Remember Evelyn Cyril Gordon? No? How about Scar Gordon? Or maybe you recall Oscar
Gordon better? By whatever name, the one his parents gave him, the one tacked on by hisarmy buddies,
or the one given him by that beautiful stranger, he was the hero of Heinlein's "Glory Road. His adventures
made afinetale, afuntae, but without his"eyes behind'—one Rufo—and a certain hyper-dimensiond
suitcase with dl of Neiman-Marcus stuffed insdeit, the story would have been proverbialy nasty,
brutish, and short, aswell asvastly less entertaining. But wasit Rufo or the bag of tricksthat brought him
through, successful in his quest, safe, and loved?

It wasn't the bag of tricks. That disappeared dmost as soon as the trouble started. But Rufo? The
"eyes behind"? He helped in other ways too, but that was the way that mattered. Heinlein effectively gave
Oscar Gordon eyesin the back of hishead in just the way that most of history's heroes have had them, in
just the way that an army patrol has them—arear guard.

Would you believe asingle hero? A one-man patrol? Maybe, but you wouldn't want to be that man.
He'd be too easily ambushed and killed. Now. But soon—five years? ten?—he may be possible.
Scientists now are working on vision replacements for the blind that could be used to give aman athird
eye.
Perhaps most reminiscent of science fiction iswhat might be called the "brain-jack™ approach to the
problem. Put smply, nerve cdlls are known to communicate by eectrica impulses* (* Chemica
impulses, actualy. But they're lways accompanied by dectrica pulses so the difference needn't concern
us)

They can be activated .by dectrical stimuli and their own activity may be used to electrica sensors.
And, accordingly, innumerable stories have been written in which the decision-making capability of the
human brain is combined with the prodigious ca culating capacity of the digital computer by using
electrical stimulators and sensorsto read in, formation into and out of the brain. Some of those stories
have actudly used the notion of a plug, perhaps mounted in the forehead and looking rather like the
socket of aradio tube, to link acomputer directly to the cells of the brain. Others have mentioned
induction fields such as might be set up between a set of smal transformers implanted under the scalp and
another set in ahdmet. Still others have suggested tendrils or needlesthat would penetrate the scalp or
skull and establish their connections with the nerve cdlls as the occasion demanded. These notions are
sciencefiction.

A few scientists, however, are working aong these lines. Not that they're trying to mate man and
computer. So far they've done no more than apply small, square arrays of tiny electrodes to the surface
of the visual cortex (that portion of the cerebrum which processes visua data) and provide patterned
gimulation to the nerve cdls there. In experiments on human beings they have been able to present letters
of the aphabet and have their subjects report that they could actudly "see' them. The images were not
redlly cleer—after dl, the dectrica stimuli were affecting vastly greater numbers of cdllsthan are normally
dimulated by smilar imagesfaling on the retina of the eye—and the sensation was not precisdy that of
vision, but alimited amount of information was getting through. The "brain-jack™ works.

But not very well. Hook up that electrode array to a TV cameraand maybe you could read. But you
wouldn't be able to appreciate a Playboy nude. For that it takes another sort of approach. One that,
athough theinformation is till limited, can provide more visud information with lessrisk and fewer
technologica problems. A group of scientistsin San Francisco has developed asysemusinga TV
camera, some electronic circuitry, and a patch of skin on the belly or back or thigh, and though the
system is being tested for use on blind (and blindfolded) subjects, thereisadistinct possibility thet it
could be used to provide a"naturd" sort of rear-view vison to anormally-sighted person.

Except for those researchersinterested in implanting eectrodes directly into the brain, most of the
scientists working on the problem of vision replacement are focusing on ways of using the skinasa
replacement or substitute for the retina. For instance, the Linville-Bliss Optacon uses photocellswhich,
when passed over aline of print such asthis, drive 144 smal vibrators fastened to the fingertips and
enable the blind to read. Another system usesa TV camerato drive an array of vibrators mounted on the
forehead.



Even the Russians, though they gpproach the problem alittle differently, think in terms of using the
skin. At last report, they had awoman who could read with her naked fingertips, even through a sheet of
glass. How shedid it, they didn't know, but they were studying her and her odd talent with an eye toward
training othersto do the same. So far as| know, they have met with no great success.

The system | wish to discuss here is the one being developed and investigated by Professor Paull
Bachy-Ritaand his colleagues at the Smith-K ettlewd | Indtitute of Visua Sciencein San Francisco.*

(*Dr. Bach-y-Rita's recent book, "Brain Mechanismsin Sensory Subgtitution,” Academic Press, New
York, 1972, isthe source of much materid in thisarticle and | acknowledge hiswork gratefully.)

Therr tactile vision substitution system (TVSS) uses an ordinary televison camerato drive, through
gppropriate circuitry, an array of either vibrators or dectrica stimulators which, because of the smal sze
of the eectric pulsesthey deliver and their high frequency (60 pulses per second), fed like vibrators. The
circuitry reducesthe TV imageto adot picture, rather like ablack and white mosaic, in which each dot
controls one stimulator in the array (e.g., light-on, dark-off). The array, applied to an area of skin,
actually permitsablind person to "see." Not color, and not yet very well, but well enough to read large
letterson awall, to locate atelephone or coffee cup, and to discover that awife or husband doesn't
redlly look as nice as the blind subject had thought.

Figure 1. The first tactile vision substitution system consisted of (fromright to left) a modified
dentist's chair with an array of mechanical stimulators (vibrators) mounted in the back, a
television camera which reduced its picture to a square array of points, each point of which
corresponded to one vibrator, and a slanted display board It weighed 400 pounds and was thus
not portable, but it did show that such a sensory substitution systemis feasible.

Theorigina version of the TVSS, built in the late 1960's, used a standard televison cameraand had
an array of mechanica stimulators mounted in the back of amodified dentist’s chair, as shownin Figure
1. Thus, when the subject sat down in the chair and leaned back, the vibrators were in position to
impresstheir "image" upon his skin. The system was not portable; it weighed 400 pounds and was quite
bulky; but the movements of the camera could be controlled by the subject.

Later models, however, were made portable, the first such consisting of astimulator array on the
belly and &, one-pound camera dung over one shoulder like a handbag, and connected by fiber opticsto
a"look-out" gation be sdethe eye. Thelatest differsfrom thisprincipaly in that the TV cameraweighs
only six grams and is mounted on aglasses frame, thus permitting ablind person to attain, in some
respects, nearly normad vison. Thestimulus array ddlivers small eectrical pulsesto the skin and, Sncethe
€electrodes are much smdler than the vibrators, it ismuch lighter than the earliest mechanical arrays.

The exact nature of the apparatusinvolved, though, is not asimportant as the nature of the
phenomena observed and the "visud" results obtained. Thefirst TVSS, heavy, bulky, and with only an 8
x 8 array of simulators, proved that the approach was workable, that blind persons could use senses
other than their ears and hands to obtain intelligible information about the world around them. Later
models showed just how much like vision the tactile subgtitution can be.

Most of the subjects who have cooperated in the development and study of the TV SS have been the
so-cdled early blind, that is, people who have been blind from or nearly from birth. (Visualy-guided
behavior does not develop in man until about two months after birth, so it is not possible to diagnose
blindness before then.) These persons have had no prior experience of vision, but with sometraining on
the TVSS, dl became "visudly" sophisticated enough to be susceptible to the visud illusions.

In fact, one such person was using the set-up of Figure 1 (the danted board is used to alow the
demondtration and use of certain distance cues, such as the height of an object on the board) when the
board unexpectedly fell forward onto the camera. Severa days|ater, the experimenter recreated the
incident by operating the cameras zoom lever without warning the subject. The subject threw up hisarms
and tried to legp backward, away from thefaling "wall," even though the"visud" information upon which



he was acting was being impressed upon the skin of hisback. Not only did helearn thefirst timewhat a
"looming" stimulus meant, but helocaized it correctly in space, precisdy asif he had functiond eyes.

Thisisdl the more gartling when we consider the nature of the stimulus: an array of point stimuli, 20
x 20 inthe latest models, only some of which are activated by the light reflected from an object and
entering the camera. Figure 2 shows, schematically, what a beer sein would look like with this system.
Thefigureismost accurate as a representation of the earlier mechanical stimulation—the dots of the
image are black and white and the corresponding vibrators are either on or off. Gray-scdeinformation is
only now becoming availablein those model swhich use dectrica simuli.

Figure 2.
A pictorial representation of a TVSSimage. The large black dots are those activated by the
light entering the TV camera and are felt by the subject as vibrating points.

Obvioudy, a400-point array cannot convey much information, but because the subject can move the
camera, either by itscontrolsasin Figure 1, or by moving his head as when the camerais mounted in the
glasses, he can carry out what astronomers call occlusion studies and get avery accurate idea of what the
actud contours of an object are.

As presently designed, the system is cyclopean, or monocular, and it has anarrow (two-to-ten
degrees) fidd of view in order to let as much detail as possible reach the dot picture of the array. But as
long as the subject can control the movements of the camera, he can not only "see" the object, but, as
indicated above, he can"see" it aslocated in front of him, even though the sgndsthat reach hisbrain are
originating on the skin of his back. He sensesit not as a pattern of vibration, but as an externdly localized
object, just as sighted persons do those objects they sense through their eyes.

It helpsthat the subject can corrdate changes in the stimulus pattern with his own motor output—if
he makes amotion in connection with an object he knowsisthere, then stimulus changes become
identified with the object. It isin just thisway that infants may learn to identify externd objects as externa
by correlating changesin appearance with eye and head movements.

But thissmilarity only disguises the nature of the problem to which the TV SS seemsto be asolution.
Sensory subgtitution depends on the ability of one sensory system to assume the functions of another,
where "system” means the peripheral receptors, the nerveslinking them to the spinal cord and/or the
brain, and the central nervous system itself. The various systems differ from each other most obvioudy in
the nature of their receptors, though there are dso important differencesin the neura equipment that
processes the data received and passed on by them.

While no two sensory systems may do the same thing, one may be made to serve the same purposes
asanother. It isquite possible to transform stimuli gppropriate to one receptor into stimuli appropriate to
another, and that is just what the TV SS does: the TV cameraabsorbs light and acts as a transducer to
change that stimulusto the eectrical or vibratory stimulus appropriate to skin receptors.

Now, most people are surprised when they are told that the skin can be made to serve asan eye.
"How?' they ask. "After dl, theeyeisvery samdl and covered with millions of very sengtive light
receptors and the skin isbig and its receptors don't seem very sendtive at al.” If they know alittle more,
they point out that most areas of the skin are not sengitive enough to tell the difference between one and
two pinpricks unlessthey arerelaively far apart. But the sengtivity is greater than it seems, and the skin's
reaction to pinpricksis not entirely pertinent: patterns can be sensed, and agood exampleisthe way your
"insengitive" back responds to the texture of ashirt. We don't useit, but the potentia isthere, and the
skin of aperson with a sensory handicap such as blindness often becomes almost excruciatingly
sengtive—the blind are sometimes said to be able to "fed" walls and other obstacles either aslight or as
sound.

The average individua has about two square meters of skin on hisbody, 90 percent of it hairy and dl
of it loaded, more or less heavily, depending on itslocation, with receptors for touch, hest, cold, and



severd other stimuli. The scientists don't yet know which onestransfer the information provided by the
TV SSto the brain, but they do know that one or more does the job, and that, because of the rapidly
changing nature of the information provided by the TVSS, it must be areceptor that adapts rapidly to
changesin the stimulus to which it responds. But even o, the nature of the skin and its receptors actsto
provide some preliminary processing of the TV SS data—when vibratory stimuli are used, the traveling
waves set up in the skin by the vibration act to stimul ate neighboring receptors and to blur the "image.”
Electrica stimuli, which spread much less when the e ectrodes are properly designed, provide amuch
crisper, clearer picture and hence permit more detail to be seen and more pointsto be usefully used in the
simulus array. Furthermore, thanks to such characteristics of the skin receptors and their nerves aslatera
inhibition and varying adaptation times, the TV SSinformation isfiltered and funneled so thet the data
reaching the centra nervous system for analysis and " perception” arein someways smplified.

Despite this smplification, however, the scientists responsible for the TV SS have not tried to change
the characterigtics of their system to reflect it and, perhaps, make it possible for the nervous system to
extract more use from the data they can provide the skin. The traditiona approachesto the problem of
sensory subgtitution (such as Brallle) did attempt to do something likeit, producing systemswhich
provided only data considered "meaningful” by their designers, but such approaches were not very
successful. Brallle, for instance, isahighly artificia congtruction that not only requires learning awhole
new code and relies on specidly prepared materids, but discards dl of the nuances of typography and
leavesits user isolated from handwriting, billboards, and most printed material.

Any attempt to congtrain the inputs leads to aloss of usefulness; in effect, it deprives the brain of any
chance to examine awhole pattern and extract its own meaning; it removes the context of astimulus
which isessentid to any understanding of its significance. The designers of the TV SS have instead
focused on providing as much information as possible to the brain, though it has been found that if the
image of an object is processed so that only the edges appear in the dot picture the ease of recognition is
increased. The only congtraints on the data provided by the TV SS are those congraints inherent in the
sysem itsdlf, and those are severe enough. It has been said that the limitations of the system are more
attributable to the lack of information in the dot picture than to any overloading of the data-handling
capacities of the skin.

Nevertheless, ablind person must be taught to use the TV SS. He hasto learn the visual concepts
and drategies that Sghted personslearn so far back in infancy thet they have completely forgotten that
they once did not know them. He must be taught, through the use of pedagogica aidslike the danted
demongtration board of Figure 1, such cuesto distance, shape, and relationship as overlap, heightina
field of view, shadows, and distortion of shape with rotation. It wasthislast lesson, pointing out that
sguares and circles are never seen as such by sighted persons unless held, or approached,
perpendicularly to theline of vison, that caused one girl to exclam, "My, you sighted people certainly live
inadistorted world!" To her, the shapes of things were invariant because they dwaysfelt the sameto her
exploring fingers, but within afew hours she learned the principle of "shape constancy” that rules our
learned belief that shapes never change.

Blind persons who are given sight surgically often become so confused by the chaotic, kaleidoscopic
world of shape and color that they actualy refuse to see. The shock of the unfamiliar istoo threatening
and they dareto usetheir eyes only for such customary things as reading, for there the differences are not
S0 great. Most of the subjectsusing the TVSS, however, eventudly learn to "see’ well enough to
recognize faces and objects, to use the perspective cues, and, with the portable system, to find their way
around the [aboratory. The difference may be because of the smplicity of the scenesto which they were
exposed in training. The novelty of the input may never have been so overpowering.

It isknown that the nervous system adapts to the demands made upon it by the environment. Studies
of ratsraised in enriched environments—meaning that their scenery and possible activities were more
varied than for the average rat—have shown increased brain weights and increased amounts of the
substancesinvolved in synaptic transmission, suggesting an increase in the ability of the brain to process
information, while an environmentaly deprived rat shows decreasesin the sameitems. Kittensraised with
their eyes covered by prismswhich distort the world show concomitant changesin their visud cortex,



changesin the"circuitry” of the brain that render it able to compensate for the distortion. Personswho
have been blind or deaf from birth show, on autopsy, ashriveling or withering of those parts of the brain
that serve those senses. The brain's capacity for such changes, however, is not permanent; itisonly
during the so-called formative stages of life that it responds so obvioudy to dterationsin the sensory
environment. Once infancy or early childhood is past, blindness or environmenta enrichment resultsin
only minor changes, though these minor changes are large enough that a person blind from birth may, if
given sght, regain alarge amount of function.

Periphera changes occur too. Certain diseases (e.g., psoriasis and leprosy) are associated with
proliferation or destruction of the nerve endingsin the skin; amputation is accompanied by atrophy of
those parts of the spind cord that served the missing limb; but such changes are much lessimportant than
the centra oneslisted in the previous paragraph. When the environment insists that more data be handled
by asensory system or that it be handled more efficiently, the nervous system responds by dtering its
centra portions. The investigators of the TV SS have been able so far to find no changesin the periphera
nervous systems of their subjects.

What changes? The cells of the normal visua cortex are known to respond to tactile aswell asvisua
stimuli, but if the visual cortex iswithered or atrophied from disuse it can not be expected to serve asthe
central processor for TVSS "visud" data, certainly not without showing some sign of its shortcomings.
And that part of the brain which does act asthe centra processor for information from the skin is not
normally geared to handling the complexities of visua data, though the evidence suggeststhat it hasno
difficulty in handling the TV SS data.

Do the periphera nerves and spina cord indeed change, adapt to reduce the complexity of the data
to apoint where the norma "tactil€’ cortex can handleit? It has been found that once ablind person has
learned hisvisual gtrategiesand isableto usethe TV SS successfully with the stimulus array applied to
one area of the skin, such asthe back, the array can be moved to another site, such asthe belly or thigh,
with no loss of the ability to "see" Thetransfer of the learning to the new siteisimmediate and includes
the ability to locdize objects correctly in space. Thereis no confusion because of the change in the Site of
theinput. Thistransferability of TVSS"vison" suggests that the adaptation probably occurs at much
higher levels than the spinal cord. It probably does not involve the atrophied visua cortex, but rather a
functional hypertrophy, necessarily limited in the case of the older subjects on whom the system has been
tested, of the tactile cortex to alow it to do thejob.

Thus, what is known of the adaptability of the nervous system suggests that, once a blind person has
used the TV SSlong enough, hisbrain will adapt to alow him to extract nearly as much information from
the tactile dot picture asthe norma eye can. It further suggests that the younger the subject, the more
thorough this adaptation will be.

The successto date of the TV SS alows usto speculate that there will soon be such athing asa
visud progthesis. Ultimatdly, this may take the form of a TV camerashaped and colored like an eyebal,
installed as areplacement for the natural eyeball, hooked up to the natural eye muscles for motor control,
and linked by subcutaneous wiresto astimulus array embedded in the tissues underlying the skin of the
belly. A blind person would then neither look nor behave any differently from his sghted neigh bor. He
would not be blind.

The only significant drawbacks that remain, the basic technica problems* (* And technological. The
Optacon mentioned on page 65 is now being produced and sold by Telesensory Systems, Inc.) having
aready been solved, are the psychological factors. Because of the lack of emotional associationswith
visua perceptions and because of preconceptions based on their other senses, the blind subjectswho
have worked with the TV SS have not aways found "vison" pleasant. As mentioned. before, when they
have examined the faces of people close to them, they have not dways considered them as attractive as
they had previoudy thought. Men who examined Playboy nudes were not aroused. A woman who had
just married could only be motivated to use the TV SSto "see" by using as practice scenes the household
implements with which she was then involved. But these difficulties are due only to the past experience of
the subjects. They would not ariseif an infant, as soon as he was diagnosed as blind, could be fitted with
avisud prosthess. He would then devel op the same emotiona associations with and reliance on visud



gimuli as sighted persons.

Asexciting asthat firs commercid atificid eyewill be, though, there are other possible gpplications
of thebasicideaof an artificia "tactile sense” The same researchers aretesting it asaway of giving
hearing to the deaf: asingle vibrator modulated by the output of amicrophoneis an accurate enough
reflection of avoice so that an otherwise deaf person can actudly tell when anew voicejoinsa
conversation. Other researchers have built amodel of the basilar membrane, that elongated trapezoidal
structure whose vibrations stimul ate the nerve endings with which we hear. The modd, like the biologica
original, reponds to sound in such away that only one small portion of itslength resonatesto asingle
frequency. In life, the nerve endings attached to that area respond and the mass of the separate responses
to the various component frequencies of asound are integrated by the brain to produce our aural
perception. To usethe model, a person, desf or otherwise, lays hisarm aong it, thus alowing the
receptorsin hisskin to act like those in hisear. The difficulty isthat the tactile cortex does not seem
capable of integrating this frequency break-down datainto anything intelligible.

But getting back to vison, the TV SS studies have not only shown that blind persons may be madeto
"see' inavery rea sense, but that a blindfolded sighted person may a so use the equipment successfully.
Thisraisesthe possbility that sensory augmentation may become asimportant an gpplication as sensory
subgtitution. The artificial eye could be used to provide military scouts, pilots, eementary school teachers,
and even heroes with eyesin the backs of their heads. It could provide vertical vision (an eyefor thetop
of the head), night vision, and remote vision. It could alow apilot to receive atimeter and radar displays
directly through the seat of his pants (and that's no metaphor here), thus releasing his eyes from
instrument monitoring tasksto attend to more important things.

The basic idea of the TV SS could even be used to link aman intimately into such complex systems
as computers. We don't know how many "tactile senses' aman might be able to use at once without
confusion, but since we do know that he can watch TV or read while listening to music, scratching
severd different itches, and objecting to the prickliness of hiswoolen pants, we might guess at threeto
sx, surely alarge enough number to allow aman to do amuch better job of keeping up with the flow of
data a computer can provide.

Picture, if you will, some complex system such as atraffic control computer or a spacecraft.
Ordinarily it would be controlled by its operator through buttons, levers, and switches according to the
information furnished him 1.3y visud (TV screens, dids, lights, and so forth) and aurd (bells, darms, and
instructions) readouts. If we replace the operator's chair with another whose sides, arms, seat, and back
al contain TVSS stimulus arrays, each one providing some "visud" or symbolic display, we can replace
some of those more usua signaswith tactileones. . . and add some.

But dl that information is not necessarily useful. 1t does no good to double or triple the amount of
data being fed to the operator of the system if he cannot coordinate it in hismind and act uponit. If we
assume (as we must for the present) that he can coordinate it, we are left with the question of whether he
can operate the additional controls the additiona data make possible. One solution to that problemisthe
sciencefiction notion of plugging aman's brain directly into the computer, but that involves expensive and
dangerous surgery, even supposing that away is ever found to hook into the nerve pathways of the brain
in such away asto permit the input of information and the output of commands.

To make that information useful, we need amethod of commanding the system as smple and
comprehengve asthe TV SSinputs. Since there now exist methods of controlling artificid armsand legs
by the biod ectric pulses generated by very dight, willed muscle contractions, we might dare to speculate
that the "brain-jack” notion will someday be redlized by acombination of TV SSinputswith bioglectric
monitoring techniques that would make every muscle twitch acommand to the system.



