inappropriately
a circuit analog.

In biological material, there are a variety of wéyat electronic signals may be communicated from oirg po
another. These may or may not involve the physiealsport of electronic charges between the two poilost
texts discuss skeletal neurons as transmitting their Isigimugh a progressive breakdown in insulating
properties resulting in an apparent motion of an eledtfieave” down the length of the axon. However, no
breakdown in the dielectric material of an axon has bgen documented under in-vivo conditions. The actual
wave is similar to a wave in the ocean. The wattwally stands still, only moving up and down verticaythe
compression phenomena passes. In other situatiohaygecmay be present on the surface of a membrané and i
may respond to a potential difference and move alongutface of the membrane. This occurs without any
significant participation by the metabolic elementoagmted with the membrane, or in the case of aesice]l,
without any significant participation by the elememitside the cell.

It is still not widely accepted or taught in neurologyttaanajority of the neural cells of the eye operatthie
analog mode and communicate with each other througheatr@lic synapsis (that does not involve the use of a
chemical transmitter). However, this appears torbeasily demonstrated fact. In very recent literatire “gap
junction” is described as an electronic synapsis.

The output signal generated by a biological or electrcinétiit may be either a voltage (potential) or a curren
(charge). A critical process in vision is the logamic conversion of a current (related to the input phditax)
into a voltage.

It appears that the physical coupling between the elenoétihe signal path in vision is very tight. Thecaits
are not easily separated one from the other likedh@yn most discrete electronic circuits where capeotr
inductive coupling is easily recognized. Because of #f ft is sometimes difficult to determine what elatris
being sensed by a probe. Is it the output node of thegirgccell or the input node of the following cell? The
guestion even arises; are these two separate nodes@l Bes shown below, these are separate circuit nodes
connected via a non-linear active semiconducting devites device is known as a synapse among the
morphological community.
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The critical parameter of the active device betweeaxdn and a neurite is its forward current carrying déipab
described (ironically) by its maximum reverse currenap@ater, . This parameter is typically very small. This
causes the impedance level at the output of the synapseetdremely high. As a result, it is extremely diffico
measure either the signal or the impedance level antide.

Furthermore, the size of any capacitive elementéretfe is extremely small. The capacitance may lodar of
magnitude lower than that of a man-made probe, i. @nthedance of the circuit in the eye may be an order of
magnitude higher than that of the probe. This makes gdlysiobing of biological tissue a questionable
technique, just as it is in the highest density micooiis.

Many investigators choose to select an equivalentitifar the input stage of a neuron from among a veritditn
set; they usually consider a linear summation cireuth(or without a blocking diode associated with it) or a
boolean summation device. There are many other fldgs#h Considering the input impedance as logarithmic
appears critical to the proper understanding of the sigaalpulation function in vision.

11.2.1 Nature of the active devices within a neuron

Some investigators have attempted to model the actiweedewithin the visual system using operational
amplifiers at the symbolic level. Others have propgas®alogs based on field effect transistors at theitirc
element level. Still others have proposed junction tygesistors, generally without attention to the opega
polarity of the devices.

This work has found there is no need to employ an analtite actual active devices found in visiofll active
devices within the visual system have been found tthbege injection type junction devices. They are daetr
as P-N-P type active semiconducting devices. Theseadeate based on electrolytic rather than solid-state
physics. They are formed using liquid-crystalline as oppts¢he more widely understood liquid and crystalline
states of matter.

The actual devices found within a neuron use the dendropladmpodaplasm of the cell as signal (current)
summing nodes. The axoplasm is used as an output signgievolide.

There is another interesting aspect of the use oaegehinjection device in a retinal nerve. Such a delvis the
ability to operate in an analog (electrotonic) moda pulse (action potential) mode by merely changing the
impedance connecting the circuit to the electrical &tmalic) power supply. This means that there is a sikigk®
of charge-injection device that can be used to formfatie known signal processing neurons in the retina.

In some biological investigations, experiments have loagried out to measure the change in the internal
potential of an individual cell, frequently relative to imdeterminate external potential point, without any
demonstration that the internal potential is relatetthé process being studied or that the external poteiiat

is independent of other signals. This can lead to rpaslylems. Further, many times a probe is used that
penetrates the cell wall without any demonstration tthe act of the probe penetrating the wall of thedes not
affect the potential of the cell or the reactioriraf cell. One of the problems of using an inappropgezternal
potential point as a signal return is the incorporaitido the signal displayed on a recorder of waveforms due t
an entirely different process. This is frequently¢hase of a signal which appears to display both slovognal
(tonic) signals and fast binary (phasic) signals coethinThis is a real problem with high impedance probes.

A current generator can be replaced by a charge geneaxgioocess involving individual units or quanta.

However, a current generator cannot be replaced bifageagenerator in quantum processes. A voltage generator
creates a potential field which is not quantized. Bdhse of modeling a photoreceptor cell, this may leeitotal
importance. A charge generator can be associatetheaaingful way with the transduction of a photon into a
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neural signal. Similarly, a noise generator can berporated into a model using a charge generator in a
meaningful way to indicate the relevant amounts ofgh@enerated due to the input signal and the internal noise
of the system.

The selection of an appropriate model for the procasg Istudied is critical; and it is equally important to
demonstrate that the test technique is not affectiagesults--or that the effect of the test techniqueested as a
variable and accounted for.

11.2.2 Neurophysiological-reductionistic models

Uttal has discussed a series of reductionist modelsioivpopular during the latter half of the"0entury®.
Reductionism may be useful in the classroom. Howevir foreign to serious research. He presented four
categories of these theories;

+ the single-neuron theories

+ the spatial frequency filter theories
+ the neural network theories and

+ the neuroelectric field theories.

Each of these approaches and the theories included witam is far too simplistic to be of value here. Yomie
of them will be discussed below. The rest will be uésed as they arise in this PART.

11.2.2.1 The single-neuron theories

The essential premise of this theory, according talUit that single neurons of the nervous system exhighly
selective trigger-feature sensitivities to particulgresss of the spatiotemporal pattern of stimuli thattlitime

range of stimuli to which they will respond. The oobmment that can be made here is that this was a
generalized theory of an earlier time when the truareaof the neuron was not understood. The vast majurit
neurons do not operate in a binary mode, nor can thegpisidered comparators. They employ a fundamentally
analog internal device known as an Activa. When aéssatwith the appropriate additional electrolytic circuit
elements, they can be made to perform in many modgspne of which is associated with the capabilityirded

in the single-neuron theory.

As Uttal notes, and this author agrees, “there ighmslightest hint of any rationalistic overtoneaimy single-
neuron theory of perception; these theories areralhgly empiricistic.”

11.3 Baseline electrical analogs for vision

S9Uttal, W. (1981) A taxonomy of visual processes. Hillsdlke Lawrence Erlbaum Associates. pp. 125-127
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A very simple transistor circuit of the grounded base gpgears to provide an attractive choice for the basic
building block to be used to describe the majority of nesirdt:

+ is charge based (not field based) and preserves theuquaature of the signal.

+ can also be made to operate in a number of diffenexdes without involving external feedback or complex
external circuits.

+ can provide “voltage gain”
+ can consume no power in the quiescent state.
+ can be built with multiple independent input circuits

The basic transistor device is shown Figure 11.3.1-1along with several simple circuit variations. Thsiba
device is shown inFigure 11.3.1-1(A) It is known as a three-terminal device and it caiednfigured to accept
an input signal at any terminal. It consists of tidistinct regions of material. The central regioofithe n-type
in semiconductor physics. It exhibits an excess ofreles at the lattice level. The two adjoining matksriare of
the p-type. They exhibit a shortage of electronseatdtiice level. By establishing a suitable juncti@tween
these pairs of materials and minimizing the thicknéslseon-type material, an active electronic devicimed.
In the solid state, it is known as a transistor thi electrolytic state, it has been named the Actia electrical
connection to the n-type material is known as the besd. Since the device is symmetrical, a conrmretti@ither
piece of p-type material can be considered the input ctione It is conventional to show the input connaeton
the left, label it the emitter, and attach an arreadhto the input lead at the point of contact with thik material.
The emitter, emits carriers that pass into the bzserial. The remaining terminal is considered thewut
terminal. It is called the collector. It collettee carriers emitted by the emitter.

In the absence of biasing voltages, this device i4 ar@ its electrical properties are indeterminate.elVine
proper voltages are applied to the device, it exhibits bdugectrical properties.

For this application;
+ the base is shown connected to ground and the inpltevdapplied to the Emitter lead.

+ inFigure 11.3.1-1(A-C),the device will be considered a charge transfer demimea current carrying
device, although the derivative of charge with respetitrte is a current.

+ inFigure 11.3.1-1(D),the device will be considered a current carrying device.

Figure 11.3.1-1(B)shows the device connected in a minimal configuratibhe capacitance shown is the total
capacitance at this point; it includes the capacitahtfeecoutput circuit of the transistor shown and the input
capacitance of any following circuit. With a revebsas (negative voltage as shown) applied to the cotlecto
through an impedance and no voltage applied to the enmitigrower is consumed by the device. However, it is
operational. If a negative charge is applied to thetemithe charge will be transported to the Collecta a
appear as a charge on the capacitance at the outpuseddred emitter shown dotted is to indicate that thigcdev
can be made with more than one emitter. The emittél act independently. However, the total chargthat
output will be the sum of all charge entering the device.



90 Processes in Biological Vision

Figure 11.3.1-1(C)adds a reverse bias to the input circuit. The totaditistill consumes no power. Now, if a
charge is applied to the emitter, nothing will happerthéfbias voltage on one of the inputs is reversed atttm
positive, the device will now transport a continuous euorfrom that emitter to the collector. This cutrean be
increased or lowered by varying the charge on the dapas before. The circuit now consumes power because
average current is continuously flowing through the resistated in the output lead.

Figure 11.3.1-1(D)illustrates several important additions. Depending envéttue of the different electrical
elements, the circuit can perform in a variety of nsodé an impedance is placed in the base lead and plué in
capacitance is made large, the transfer characteofdfie device can be changed dramatically. By adjustiese
values and the input bias, the circuit can be made toifgrapbscillate. It can generate a single pulse oegsie

a string of pulses. The width and time between thesegutn also be controlled by adjusting three parameters,
the impedance, Zthe total capacitance. flus G, and the applied field (the total voltage equal to thebatge

sum of the bias voltage and the voltage across the imped3).
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Figure 11.3.1-1 Fundamental transistor circuits. A Il known biological transistors, Activa, are of the
PNP type. See text for discussion of symbols
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The nature of the impedances, Z, will be discussed I&ercautioned however. They are not resistors.

All of the data unearthed to date supports the descriptitreircuits in the retina in terms of a singlelbipcal
activa of the P-N-P type. This activa has threetfanal ports, although the dendritic port may be replitass
shown in D). The associated input and output circuit elements mé&g th& overall circuit associated with a
given biological activa exhibit multiple inputs and outpussnce the majority of the circuits are directly coupled,
it becomes increasingly hard to define boundaries ofengiircuit group as the complexity of the retina inoesas

11.4 Top level power distribution/consumption

The source of power employed in operating the neuralmyisteeldom discussed in the literature. It is usually
ignored or assumed to be a normal metabolic respomgidiilihe Soma of the cell. The neurological system
actually powered by an electrostenolytic process sssativith several individual specialized regions of the
plasma membrane of each neuron. Components withiSdia, which play a major role in chemical synthesis
play no role in electrostenolytic process associaiéd neural signaling.

In the absence of a proper model, it has been commttreiliterature to encounter analyses of specificqases
based on thermodynamic principles. Unfortunately, these not been the thermodynamic principles used in the
neuron and vision. Man normally builds machines basddreversible, or dissipative thermodynamics invalvin

a Carnot cycle. The neural system of animals halvey into a system that does reohploy significant

dissipative elements and daasploy completely reversible electrochemical reactio Any analyses found in the
biological literature should be examined very carefully i§ using irreversible thermodynamic principles. The
neurological system in animals emplagsersiblethermodynamic principles exclusively.

With the signal paths in the retina fairly well cdated to the histological layers, there is anothpeeisassociated
with the signal circuitry of interest. How is thessgm energized? How is the power necessary to gerzsarate
process these signals supplied? One of the techniaalatbastics of a direct coupled biological transistoain is
that it can be provided power at a number of differemtsan the chain. For a number of reasons relatéotab
power consumption, crosstalk and individual amplifier &itgbit is frequently best to adopt a specific power
distribution plan in such circuits. There are at Iéastapproaches to determining the power distribution sehem
used in the retina of an animal. Wong-Riley and aasesxchave looked at a number of retinas to determirezav
metabolic byproducts of power consumption (conversioaxancentrated. Heynan et. al. have looked at the
location of electrical current sources and sinks.

Wong-Riley et. al® have demonstrated through sectioning that there aas aféiigh metabolic activity
identifiable through cytochrome oxidase (CO) stainingeyirelate dark staining to high metabolic activity.
Their results indicate: “In all species examined, thetrimdense oxidative enzyme staining was observedrwithi
the inner segments of rods and cones. In this lagaes were more reactive than rods . . . The ph&ptec
outer segment layer and outer nuclear layer were atiylyireactive.” They proceeded to investigate and dtate
“Within the inner third of OPL and the outer half betIN, however, darkly reactive cells and processes wer
observed. Based on their location, these cells idergified as horizontal and bipolar cells.” They pested: “In
each species, retinal ganglion cells were usually maglgrat darkly reactive for CO . . . Each animal exteti

“Kageyama, G. & Wong-Riley, M. (1984) The histochemioahlization of cytochrome oxidase in the
retina and LGN of ferret, cat & monkey------ JourreuXosci. vol. 4, no. 10. pp. 2445-2459
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slightly different patterns of RGC staining.”
In their discussion, the above authors develop thewoilp points:

“The intense staining of inner segments . . . suggleatsatlarge portion of the energy derived from
oxidative metabolism may be utilized for the maintermasfdonic gradients.

The selective dark staining of the large mitochondrieoime pedicels, in contrast to the light staining of
the smaller and less frequently observed mitochondtl@mrod spherules, implies that there is a
fundamental difference between rods and cones in théZation of oxidative energy metabolism.

Horizontal cells The dark staining of the primary horizontal cell gsges and somata located within the
inner OPL and outer IN is evidence that these celisyatabolically quite active.

Bipolar cells The moderate to dark staining of smaller, more aaiti oriented cells in the outer IN
suggests that many bipolar cells are also metabolicatlyactive.

Amercine cells Although amacrine somata are characterized by aespi#stribution of lightly reactive
mitochondria, the distal amacrine cell processesRlr) may exhibit a level of oxidative enzyme staining
that is moderate to dark . . . This pattern of staimsngpnsistent with the hypothesis that peripheral
processes of heurons may serve as functionally segdegetiee components of a neural circuit or simply
as distal sites of intense synaptic interaction.

RGCs The presence of moderate to dark staining within R@®lIrites indicates that dendrites
contribute to the overall intensity of staining witlthe IPL. The moderate to dark staining within most
RGC somata may be accounted for by their moderatrglotbnic maintained discharge rates. . . .”

These authors did not demonstrate that the procesat@ésacking is directly related to the Soma or other
internal elements of a cell related to metaboli®y.differentiating between the metabolic and elecamslytic
processes of a cell, their statements appear to suppaanglyses of this work. As discussed elsewhere diley
not show a causal relationship between the levélupfiination and the generation of stainable compoundsat
point in the visual process. It is also interestiraf the density of staining of small areas of the @S much
lower than that of equivalent areas of the IS. Hawnethe OS is a much more distributed structure thafSthéf
the cumulative staining associated with all of the @8evwcompared to the cumulative staining of all of thealS
different result might have been obtained.

Heynen & van Norrefi probed the in vivo retina of macaque monkeys. Tleehrtique was essentially
extracellular and sampled a highly heterogeneous strudtiowever, their results provide a useful map of the
resistance level at different levels in the retind ghe location of a number of current sources and sifkeir
work indicates a major current source in the areaebtiter segments of the photoreceptor cells, and a major
current sink in the area of the outer nuclear layed-that these two areas have a high mutual correlation
coefficient. Regions located closer to the vitredusd did not show a high correlation to either of thesasire
They associate these two areas with the generaitibre @-wave (or receptor component). Their data stiewved
a source-sink profile which they associated with thakie.In this case, the current sink was centered in the
region of the ONLand the current source was centered in the region dNth&heir data was not stable enough
to indicate anything about the ganglion layer.

Heynen, H. & Norren, D. van (1985) Origin of the eleattmogram in the intact macaque eye--I
Vision Res. vol 25, no 5, pp. 709-715
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The above work provides a fairly clear and detailed deson of the power distribution system in the retina.
Recognizing the reversible techniques used in visiontettme power consumption will be replaced here by power
conversion. This is more appropriate since verelfithe power converted at a given location would be
consumed there in any event. In many cases, theichleenergy converted into electricity at one poinit he
converted back to chemical energy at another location.

Photoreceptor cells It is quite clear that the photoreceptor cellstaeesites of significant power
conversion in the retina as might be surmised. duige clear that the IS exhibits the most concentrated
site for the conversion of that power (and that thegoas used to provide a circulating current between
the IS and the OS represented by the source-sink redhtfound by probing). The high power
conversion in (or near) the mitochondria associat#ud thve pedicels probably relates to the supplying of
power to the axoplasm for use by the Activa withinrtearon.

Horizontal cells There is evidence of power conversion in the atrattprocesses” of these cells, i. e.
the soma is not the only location of power consumption

Amercine cells.There is significant evidence that there is consitlerpower conversion associated with
the non-soma elements of these cells, i. e. arvéciot physically or topologically associated with the
soma.

Retinal ganglion cells (RGC's)here is significant power conversion related todbedrites of the
RGC's. Overall, the RGC’s are not major powerstoners, as expected for analog to pulse encoders.

Overall, the above characteristmantinue to suggest that:
the photoreceptor cells are power amplifiers, i.e. otitput impedance of the activa is lower than the
input impedance. All of the output current is applied tomapeidance that creates a voltage node at the

pedicel.

the horizontal and amercine cells are high impedamgeabkamplifiers consuming relatively little power
per cell.

the bipolar cells are primarily high impedance buffer afieps consuming relatively little power per cell.
the RGC'’s are efficient analog to binary encoderstvitonsume relatively little power.
The above conclusions are in agreement titghconclusions drawn elsewhere in this work
It should be noted that the description of a major ctiiseuarce in the area of the outer segments of the
photoreceptor cells, and a major current sink in tha af¢he outer nuclear layer relates to the external
characteristics of the photoreceptor cells. Intédyn#ie current would flow from the region of the outerclear

layer (or IS) to the region of the OS. The abovedeson applies to a conventional current, and notittaal
electron flow which is in the opposite direction.

11.5 Principle Signal Sources

In probing the retina, it has been possible to laeale origination point of a number of waveformsie T
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descriptions, and background given by Rubin & W3lithough dated, make a good starting point. The a-wave
originates in the region of the photoreceptor inner seds(IS), at least 100 microns from the vitreous sidieeo
(primate) retina. The b-wave is found to originatetiimear the IN, typically at a depth of 75-100 micronss |
frequently described as a transient that is associdatedavsustained response which is frequently called the D
component. Both of these components are associatiedh& IN. The a-wave and b-wave are of opposite
polarity. The descriptions of these waves lacked deénition even in the literature of the late 1960’s.eTh

wave and d-wave defy concise verbal description andbeileft to section 13.8.

The important point here is that the initial signalg@tion occurs in the photoreceptor cells and the ml&ci

signal processing functions occur in the IN. This pravi@estarting point for, and a logical break between
Chapters 12 and 13.

11.6 Functional and tabular models of vision
The current literature lacks a framework adequate to avcatate all of the data available concerning vision.
Providing such a framework is the goal of this SectiBecause of the complexity of the overall visual system
between various species and phyla, it is necessaryite deveral different components of the overall feamork.
The following paragraphs will address this task.
Engineering has developed a framework for describing etegtical scanning and imaging systéing his
framework includes many aspects applicable to the viggtdra. Based on this framework, the visual system can
be classified clearly by hierarchy.

The system is of two stages in the higher animath, lvoth a wide field and a narrow field capability.

The system is a reticle type scanner, with thelsedqual to the aperture of each photoreceptor.

The system employs a multi-dimensional (time, altitadé azimuth) correlation tracker.

In the higher animals, the combination scannerétator employs a nutating translation mechanism (trgmo
two (nominally orthogonal) dimensions.

In the higher animals, the tracker employs a two-spkeed loop servomechanism for pointing.
The system supports a general purpose, distributed, andgrymrmable computational facility (the brain).
The computational facility can be divided into two majortions,

a largely repetitive but trainable (housekeeping) portimh a

a more adaptive cognitive portion.

The computational facility is supported by a varietgtubrt and long term memory facilities.

This work will address all of these classificatiorrdowever, they will frequently be addressed using the
terminology more commonly found in the biological andcp®physical literature.

2Rubin, M. & Walls,G (1969) Fundamentals of visual sciesggingfield, Il: Charles C. Thomas pg.
190-196
"Wolfe, W. & Zissis, G. (1978) The Infrared Handbook. Wd38: US Gov't Printing Office, Chap. 17
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11.6.1 Background

Many authors have presented many models of the visuedgg@nd defined 1st, 2nd . . . nth stages as it fit thei
purposes. It appears advisable to repeat that procedursaittre commonalties and differences between these
models can be tabulated. Without exception, the modékeigurrent literature are partial, if not floatingodmels.
That fact highlights the purpose of this work. Thera ggeat need for a global, internally consistent motigie
visual system in animals. Only with a global modelikble is it possible to discuss new laboratory resuolthe
proper context. Subsequent discussion can then be Hilaésed on an adequate common foundation. To achieve
a consistent set of models in the general senseygdful to define an internally consistent hieramhgvels that

can be used to discuss individual portions of the overatlgss. In this work, the following hierarchy will bsed:

Global Model
Functional Block Diagrams, one or more
Top Level Schematic
Motor related Schematic (involving control circuit faioos)
Vascular Schematic (involving metabolic and electrpmber functions)
Electronic Schematic (involving signaling for bothrateand analysis functions)
Electronic Circuit Diagrams (containing more than oomplete circuit)
Large signal circuit diagrams
Medium signal circuit diagrams
Small signal circuit diagrams

Individual Circuit Diagrams (showing components and/or moiqgy)

Many of these different levels can be representedtly diagrammatic and tabular renditions. To aid in these
presentations, terminology drawn from the Standards pgated by a variety of scientific and engineering
organizations will be used. This will be done to miiziethe needless growth in new terminology related to a
specific discipline.

The interpretation of the visual process is greatlyglarated by the degree of divergence and convergence found
within even a primitive visual system. To aid in ipiestation, this work explored very simple paths esséytial
free of these two dimensions. With a basic path ddfiit was then possible to understand the more complex
paths. It was generally found that the divergence obsigaths within the retina was for the purpose of palrall
signal processing. This signal processing generally sekirita significant convergence in the signal paths in
terms of the ultimate number of neurons appearing ioptie nerve. However, the information carried by trads
these signal paths was more sophisticated in structarettfat found in the original or parallel signal patfkis
efficient, but complex, coding is interpreted in the bithirough a similar degree of signal path divergence. The
initial divergence in the brain is merely to support aigitecoding. The divergence involved in subsequent
interpretation occupies a major portion of the braat th closely coupled to the decision making portion.
Following Interpretation and decision making, the multitatisignal paths converge, leading to the control
portion of the motor system of the animal

This model takes a multiple parallel path approach andbatis virtually all signal processing, except temporal
processing, to the eye. The brain is primarily ingdiin interpretation of the spatial and temporal featofése
luminance, chrominance and appearance vectors providiedTtbe spatial processing in the brain does include
stereo-graphic manipulation. However, as indicated élsemwherein, this stereo-graphic manipulation is itiovec
space on a virtual map. It does not appear to involv@vhrlay of separate maps in image space. Although the
visual pathways do involve short term temporal charesties, passbands and delays, longer term temporal
characteristics appear to involve changes that invbleeshort term memory of the brain.
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To aid in interpretation, this work will first presehie minimal paths found within the visual processedlof a
animals. Additional paths within the eye, generallgtesl to the concept of divergence, will then be intreduo
explain the operation of more advanced visual systerhs. n&tural convergence resulting from signal processing
will become obvious as the presentation continuese cbimplexity of the signaling transmitted via the opécve

will also become clearer.

11.6.2 The Global Model

To aid in the correlation of this work with earliarthors, a diagrammatic global model is presentedrigure
11.6.2-1. This model is annotated to aid in the correlatibthis work with that of other authors. It alsolintes
undetailed support functions indicated by the labels metafimbport and electrical support that will be discussed
later.

The series of vertical arrows on the left aid irerpteting the visual system from the most global perisgect his
perspective has been arbitrarily labeled the OpticalrBnment and includes the optical as well as the togni
elements of the system. The stages are given alptamgsignations and numeric sub-designations. These
stages represent gross designations related to the systein. A functional block diagram will be presented
below to aid in understanding this figure.

The series of vertical arrows on the right, arbitydabeled the Signaling environment, omit the medbanand
vascular aspects of the visual system. They provide aetailed designations of the visual system. In this
context, the stages are numbered numerically with alpleabsub-designations.

Many of the left and right designations share a cometement. As an example, Stagea@d G on the left
divide the Stage C circuits into those based on analdgalse signaling. The equivalent designations on the
right share these same characteristics. All Stagel1Stéage 2 circuits involve analog signals. Stage 3 on the
other hand, involves pulse (action potential) sign&tgges 4 and higher are also believed to be dominated by
analog signaling paths.

In this model, Stages A and B includes three groups ofegltanthe elements associated with forming the optical
image, the elements associated with the photodetqmtamess and the signal path up to the output of the
photoreceptor cell. Stage C includes all of the signadgssing, signal projection and signal evaluation aspécts
the visual process. Stage D is labeled administrafitieso This stage relates to a framework created oy ma
completely external to the visual process, but very inaporto the understanding the visual process.

A series of numbers is displayed on the figure corraadigsignations assigned by Polyak to some of the regions
described by the chain of boxes in the center ofithed.

The right-hand designations are related to the signalingtibns of the visual system exclusively. In thattert
the motor and vascular aspects of the visual systerwoasedered secondary.

11.6.2.1 The Signaling environment of the Global Model

Stage 1 of the global model involves two primary funciassociated with the photoreceptor cells, photodetectio
and signal amplification. The second stage involvesigtial processing between the output of the photoreceptors
and the input to the encoding circuits (the ganglion cell$je third stage involves the encoding/decoding process
which is shared by structures at each end of the optien
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Figure 11.6.2-1 Global model of the vision process in animals. The labels on the left may be
correlated with many documents in the literature. The labels on the right correlate with this work.
The two boxes in the upper right indicate important supportfunctions. They support all of the signal
related neurons. See text for further discussion.
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The fourth and higher numbered stages involve all sigaalipulation within the brain. There are a few visual
signal paths not included in this description. Some agdd¢d separately, i.e., blink reflex signals, etc. @Bthe
such as the diversity encoding channel, labeled stagevthout a subscript, are more difficult to illustrate.
Some of the major elements of the visual systenslaoe/n deviating from the dominant vertical signal pdtthe
figure. This is done to suggest lateral signal processtwelen parallel signal paths within the retina.

The ganglion cells play a role in vision of similangalexity to the photoreceptor cells. Their neurititistures
play a key role in two distinct functions; the divergiyalog)encoding of the signals received from different
locations in the retina and the analog to binary digneoding of all of the signals to be transmittechi® brain.
Their initial axonal structures also play a criticdkrim the analog to binary encoding process. Theimebee
axonal structures, including the Nodes of Ranvier, plagmmmole in the routing and transmission of the signal
to the brain. Because of these multiple roles, diffecult to assign a role to the ganglion cells baseidtst on
morphology. In this work, the high frequency signal palinsugh the neuritic parts of the ganglion cells will be
considered part of the signal manipulation functionsagfes?. The lower frequency signal paths through the
neuritic parts of the ganglion cells will be considered pathe analog to binary signal encoding process. All
parts of the ganglion cells orthodromic of the baseoregf the Activa within the cell will be considered paf

the signal projection process.

Within the 1st stage, photodetection is best subdivideddugs follows;

+ stage 1A--the transduction process in the OS

+ stage 1B--the translation process between the @$henS and the amplification process in
the IS.

+ stage 1C—the adaptation (variable gain amplificationjga®

Within the 2nd stage, initial signal manipulation, thisdal includes;
+ stage 2A--the straight through path (foveola to tlietgetum)
stage 2B--the luminance channel (other than tlaégéir through path)
stage 2C--the chromatic channel
stage 2D--the geometric channel (appearance related pat
stage 2E--the polarization channel (present in tselespecies)
etc.

+ + + + +

Within the third stage, signal projection, this modelules;
+ stage 3A--the encoding of the visual information (Genmgtells)
+ stage 3B--the routing and transmission of the encodedmation (Optic nerve)
+ stage 3C--the decoding of the visual information (sofiiesynchronously in conjunction with the
commanded eye motions).

Within the fourth stage, main signal manipulation, thizdel includes;

++ servomechanism signal extraction

+ stage 4A—initial signal extraction in the Pretectumraetion of precision signals related to the spatial
content imaged on the foveola. Signals are separatedenvo-signals and detailed information
signals. The servo information is passed to the POt detailed information is passed to area 7
of the cerebrum.

+ stage 4B-initial signal extraction in the LGN—extractdiguidance signals required to overlay the images
from the two eyes, stereoopsis.

++ image information merging & vectorization
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+ stage 4C—foveola information extraction
The resulting information is passed to area 7 of thebcam.

+ stage 4D—merging of ocular images (luminance in magnogelegion)
+ stage 4E—merging of ocular images (chrominance in pdiwiaceregion)
+ stage 4F—merging of ocular images (polarization in pseudmqxl.)
+ stage 4G—merging of ocular images (appearance)

The resulting information is passed to area 17 of thebcem.
+ stage 4J—activities in area 17, 18, 19 etc of cortex.

++ high level feature extraction and cognition

+ stage 4M—cognition of thepecificsituational awareness information ---area 7 (parlets)
+ stage 4N—cognition of thrgeneralsituational awareness information-----area 22 (pdriebe)
+ stage 4P-highest level cognition (Frontal lobe)

+ stage 4R—autononous cognition glasium)

Within the fifth stage, initial command generation
+ stage 5A—sympathetic in parietal lobe
+ stage 5B—autonomous in POS
+ stage 5C autonomous in cerebellum

Within the sixth stage, command implementation
+ (reserved)

Tabulation of the individual functions becomes increglgidifficult after stage 3. Stage 4, 5 & 6 are listed
primarily as a coarse framework to be expanded and reased Stage 5 will be explored more fully@hapter
15. All of the designations are compatible with the naetailed figures of this work.

11.6.3 The Functional Block Diagram

The Global Model is not able to illustrate the patalignal paths or divergent/convergent signal paths idedc
with vision. The divergent paths are only conceptuallijcated by the lateral, i. e., horizontal and anmerctells
associated with Stage Figure 11.6.3-1presents a Functional Block Diagram better able tstithte the parallel
and divergent paths as well as the control oriented é&dbaths associated with vision. It is still unable t
present the signal paths associated with the spatiaiximgtassociated with the appearance channels and the
diversity encoding matrix. These signal paths are ledsiwvderstood but will be explored in following
paragraphs of this Section.

The upper vertical column (rows 1 thru 4) presents theifumadtblocks common to all aspects of vision and can
be considered stage 0 in the nomenclature of the preséotion. These include establishing a line of sight,
forming an image, micro-scanning the image and usingylaléo suppress imaging during gross changes in the
line of sight. These functions are all controlled &sve signals received from the oculomotor nerves andrgésd

in the Pretectum.

Rows 5 thru 7 represent stage 1. They represent theadpyesttective photodetection channels available and
widely used in animal vision, with one channel furthebdivided into a pair of polarization sensitive channels
The photodetection channels are labeled;-1UMV;-, S-, M- and L-. These channels support sensing in the
ultraviolet, short, medium and long wavelength regiontefelectromagnetic spectrum between about 300 and
750 nm. Large terrestrial chordates cannot utilize ttraviblet portion of this spectrum because of the
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opaqueness of the cornea/lens combination in thismeghguatic chordates do not suffer from this limitation
Most arthropods do sense ultraviolet radiation but dausetthe long wavelength spectral band. The molluscs use
different combinations of spectral bands depending om thmiilial adaptations.

There is data in the literature that would suggest ther @thannels besides the UV channel may be subdivided in
order to provide additional polarization data. Menzela&Bhau& and others have provided cross-sections of the
ommatidium of a honey bee that suggest polarizationtggtysin the S- & M - channels as well.

Each of the above channels contains a photon tooexecénsducer, an exciton to electron translator, and a
adaptation amplifier. Each photoreceptor cell containemplete set of these functional elements. The onl
functional variation between photoreceptor cells éstifpe of chromophore employed in the transducers (and in
some species, the orientation of the UV channebktiaction apparatus). As a result of the adaptation anmplifie
in the photoreceptor cells, the visual signaling sydtélowing the photoreceptor cells operates at an eisdignt
constant mean signal amplitude level.

Rows 8 and 9 represent stage 2, the initial sighal maniiquiliex vision. The primary interconnections between
the photodetection channels and the channels ofghalgbrocessing circuits are found in row 8. The sigralde
in this area constitute the outer plexiform layer (OBfLthe chordate retina. The heavier lines denatgtihs
leading to the signal summation circuits and the resultmmihance channels of vision. The lighter lines deno
paths leading to the signal differencing circuits assediaith the polarization and chrominance signal channel

Row 9 includes the signal processing circuits of aninmsbmi other than the spatial and diversity encoding
processes. Functions in this row generate all optssible luminance, chrominance, and polarization signal
paths found in the visual system of an animal. Tharzmaltion channel is labeled N. The chrominancecks
are labeled O, P, & Q. The luminance channel idéabie and employs signal summation in logarithmic space.
All of the other signal processing channels, N thre@ploy signal differencing in logarithmic signal spacEhe
negation process indicated in the chrominance charmetdy shown symbolically.

Rows 10 through 15 represent stage 3 of the visual systaespitial and diversity encoding matrix of row 10,
and the decoding in row 14, performs an important roleedteases the number of neural paths required in the
optic nerve while insuring that a single point failurers the optic nerve will not cause a major visual syste
failure. Except for the foveal signal paths that go addine spatial and diversity encoding mechanism, as
indicated by the arcs between row 9 & 11 and betweerlBof 15, a failure of an individual or group of adjacent
neural paths in the optic nerve causes negligible impatii@visual system.

Rows 10 thru 13 and the decoding functions in row 14 are bdli@vbe chordate specific. They provide functions
required to accommodate the large angular rotations afdhlar globes in the more advanced members of this
phylum. The primary task of these functions is to aghtbe convergence of the large number of signal paths
associated with the photoreceptors of the retinatimonuch smaller number present in the optic nerve,
apparently using techniques that can be decoded in thevithut serious information loss.

Following signal formation, each of the biphasic paation and chrominance signal channels are encodedrinto
action potential pulse stream. The monophasic luminsigoal is also encoded into an action potential pulse
stream. However, there is a thresholding functionqalieg the encoding process in the luminance channel. The
above encoding is accomplished by the ganglion cellsh Banglion cell incorporates the functions of rows 10
thru 13.

“Menzel, R. & Backhaus, W. (1989) Color vision honey bphgnomena and physiological mechanisms.
Chapter 14 in Facets of Vision, Stavenga & Haedle NY: Springer-Verlag
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A question remains as to whether the signals receivezhal4 are decoded to analog form in the LGN or whether
the information from the two eyes is merged whil# sticoded in the binary pulse domain. It appears miayli
that it is decoded, manipulated in the analog domain, ardrétencoded for transmission to the visual cortéx. |
this is the case, it is reasonable to consideritheffinction in the LGN, decoding to be considered pbstage 3

and the signal manipulation part of stage 4. The redémgoretransmission via an association fiber and
subsequent decoding at a different engine within the c@t@xommon feature of the system.

The broken line from the LGN in row 14 to the cortexaw 16 represents the magnocellular and parvocellular
pathways to area 17 of the cortex.

Row 15 includes the decoding and manipulation of the infeomditom the foveola in order to create the servo
signals required to operate the mechanical mechaniseescbfeye. These servo signals are also pulse encoded
prior to transmission back to the eye and its surrountissge. The broken line to the cortex in row 16 repitssen
the pulvinar pathway to area 7 of the cortex.

There appears to be a correlation between the fuattigpes of neurons in the visual system and the
morphological types found in the literature. Where toisdition appears to exist, labels have been placed under
the functional boxes. Thus, the midget ganglion cells agpdze specialized to meet the requirements of the
signal differencing channels. The parasol ganglion eglfgear to be specialized to meet the requirements of the
luminance channel. The bipolar cells appear to be gmohfor signal summation. However, they may also be
used as simple impedance changing and signal isolation slekcether correlations may be demonstrated by
future workers.

Many animal species only use a selected set oftthenels in the above figure:

+ Many animals ofArthropodaexhibit sensitivity to polarized ultraviolet light aglMvas the S- and M - regions of
the visual spectrum. These animals use polarizationngfaN, and the two chrominance channels, O & P, as
well as the luminance channel, R.

+ Many animals oMolluscaexhibit sensitivity to ultraviolet light as well aset S- and M- regions of the visual
spectrum. Only a few animals of this Phylum have lstedied. Whether they exhibit polarization sensitiaity
sensitivity in the L-region of the spectrum is uncertai

+ A very large number of animals @hordataexhibit tetrachromatic vision although reports of gernty to
polarized light were rare until recentigdction 11.6.3.1.2 x¥x These animals, sensitive to UV, S, M, & L
channel light, are primarily aquatic and reports suggegtftbguently lose their UV sensitivity upon maturation.
Terrestrial tetrachromats appear to be limited tostheller animals in the phylum. The majority of tetrial
chordates are trichromatic due to the spectral linomatiof the optical system.

The cross connections shown in the center of thgralm, in row 8, are illustrative of the first levelsafnal
interconnection found in the visual system. Thes@&eotions serve two purposes, to achieve maximum setysitiv
to a broad spectral range of illumination and to encedespectral information included in the received photon
stream. Maximum sensitivity to photons is achievedyming the signals received from the individual narrow
spectral band photoreceptors. This process is showrematically as occurring in the luminance channel
labeled R. Simple cells of the bipolar type are capabperforming the summation process associated wétiRth
channel. Encoding of the spectral information avéglabachieved using a multichannel approach. The
difference between each pair of signals from the pht#otlen channels is processed in a separate signaling
channel. These channels are labeled O, P, & Qeiffighre. The lateral cells associated with this psicg are
generally labeled horizontal cells. These cellscayble of performing signal subtraction due to their afized
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input structure. There are two separate input structusesiated with each lateral cell. One of these straestin
each cell is capable of reversing the electrical jiglaf the signal applied to it.

The second level of signal interconnection is relédethie spatial and diversity encoding subsystem. This
subsystem is believed to primarily involve signals frtbra circuits in row 9 as they proceed toward the cisanfit
row 11 & 12. This encoding technique is the primary metliodducing the very large number of discrete signal
channels before the signals pass through the optic.nerve

After diversity encoding, the signals are converted feoralog to pulse form in the ganglion cells of the getiin
the case of at least some of the R channel signa@isme animals, the signal is first passed through aticui
level of signal processing before analog to pulse comrersThis additional level can include signal pre-emphasi
in the frequency domain and/or signal thresholding irathplitude domain. Following conversion, the pulse
stream from the ganglion cells of the R channelaslydor transmission to the brain. This pulse streaes pulse
time delay encoding. In the absence of illuminatiampulses are transmitted by the R channel. Pulseswéh
decreasing time intervals between them are transihagdhe illumination level increases above the tules

The signals in the R channel related to the non-favesa of the retina are transmitted to the LGN partf the
brain. The signals in the channel related to thedare transmitted to the Pretectum (and possibly@i¢ &s
well).
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Figure 11.6.3-1 Functional block diagram of vision. See text for details.

The multiple difference signals associated with the & @ channels are also converted from analog to pulse
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form in the ganglion cells. However, the subsequentgssieg is stylistically different. In the absencaiy
difference signal, the ganglion cells associated with @& these channels are biased to generate a pudaensof
nominal temporal spacing. The biphase signals resultamg the differencing process are used to vary the pulse
to pulse spacing in these channels. The spacing carctaased or decreased relative to the nominal spaning i
order to transmit the biphase signal informationis ttlear from the literature that the chromatic signa
associated with the non-foveal O, P, & Q channa&sassed to the LGN. It is not totally clear whetherh
chromatic information associated with the fovea isspd to the Pretectum. It may only be passed to tie LG

11.6.3.1 Other signaling channels

11.6.3.1.1 The appearance channels

There is another level of signal processing found withaeye but not well illustrated in the above figuféuis is
the retinal signal processing associated with the $matient of the image sensed by the eye. It is gdiger
associated with the appearance (or geometric) procedsammels, labeled,ZZ,, etc. for purposes of this work.
Details relating to the appearance channels are belienstope of this work. Only a few remarks applicable t
this arena will be provided.

It is important to differentiate between any signalcpssing related to appearances in the spatial imagerpedor

in the retina from that performed at the higher cogeitienters. The magnitude of appearance signal processing
within a retina is highly species and family dependédnappears to be minimal in the human species reladive
other animals. However, it is believed to be highdyeloped in other animals. It appears most developixin
hunters of the animal world. These animals appeage sebsitive to a variety of special geometric featbegend
those associated with reproduction of their own spedi&e resulting signal processing performed in the retina
can be considerably more complex and involve more dpacethat involved in the chrominance channels.

The signal processing associated with the appearancealkanvolves an additional level of signal matrixing.
There is an unresolved question as to whether the sigpalied to this processing are derived from the raw
photodetection channels, UV, S, M, & L or whetherythee derived only from the luminance channels, Rgit.o
applied to the known cross-sectional structure of theaetould suggest that the Z channels are fed from the R
channels. The logic is based on the desire to havappearance signals derive from achromatic signalsoand t
use the most sensitive channels in the retina. Bfotthese goals are achieved by using the R channels.
Furthermore, there is a group of lateral cells found post® the Inner nuclear layer. These are the amer

cells. These cells are known to employ a wide vaonghjighly arborized input structures. Therefore, tigaais
directed to the appearance matrixing circuits are drawineimbove diagram at the output of the individual lateral
cells of the R channels associated with the engitiaa.

It is particularly difficult to determine the exact sigpalths leading to the appearance matrix. This is betlh@se
R signals contain elements of the UV, S, M, & L signaDnly very careful experiment design can lead to explic
information about this ambiguity. Historically, mestperiments designed to evaluate the spatial performance of
the human retina have employed light sources that vareanefully matched to the absorption spectrums of the
individual chromophores. The result was data that fadesliccessfully separate the spatial information frioen t
chromatic information. In addition, many of thegperiments were subject to temporal delays in the signal
processing channels that resulted in chromatic distodidhe results depending on the time involved in
experiment execution.

There is an additional facet to the appearance progesHisome of the matrixing involves inputs from thiefal
cells related to luminance matrixing and some involypaiia from bipolar cells between the lateral cells dosd t
ganglion cells, a time delay is introduced into the eqoatibhe result is an output that is sensitive to time twf
excitation of certain photoreceptors relative to ngatotoreceptors. This feature can generate a velgmsitsitive
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output within the appearance matrix. Such an output signabeaery useful in creating an alarm signal within
the retina.

All of the above signals are processed further in thabin order tperceivethe environment of the animal and
to control its responses to that environment. Thiegption process involves both the generation of resysoto
alarm signals and the completion of the interpretatemagnition process related to complex geometric shapes.

11.6.3.1.2 The polarization channel(s) iArthropoda & Mollusca

Individual clusters of photoreceptor cells found in batthropodaandMolluscahave frequently been shown to
contain pairs of photoreceptors sensitive to the sgpeetral wavelength. The orthogonal orientation efgthoto-
chromic material in the Outer Segments of each pdiin, respect to each other and with respect to thetigyn
vector of the incident radiation, results in a unique ptgpelhe output signal from each photoreceptor is a
function of the polarization of the incident radiationhe output signals from each of a pair of photorecepi@s
orthogonal to each other relative to polarizatiory. sBbtracting these two signals in a signal processiagral
essentially identical to a chromatic signal processhmannel, a signal is generated that is proportionddg¢@ngle
of polarization received by that detector cluster.c8itine sky is known to exhibit a complex polarization map
when viewed from a given point, an animal is ablegitngulate his orientation by using the polarization aign
from a group of polarization signal channels strategigdiced within its total field of view.

11.6.3.1.3 The polarization channel(s) i€hordata

Reports appear in the literature concerning polarizarsitivity inChordata However, most of the reports are
anecdotal. Little data accompanies the reports regatiencytological and chromophoric structure of the estin
involved. Frequently the reports relate to the peripb&rysion which suggests the conventional photorecepibr
Chordataare being used in a non-optimal mode (not pointing dyrettthe pupil of the eye).

Parkyn & Hawryshyn have provided good measurements aetigtivity to polarization in the UV for many
salmonid fist®. However, the experiments were more exploratory #ppiied research. Their
electrophysiological data is described as from multiplésumithin the optic nerve of these fish. The siktheir
electrical probe, and the voltages recorded, suggeststthends represent capacitively coupled data with the
probe located in the INM rather than penetrating a 8peuron. The relatively small changes in observed
signal amplitude with polarization angle are not compatibth the much larger signal amplitudes associated
with tests involvingArthropodaandMollusca They reported an unusually large second harmonic domtémeir
measured responses as a function of polarization anfgtés harmonic content may also suggest the polarizatio
sensitivity related more to non-optimal operation thaa difference in the structural arrangement of the
chromophores of photoreceptors reflecting a polarizagensitivity.

No photoreceptors optimized for polarization detectiovel@een reported among member€bbrdata

Two polarization phenomena, Boehm'’s brushes and Haidmigershes are reported in the human vision
literature. However, they are only encountered iniéemtly and are believed to be largely artifactsnoéinal
reflections resulting in low level polarization seidy. Watermar® describes these potential situations in detail.

“Parkyn, D. & Hawryshyn, C. (2000) Spectral and ultraviplgiarization sensitivity in juvenile salmonids:
a comparative analysis using electrophysiolddixp Biolvol. 203- pp 1173-1191

""Waterman, T. (1975) Natural polarized light ana-vector discrimination by vertebratés Evans, G.
Bainbridge, R & Rackham, Oeds Light as an Ecological Factor: Il Oxford: Blackwell &iific
Publications.
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11.6.3.2 The relative complexity of the functional block diagram

The above Functional Block Diagram is illustrativetod visual functions in any animal. However, it i$ able to
illustrate the magnitude of the complexity introduced in®¢hordate visual system in order to provide the
mechanical flexibility and dynamics found in the chordate. Figure 11.6.3-2shows the relative numbers of

signal paths found within various regions of the visualesy. The large degree of convergence and divergence is
primarily to accommodate the mechanical flexibilitgueed between the eye and the cranium. This figure has
been expanded from that of Dowlfi¢p indicate the special handling of the optical sigrptihannels associated
with the fovea. All of the numbers are for the hurege. Dowling has said that approximately 40,000 neurons of
the optic nerve are associated with the 20,000 photoresagittite central fovea (apparently the foveola folltayv
Hogan’s nomenclature). Other authors have noted tha sf the neurons of the optic nerve bifurcate and group
the resultant neural branches into a separate bundlpribeeeds to the Pretectum.

Weiskrantz has published a simple chart showing the npathé from the retina to ten different terminal
bodieg®. He did not distinguish between sensory and motor mathstween direct and indirect paths. Some of
his labels may be redundant. He notes that the 10-158#uobns not going directly to the LGN is larger than the
total number of neurons in the auditory nerve.

It appears that these branch neurons deliver signakedeio the foveola and/or fovea directly to the Rtata.

No information has been found concerning how many meuneay be involved in this branch. The Pretectum
derives information from these channels and usesdritstouct the Superior Colliculus on where to repositho
optical line of sight. The Superior Colliculus convertsse instructions into neuro-motor signals and sereais th
to the muscles controlling the eye. It is not knovrether the chromatic or appearance channel signatedeio
the foveola are delivered to the Pretectum. It isciezir whether the signals from the fovea also prbdaectly

to the LGN or whether the pertinent information frime Pretectum is relayed to the LGN via the Pretectum
Evolution and logic would suggest that only the luminan@aokls related to the foveola would branch from the
optic nerve and proceed to the Pretectum. The lumingrarenels contain a majority of the information tetbto
the high contrast edges in an image. This logic aledges a possible explanation of why it is so difficaltéad
red letters on a blue background. The L- and S-channgaments are of low amplitude relative to the M-
channel in the luminance channel.

Many chordates do not exhibit a fovea. In these alsinttae channels related to the fovea would be expected t
proceed directly to the LGN. When appropriate, a fowedes in a species along with an appropriate branching
of the signals related to the fovea or foveola in otdeonnect directly with the Pretectum.

11.6.3.2.1 Possible diversity encoding schemes
Since the visual system is fundamentally a change detécis possible to employ a simple binary encoding

scheme to indicate the location of any individual changggnal intensity imaged onto the retina. Suchvphk
scheme would only require 30 signal paths.

Dowling, J. (199X)  pg. 350
"Weiskrantz, L. (1997) Consciousness Lost and Found. NY:r@jdess. pg 128
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Figure 11.6.3-2 A functional block diagram illustra  ting the gross convergence and divergence
introduced into the chordate visual system to accom modate the pointing capability of the eye. Most
of the convergence in the retina results from the s patial and diversity encoding. Compare to
Dowling, (19XX).

However, the need for a more robust design would thisenumber by as much as a factor to ten.

The high degree of convergence should not be equated tisdla a very intricate encoding scheme to compress
the information or to a loss of information in predeng from the retina to the brain. For the purpossgrfaling

an alarm to the brain, simple binary encoding of fhegial location of a photoreceptor is adequate. Suchbina
encoding of 10photoreceptors (every photoreceptor in a nominalagtnly requires 30 individual signaling
channels in the optic nerve. To provide a redundant langnsystem with some error correction capabilitg th
number of individual channels might be quadrupled. Therenare than enough neurons in the optic nerve to
transmit all of the relevant information followinlget signal processing discussed in this Chapter.

There are frequent references in the literature talifeet connection between individual photoreceptorfién t
fovea, or at least the foveola, and individual neurarthé optic nerve. Itis not clear that these aptusive
connections. Such a correlation would be consistéhtrveurons related to the fovea diverting to the letets.
It would also be consistent with these particular nesirmt using binary encoding with respect to the spatial
location of the individual photoreceptors in the fov@édue question remains open as to whether the foveal
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photoreceptors are included in the binary encoded spagialafnthe retina for alarm purposes while
simultaneously sending neural signals in non-spatiallgeeat form directly to the Pretectum.

11.6.4 The Top Level Schematic

The top-level schematic diagram of vision is the ncostplicated illustration of the overall process avddaii
this time. It is an expansion of the above Functi@atk Diagram. This diagram is able to explicitly illate
the separate matrixing functions found in animal vistbnse associated with the luminance information, the
chromatic information (theslateral processing matrix) and the appearance informétie 2¢ lateral processing
matrix). Figure 11.6.4-1presents such a figure tailored for the higher chorddibss figure omits the
polarization processing matrix found in some of the sivaste trichromats and tetrachromats. It summariltes a
of the signal channels, the major vascular chanaal$the most important motor channels found in the isua
process. The figure would not be significantly differfiemtother highly evolved families of animals. By shiog a
series of reference platforms, the figure is ablaigpert a variety of discussions concerning how the ovesalal
system performs in conjunction with the motor systéitne animal. These features also aid in the explamat
the visual system, motor system, and brain interfaces

Figure 11.6.4-1 Top level Schematic of the Visual S ystem in Chordata . See text for details

It is preferable to present summary descriptions opthgorms and systems peripheral to the Signaling System
before proceeding.

11.6.4.1 The Motor System and Platform

The motor system and platform are both shown in gerfi@nin. The platform system begins with the eartthas
primary inertial reference. Nearly all animals refyon the force of gravity to provide a primary referenthis
reference is often correlated with a visual imagéeflocal horizon for added precision within the ovesajhal
processing and perception chain. The skeletal platfoshagn in its simplest form. This form is adequate for
discussing animals with body mounted eyes. For more ccagdl animals, additional motor paths must be
provided in conjunction with the structural freedoms aased with the rotation of the head relative to tharaix
and the eyes (Ocular platforms) relative to the héadhe more advanced chordates, there are two seperate
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mounted optical shutters, labeled D & E in this figuréere are also two separate motor circuits withinothéar
platforms labeled A & B in this figure. They are this motor circuit and the lens motor circuit. Notwian

this figure are the three pairs of muscles and theacéged motor circuits positioning the line of sighttué
ocular platform relative to the head of the animahisTocular positioning system is more complex than usually
presented. It serves two distinct functions. It metdl@ish the line of sight in all animals having atryctural
freedom between the eyes and the body. It must als@lprthe fine scanning motion required in any animal in
order to “image” its surroundings.

In most chordates, the second optical shutter, Dthgnaransparent layer and is used as a shield againscphy
damage to the cornea as the animal moves throughviteement. In many chordate animals populating the air-
water interface, the second optical shutter has edohte a lens that can be introduced into the opticdl patler
autonomous control by the animal as it changes itsainvironment. The second shutter is consideredyiadst

in humans.

11.6.4.2 The Cortical System

The cerebral cortex of a higher animal is obviouslyeswely complex. It will be reviewed in some detail in
Chapter 15. Since the visual system, along with the motor systad the cognitive capabilities of the animal play
such a crucial role in the life of most animals, ititerface of the cerebral system with the visualesysis also

quite complex. The figure shows the brain divided intoghm@mary functional blocks. These blocks are related
to memory, motor functions, and higher cognition. Rertdiscussion of the cognitive functions of the beaai@
beyond the scope of this work. The motor system fstarttally been shown as including the Pretectum atjho

its function has not been completely understood.

The memory subsystem related to vision has traditipbakn divided into two major portions, the MagnoceHula
region and the Parvocellular region. It appears thautheéance information from the retina is transnuitte
primarily to the Magnocellular region and the chromiregrpolarization, and other information are transitt
primarily to the Parvocellular region. This is partanly true of the non-foveal information.

It appears that the luminance information from the#owf the retina is passed directly to the Pretectutiopasf
the Motor region of the brain. The Pretectum isalpsonnected to the Superior Colliculus that contratéom
signal generation in the brain. This is logical sinadnsiderably shorter time delay is obtained irstheal loop
between the sensory portion of the fovea and the maisohtrolling the image projected onto that fovea.h@uc
signal loop is also considerably “tighter” from a semezhanism perspective. It is not clear whether the
chrominance information related to the fovea is phss¢he Pretectum. There is a matrix of possibilities
regarding the foveal information. The most likely appéarbe that the luminance information is passedtio bo
the Magnocellular region and the Pretectum while therahmance information, from the'lateral processing
matrix goes only to the Parvocellular region. It isgide that the foveal luminance information goes dalthe
Pretectum and is then passed to the Magnocellular reglowever, this option is in conflict with a smooth
evolutionary path that does not incorporate a fovdavier animals. The signal paths shown within therbsae
highly conceptual.

11.6.4.3 The Vascular System

The importance of the vascular system to both theestad dynamic performance of the visual system is not
usually appreciated. To focus on its importance, thegrodi the subsystem serving the photodetection porfion o
the eye is shown by two manifolds and three majov flaths. The portion serving the rest of the retiméthe

brain are conventional and not of interest here.



Biological Phenomena 11- 111

Even a partial failure associated with any of the el@s supporting the photodetection portion can seriously
impact the overall performance of the visual syst@asides the widely taught role of the vascular system in
supplying the visual system metabolically, it plays aialuole in supplying the electrical power used by the
visual system. This role involves an extension efrttetabolic role. Whereas, the metabolic role lives
providing a variety of bioenergetic materials that@esumed in the normal metabolic processes and reguk in
creation of various glutamate materials as waste prqdbhets is an additional role involving these same
materials. In the normal metabolic role, enzymaltiemical reactions are employed to provide the negessa
energy in chemical form. In the additional visual rdhe same materials are employed in an electrogtenol
reaction that releases free electrons for use irlgwtrical signaling activities of the visual systefirhe
requirement to support the necessary electrostenobgaitions places an additional responsibility on theulas
beds within the eye. This manipulation of free etmtsrintroduces additional constraints on the vascutdersy
with regard to resistivity. One of these constrapiés's an important role in the generation of eleetinograph
images.

There are a number of time constants associatedéthbility of the vascular system to provide adequate
bioenergetic material to the visual system. Whetigase time constants, measured in seconds or |less, |dtie
importance to the metabolic operation of the visusiesy, they are critical to the electrical operatbthe visual
system. They play a primary role in the adaptationge®of the eye and in the signal matrixing functionsdey
conditions of vascular fatigue, a wide range of visual impents can be expected. Some may be quite serious,
such as progressive tunnel blindness (occurring for &éeands prior to complete blindness).

11.6.4.3.1 The chromophore regeneration subsystem

The chromophoric regeneration subsystem is much maonple® than previously discussed in the literature. Once
generated and deposited on the surface of a disk, the ghinonechas a life expectancy in humans of 12 weeks.
During this period, the chromophore may be quantum-mechlnéxcited and electronically de-excited
repeatedly. This cycle can be completed and repeatethwiiHiseconds. It does not require any chemical or
stereo-chemical change in the chromophore or its avaoets to accomplish this signal generating cycle. No
physical transport of the chromophores is involvechmgensing of the de-excitation process. The regeowerati
process is developed in detail$ection 4.6andChapter 7.

11.6.4.3.2 The electrical power supply subsystem

The electrical power supply subsystem is a unique systernodie great dispersion of the individual
electrostenolytic processes throughout the visual systeually found in at least three different and distinct
locations on the plasma membrane of every neurore properties of this subsystem are discussed in detail in
Section 4.7.4

11.6.4.4 The Signaling System

The conceptual debate in the literature between thimddand Young-Maxwell schools of color are indicative of
the separate signaling paths used in biological visiothfatuminance and chrominance information. Neumeyer,
et. al. has also suggested a similar separation in goftfis fact, this separation (which consists of mibian

just two paths) is a characteristic of all biologizaion.

Both Tilton and Boynton explored alternate conceptsgofading during the 1970's. These conceptual studies

"Neumeyer, C. Wietsma, J. & Spekreijse, H. Separate gsingeof color and brightness in goldfistision
Res.vol. 31, pp 537-549
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involved a number of difficulties. They both relied ugba assumption that color signal processing occurred
subsequent to the creation of the luminance channallsagra that this signal was based on linear summation o
signals from the individual spectral channels. They edtied upon the assumption that the CIE photopic and
scotopic luminosity functions were accurate represemtsaf the visual response of the human visual system.

Boynton attempted to derive a top level signaling plaritferretina that supported a Hering approach to color
vision®®. While he reported the spectral response of the idatiichromophores of vision correctly in one part of
his book (L- channel peak near 625 nm, page 222) , he proceededve a different set of spectral responses at
the conceptual level based on the attempt to satisfy Eevel concept of Hering color space (page 212). The
result was not defendable at the detail level even thaughuniversally taught to psychology students and
psychophysics experimenters to this day. The approactogsripiear mathematics and did not include any
change in relative gain between the photosensing clanhédasically assumed that the long wavelength sglect
response could be calculated by subtracting the scotopindsity function from the photopic luminosity function

in linear space. The result was a long wavelength ispettannel with a peak response near 580 nm (page 213).

Tilton took a different approach based on logarithmichmiatatics and did introduce variable gain between the
channels prior to the summation of the spectral sigaaleast at the introductory level of his discus$ion
However, he also chose to treat the two CIE lumirfonstions as precise and accurate test data ratheathan
highly smoothed data assembled from different laborgarnder primitive conditions by the standards of even th
late 1970's.

Figure 11.6.4-2provides the top level signaling architecture determiryeithis work. It was formulated to accept,
with only minor modification, and is based on a contwlaof a large part of the creditable work in therkiture.
The architecture is tetrachromatic and can be appliadywisual system by adjusting for the presence omabse
of specific chromophoric channels. The dashed vetiiva subdivide the system into the distinct signaling
stages of vision defined above.

It is important to note that all of the summing anded#hcing occurs after logarithmic conversion and befoee
formation of the luminance channel signal. The Lrote spectral response cannot be determined by subtyacti
something related to the chrominance channels frenfutininance channel signal, R-. And as discussed
elsewhere, neither can the L-channel response bardetsl by a lineasubtraction of the scotopic luminosity
function from the photopic luminosity function. Thssdspecially true of the smoothed CIE standards foethes
functions. The scotopic luminosity function is identimathe photopic luminosity function with the L-chahne
gain reduced to zero. However, one must use the actipliems of the functions as found in the R-channel an
recognize their logarithmic relationship.

8Boynton, R. (1979) Human Color Vision. Holt, Rinehart\nston
8Tilton, H. (1977) Scotopic luminosity function and colondnire data. J. Opt. Soc. Am. vol. 67, no. 11, pp
1494-1501
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Figure 11.6.4-2 Overall signal processing architect ~ ure of the tetrachromatic visual system. A portion
of the lens is shown hatched because of the differe nt absorption mechanisms involved in the
ultraviolet spectral region. The impedances (4) ar e diodes that perform the logarithmic conversion
of the signal currents of the photoreceptor channel sinto the signal voltages of the signal processing
channels.

The three most important relationships in the visystiesn are shown in the following equations. These emusti
apply within the adaptation amplifier ranges of all & tihotosensing channels of the visual system (a definit
of the photopic range of vision). Outside of this rarnlge,appropriate gain constants must be introduced into
these equations.

R{) log #dl +log #,dl +log # dl (a sum of logarithms representing each spectral channel)

P(l ) log #sdl -log #,dl= log[ #dIl /Iog #, dll ] —Alog of a RATIO

QUl') log #,dl -log # dl=log[ #,dll /log # dl] —Alog of a RATIO
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#, = excitation[ ) x absorptiorl() in photons per spectral band

Gain constants omitted
R({l), P ) & Q(l ) are scalar numerical values

This architecture and these equations are fundamentédyedit from those of both Boynton and Tilton.
However, these equations do precisely describe the pefare of the visual system at both the gross and eftail
levels. Specifically, thereisno S - (L + M) sigaad the luminance signal, R-, daeslude an S-channel
component. The L- and M- channels are not lineangraed anywhere in the visual system to form a yellow o
signal. The chrominance channel consists of tworagpand distinct signaling channels, the P = log § Mo
channel and the Q =log M - Log L channel. The Pn@R channels are alleated as if they are orthogonal to
each other within the visual system. This is thgiorof the complete three dimensional color space plBiting
only the P and Q channels orthogonally, the New Chtmity Diagram for Research is obtained as will be
illustrated inChapters 16 & 17

11.6.4.4.1 Luminance signaling

The primary luminance signaling channel consists ok#lv®us spectrally sensitive photoreceptor channels
combining (by summation in the logarithmic domain)he tuminance processing matrix to form the luminance
signal. Numerically speaking, essentially all of thetprexeptors of the retina participate in forming thgnal.
However, the photoreceptors of the foveola appear totbks process, at least partially, as will be addiéss
below. The luminance signals are passed along to tgaanellular portion of the LGN, to the primary visual
cortex and then to the feature extraction engines afdhex prior to cognition. This signal pathway is lade

the sum oiS-pathway in the figure but is better known in the litera as the M-pathway. The reason for this
change will be explained iBection 15.2

It appears that the signals from each of the photoreept the foveola are passed directly to the pretectum,
associated with the thalmus but independent of the LGMNese signals travel over the path margéah the
figure, for alternate sum pathway. These signals aifos@recision analysis of the fine detail presenteith¢éo
foveola. This function is performed by a servo loogta®wyn that incorporates the photoreceptors of theofay
the individual elements of the auxiliary optical systéroven, as well as the oculomotor system. The auxiliary
optical system also receives reference informatiomfthe vestibular nucleus and the semicircular carfakeo
inner ear. The vestibular nucleus and the semicircalaals form a servo loop in their own right. Thissyskem
operates as a first order servo loop designed to providesatimal reference. It provides precise information
concerning the rate of change of the position of #ehin earth-oriented inertial space. Such a firstr@yltem
is not able to provide absolute position angle. To pletiis absolute reference relative to the eartlth@iocal
spacecraft environment), it is proposed that the pratear super colliculus receives orientation informafi@m
the primary visual cortex that has been processed &i&4{pathway. Se®ection 15.2.3.3.4.

11.6.4.4.2 Chromatic signal separation

The retina consists of an array of photoreceptorsigadifferent absorption spectra. Sub-arrays of theaetan
be defined for each spectral group of photoreceptors. Vowthe statistical properties of these individual ygra
and their relation to each other is not known in dletathis time for any animal. The detailed structamel
completeness of each of these spatial chromaticsfittas not been determined in human. There is soraérdat
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lower chordat€$,

Each array senses the chromatic component of tine scemged on the retina at a resolution determinedeby th
parameters of the array. Therefore, the incident igyeeparated into a series of individual relativelyree
spectral images by spatial filtering. This informatamuld form the basis of the signals to be transmttigtie
brain. However, it does not. The visual systenmpisam imaging system. It is a change detection sysiEme.
chromatic information associated with each smakhafahe retina is transmitted to the brain on a pygbixel
basis over channels that are not directly relatédeduminance information associated with the samd.pixe
These channels employ different encoding techniguesdnagtimes introduce unusual second order effects.

As in the case of luminance signaling, the primarypgtinance signaling channel(s) consists of the various
spectrally sensitive photoreceptor channels combinimthé logarithmic domain) in the&'lateral processing
matrix to form two or three chrominance signals. Talwcominance channels are functional in humans aret oth
large chordates capable of trichromatic vision. Imynather animals, there are three chrominance sgealing
tetrachromatic vision. Numerically speaking, essdgtél of the photoreceptors of the retina participate
forming these signals. As in the case of the lumiea@nnel, it is not clear whether the spectrarméiion of
the photoreceptors of the foveola participate in thie@ss. These signals may pass directly to the pretectum
without combining within the retina. Each chrominarsignal is formed by taking the difference between the
signals from two different spectral signals provided lgyghotoreceptor cells. Being formed in logarithmic space
each difference signal represents the ratio betweemténsity of the two spectral signals in object spac The
chrominance signals are passed along to the parvocedion of the LGN, to the primary visual cortex and
then to the feature extraction engines of the corteot poi cognition.

The individual chrominance signals are independent of ednglr and are treated as if they were orthogonaimith
the brain. However, the signals contain a commothemaatical term and are not truly orthogonal. Thd$ fa
becomes important when discussing the chromaticity diagiescribing the performance of the visual system.

11.6.4.4.3 Polarization signaling

In those animals capable of sensing the polarizafitimedight projected onto their retina, the signabmfation

is encoded as it is in the chromatic channels. Tkeeiddorwarded to the brain as a biphase signal raptinge

the ratio between the intensity of two orthogonabpahtion components of the incident light. Littlekisown

about the processing of the signals obtained from theopoeptors. The value of the information associeidu
each pixel is available for transmission. Howeuee, Yolume of data may be reduced in the signal manipulation
stage of vision.

11.6.4.4.4 Appearance signaling

The visual system supports two different modes of pravgsgipearance information. The information from the
foveola is passed directly to the Pretectum without @geting in any signal manipulation within the retirBhis
information is processed immediately and extracted itowdorm for further transmission to area 7 of the parietal
cortex.

The non-foveola information appears to be processddniiie retina in a manner similar to chrominanuoe a
polarization information. However, the arborizatwfimeurons associated with appearance information appzar
be quite extensive. The size of this arborizationintneduce considerable time diversity into the signal

8Douglas, R. Bowmaker, J. & Kunz, Y. Ultraviolet visiorfish. in Kulikowski, J. Dickinson, C. & Murray,
I. (1987) Seeing contour and colour. NY: Pergamon Pres§0ip616
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processing stream. As a result, the Class F wavefpratkiced by this signal processing are extremely complex.
Little specific information is available concernirgetsignaling transmitted to the brain from the retiaacerning
the appearance of individual features within the sceagéduh on the retina. It is known that thélateral
processing matrix is rudimentary or vestigal in humakghat is known about appearance signals has been
obtained primarily from experiments with the cat. Bippearance signals are believed to be formed in"the 2
processing matrix, the most posterior portion of theimmuclear layer of the retina. What is not known
specifically is whether this processing matrix, (freqlyeassociated with amercine type cells but containiagyn
other types) receives all of its input signals from lzipeells representing luminance information or whethe

also receives information directly from the photoptoe cells or from the output of thé Jprocessing matrix.

Most caricatures in the literature suggest that theracessing matrix only receives signals from bipolils eéa
interconnections in the outer interconnect layahefretina. This situation would suggest that the appearan
signals are based primarily on spectral data that Ineadyl been processed into luminance signals. Whédrisas t
scenario introduces no problems in the animal visusény, it does introduce considerable difficulties into
laboratory experiments designed to interpret these sigtless considerable care is taken with the spectral
characteristics of the test stimuli, the results wdpiresent a very complex calculation based on bothpibetral
and spatial characteristics of the stimulus. This g@nas the fundamental mechanism causing the
inconsistencies in the literature concerning manyecesurround experiments. Appearance signal generation
occurs late in the signal manipulation chain and thaltieg signals can appear very complicated. This is
particularly true if the time-diversity encoding featundjich indirectly introduces a spatial-diversity featurg)he
visual system is not recognized.

11.7 Circuit diagrams of vision

It is common to find simple circuit diagrams in the esiiterature. It is uncommon to find precise stateimen
about the applicability of these diagrams. They arariably “floating models” based on the assumption afugir
linearity. When electronic test circuitry is attadnto the actual visual circuits, it is invariably dome less than
precise manner because of a lack of knowledge concetméndesign of the biological circuitry under study. This
Section will present some of the pertinent design médion and the applicable circuit diagrams. The diagrams
presented in this section begin with the detailed, laigieal, diagrams and progress to a selection of simpler
diagrams of less general applicability.

It is important to note that the large signal diagramoaisan “equivalent circuit.” It is the actual circainployed
in animal vision presented in human linguistic and grapmiotation. This circuit can be used to accurately
predict the performance of the visual system of a geraeimal. It can be tailored to more accurately regme
the visual system of a specific animal by making miriguit modifications to account for specific features
resulting from evolutionary adaptation. As discussed é&lsewin this work, an “equivalent circuit” can be
constructed using man-made components that will faithfelbyoduce the performance of the biological eye.
However, the equivalent circuit must be constructed i&ffally selected components and operated at the
appropriate electrical voltages if it is to emulatelifatogical eye over even a fraction of its dynamicge. Each
component must exhibit (frequently nonlinear) charasties that are the same as those of its biological
counterpart. This is particularly true with respecti® avalanche type transistor used to emulate theAfitata
of each photoreceptor cell.

11.7.1 Background

To describe the actual circuit topology of the visual pssc many of the procedures used in electronics are
available. The first step in developing a circuit diagiamsually to determine what signaling environment is
involved. What is the dynamic range of the amplitudénefsignal and what is the frequency of the signal



Biological Phenomena 11- 117

spectrum? In high performance circuits, it is also irtgpdgrto determine the “grounding plan.”

11.7.1.1 The grounding plan

SeeSection 11.1.1.4or background information in this area.

11.7.1.2 Effects of temperature

Temperature plays a much larger role in biological edeatrcircuits than in typical man-made circuits for two
primary reasons. First, man-made circuits tend to iuseitcelements (other than semiconductor devices)aheat

not significantly affected by temperature variationseen zero and 100 degrees Celsius. The conductors (wires)
used for interconnection are virtually immune to tempgeachange. In the case of semiconductor devices,
special “balanced” circuitry is frequently used to redueeetfiect of temperature on the performance of theadiver
circuit.

In biological circuits, the situation is more difficliécause essentially all of the circuit elements and
interconnections are either electrolytic or semékative in nature. The wires used in biological circarts
invariably insulating conduits filled with an electrayt Both the conduit and the electrolyte are of orgarigin.
They frequently operate over a restricted biologicagjesand exhibit a change in electrical parameters with
temperature that is much greater than found in inorgamgity. The predominant circuit element in the
biological circuits of vision is the semiconductor di@ahel its progeny, the active electrolytic semiconducteicde
or Activa. Both of these devices are sensitiveetogerature according to the basic diode equation. The oésul
these factors is that biological circuits will not ogte as designed beyond the biological temperature ramige an
they exhibit significant changes in performance overltiological temperature range. The temperature must be
accurately recorded and specified when making measurenegaitdrto vision in animals. In warm blooded
animals, this problem is somewhat simplified. Howeites important to specify the temperature of the spen
(not just a nearby substrate) within 0.1 Celsius in ateuwork.

11.7.1.3 Large versus small signal conditions

To describe the operation of any visual system conipletquires a model capable of processing the very large
dynamic ranges associated with vision. Such a modelown as a large signal model. For certain experiments
involving only a limited dynamic range, a consideralyder “small signal model” can be used. In conventiona
electronics, a small signal is one of less than 10%d,peeferably 1%, of the amplitude of the nominal signal.
These are the levels usually used to quantify the intetatation distortion in a common high fidelity audio
amplifier. These values have been selected basedarlttive linearity of most man-made electronitsthe

case of vision, conditions are somewhat differentstRhe visual system is inherently nonlinear base the
variety of diodes employed at voltages near their éfethreshold voltage. Second, the avalanche effect
employed in the adaptation amplifier stage of visionighly nonlinear. Because of these conditions, it efuldo
consider three categories of circuit diagrams;

+ the large signal diagram capable of representing any siguual faithfully.

+ a medium signal amplitude equivalent circuit diagram capdbkgpresenting any input of less than 3:1
peak-to-peak amplitude variation.

+ a small signal amplitude equivalent circuit diagram capaflepresenting only a low amplitude, less than
10% peak-to-peak signal amplitude, input.

Visual experiments frequently vary from common electrésgeriments. Instead of impressing a biphase signal
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on a fixed carrier, they frequently employ a fixed backgraumd only add a mono-phase signal to obtain the total
illumination. In both these experimental proceduresptak-to-peak signal determines the applicability of the
above equivalent diagrams.

The reason for defining three categories is that tirdysmall signal equivalent circuit can be assembled)usity
linear man-made parts. Any experiments involving pegbetik signal level changes of 3:1 or greater will require
that the mathematical equivalent circuit include norim@rcuit elements. Any man-made circuit construoted t
emulate the visual system over a peak-to-peak signal air8yé or greater must be assembled from nonlinear
parts or circuits that emulate nonlinear parts.

11.7.2 Large signal circuit diagrams

The topology of the fundamental large signal circuit diagothe visual process is remarkably simple. This is
due primarily to the level of sophistication employedha design of individual circuits and individual circuit
elements. The complexity is associated mainly withlélvel of parallelism involved and the signal proceassin
related to spatial correlation of signals in the retiThe spatial correlation is performed primarilygduce the
number of individual signaling channels required withindpgc nerve.Figure 11.7.2-1shows a complete circuit
diagram for the fundamental circuits of a highly evolveiral eye such as found in small chordates. This ¢ircui
includes all of the circuit elements required to desaiie emulate the performance of the animal eye. Teagles
chordates normally are unable to sense ultraviolet.ligi these animals, the UV and O signal channelsbsent
or vestigial. The parameters associated with eativadcan be summarized by a type designation as presented
next to each Activa. These specific Activa typestabalated elsewhere in this work.

It is important to note that the illumination used mexperiment must be specified in terms of its impactawh
individual spectrally selective photodetection chanr@iherwise, one cannot expect to understand precisely the
signal conditions at subsequent portions of the oveirallit

It is also important to point out that only the comglieindamental circuit diagram can properly represent the
operation of the animal eye under scotopic, mezotopmtopic AND hypertopic conditions. This is because of
the various nonlinearities in the system that came play at different stimulus levels in different chalsn This
variation in the nonlinearities of the system requizareful documentation. When employing medium and small
signal equivalent circuit diagrams, it is mandatory thatilumination level, to which they apply, be stated.

When discussing the dynamic performance of the ey@péeation and impact of the aperture stop known as the
pupil must be considered. The role of the pupil is notukaally portrayed in the literature. The change in the
area of the pupil, about 16:1, has a negligible effect eropreration of the eye compared to the 3500:1 dynamic
range of the adaptation amplifier in the photoreceptits oéchordate vision. The pupil remains at its ndiyna
minimum diameter throughout the hypertopic and most optiwtopic regimes. By constricting the diameter of
the optical bundle passing through the highly asphericderrsea system, it provides the highest possible
resolution (and contrast) image to the retina througtimse regimes. Over this wide illumination range ihe
adaptation amplifier that limits the signal amplitude witthe signal processing functions of the eye. The pupil
appears to begin opening at the lower illumination rang#se photopic range in order to extend the illumination
range of the eye. At light levels below the lowarge of the photopic regime, resolution is sacrificedrdento
maintain sensitivity. The diameter of the pupil is thechanism that controls this tradeoff.

It is the large dynamic range provided by the combinatfdhe adaptation amplifier and the pupil that maintain a
virtually constant average signal amplitude in the cirguwf the visual system subsequent to the adaptation
amplifiers. The system is able to maintain full $gvity from the top of the photopic illumination reginie an
illumination level approximately 2 x 1®lower. Below this level, the performance of theudl system begins to
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degrade significantly because the signal level in theasigiocessing circuits is reduced. The effect on the
chrominance and appearance channels is most obviadliscassed below.

The following paragraphs will first discuss the operatibthe eye based on the individual circuits represented in
the overall large signal circuit diagram and based om tpairation as a group. Following this discussion, simpler
equivalent circuits will be discussed that can be used yrdperly controlled laboratory conditions. The
mathematical performance of the eye will be presemt&hapter 17.

11.7.2.1 Discussion of the large signal circuit diagram

As indicated earlier, the overall diagram can be dividéo three major regions based on the grounding plan.
These are:

+ the circuits within the IPM, basically the photod#ien circuits that do not employ free electrons aral th
Adaptation amplifier circuits of photoreceptor cells.

+ the circuits found within the INM, including the disuitipn amplifiers of the photoreceptor cells found within
the IS, all sighal processing circuitry of the retiaad the signal encoding circuits (ganglion cells) ofsigeal
projection subsystem located prior to the optic nerve.

+ The signal de-encoding circuits of the signal projecsisinsystem and the remainder of the higher level circuit
of the brain found within the CSF.

Separate ground symbols have been used in the diagranphagae these divisions. The interconnecting bridge
impedances between these ground planes are not shown.

The overall diagram can also be divided into three aimmggions based on the treatment of the various sigrial
this case, the complete photodetection/photoreceptdirselynapses complex can be considered the detection,
amplification and primary signal distribution portion béteye. The remainder of the signal processing and the
signal encoding within the INM can be considered thersgtcegion of the eye. The third region remains the
signal decoding and interpretation functions found withen@SF.

Under this second interpretatidfigure 11.7.2-1(A)describes the first region of the eye.

Each of the rectangular symbols in the overall diagremnesents a composite element consisting
of a diode and an electrostenolytic electrical sourae ¢an be considered either a voltage or
current source (in either case, a battery). Thimeta also includes a capacitor in parallel with
the diode and battery. However, it can be considergligitde in most cases. When this
capacitance is significant, it is shown explicitly iretdiagrams to follow. The capacitor, C
shown bridging the diode-battery of the adaptation amplifiea simplified representation of the
capacity of the vascular system to support the elettrazzds of the adaptation amplifier.

The circuit applies to each of the spectrally selegtivetodetection circuits of a given eye. There mafpbeof
these present in a single eye. In each case, theda@tettion process is shown as a loop containing tvetedifor
purposes of discussion. At the quantum physics levelwheibdes merely describe the excitation and de-
excitation process in a single excitable molecular siract De-excitation of the chromophores of vision duoms
occur spontaneously at biological temperature. There beugtde-excitation mechanism provided. This
mechanism is provided by the open base connected Asttoxan within the dotted box. This Activa can
participate in an energy transfer between the chronmrepdiad the hydronium crystal forming the base of the
Activa. This hydronium crystal has a minimum actiwatenergy of approximately two electron-volts. This
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minimum activation energy has a profound impact on thispeance of the L-channel.

The diode symbol next to this Activa normally representight-emitting diode. In this case, it can be mered
aphononemitting diode. It is analogous to a light-emitting diedth a threshold equal to 2.0 electron-volts.
However, the energy is transferred to the base ragfitime Activa as @honon

The Activa contained within the dotted box is a unique.typés described as a type AT Activa. It represénés
sum of the individual Activas associated with the individairotubules found in the crevices of the OS disk
stack. For purposes of this figure, a single Activa awshrepresenting this multitude of individual lower
capability Activas. This type has an extremely thollector region which leads to the phenomenon of adla
multiplication. Avalanche multiplication occurs withtine device at high collector-to-base potentials.sThihe
source of the very high amplifier gain found in this afigsliunder low illumination conditions. The performance
of this amplifier is critically dependent on the impedaircthe collector lead of this amplifier. The darkl dight
adaptation characteristics of the eye are primaniBsalt of the interplay of the illumination level appli® the
channel and the impedance of the power source supportggdaptation amplifier.

The adaptation amplifier and the distribution amplifiethbcontained within the photoreceptor cell, are shown
connected as a differential pair with a common impedbaetgeen the two emitters and the local ground. The
total current through this common impedance remainsigae constant in such a circuit. As a result, signal
current passing through the distribution amplifier is esakya mirror of the signal current passing through the
adaptation amplifier. However, the output impedance oflisteibution amplifier is considerably lower than that
of the adaptation amplifier, allowing it to support a langenber of 1 stage generic synapses. Each synapse, four
are shown, can be considered as a low impedance cmmbetween the collector voltage node of the distidiout
amplifier and the input circuits of the following signabpessing stages. The impedance is low only in the
orthodromic direction. In the opposite direction, ieidremely high. From this perspective each synapseasact
an isolation amplifier. Although all of thé' $tage generic synapses are shown as type AS, theytexkisiety

of reverse saturation current (RSC) values. Theserdiff values control the actual current level pass#teto
subsequent signal amplifiers for a given voltage poteatidie output of the distribution amplifier.

Figure 11.7.2-1(B)describes the “R” channel, theminancesignal processing and encoding region common to all
eyes.

In the case of the simplest eyes, such as thdsenolus, several of the functions shown here are
still performed by a single cell. This condition is lpably indicative of an early evolutionary
stage. By electrically separating the functions ierlatages, it is probable that a higher degree
of performance can be achieved in each.

The first bipolar cell accepts signals from all of thailable photodetection channels describg@\)n The level

of current received from each channel is controllethbyreverse saturation current (RSC) of theyhapse
associated with that channel. These signals are sdnmturrent space. The signal is then passed to thegbar
ganglion cell by the™ generic synapse. The ganglion cell is prefixed by theesgjmn parasol because it appears
that there is a correlation between the morpholodarat of the ganglion cell and its actual function. Taeasol
cells appear to be electrically biased so that theip@dithreshold level relative to any input signaleld®v this

level, no action potentials are generated bywbltage controllednono-pulse oscillator.

A possible capacitor is shown bridging tHé @eneric synapse. There are a number of graphs iitethagure
suggesting that there is a pre-emphasis circuit in thenlamee channel of many animals. This circuit provales
boost to the high frequency components in the luminahaanel. The actual effect is to cause a slightlydrigh
chance of the signal exceeding the parasol ganglionhceBtold level if it is caused by motion within theigent
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scene. The circuit appears to provide an enhancem#rg tdarm function to be discussed below. Such an
enhancement was not found in the experimental literafuneman vision.

The ratio between the capacitance of the two capaatwwn associated with the type AG Activa of theapalr
ganglion cell may play two roles. It may play a rolghe threshold performance of the circuit while also
establishing the interpulse time interval found in tbioa potentials of the luminance channel as a funatio
illumination.

Figure 11.7.2-1(C)describes thehrominancesignal processing and encoding region found in all butithplast
eyes. In most eyes, this region is replicated to geeither two channels (three-color-vision) or thrieannels
(four-color-vision) signal recognition and interpretatiol o simplify the overall diagram, only one chrontina
channel is shown that can be used to describe the¥d lBhannels. Each channel receives input from two
photodetection channels. The O channel receives frgatthe UV and S channels. The P channel receives
input from the S and M channels and the Q channelves@iput from the M and L channels. In each case, on
of the inputs is applied to a non-inverting terminalha type AB Activa. This is the dendritic input. Thhert
input is applied to the inverting terminal of the samdadevThis is the poditic input. This differential anfigli
provides not only signal inversion but also signal anwglifon to the poditic signal. Here again the reverse
saturation current of the'stage generic synapse plays a role in determining kteveeamplification of this

signal. Later analyses will show that this valusetected so that the amplification factor of bothdhedritic and
poditic signals is the same. The resulting output sigreabiphasic analog signal. This signal is passed through
the 29 generic synapse to the midget ganglion cell. The prefigen appears to correlate the morphology of this
cell to its unique electrical performance. This circlaes not exhibit any threshold to input signals. Ihitas a
free running oscillator generating action potential$waitnominal time interval in the absence of any irgigihal.
The input signal, being biphasic, is able to cause ithis interval to increase or decrease. The signatnmdtion

is encoded by this variation in pulse interval.

The presence of a continuous stream of action potsritaah these cells in the absence of
illumination is a frequent source of confusion in thierhture. The frequency of these pulse
streams will decrease in the presence of predomin8ntly L-channel illumination. This
characteristic causes these chromatic signals tasiekanly labeled OFF-Luminance signals.

A fourth type of signal processing occurs in many animélfévolves the processing of two separate UV siginal
taken from photoreceptor cells with their rhabdomeraraged orthogonally. By employing the same circuitry as
shown inFigure 11.7.2-1(C) a fourthpolarizationsignal processing channel can provide this informatdhe
CSF.

Figure 11.7.2-1(D)describes thappearancesignal processing and encoding region also found in mast &yee
scope and significance of this region do not necesgsamihglate with our general view of the evolutionaatiss of
the animal. In the human, this area is not highl\etiged.

The fact that some of the neurons in the optic naredound to display a constant train of action potentifile
others do not in the absence of any illuminatiorhefrtetina is simply explained by their role relativeéhte R
channel versus other channels in the eye.

It appears that the timing between the various signalignels discussed above is maintained to a large degree
by the constant length of the neurons between the aNthe Optic Lobes of the cerebellum. This goal of
constant signal path length in spite of variable distande covered results in the fan shaped optical rediati
found between the LGN and Optic Lobes.



122 Processes in Biological Vision

Figure 11.7.2-1 The large signal circuit diagram of  the fundamental signal paths of a highly evolved
animal eye. (A) Generic photodetection module, (B)  Generic luminance channel-- R, (C) One of three
generic chrominance channels--O, P & Q. (D) Generi ¢ appearance channel--Z .
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Figure 11.7.2-2describes, only in conceptual terms, the signal decaiingits prior to any distribution

amplifiers, found within the brain. These circuits gmavide two fundamentally different outputs. One output is
an analog output that can be interpreted in two differays by subsequent circuits. For luminance information,
the analog signal is interpreted as a monophasic sigdigkitive of scene illuminance. For chromatic
information, the signal is interpreted as a biphasea@ntered about a quiescent value occurring in the absénc
signal information in that channel. Little is knoahout the cognition related to the analog signal gerteste

the appearance channels. This appears to be due tintrerole played by the appearance channels in humans.
Little information is available from psychophysicaperiments involving the human although some information
may be available from work with cats.

Figure 11.7.2-2 Generic decoding circuit of the neu  rological system EDIT. Used in the LGN, the
Pretectum and the cortex.

The second output is essentially an initial alarm sigmnal is found primarily if not exclusively in the luminanc
channels, particularly the (non-foveal) luminance ctesiterminating in the Magnocellular region of therora
Such an alarm signal plays a critical role in causirgStperior Colliculus to redirect the optical line of sigh
the eye. This redirection brings the image of anyrgiakthreat to the animal into the foveal areshef retina.

In analogy with other areas of the brain, particulénly striated cortex, it appears these decoding circuts ar
represented morphologically by stellate cells. Thiasée(multi-cornered or star shaped) cells are optyrsalited
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for the decoding process. They appear in profusion inlbgér 4C of the striated corfand in the layers of the
LGN. They generally exhibit both a dendritic arboriaafs) extending from the cell opposite to the short axon
and a poditic arborization extending from an area betweeendrite(s) and the axon. This poditic structure is
known as the basilar dendrite in the literature ofsthiated cortex. In the context of the striated coptesented
by Noback, the nearby pyramid cells are projection meuvghich may have axons as long as three feet. Hrese
not likely to be decoding neurons. They are more likelgncoding projection neurons with axons leading to
other areas of the brain or the more remote arfgh® meural system. By comparing the work of Nobaak that

of HubeP, considerable information about the initial orgarizrabf the brain can be gleaned. Note however that
their presentations are not to scale. The vertitaension has been expanded for clarity. In generatdtiex

has a surface area of about 2.5 square feet but is onyii.Shick in the area of the visual cortex to 4 mmckhi

in the motor cortex. Note also the duplication of teatogy found in the morphology literature (pg. 232 of
Noback). The pyramidal cells with axons labeled prajectfferent fibers or association efferent fibees a
functionally equivalent to the ganglion cells of thenat These are all projection neurons that generditena
potentials. They typically have axons longer than 1 niimose labeled association efferent fibers onlyetra
distances shorter than the length of the lobe otdinex in which they originate. When they re-enker $ame
lobe, they are labeled association afferent fibditsose labeled projection efferent fibers are longet taavel
between distinct lobes of the brain. They changeasaim projection afferent fibers upon approaching tlaeget
locations.

Note the similarity of all of the neural circuitstbie visual system. There are only three basic titgpes; the
unique circuit of the sensory (typically photoreceptotl tiee simple synapse circuit, and a third, more elatieor
circuit. This latter circuit can be tailored in threays to satisfy a variety of requirements. By usiath lthe
dendritic and poditic neurites as signal inputs, the cicantbe made to take the difference between two input
signals. By providing multiple synapses at any neurifgjtisignals can be summed at this neurite. By adding
capacitors at critical points, the circuit can alsdquen signal processing, signal encoding or signal decodsyy.
adjusting the potential difference between the emitidriase of the Activa, the circuit can be made to fonas
a threshold detector, an analog integrator, a free ngnoscillator or as a mono-pulse oscillator. The sssgy
capacitance is easily implemented by varying the expasedyelinated or otherwise protected) surface area of the
neurite or axon. The ratio of Activa terminal voltagan be affected by a change in the amino acids eatpioy
the two relevant electrostenolytic processes (vardmigic amino acids, including GABA) and/or by the refati
RSC'’s of the diodes involved.

11.7.2.2 Gross dynamics of visual performance

It is possible to establish the quiescent voltages amérmts applicable to the overall circuit diagram, founthim
eye of a specific species. It is then possible tcuds the dynamic operational capability of that eysoime
detail. These parameters do not appear to vary greatg@ species within a phylum. Probably the greatest
variation in these parameters occurs due to the tenuperattthe specimen. This Section will discuss the
parameters of the human eye as an example.

The above parameters can be tabulated for the “noiillation” condition. Under this condition, no circust i
under stress and the gain of the adaptation amplifi@tsneximum. No action potentials appear in the optic
nerves related to the R channels. Trains of agaantials appear in the optic nerves associated wéth th
chrominance and appearance channels. Each of thesdrnais exhibits a quiescent pulse-to-pulse interval.
These intervals need not be identical. The decodirgitsrof the brain are able to accept and adjust toallst

8 Noback, C. (1967) The human nervous system. NY: McGrilvptil 233
8Hubel, D. (1988) Eye, brain, and vision NY: W. H. Freeman
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any quiescent pulse interval.

The human eye exhibits at least four operating reginascn be related to changes occurring in the operating
regimes of the various circuits shown in the overnatluit diagram. These regimes have been expanded tanfive i
this work. They are labeled (in order of illuminatienel) the scotopic, mesopic, photopic, hypertopic artitly
illumination regimes. All but the hybrid regime assuneastant photon flux per unit bandwidth radiation input
to the eye. As discussed in Chapter 2, an illuminantd@ned by a 7053 K black body, is ideal for physical
experiments involving the human eye. It provides an gojuation flux per unit wavelength over the spectral range
of interest in experimenting with long wavelength trminats such as the human. It is possible to use differen
illuminants, corresponding to different color temperato@rces. However, the non-uniform excitation of the
various spectral channels of the eye must be accounrted f

Since the chromophores each exhibit a similar absorptiaracteristic with wavelength, all of
the chromophoric channels are excited nearly equadly Equal photon flux per unit wavelength
source is used. Such a source stimulates all of thencptwores nearly equally and leaves each
of the chrominance channels in a quiescent stateh &gource will appear as a “white” source
at any intensity level within the photopic range. $earat other color temperatures vary
significantly in perceived color as the intensity dfusted.

Since these illumination regimes describe a performaneelope that may be controlled by multiple underlying
processes, their correlation to the performanceditidual circuits in the overall circuit diagram is not qué.
There is overlap. However, the correlation betweespecific circuit, or circuits, and a specific regimgood.

Very little material has appeared in the literature disg the overall sensitivity of the visual systemnight.

Figure 11.7.2-3reproduces a figure from Barlow with additional annotdtioA similar figure was reproduced by
Frumkes in 199%6. While the Frumkes paper is insightful, he introduced ideietand changes to Barlow’s figure
that were not well supported. This work does not suppertiéfineation of rods and cones in the original figure.

Barlow described the figure as “a curve of the humareiment threshold taken under conditicasefully

selectedo show up to 5 types of orderly behavior:” [emphasis djdflbe data applies to a point ten degrees from
the fixation point. His paper did not describe the dioecfrom the point of fixation where the stimulus was
applied. He provided no data points or error bars andrtpgh appears to be drawn freehand. There are several
problems between the original paper and the original figuFbe label on the lower axis also appears to need
interpretation since the background light was specifiest@sge. Frumkes added a degree of precision 25 years
later by specifying the wavelength of the background legh800 nm. The background may have been specified in
Barlow's mind as equivalent to the photon flux at 507 nrhe fheasured values apply to the intensity of the
source and not to the flux received by the eye. Thdition of the pupil was not discussed. It appears that some
type of fixed pupil was used. By incorporating the actiothefpupil, the overall dynamic range of the system
would be addressed by an additional factor of about sixteere than a factor of ten.

Section 17.2and supporting material i@hapter 16 will develop additional definitions with regard to human
vision that appear to apply to this figure. This notatiaings the historical names for the phenomenological
regions of perceived illumination intensity into alignm&ith the underlying mechanisms that cause them. The

8Barlow, H. (1965) Optic nerve impulses and Weber’s Law S@uant Biology, Vol. 30, NY: Cold Spring
Harbor Laboratory pp 539-546

8Frumkes, T. (1990) Classical and modern psychophysical stfdiask and light adaptaticBhapter 7 in
Leibovic, K. ed. Science of Vision, NY: Springer-Verlag
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resulting notation has been added along the top of theefiglinis material will introduce a number of new
interpretations applicable to this graph. It will shinat the sensation of color is lost at a level initthe mesopic
intensity range. It will also show that color carsty is only maintained within the photopic range,dhly area
where Weber’s Law applies.

The material will also show that the phenomenon destras dark light is in fact the limit due to the noise
performance of the stellate cells in the CNS (orastablishment of a hard threshold within the CN&eto
emphasize this noise). This threshold is independeaheaftimulus intensity. The performance in the mesopi
range is the only performance limited by photon noisiié stimulus. This range shows the slope of one-half
associated with this condition. Within the photopiege, the performance of the system is limited by timadhc
range of the signal processing circuits rather thamnitident photon noise. In the hyperopic range, perfoo@an
is further limited by saturation effects associated prilywith the output amplifier in the photoreceptor sell
There are additional details regarding these ranges th#evdiscussed below and in later chapters.

Section 17.2and17.3will also demonstrate that the test stimuli used byddaintroduced signals into both the
luminance and chrominance channels of vision. Thesfigure does not relate only to the luminance thidsho
particularly at high illuminance levels.

Figure 11.7.2-3 Incremental threshold of a human su  bject versus a chromatic background. See text
for discussion. Modified from Barlow, 1965.
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11.7.2.2.1 The photopic regime

The photopic illumination range is the most widely studitids characterized by stable color rendition awer
large intensity range. This is caused by the stabdizction of the adaptation amplifiers. These ampdifier
exhibit a high degree of negative internal feedback tiaeases with input signal intensity. They operate nea
maximum gain at the low intensity end of this range agat mnity gain at the high intensity end. For 7053 K
illumination, each photodetection channel is equallytegcand the output signal levels of the adaptation
amplifiers track each other and remain essentiallgteort. The chrominance channels remain at quieknasis.
If an auxiliary light source of narrow spectral widthrigroduced, the effect of this additional radiation wasult
in different signal levels at the output of the photodetethannels and disturbance of the quiescent levetsin
chrominance channels. A “color” corresponding todhgiliary source will be reported by the subject.

The large dynamic range of the adaptation amplifierbtgimed in the simplest possible circuit through the fise o
exponential internaleedback and a poorly regulated power supply. There is emexfeedback loop and
consequently no amplifier in that feedback loop. Théaave breakdown effect in the collector of the Awtis

the exponential process used to achieve the wide dynamger The exact value of the exponent involved is not
obtainable from the literature. However, it is coomty 2 to 10 in similar man-made active devices. Tha dat
suggests that the amplification achieved is in the rah§800 to 4000.

The actual gain of the adaptation amplifier is a functibboth incident radiation level and the rate of ajeof
that level. With a high quality power supply, this gairulddbe achieved at all temporal frequencies of interest,
including zero frequency. However, the time constasw@ated with the capacitor ,,&reates a low pass filter in
the circuit determining the voltage of the collectontmal. Since the avalanche effect constitutesgatine
feedback mechanism controlled by this voltage, thisgass filter appears as a high pass filter in the sipil
As a result the signal resulting from the incident raoimeis filtered. The high pass filter has nominakyagain
at zero frequency. Therefore, the average adaptatiptifismoutput signal remains near its quiescent value
regardless of slow changes in the incident illuminaléwel. Any rapid changes in the incident radiation agapli
to a photoreceptor cell will be amplified by the adaptaamplifier since the average voltage on the coltecto
cannot change rapidly because of the above time cansté&e amplification factor applied to these signals lva
the same as applied to the slowly changing incident itiatnon level. However, the result will be positive
amplification not degeneration.

If the averageincident illumination level changes rapidly, a more pter situation is involved. This situation
will be examined in the absence of any rapid chang#seiimcident radiation associated with fine detailhia t
scene. There are two situations, associated witlyeheral labels dark adaptation and (the less frequentdy use
light adaptation.

If the light level applied to the retina is raised rapitm a dark level, the time constant associated thigh
capacitor Gwill include the collector to emitter impedance of thetiva. This impedance is very low under high
illumination and the resulting time constant for ligdaptation is very short, typically less than 100 milligets.
As a result the gain of the adaptation amplifier willgpoecipitously from 3500. This change in amplification
factor is described by the light adaptation characteréthe retina.

If the light level applied to the retina is lowered rapiflbm a high level of illumination, the Activa widuddenly
stop delivering charge to the collector circuit. Ithaibpear as an open circuit in parallel with the capgdiio

The time constant associated with the capacitgrwi@ now be controlled by the impedance of the posugoply
alone. This impedance is considerably longer and imbygta second order network representing the
electrostenolytic process at the dendrolemma surfat¢hendiffusion of the necessary metabolic materiaésiad
to support this process. The resulting second order rietmatrolling the avalanche effect and therefore the ga
of the amplifier determines the dark adaptation charatiteof the retina.
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The parameters of the second order network formed bsgiélerostenolytic process and the diffusion of nutsent
supporting the process vary with location over the sar@dithe retina.

To obtain the complete adaptation characteristicofétina, the above two characteristics can be wwedb To
obtain the complete adaptation characteristic of thieeeeye, the effect of the pupil of the eye must akso
incorporated into the calculation.

As the illumination level decreases to the point whieecadaptation amplifiers are operating at or near maxim
gain, the aperture stop of the eye (the pupil) is commatedeegin opening. The increase available in the afrea
the pupil, nominally 16:1, allows the visual system taticare operating in the constant signal amplitude mode as
far as the signal processing system is concerned. dowthe resolution performance of the eye is degraded in
this region.

The product of 16 and 3500 suggests the illumination range phittepic regime is about 56000:1. This value is
very compatible with the observed value found in thezditure and presented in Chapter 2.

11.7.2.2.2 The mesopic regime

The lower extreme of the photopic regime merges withnbsopic regime. At this juncture, the adaptation
amplifiers are operating at maximum amplification (neglaitegative internal feedback) and cannot compensate
for any difference between the currents generatedeibdise of the adaptation amplifier. The signal currents
generated in the base of the S- and M-channels cortbrtugck each other and decrease linearly with illatiam
level. However, the current in the L-channel dropsenmecipitously due to the square law nature of the de-
excitation process associated with the L-channel coptyore. The result is a loss in long wavelength geitgit

in the visibility function and a loss in long wavelemghromatic saturation. These effects are presentdetail,

both graphically and mathematically, in Chapter 17.e fHilure of the chromophoric detection channels&aokr
each other at the transition between the mesopiphatbpic regimes is characterized by the Purkinje Effect.

After the adaptation amplifiers reach maximum gain, ipeads applied to the luminance channels begin to
decrease in amplitude. This results in the signalsdrctinominance channels also decreasing in amplitudey Th
begin to approach the quiescent signal level. The rissalltontinuous decrease in chromatic saturation & thi
regime. At some point, the chromatic interpretatioouits in the brain are unable to discern an accurate
chromatic state because of the low deviation frongthiescent state of the action potentials arrivingpatdrain.

The interpretation circuits report a quiescent conditibhey continue to report this condition at lower
illumination levels. When the chromatic interpretatcircuits report a quiescent condition, the subjectrteam
achromatic scene. The achromatic condition is Hiknark of the scotopic regime.

11.7.2.2.3 The hypertopic regime

If the illumination level is increased above the nafmaximum of the photopic regime, two separate conditions
arise. First, The adaptation amplifiers as a group aablerno reduce their gain below unity. The total curren
through the adaptation amplifiers attempts to exceed tgtaat current through the common emitter impedance.
This causes the distribution amplifier to be cutoffnder this condition, the luminance channel transmitsrg

high signal to the brain and the signals in the chramge channels are also very large. It appears thi cito

the distribution amplifiers is reported to the brain tvia pain reporting neural system. In this regimepjtears

the chromophoric material associated with the M-cleddetector (the liquid crystalline material of the d)skiso
begins to saturate. The result is a loss in signaliandplin the M-channel relative to the other two ahels.

Due to the logarithmic summation in the luminance clegrrhis loss is reported by the subject as an
enhancement of chromatic sensitivity at either4®4 nm or 600 nm, or if the instrumentation is sufficiently
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precise, both wavelengths. This situation is charizete by the Brezold-Brucke Effect. The actual effedbtally
related to the luminance channel. It results impparentincrease in chromatic saturation of the scene.

11.7.2.2.4 The scotopic regime

As discussed in the paragraph on the mesopic regime, begianthe lower edge of the mesopic regime, the
interpretation circuits report a quiescent conditioneyftontinue to report this condition at lower illumioat
levels. When the chromatic interpretation circugisart a quiescent condition, the subject reports an aatio
scene. The achromatic condition is the hallmarkefdcotopic regime. Under this conditiafi, of the
photodetection circuits are still active and the adaptaaimplifiers are operating at maximum gain. However, th
output signal levels of the photoreceptor cells aredactd affect the chrominance circuits.

11.7.2.2.5 A hybrid regime

If a scene exhibiting a color temperature different fitbaminant (F) at 7053 K is presented to the subject, the
experimental results may appear confusing. However, Ipepsoevaluating the performance of the various
circuits in the overall circuit diagram, the experimertan interpret the subject’s observations withoutalifty

or serious error. The primary difficulty is in the regunent to integrate the total photon flux detected bl eac
chromophoric photodetection channel separately. I§tle@e color temperature is still that of a black bmdy
significantly lower than 7053 K, the excitation of thel@&nnel will be significantly reduced compared to theioth
channels. The data obtained will show a significass$ in short wavelength response in all of the Vigibi
functions, corresponding to the above regimes. TheCtewmaticity Diagram for Research will also show
reduced performance in the short wavelength region veladiwhat would be expected for an eye irradiated by
illuminant (F). Some of the older data in the litara was taken using illuminants with a color temperadisre
low as 2400 K. This data is so deficient in the shokteleagth spectrum as to be useless for scientific purposes

Although discussed elsewhere, the relatively slow regasethe gain of the adaptation amplifiers following
intense scene illumination provides an excellent metfidgtermining the precise spectral characteristithef
chromophores of vision. By selectively bleachingrsténa significantly and then immediately making
spectrographic scans, the precise spectral responseiafifiidual chromophoric channels can be obtained
psychophysically. This work was done with considerabégeision by Wald in 1964

11.7.3 Medium signal circuit diagrams

As discussed above, the medium signal circuit diagram casdukefor peak-to-peak signal excursions of up to 3:1.
It is not appropriate for larger excursiorisigure 11.7.3-1provides a medium signal circuit diagram for the visual
system. This circuit is derived from the overall gitaiagram by treating all amplifiers as exhibiting a dixe
current gain. This gain is unity for all synapses dcated by the paired arrows between a diode and a current
source at several places in the diagram. The gaifixedivalue for the adaptation amplifiers within the
photoreceptor cells, but it need not be the same tr amplifier. Because of the variation in gain amdreg t
various photoreceptor cells as a function of luminousnisity, the gains must be specified for each luminous
regime of interest. In developing the medium signal egemtatircuit diagram, it is important to recognize that
the transfer function between the photodetection chlarand the signal processing channels involves a d¢uoren
voltage conversion. Care must be taken to interprectinversion properly. The diode associated with the
collector impedance of the distribution amplifier in (@)mportant in this conversion.

8Wald, G. (1964) The receptors of human color vision. Seiewol. 145, Sept. 4, pg. 1009
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The medium signal level circuit diagrams are luminancesregipecific and must be properly labeled. In all but
the hypertopic regime, the signal transfer function @ased with the chromophoric material will be a camstfor
all chromophoric channels. In the hypertopic regirhe,ihdividual levels associated with the equivalent cirren
generators must be specified for each spectral bandlaBymin all but the mesopic regime, the signal tfans
function will be a constant for all chromophoric chals. In the mesopic regime, the level associatéd tive L-
channel must be specified relative to that of therathannels. In the scotopic regime, the L-chanmglailevel

is defined as zero.

The signal level in the signal processing channel&(BJ) is always large relative to the characterisbitage

nV, associated with the individual diodes. Therefore, tiygedance of the individual diodes varies significantly
within the dynamic range of a medium amplitude signal infB&icause of their individual reverse saturation
currents, J, two of these diodes in series may or may not bessepted by an equivalent pair of resistors in series.

The photodetection portion of the medium signal equivaligotit is shown in (A). The same circuit is used for
each of the chromophoric channels, UV-, S-; M-, &dr-the hypertopic, photopic and mesopic illumination
ranges. This portion is modeled as an alternating dusoemce proportional to the variation in the photox fl
incident on the appropriate chromophoric photodetectomatidde. The current from the source is applied to a
low impedance diode. The voltage across this diode (battiee node and ground) is the parameter normally
measured in the laboratory. The voltage at this idsed to provide the same signal to each of the signal
processing channels, O, P, Q, R, & (if appropriateY&e first synapse used to deliver this signal to theasign
processing channels is shown in (B) and (C) to simghiéypresentation.
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Figure 11.7.3-1 The medium signal equivalent circui  tfor the visual process. (A) The photodetection
portion. (B) The luminance channel, R. (C) A chan nel representing either the O, P, Q, or (if
appropriate) Z channels.

(B) portrays the medium signal equivalent circuit for ltiminance channel, R. The first synapses connetding
the luminance channel, R, are shown as simple diddesever, using two diodes in series as a voltage divader i
awkward. The current through each series pair of diagigssnon-linearly with the node voltage. As a result
the current waveform passed through thdipolar cell is a distorted version of the waveforinth@ voltage node

of (A). The amount of distortion depends on the amplitfdbe signal at the voltage node. This distortion is
easily recognized in the signal waveforms recordexy %,

The second generic synapse is shown as a diode and |t @ouece with equal currents in each to stress the
isolation between the input and output impedance of theeleWn the absence of the capacitar, fie input and
output impedances of this device are completely isolafié@ impedance of the second generic synapse and the
input impedance of the parasol ganglion cell form a legdigwork if there is a significant capacitancg,iiC
parallel with the synapse. Otherwise, the circuat 8mple lag network. When a lag network, it typicakg la

high frequency roll-off that is higher than required by tisual system and it does not affect the performahce
the visual system. When the circuit is charactera=ed lead-lag network, the high frequency component®of th
signal may be amplified more than the low frequency corapts. Here again, the two diodes in series, both

BXXX
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shunted by capacitors, results in a complex transferimtitat is a function of the average signal levehim
luminance channel. The average signal level in thénel does not change greatly while the eye is opegrati
the photopic range. However, the instantaneous sigwall inay vary considerably, affecting the lead-lag nstw
calculations, and must be recognized. The parasol gargglboperates as a voltage controlled mono-pulse
oscillator that exhibits a threshold controlled asc¢atid conceptually. Once the input signal exceeds this
threshold, the oscillator will generate a seriesctiba potentials with a pulse-to-pulse spacing determindtidy
height of the signal above the threshold. The widtthefindividual action potentials is determined by theguls
width control.

(C) provides a medium signal equivalent circuit applicabksatth of the chrominance or appearance channels of
an eye. The UV- and S- signals apply to the O chatimelS- and M- signals apply to the P channel and the M-
and L- signals apply to the Q channel. The inputs tachafnel are drawn from groups of R channels as
discussed for the overall circuit diagram. As in (Bg £' generic synapses are shown as simple diodes for
convenience. The synapses associated with bothothvnmerting and inverting signals are in series wlité t

diode representing the input impedance of the lateral allin the R channel, this series combination can
introduce waveform distortion into these channelswéier, this distortion is minimized in the output of the
lateral cell due to the differencing operation. TPfeg2neric synapse acts as a simple current repeater type
impedance isolation device. In the chrominance and appeachannels, the midget ganglion cell operates as a
free-running (continuous) oscillator with the width etk pulse determined by the pulse width control. The pulse
to pulse spacing can be increased or decreased dependirgamglitude of the signal voltage created by the
current from the ' generic synapse integrated on the input impedance oélhe ¢

11.7.4 Small signal circuit diagrams

As discussed above, the small signal circuit diagram earséd for peak-to-peak signal excursions of about 1.1:1.
It is not appropriate for larger excursions unless afgaein precision is acceptable. A variety of snsadinal
equivalent circuits can be derived from the overalluirdiagram depending on the goal of the investigator.
Lacking values for the various circuit elements, a aadiye approach is taken Figure 11.7.3-2that preserves
certain function relationships between the impedanassept. The approach is to replace each real diode in th
medium signal equivalent circuit with a real resistoeauiivalent impedance at the signal level present.
However, replacing the real diodes with real resistotdd lead to erroneous results in two principal cases.
Making such a replacement for the real diodes in the snnmegtwork of the luminance channel could lead to
current flow between the voltage nodes of the variowsqoletection circuits. A similar situation is presenthe
chrominance and appearance circuits when they are expnidtkct the arborization present in the real case
Therefore, each real diode has been replaced by toresiseries with a perfect diode with %0 & I, = 0. Such

a diode acts as a perfect rectifier. It prevents uisteaturrent flow within the summing network of theadn
signal circuits.

To avoid similar misinterpretations, th& Hipolar cell and the"2 generic synapse have been described by an
unreal circuit element. As shown, this is an aatigeice consisting of a resistor and a current geneogtmating

as a pair. The current generator produces a current edisa turrent through the resistor. This is done to
preserve the independence of the preceding and followiagitsifrom an impedance perspective. If the actual
impedance values were known, it is possible that sortteedfircuit elements shown could be combined. An even
simpler small signal equivalent circuit would then be iolete.

In both the medium and small signal equivalent circuits,lateral cells are represented by transimpedance
amplifiers to preserve the proper impedance relationshipg. pulse width control circuits are also shown
conceptually. The exact shape of the action poterdgainot be obtained using an RC time constant.
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Figure 11.7.3-2 The small signal equivalent circuit for the visual process. (A) One of four
photodetection circuits. (B) The nominal luminance channel circuit. (C) The nominal appearance
and (one of three) chrominance circuits. The later al cell equivalent amplifier is of the
transimpedance type.

11.7.5 Noise model circuit diagrams

The development of noise models is a specialty witlaatiécal engineering. To develop an appropriate model
requires intimate knowledge of the system being modeldthodgh appropriate to develop this topic in Chapters
16 or 17, it will be discussed here because of its charasta modeling tool. The discussion will rely upon a
number of parameters found within the Appendix on the Stdrielge. Some of these parameters are developed in
later chapters of this work.

Few models describing the noise in the visual systera hppeared. There is more data than there are models t
relate to that data. Rose attempted to migrate a muaed on his television background, to vision in 9717
lacked a detailed model and was not well received. Laughdisented a broad review of the potential noise

%Rose, A. (1977) Vision: Human vs Electroniic,Barlow, H. & Fatt, P. Vertebrate Photoreception, NY
Academic Press, pp 1-13



134 Processes in Biological Vision

performance of the visual system, again lacking a ddtailedel of the systeth Data showing the square root
relationship between input intensity and measured neigtsl is presented for both the ultraviolet and mid
wavelength channels.. He introduces the term “shigehbut does not define it. Shot noise is traditibnal
associated with the random emission of thermally g#adrelectrons from a hot cathode. The term is fratyuen
used colloquially but will not be used here. The analysguently relies upon analogies with chemical kinetics
and concludes that the transduction function is inhgrewmisy. He also concludes that the work of understandin
the noise performance of vision is yet to be comglete

An appropriate noise model can be adapted from the abwiéand large signal models. Aspects of both models
are needed because of the quantum noise associated enitipth excitation. Because of the unique situation
where the long-wavelength photosensing channel emptogsl@ditional mechanism not found in the other
channels, it is important that this channel be awalyseparately.

11.7.5.1 Defining the model

Defining the noise model requires considerable familiavith the operating mechanisms of the visual system.
Care must be taken to separate the noise measuredmtgsiologically from that observed psychophysiologically
Noise at the electrophysiological level within theual system involves a series of dynamically changirygipal
circuit parameters. Noise at the psychophysical iewsdduces additional computational mechanisms thatare n
rigorously definable at this time.

The simplest situation to address involves illuminatiban intensity level near the bottom of the photopige.
In this region, all of the adaptation amplifiers arerafiag at a nominally fixed (maximum) gain. In additidme t
load on the metabolic/hydraulic system is minimal.efEfiore the overall gain of the photoreceptor celtstza
considered fixed. Under these conditions, the ovemgladiprocessing architecture shown fingure 11.6.4.2

can be used as a point of departure. However, it is tawpioto bound the level of spatial signal integratiothimi
the retina. Therefore, only signals from one quadradri@d in the case of a trichromat) of adjacent
photoreceptors will be considered.

To arrive at the correct noise model, it is necgstgaconsider all potential noise sources. Therdlaee
categories of these sources.

+ thermal noise sources that occur between the tais@f a resistor.

+ current noise sources related to steady currents theoughpedance.

+ quantum statistical noise normally associated wi¢hptiotoelectric effect.

There are others, but these are the most importast on

It is also necessary to consider all methods of phaébaction. There are three categories of these gzese
+ thermal detectors where the heating of the matbyiéibht causes a signal

+ photoconductive detectors where the incidence of tighses a change in conductivity (without heatind).

“Laughlin, S. (1981) in Autrum, et. al. ed. Handbook of SenBbgiology NY: Springer-Verlag, pp 215-
221
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+ photoelectric detectors where a photon causes thesiemiof an electron from the ground state of an atom.

The operation of the visual system is dependent orattex Imechanism. The chromophores act as liquid
crystalline photoelectron emitters. The electramsraleased internally instead of into free space as i
photomultiplier tube. The equivalent solid state devideciguently labeled a solid state photomultiplier becatise o
its high sensitivity to light.

The chromophores of vision act as photoelectric datgcsimilar to a photocathode. A quantum of light must
have at least a specific energy to cause excitatiansofgle electron. The energy bandgap of the chromoplsre
relatively large, typically 2.0 electron-volts. Théseno resistive element in parallel with the chronmgmor is
their any current flow through the chromophore in thgeace of excitation. Like photomultipliers, the
chromophores act as nearly noise free detectors. phiktomultipliers, it is the first amplifier stage fallimg the
detector that usually determines the noise performaiite gystem. In the case of vision, the first afigpl
operates without any shunt impedance between the inpuntgrand ground. The amplifier also exhibits a
energy bandgap of nearly 2.0 volts. Hence, this stagepbrates as a nearly noise free ciftuithere is no
thermal or photoconductive noise associated with ttiealeportion of the visual system.

It is also important to consider the impact of ampdifion. Usually, amplification reduces the effect aro
generated in circuits subsequent to the amplificatian,the primary sources of noise are usually found prior to
the first significant stage of amplification. Thistee case in vision, particularly under scotopic, mgsotand

low photopic conditions.

Because of the above conditions, the noise performairtbe visual system is dominated by the noise ast&ati
with the photons in the excitation, except under the dolight level conditions where it will be shown te b
dominated by the noise associated with the stellatogiieg) cells of the brain. These cells employ astes
element in combination with a capacitance to decodgtitse signals (action potentials) transmitted from the
retina.

The high degree of negative internal feedback associatedhe adaptation amplifiers introduces another
condition into the visual system. This feedback hasffect of blocking the DC component of the signal but
passing the AC component due to illumination. As a tethd noise (AC) amplitude in the circuits followingeth
adaptation amplifiers is directly related to the illuniioa (DC) level before these amplifiers. The ACswolevel
at the pedicle is a function of the square root of theination (except in the case of the long wavelengtmnaoel
as discussed later).

Finally, the simplest situation occurs if only thetramean-square (RMS) amplitude of the noise at a givatitwc
is considered. Later, both the temporal and spectgliéncy aspects of the noise can be considered.

11.7.5.1.1 The “RMS noise” model

Figure 11.7.3-3shows a model based on that figure and the above aorlitiThe circuitry added on the left
consists of a signal source and a noise source forspedtral channel. In each case, the noise souaceaisdom
source. The intensity of the noise source is propuatito the square root of the intensity of the sigroairce. In
all cases, except for the long wavelength channekréimsduction process is linear and the signal and neaisés|
at the pedicles of the photoreceptor cells are lingaresentations of the input conditions. The square &duwa
of the long wavelength transduction process leads tdexetit relationship in this channel. The noise saurc

“The first amplifier of the photoreceptor cell can basidered to operate as a Class C amplifier instead of
the Class A amplifier found in most man-made first afigpk.
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Figure 11.7.3-3 High level noise model of vison. E  ach spectral channel can be characterized by an
external source of excitation and an external sourc e of noise. The noise within the individual
signaling channels is a function of the signal proc essing algorithms. Xxx The noise performance
of the feedback loop involving fine ocular muscle ¢ ontrol is not developed in this figure.

added at the output of each decoder circuit of stage 3 teddtmthe integrating sub-circuit associated with the
stellate cell of that circuit. The noise performantée feedback circuit at the bottom of the figuraas
addressed in this figure. SBection 7.3for an analysis of this circuit.

For all but the Long wavelength channel, the signalcoijrxx show signal noise signal level as a function of
intensity in each channel.]

This model properly describes the noise component ofigmal as it appears at the pedicles of the photoreceptor
cells under photopic conditions. However, there aredtiver limiting elements in the visual system thatobee
important at scotopic illumination levels. In theea$the luminance channel, the ganglion cells of SBageay
exhibit a threshold that prevents transmission of gemgll signal voltages. Second, recall that at tiveso
excitation level the noise performance of the stelélls of the brain ultimately becomes the limitedlgment in

the visual system.

Copenhagen, Ashmore & Schnapf have provided measureddatésen thén-vitro turtle eye Chelydra
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serpentin&. They made measurements in the dark, using 650 nm lightsamgl “bright light.” They did not
provide a comprehensive model on which their work wasdha Although their analyses are not compatible with
the model of this work, their data can be interpretedgudiis model. Their figures 2 & 3 are subject to a lytal
different interpretation if the variable gain of thgaptation amplifier is accounted for. The noise compbimen

the light is of lower amplitude than in the dark becabsegain of the adaptation amplifier is reduced signifigant!
in the presence of strong stimulation.

11.7.5.1.2 The band-limited noise model

Additional information can be obtained if the abovésaanodel is expanded to include the temporal frequency
limiting mechanisms within the visual system. Thare three primary frequency limiting factors in theusis
system:

+ The intensity controlled second time constant efgghotoexcitation/de-excitation process.
+ The time constant of the output circuit of the adaptaéimplifier.

+ The poorly defined time constant limiting the passdbairthe visual channels orthodromic to the adaptation
amplifiers.

The fact that the photoexcitation/de-excitation progeasives an intensity dependent time constant is¢ason
that many authors have suggested that the “rods” reaet stawly than the “cones.” The proper interpretat®n
that all photoreceptor cells respond more slowly toiltensity than to high intensity light. This timenstant is
typically 0.525 seconds and changes inversely with theiliglmnsity. As it is reduced, the apparent bandwidth of
the process is increased.

The time constant of the adaptation amplifier outputdiris typically 3 seconds.

The bandwidth of all of the subsequent circuits of visiombineds typically given as between 30 and 100 Hz.
The bandwidth of individual circuits may vary significanfilom these values. This is particularly true for the
circuits of the foveola that may individually reach 200&tizheir half-amplitude point.

Copenhagen, Ashmore & Schnapf have shown the resutissafascade of filter characteristics in their &i§ 5

for the turtle. Note how they used different normdi@avalues in the two figures and introduced considerable
smoothing. These distort the interpretation of tha.ddthe use of difference spectra without acknowledging the
change in adaptation amplifier gain is also awkward. Kewehe graphs of measured data do show three distinct
regions. The first is falling with frequency as a fioretof 1/3, one is falling as a function of ¥/8nd one falling

at a higher but unquantifiable rate. This is the expesitadtion in any cascade of electronic filters. Bseaof

the normalization used, little more can be said witlmedtawing the figures.

11.7.5.1.3 Noise and the signal processing stage

In the above discussion, the noise level was definduegbedicles of the photoreceptors. Two points arerirapb
when this noise is transferred to the neurons ofitpeal processing stage. First, the amplitude of the lsagrth

9Copenhagen, D. Ashmore, J. & Schnapf, J. (1983) Kinetisgnaptic transmission from photoreceptors
to horizontal and bipolar cells in turtle retina. \grsRes. vol. 23, pp 363-369
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noise transferred to the individual signal processing medepends on the impedance of the synapse relative to
the input impedance of the neuron. There is no ampliicdy the synapse. The second point concerns whethe
the signals are summed or differenced. While the signaisbe subtracted from each other in horizontascill

is important to note that the noise is stochastetthat from different photoreceptors is uncorrelateder&fore, it

is always summed in quadrature, regardless of whethemgh@sare subtracted. This situation places a penalty
on the differencing paths. They suffer from a high&atiee noise level than does the luminance chan@el.the
other hand, the correlation process performed in thengg channel of the POS is able to enhance theedes
signal relative to the noise level. However, catieh is a much more complex mathematical operation tha
addition or subtraction.

11.7.5.2 Evaluating the model EMPTY

Fyhrquist, et. al. have recently provided data on theenpérformance of the photoreceptors of the Europedn toa
Bufo bufd.

11.8 Comparison with other models

The literature was searched for other comprehensiveimof the visual system (of any animal) and the tesul
were disappointing. Only models of limited scope weredoubess comprehensive models necessarily fall into
the category of “floating models” unless they carefiriljicateall of the parameters affecting the input to that
model andall of the output parameters provided by that maael required to interface with or complete an
overall model It is virtually impossible for an author working wighmodel of limited scope to meet these
conditions.

The literature search was focused on signaling moddi€dndorm to a morphological model of the visual
process. It is only of limited value to define a mathécal, or a digital computer, model that provides answer
that are equivalent to measured values within a giveistital tolerance. By using enough degrees of freedom in
an equation, any desired waveform can be produced; hovtleeaesultant equation will have no relation to the
real world problem.

There is a large collection of floating models in gsgchophysical literature that have resulted from indivdidua
exploratory investigations. These are annotated andssied inSection 11.8.5.4

Figure 11.8.1-1presents a summary block diagram from this work at aklerels of detail along with a model by
DeValois & DeValois discussed below. The top of thiart provides a series of labels found generally in the
literature describing the various morphological regionhefvisual system.

Note should be taken of the (s) added to some of the conmames for the structural elements of the retina.
many species, these layers consist of a number dagals. The number of sublayers in a given layer jqdatly
in Stage 2, may give some information about the funatioapability of the visual system in a particular spci
In human, the inner nuclear layer consists of at laee distinct sub layers. The most distal consistise
horizontal cells of thesllateral matrix. The most proximal layer consistthef amercine cells of thé*Jateral
matrix. In between these two lies the bipolar @kl associated primarily with the luminance matrix.

Sterling reviews the morphological situation in somaitieising nomenclature that is considered archaic s thi

%Fyhrquist, N. Govardovskii, V. Leibrock, C. & Reuter (T998) Rod pigment and rod noise in the European
toad,Bufo bufo Vision Resvol. 38, pp 483-486
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work®. In Polyak’s retinal cross-section of the humaimegtthe outer plexiform layer is clearly subdivided i tw
parts. Between them is a row of synapses leadingetoetts of the %lateral matrix.

Below the top labels in the figure is a series of dpons of the visual system that can be correlateiembove
labels. These labels are segregated according to tbrptiess shown on the right. The process descriptas a
in general agreement with the top labels. Similahg, histological descriptors are in general agreemehttive
top labels. This work chose to subdivide the visual moa#o four distinct first level stages and then subdui
these stages into distinct sub-stages. The evoluttorsub-stages has proceeded further than the work of
DeValois & DeValois. The use of four primary stagehiis figure instead of three is to provide emphasibéo t
functionally distinct encoding process of the signal mtapa process. In this context, the fourth stage colslal a
be divided into two stages to emphasize the decoding prodesso the additional signal manipulation processes
found in the cortex. Whether the projection signalsd@eded back to analog signals in the LGN before re-
encoding for further transmission, will not be addressetis work. It is likely that the projection signals
received at the Pretectum are decoded.

11.8.1 Morphological descriptions

The most highly annotated morphological description efisual process probably consists of the cross segtio
the human retina prepared by Boycott and Dowfiagd the mapping of those signal paths through to the
cerebrum by Hubel (except for his omission of the Rtateegion and its relationship to both the foveald the
Superior Colliculusf. Both of these presentations concentrate on thehweye. This work is in agreement with
both of these works but goes farther and would suggest erpariginotation in some areas that would support
these extensions of the visual system. To this enthra highly annotated version of the cross-sectidheo

retina has been prepared and the maps of Hubel and btherdeen extended.

%“Sterling, P. (1983) Microcircuitry of the cat retina. rArRev. Neurosci. vol. 6, pp. 149-185

“Boycott, B. & Dowling, J. (1969) Organization of the pait@retina: light microscopy. Phil. Trans. (Biol.)
Vol. 255, pp. 109-184

“Hubel, D. (1988) Eye, brain and vision. NY: W. H. Frear8aCo. Pg. 38, 60 & Chap. 5
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It is suggested that there is an asymmetry in the Bogoa Dowling figure that can be corrected and will lead
better understanding. There is a unique process occurrthg imiddle of their inner plexiform layer that
deserves more emphasis. By annotating this zonesasnhbr interconnect layer and renaming the portichef
inner plexiform layer nearest the photoreceptor celsfuation parallel to that found in the region betwiben
inner nuclear layer and the outer nuclear layer wouldltte8ased on the ganglion cell layer, the designations

Figure 11.8.1-1 The Overall Block Diagram of Vision  at several layers of detail. There are four stage s
in the afferent portion of the complete visual syst em. Following stage 1 (signal sensing), a large
number of potential parallel pathways are introduce d. The human visual system does not employ

all of these pathways. Stage 3, (signal projection ) also introduces several sophisticated encoding
techniques to optimize the signal projection task. Stage 4 (signal manipulation in the brain) is only
shown conceptually. The 1996 model of DeValois &  DeValois is shown at the bottom of the figure.
Their model did not address the signal projection s tage of vision and treats the signal manipulation
stage in the brina as their stage 3. See text.

would become the inner fiber layer, the inner intarcect layer, the inner plexiform layer and the inngclear

layer. The corresponding layers, beginning with thetimmclear layer, would be designated the outer plexiform
layer, the outer interconnect layer, the outer flager and the outer nuclear layer. Whereas the pedinels
spherules are physically prominent in the newly nameer enterconnect layer, the neuritic terminals arenfare
numerous and deserve equal billing from a functional peligpedtunctionally, this layer is actually dominated by
the first layer of synapses. The second layer digyes dominates the inner interconnect layer.
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The inner nuclear layer can be subdivided into threeagats that each has a distinct functional significance
albeit a less than distinct boundary because of topograptonsiderations. The first sublayer is associaitd
lateral (horizontal) cells involved in the formatiohthe chromatic signal channels. The second subisye
involved with the bipolar cells creating the luminasamal channels. The third sublayer is dedicated to the
lateral (amercine) cells associated with the appearelmannels. Itis likely that this sublayer is ats@lved in
forming the polarization signal channels in animalsatde of processing this information. This last sudiagnd
the inner interconnect layer, is less well developeldumans than in many other animals.

The direct connection between the photoreceptorsediotreola and the Pretectum and Super Colliculus play a
major role in the human visual process. They may @tagven more important role in many of the great hante
the hawks, great cats and possibly sharks. Thesedesawe more attention in the research literatue. T
recognize the functional significance of these ar¢#ssuggested they be added to Hubel’s figure on page 60.
The resulting set of visual pathways would be compatilite tlve results of Yarbus (shown on page 80 of Hubel)
and others who have studied the rapid movement of tlseireyre process of interpreting the finer elementh®f
scene. They would also give more meaning to the plogsaal tremor and minor saccades of the visual process.

11.8.2 Sub-stages of the Overall Block Diagram

The Overall Block Diagram has been subdivided to claedefine the most obvious, but not necessarily all ef th
signaling channels of human vision. These channeldearouped according to the type of signals they transmit

11.8.2.1 Monophasic signaling channels

Channel A represents probably the most importantrelamithin Stages 2, 3 & 4. of this diagram. It is the
luminance channel associated with only the foveothc@raracterized by individual neural paths from either
individual photoreceptor cells or individual outputs of theiance matrix to the Pretectum. This channel is
incorporated into the feedback circuit used to achieveepgon of fine detail within the image of object space.
These subchannels transmit monophasic signals retated tnstantaneous signal amplitude at the voltage nodes
of the photoreceptor cells. They employ parasol typglgancells.

Channel B is also a luminance-oriented subchann&onieys luminance signals to the LGN from all aidabe
retina. Also transmitting monophasic informatiomnfrthe luminance matrix, it employs parasol type ganglion
cells. These signals go to the magnocellular secfitimeed_GN. They provide a “vector map” of the luminance
associated with the instantaneous field of the visygsieém. This map is merged with the similar map froe th
other eye and then passed to the visual cortex viaptieradiation.

Only stages 2, 3 & 4 are shown in this figure. Thereaddktional definable stages within the cortex. A failure
subchannel A does not lead to “blindness” although it teaebto an inability to perceive the details of aag®
required for recognition of a face, etc. Converselgilare in subchannel B may lead to “blindness” accamgzh
by a curious ability to avoid running into objects ie thsual field.

11.8.2.2 Biphasic signaling channels

Channels C, D & E of the figure can be considered aysrbn the fundamental visual process. They provide
enhancements to the visual capability of the aniridlese channels transmit biphase signals produced by
differencing circuits in the retina. These differemcaircuits may involve lateral or bipolar (in line)urens.
The channels employ midget type ganglion cells and delner signals initially to the LGN.

Channel E delivers a signal that represents the patanzof light received by specific areas of the r&tin
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frequently defined by individual retinula.

Channel C is itself divided into sub-sub-channels inotaéeliver chrominance information to the LGN.
Although there are only two sub-sub-channels in humadsther primates, there are in general three sub-sub-
channels in tetrachromats.

Channel D provides appearance information extracteceaetmal level. This channel is not well defined in
humans or other animals. It may consist of a sefissib-sub-channels. Studies have indicated significant
development of these channels in some aggressive hgatdras the feline family.

11.8.2.3 Special foveola channels

Within the very core of the fovea, the foveola,rthappear to be photoreceptors with direct connectitimeto
parasol cells that transmit their signals to thed@tatn and then on to Area 7of the cortex (bypassing Area
completely). These signals play a critical role ia $ervomechanism controlling the eye muscles asasell
providing very fine detail about the area of the oljgahe at the point of fixation. This information iasmitted
via the Pulvinar pathway directly to the higher centérthie visual cortex concerned with detailed recognjtion
such as the recognition of writing symbols.

11.8.3 Other overall block diagrams

The development of other Overall Block Diagrams ofuiseal process has been hampered by less than adequate
understanding of the overall processes involved in tia ¥sual process. Most investigators have only aderks
a portion of the overall process, usually overlookingphysiological optics and the motor portion of the syste

To explore all of the previous models of the visual predeghe literature is beyond the scope of this wdvilast

of the widely discussed models have been prepared by psysih@pts. To avoid excessive controversy, many of
these models are discussed in detail in the appendicesintEnt below is to merely highlight some of their
principle assumptions or proposals. All of the followmgdels were less comprehensive than required but are of
interest:

1. A Standard Mod¥lof the visual process has permeated the Vision Comynfanian extended period, re-
emerging periodically. It remains highly conceptual.

2. Guth® published a paper entitled “Model for color vision andtigtaptation” which he defined as a multi-
zone color model. The model is largely intuitive andsdogt present or relate to any physiological model of
vision. He assumed three, apparently linear photoraseptal assigned a set of coefficients to a matrix that
manipulated the photoreceptor signals into six signal pathe. model introduces noise as a limiting factor prior
to the gain control mechanism that precedes any sigaaixing. The model had nonlinear gain control, two
opponent-color processing stages and neural compressdan lae visual pathway. He then proceeded to
elaborate his computer program until it gave a reasomadleh to a selected set of measured data. It provided
little insight into the operation of the visual procdsawever, it does provide a good tabulation of earlistract
models.

’See Introduction in DeValois & DeValois below
%Guth, S. (1991) Model for color vision and light adaptatibrOpt. Soc. Am. A, vol. 8, no. 6, pp. 976-
993
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3. Graham & Hood provided a model based on their psychophysical backgrouruhwaktempts to properly
predict properties related to light adaptation. They Itinir presentation to the region of Photopic fovésiba.
However, they limit their model to a single specttamnel, avoid the spatial frequency domain and only provide
for a single temporal frequency channel. Based on tresad rules, they attempt to provide a comprehensive
merger of similar models they describe as based ortitnaali aperiodic stimuli and on traditional periodic stimul
At the end, they point out their merged model is detestimand contains no probabilistic processes. They
review the many open questions before their work coultbbrelated with actual physiological conditions and
morphological substrates.

4. Van Hateref® provided a theory in 1993 involving a single channel detgisti¢ model that claimed to predict
the results of many spatiotemporal contrast phenomaintaebdid not indicate how it related to the physical
processes of vision in animals

5. DeValois & DeValoi¥"in 1993 reiterated their 3 stage approach to color visiolyYand gave some
background about a wide range of earlier one and two stadelsn All of these models have been labeled the
Standard Model by their respective authors in their aispetimes. It appears DeValois & DeValois assaaat
their 1st stage with the overall process from phototieteto pick-off of signals from the “straight through”tha
The second stage consisted of the chromatic signalop&tfand only the first stage of differencing (i.ehrée
pairs of cone opponent and 1 pair of cone non-opponentisignaheir third stage occurred in the cortex and was
essentially a transformation of axes in color spacereate a pure RG & YB color axes and separate the
luminance information from the color informationTheir model appears at the bottom eigjure 11.8.1-1 where
the subdivisions of m and n were added by this autharolmvenience based on the text provided by the above
authors. At the end of their paper, they did mentidthastage related to color-selective complex cells én th
brain.

They make an interesting gratuitous comment to justéyr thpproach claiming limited genetic information forces
the visual process to follow their description. Sitleeequation relating the genetic code to the visualtstreics
unknown, there is no way to know if the genetic infatiorais in any way limited. The whole structure may b
defined by a simple equation containing a two-stage fractie of only a few terms.

Their model remains highly conceptual, although it refleiiss foundation in anatomy, and appears to be arlinea
one. It assigns an arbitrary ratio between the numible, M, and S photoreceptors and an arbitrary spectoum
each photoreceptor type. It goes on to specify anrarpispatial arrangement of photoreceptors and that each
photoreceptor is contacted by precisely four bipolars.

They recognize the difficulties of treating the secdmage, sighal processing in the retina, due to the presénce
simultaneous and combined chromatic and spatial encodiiofp Wiey describe as confounding the signals. They
also discuss the related problem of “unconfounding” thes®med signals after they reach the brain. Although
they do not differentiate their second stage into sgbstahey do make some remarks leading in that direction.
They indicate that midget bipolars contact midget gangledis which in turn feed into the parvocellular
geniculate layers, while diffuse bipolars contact pargaablion cells which in turn feed into the magnocellular

®Graham, N. & Hood, D. (1992) Modeling the dynamics of ligtéaptation: the merging of two
traditions. Vision Res. vol. 32, no. 7, pp. 1373-1393

w/an Hateren, J. (1993) Spatiotemporal contrast sengiti/garly vision. Vision Res. vol. 33, no. 2,
pp. 257-267

PeValois, R. & De Valois, K. (1993) A multistage color deb Vision Res. vol. 33, no. 8, pp. 1053-
1065
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LGN layers. Wilson also notes the confusion ovengishe abbreviations M & P in this cont®t

6. Livingstone & Hubéf* have presented a number of papers suggesting models wfrthb@ocessing in
primate vision based on their work with the brainlftéay stage 4). Interestingly, their discussion imptiest a
majority of the chromatic signal differencing activigcurs in the parvocellular layers of the geniculatggoreof
the brain. This is in opposition to most of therht@re which assigns this function to the Inner Nuclesyers of
the retina (my stage 2). They also make this impbeoatvithout discussing the encoding of the data from the
retina (in my stage 3). This encoding into a relayigshall number of neurons in the Optic Nerve seenassare
that most of the color differencing is done beforedigmal is transmitted over the Optic Nerve. It woygear a
more explicit paragraph in their paper would indicate thatmafithe chromatic signal differencing occurs in the
INL, including the convergence of many photoreceptoradiputs before this differencing, and the resulting
signals are processed in the parvocellular region atra pesceptual level. They do follow the same physical
description as DeValois & DeValois with regard to types of ganglion cells connecting to separate regions of
the brain; their “A” cell is comparable with DeVadts parasol ganglion cell and their “B” cell is compaeakith
DeValois’s midget ganglion cell. They relate the paellodar region with color information processing and the
magnocellular region with luminance information process However, they are quick to point out that there is
conflict in the literature about the “X” and “Y” lalzeivhen applied to different species by different investiga

It is unfortunate that neither the work of DeValoi&Valois nor of Livingstone & Hubel explicitly addresth
process of Signal Encoding/Decoding in Vision. Théesaas critical to the understanding of the vision preces

and is denoted by Stage 3 in this work. None of the almmeels addresses the subject of the pathway between the
foveola, Pretectum, and area 7 either. Hopefully, tbeeralaborate complete set of signaling paths defingusn
work will help overcome these shortcomings.

11.8.4 Other circuit diagrams

Although there is a growing awareness of both the irapo# of the liquid crystalline state of matter and the
importance of the semiconducting properties of cellf@biological literature, this awareness has not been
reflected in the appropriate circuit diagrams yet. Theudi diagrams in the literature typically do not adequately
circumscribe the illumination conditions to which thegply. They also fail to recognize the diode as &catit
element in the operation of the visual process. fesalt, every circuit diagram in the literature employs a
resistor-based architecture. Frequently the resistsihawn as a variable without adequate explanation agnger
the mechanism controlling the variable. Hencepfthese circuit diagrams must be described as anal cgsnef
portion of the visual process. They are not, and fetwas claim they are, actual circuit diagrams descritiieg
in-vivo visual process. A similar situation is foundtlre area of computer simulations based on inadequate
understanding of the actual circuits involved. These coenimnulations usually employ a sufficient number of
independent variable that any desired response candaeaiht

Recently, Usui and associafé$®have presented two ionic current models of neural belied on a fusion of the

193pilson, H. (1997) A neural model of foveal light adaptatom afterimage formatiovisual Neurosci
vol. 14, pp 403-423 (pg 407)

09 jvingstone, M. & Hubel, D. (1988) Segregation of formlocomovement, and depth: anatomy,
physiology, and perception. Science vol. 240, pp. 740-749

1% amiyama, Y. Ogura, T. & Usui, S. (1996) lonic current madéhe vertebrate rod photoreceptor. Vision
Res. vol. 36, pp. 4059-4068

1%Usui, S Ishihara, A. Kamiyama, Y. & Ishii, H. (1996) iorcurrent model of bipolar cells in the lower
vertebrate retina. Vision Res. vol. 36, pp. 4069-4076
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chemical kinetic analysis of transduction by Torreaktand the excitable membrane model of the neuomn fr
Hodgkin, Huxley & Katz. The results are computer simulatmmudels of simple neurons that are not related in
any way to the topology or electrolytic conditionshait the neuron.

It is not possible to properly describe the transmisBite characteristics of an axon using a network madmlyp
of resistors and capacitors. To transmit signals withtio of a pulse-to-pulse interval divided by a pulsetiime
on the order of 1000:1, a broadband circuit is required foabtgansmission. As a minimum, the serial element
in the T orP network used to represent the axon must contain an inohectaAny coaxial transmission element
exhibits both an inductance and capacitance.

It is claimed that the Overall Circuit Diagram pregehin this work is indicative of the actual fundamental
processes occurring in the visual process of animakhodgh there is always a need for more definition,
particularly at the component level, this overall deagris adequate to construct a very sophisticated working
model of the visual process in virtually any animalis lalso adequate to trace the signal paths in a |arignal
and to design more sophisticated test equipment with vibititace these signal paths.

11.8.5 Other conceptual descriptions

11.8.5.1 Detection theories

Little substantive advancement has been made in goeytlof the photodetection (both transduction and
translation prior to amplification) has occurred sittee work of Wald and his associates in the 1930's through
1950's. Their work culminated in the isomerization thebgyhotodetection. It was developed prior to the
development of liquid crystalline theory, solid state jdsysexcitation of molecules (resulting in the developimen
of the laser) and many other relevant technolodies discussed extensively @hapter 5 of this work. The
isomerization theory is not supported by this work.

11.8.5.2 Chromatic theories

11.8.5.2.1 Trilateral color theories

Up until now, the most widely accepted color theoryetasn Young and Helmholtz, has relied on a tristimulus
foundation. As shown i€hapter 17.3 the New Chromaticity Diagram for Research providdsearetical
foundation for the tristimulus theory which is not pyetThe visual color space in humans is not trilatetals
based on two color difference channels that are gathal in quadrants 1, 2, & 4 relative to the achromatiatpoi
In quadrant 3, the axes of these channels are superimpaiedugh it may be possible to calculate loci on the
new diagram corresponding to the old x-y space or the newepace, they are irrelevant. The R, G, & B spectr
used to compute the old chromaticity diagrams do not adeyuhtmiacterize the peak absorption coefficients of
the actual chromophores.

It also points out the limitations inherent in the apgat theory. While the theory defines the Hering ases
orthogonal, the underlying processes are not. The fundaim@ocesses related to color vision are only
orthogonal in quadrants 1, 2, & 4 relative to the achrmnpaint. The resulting fundamental axes exhibit a
distinct bend in this chromatic space.

Tilton attempted to provide an alternate foundation ligdhto different conclusions than those of the generall
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accepted concepts of the trichromatic th&éryHis analysis was conceptually similar, and candpssidered a
precursor, to that presented here. However, it wesaped based on the idea that the scotopic and photopic
luminosity functions were unique functions related toegitine rods or the cones. However, he did not ddfiae t
characteristics of an individual rod or cone. In faetproceeded to redefine the scotopic luminosity funétion
terms of the response of a unspecified group of rods (damehin) and the photopic luminosity function in terms
of the response of an unspecified group of cones (a canaidp

Tilton's analysis also involved the difference in kbgarithms of the standard photopic and scotopic lumiposit
function over the entire spectrum. This analysis shibvat these differences should be
computed separately for the short and long wavelengthoparfithe spectrum.

11.8.5.2.2 Opponent color theories

Up until now, the opponent color theory of Hering hdedeon a psychophysical foundation. As shown in
Chapter 17.3 the New Chromaticity Diagram for Research providdsearetical foundation for the Hering axes.

It also points out the limitations inherent in the apgat theory. While the Hering axes are defined agahal,
the underlying processes are not. The fundamental pescesated to color vision are only orthogonal in
quadrants 1, 2, & 4 relative to the achromatic point. rBlselting fundamental axes exhibit a distinct bend in this
chromatic space.

11.8.5.3 The glutamate and Calcium cascades

Two entirely chemical approaches to explaining the geioeraf a potential (or a current) by the interactadn

light with the photoreceptor cells are common in ttexdture of the last thirty years. These thearédg primarily
upon the abundance of these materials in the vicifittyeoobserved activity. They are both based on the
assumption that there is a plasma membrane surroundimigsitseof the outer segment of the photoreceptor cell.
Such a membrane has never been recorded at magnifecatioeeding 50,000x. Conversely, there is excellent
imagery showing thatuch a plasma membrane is not present in a variety of chdates SeeSection 4.3.5.

The presence of such a membrane would also cause saghificoblems in explaining the process of phagocytosis
of the disks without any disturbance to the putative parglhmembrane, and the parent cell, enclosing them.

In the absence of any documentation of such a membrzhéhe availability of the much more integrated
electrolytic approach presented in this work, these appesaare not supported here but are discussed briefly
below. As noted at www.4colorvision.com., the autbffers a nominal $1000 reward for any reproducible
imagery of the presence of such a plasma membrane sdimguhe disks of the outer segment.

11.8.5.3.1 The glutamate cascade

In recent years, there has been a flurry of actaitgmpting to describe the photodetection process frsimcily
chemical perspective. This has been based on the whiguititure of products of the glutamic acid family in the
vicinity of neurons. The hypothesis has been presdtiat the glutamates participate in a cascade ( 2rmbed)
effect in order to obtain signal amplification in thiea of the Outer Segments of the photoreceptor célts.
mathematical foundation or recognized chemical reattambeen proposed to show how a glutamate cascade
actually creates an electrical signal related to tleqohflux incident on the chromophores of vision. Thsk

1%Tijlton, H. (1977) Scotopic luminosity function and colondnire data J.Opt. Soc. Am. vol. 67, no. 11 pp
1494-1501
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recognizes the ubiquity of the glutamate faffiilput assigns a different role to these chemicals.

In the English vernacular, the word glutamate descrilmesraber of the glutamic acid family. In more precise
chemical English, the word describes a salt of glutamid. This salt may be inorganic or organic. Thenea
specific chemical listed in the Merck Index (Vol. 12.1 1996) urilkde designation glutamate. In advanced texts in
biochemistry, members of the glutamic acid familyfatend participating in a variety of metabolic cycles
designed to provide energy (in chemical form) to the dsgan The expression glutamate is frequently used to
describe various intermediaries in these cycles tleatedated to glutamic acid.

It is not easy to follow the family relationships @mg organic materials of five or more carbons becatifee

great diversity of form possible. Glutamic acid cardescribed asa-amino glutaric acid. Glutaric acid is the
double acid of valeric acid. Since glutamic acid is symniced, with a carboxyl group on each end, it can just as
easily be described @asamino glutaric acid. Glutamic acid is one of the sirsipéanino acids showing a family
relationship to the dicarboxylic acid family. Aspardicid has one less methylene group and can be described as
amino succinic acid.

This work assigns the glutamates to a different rol&tasmediaries. They participate in an electrostgitol
process similar to energy pathways not confined to avwfkih structural substrate. In this application, the
electrostenolytic process is uniquely associated withllavall as a substrate. These electrostengbybicesses
provide free electrons that participate in conventi@badtrical circuit operations. One of these is 8 kreown
avalanche process occurring in the first (electrommaplifier of the photoreceptor cell and instigated by the
excitons generated in the chromophoric materials @rvisThe consumption of material in the electrosigito
process, ending in the production of (and/or possiblgénsumption of) various glutamates, is directly related to
the passage of electrons through the collector ofdaptation amplifiers. The axolemmas associated with the
collector of these Activas are found in intimate eattwith the IPM and in very close proximity to the
chromophoric material of the Outer Segments. The ghtasrare only indirectly associated with photodetection

Because of the avalanche effect within the adaptatioplifier, this theory goes further. It predicts thaateon

rate involving the glutamate intermediaries is inverselated to the incident photon flux over the photopic
illumination regime. As a result, the rate of residrestion, via the reactions involving the glutamate
intermediaries, is aonstant. Because of this relatively constant rate of resateation, it is very difficult for
proponents of the cascade theory to experimentally denat@she role of the glutamates in vision. Theie raf
creation is not a function of the incident illuminationder normal conditions (extending over three and offie ha
orders of retinal illumination). In addition, the glutai®s are simultaneously supporting other (metabolicggner
pathways located within the same topographic spaceovAiilumination levels, where the adaptation amplifiers
are operating at maximum gain (the low end of the photegienes and below), the rate of electrostenolytic
reaction is directly proportional to the photon flux gt on the eye.

11.8.5.3.2 The Calcium cascade EMPTY

[xxx see pg 8 by Danielli in Weissmann & Claiborne ascaemealistic model than that of Bezanilla and otloers
pag 40 of Yudilevich, et. al. 91. ]

11.8.5.4 Performance based psychophysical models

There are a great variety of fragementary modelseditérature proposed as a result of individual exploratory

7Sterling, P. (1983) Microcircuitry of the cat retina. rArRev. Neurosci. vol. 6, pp 149-185
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investigations, or a group of such investigations. WMilsas recently annotated a variety of these and prbade
extensive bibliograpH$®. His discussion (page 81) with regard to spatial filtersngarticularly interesting when

he defines the conflicts between the proposed psychaaihysbdels and many proposed electrophysiological
models. By recognizing there are no discrete spaggqL#ncyor temporal frequency bandpass filters in the visual
system, additional progress can be made in these fighis. is also true of the so-called line element nodél
psychophysics. Most of the experimental data can beprdted more readily as a result of the scanning of the
two-dimensional foveola due to tremor and the subseqigmdlrocessing in a more abstract saliency space (see
Chapter 15). The two-dimensional foveola, of some 23,000 photorecgpis able to perform integration of
individual photoreceptor responses over a significant twaathe line element models cannot address. Wilson
addresses extensions of the line element approach oreaecomplex abstract models (page 82). On page 83,
Wilson discusses application of the Nyquist Limit witlyaied to the pixel pitch of an imager in object spaceés It
argued here that the visual system is a change detectdh@ appropriate application of the Nyquist Limit is with
regard to the temporal frequency capability of the system

11.8.5.4.1 Hyperacuity as a concept

The ramifications of hyperacuity has been discussedtlgdey Morgan®. Words become extremely important
when discussing this subject because they are frequerthimglifferent contexts when discussing the conceptual
framework related to this concept. Historically, Subject has been discussed in the context of the retirths
photoreceptors as imaging devices. Therefore, the disnussually relate to pixel sizes and pixel spacings.
Morgan addresses this problem (page 87) without resolvimguising a reentrant definition of the term
hyperacuity. His discussion and bibliography of a varégompeting fragmentary models of the concept leaves
the question unresolved ( page 110). All of the approackesnéhe concept of the retina and photoreceptors as
imagers rather than a change detectors. As indicatibe iprevious paragraph, if the retina and photoreceptors
are considered change detectors and the 23,000 independert Bigmahe photoreceptors of the foveola are
processed primarily in saliency space as the firstistgprception, an entirely different conceptual framdwior

the description of acuity results. Acuity is primarilyetenined by the change in signal amplitude resulting from a
change in the position of an element in object sparsug the edge of a photoreceptor cell in the retiReecise
analysis requires the recognition of Snell’'s Law iis #irea.) If this change is above the threshold lahihe
individual signal channel (but not necessarily aboveptreeption threshold based on a given scene criténg),
signals from adjacent channels can be integrated imited perceptual process resulting in a greater effecti
acuity for specific patterns in object space—long tmedj long parallel lines, tri-bar patterns etc. Tihisease in
apparent acuity can be described as hyperacuity, but witheumystic overtones.

11.8.5.4.2 Theories of visual texture perception

Bergen has provided a review of the common conceptuakfnark of texture in visiof®. He clearly
differentiates visual texture perception from the analgsisurface texture as such. His statement thatame
perceive shapes defined only by texture, without the usgahgpanying differences in color or brightness.” is
curious (underline added). He is apparently limiting thigcept to relatively large areas compared to the
projected size of individual photoreceptarsd the scope of tremor. He offers no model of the Vipuacess he is

1%yilson, H. (1991) Psychophysical models of spatial visiod hyperactivityln Regan, D. (1991) Op. Cit.
Chap. 3.

Morgan, M. (1991) Hyperacuityn Regan, D. (1991) Op. Cit. Chap. 4.

19Bergen, J. (1991) Theories of visual texture perceptiopRegan, D. (1991) Op. Cit. Chap. 5.
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assuming. Itis clear that if there is no signahie P, Q and R channels of the model of this workstigect
perceives, interprets and cognates nothing via eitleaviareness pathor theanalytical path.

If one introduces the change detection concepts of #eeg@ing paragraphs and recognizes that the visual system
relies upon edges to determine recognizable features aaliency level, the perception, or probably more
appropriately the cognition of texture takes on a diffecenceptual framework. It is the higher level of cognit
that allows the observer to note and quantify theati@n in orientation of the crosses in the perimefeBergen’s
figure 5.1 while simultaneously quantifying the orientatbthe L’s in the center of the field. It should beted

that the L’s in the center of the figure vary sigrafitly in brightness as well as orientation at trsalgion level

of the perceptual process. The brightness changesearéyalell above the threshold level of the brightnes

signal channels associated with individual photoreceptbhss leads to perception on a multi-photoreceptor basis
within the POS that easily recognizes the differemtegientation of the individual strokes and simple skape
present.

11.8.5.4.3 Theories of pattern recognition

As Bergen differentiated between the study of perceptyalreerecognition and surface texture per se, it is
important to distinguish between pattern recognition bgimmes and pattern recognition by biological systems.
At the present time, the recognition of patterns lbjogical systems is far more advanced than in man-made
machines. However, man is making great efforts towerdte algorithms employed by biological systems. In
general, these rules rely upon the immense parallel gsiocecapabilities of both the midbrain (old brain) &mel
cortex (new brain).

Watt has presented a review of the entire field of ar@h machine pattern recognition as of 29IMohn and
Van Hof-van Duin have presented material on visioimfants that also bears on this overall subjéctAlthough
presenting useful information, both of these must bsidened archaic at the rate this field is moving. MNit
presents a precise model of what they are trying to steded.

The Chapter by Valentine in Watt illustrates the peobhwith the lack of a precise mottél In attempting to
determine how the human visual system recognizes atfag®ncentrates on large areas of the face thahach
larger than the individual scenes imaged on the fovd8jedoing this, he does not address:

+ the fundamental two-dimensional signal manipulatiqgrabdity of theanalytical signal path of the human
visual system, or

+ the sequential technique used by the midbrain for ainglynd perceiving primitive shapes within the duration
of a gaze, or

+ the ability of the interpretive and cognitive engiroé the midbrain and cortex to assemble these individual
perceived shapes into a (abstract) saliency map thdieeaompared with similar maps in its memory.

The first three chapters in Watt provide a varietgaientially relevant techniques associated with scahag
may play a significant role in achieving the abstsattency map associated with a given scene. Howsoere of
the concepts discussed in the first chapter, particubariyage 2, suffer from a lack of appreciation of how the

U\att, R. (1991) Pattern Recognition by Man and Machivel. 14 of Vision and Visual Dysfunction,
Cronly-Dillon, J.general ed Boca Raton, FL: CRC Press

“Mohn, G. & Van Hof-van Duin, J. (1991 Regan, D. (1991) Op. Cit. Chap. 7.

Myalentine, T. (1991) Representation and process in faogmiion. In Watt, R. (1991) Op. Cit. Chap 9
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visual system works. His definition of pattern as amdgurring in a cognitive psychophysical context is
particularly difficult to rationalize. A railroad tradias a pattern whether anyone is looking at it or not.
Perception of that pattern may differ from the analgdithe geometric qualities of that pattern using a rarer
protractor just as Bergen suggests the perception of taxiyeliffer from the innate texture of a surfaSegtion
11.8.5.4.2. The volume by Watt does not develop any modelseoyistem that is being studied. This is a critical
shortcoming in a system as complex and multi-pathed asrhuisian. As developed iSections 7.5% 15.4 the
awareness signal patiplays a major role in determining the areas of aestete analyzed further by the
analytical signal path It is the actions of signal processing elementscas®d with thewareness pattthat
bound the signal manipulation effort required of the simglaments of thanalytical signal pathto a much
smaller domain than envisioned by Watts’'s numbersstibthe “data” in a scene imaged on the retinavemne
treated as “information.” It is overlooked, firstrast representing a threat (no rapid change in the sigteasity
of individual scene elements, and then as not salethitetinterests of the mind at that time. The tgitéority
can be overridden by thelition signal path controlled by the anterior lobe of the cortex.
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