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Aids for the blind, used so far, which transform images to touch stimuli, are
not faultless. The low resolution of mechanical operative systems and the elasticity
of skin reduce practical usefulness of these aids. The aid which equivalently
transforms optical images to acoustic signals is free from the faults mentioned
above.

It follows from physiological investigations of the brain that the right hemi-
sphere of one born blind can take over a parallel analysis of optical images trans-
ferred by acoustic signals. A blind person who lost sight later in his life can re-
cognize optical images transmitted by sound by way of an analysis mainly carried
out by the left hemisphere of the brain, The left hemisphere usually performs a se-
rial data analysis.

The present paper discusses the transformation of optical images to cor-
responding equivalent acoustic signals, and also presents a design for the electro-
nic system of an acoustical aid. This system should become a valuable device in
research, and it may also be applied practically in future.

1. Introduction

It is obvious that information ean be transferred to a blind person by acoustic
signal. In order to enable a blind person to receive optical images by his hearing
organ, a physical measurable carrier of visual information must be equivalently
transformed to acoustical signals. After some training, a blind person will
be able to translate these signals into optical images.

Black and white optical images that are invariable in time, e.g. black and
white photographs, are usually represented in the Cartesian reference system
composed of the Oxy plane of an opto-electrical converter screen (Fig. 1), and
the light energy axis parallel to it. This threedimensional diagram represents
a physical form of an optical image. The analysis of images that are variable
in time requires successive, time discrete analyses of the threedimensional
diagram. In the paper, however, we shall concentrate on the static images only.
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2. The idea of transforming an optical image to an acoustic signal

The idea of an acoustical aid as presented in this paper is that of equiva-
lent transformation of the physical form of a visual image to an acoustic signal.
Since the spectrum of an acoustic signal analyzed by man is usually represented
in a coordinate system of energy-frequency-time (Fig. 2) there are several
possible variants of such transformation. It follows from Figs. 1 and 2 that
both diagrams have a common axis, i.e. the axis of energy (or amplitude) of
a signal. Thus no special converters are necessary for coding an optical image
into an acoustic signal during transformation of these axes, with a possible
exception of an electronic signal amplifier. The other two axes: Ox and Oy in
the diagram of a visual image (Fig. 2) can be transformed in the following way:

i : Oz — time, (1a)

ty : Oy — frequency (1b)
or, conversely,

iz : Oz — frequency, (2a)

ty : Oy — time, (2b)

where iz, ty are symbols for these transformations.

Relation (2a) represents an exact assignment of each tone of a frequency
fx to each screen element (Fig. 1) with its coordinate X on the Oz-axis of the
screen. It follows from relation (2b) that the illumination energy of any screen
element (Fig. 1) with its coordinate ¥ on the Oy-axis of the screen reference
diagram is transformed into sound only within a specific time interval 1Y)
which is equivalent to the coordinate ¥. The reference time for each interval
t(Y) is defined by a certain specific sound produced in a time interval t(0)
before the process of transformation of an optical image begins. After genera-
tion of a reference sound at a time #(0), successive lines of the screen, ¥ = 1,
2, 3, ..., N are transformed to acoustic signals. Since fastest possible transfor-
mation is required we shall try to achieve as short a time interval t(y) as poss-
ible. On the other hand, ¢(¥) must not be too short on the account of masking
phenomena due to the sounds received by hearing in the time intervals (¥ —1)
and #(¥ +1). The number of the tones {fi,fa,...,fxs ..., s} discriminated
by man is also limited, amounting to about 600 [13] for an average musical
hearing. Problems in the resolution of an acoustical aid for the blind will be shown
in section 5 of this paper.

It follows from (2a) and (2b) that a light object equal in size to an element
(X, Y) of the screen that is against a light background is transformed to a tone
fx occurring in a time interval ¢#(Y) after generation of a reference sound at
a time ¢(0). Since hearing sensations in man are directly proportional to the
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logarithm of energy of sounds being heard, and also the signal amplitude at
the opto-electrical converter output is directly proportional to the illumination
energy of the photosensitive half-tone screen mosaie, a subjective reception
of the intensity of a tone fy is directly proportional to the logarithm of light-
ness of an object.

The use of function (1) causes the following sensation of the position of
the object:

— the location in the horizontal direction — as a time interval between
the time signalled and the time of hearing a tone exceeding all other adjacent
tones in energy;

— while the location in the vertical direction — as the pitch (frequency)
of the tone.

The presence of several such objects in the image analyzed causes several
different tones to occur at various time intervals. Differences of lightness of
these objects result in sensation of equivalent intensities of these tones.

The dimensions of these objects are proportional to:

1. Using funetion (1):
(a) dimensions in the direction of the Oz-axis (horizontal) — durations
of tones exceeding all other tones in energy,

(b) dimensions in the direction of the Oy-axis (vertical) — the number of
tones heard;

2. Using funetion (2), conversely:
(a) horizontal dimensions — the number of tones heard,
(b) vertical dimensions — durations of these tones.

Distances from objects to a blind person are measured by the position of
the depth of focus in the optical system through which the images investigated
are projected onto the opto-electrical converter. The depth of focus can be
manually adjusted by a blind person. If there are objects in the depth of focus
a8 determined by a blind person (sensed through touch), their presence is signall-
ed by corresponding tones. If there are not, white noise due to a uniform unfo-
cussed background and the internal noise of the converter can be heard. If
the objects are at the limits of focus depth, the optical image is fuzzy and the
sounds received are close to white noise. Tones heard are indistinet. Even a slight
change in the position of focus depth causes a considerable change in tone
articulation (the articulation of a tone fx is here the ratio of the energy of this
tone to the energy of tones fx_; and fy,,).

The presence of sounds corresponding to optical images investigated that
are close to white noise, is the acoustical criterion for focus depth adjustment.
The focus depth is selected so that the energy ratios of tones fx,fx,:,...,

Jxiny o tones fx_ ., fx_mi1s +ovy fx—1 and also tones fx,,..1y fxinsas ey
Sxynyx i8 maximum or minimum.
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3. The overal structure of the acoustical aid for the blind
Currently used optoelectrical converters use sequential scanning, i.e. the
following elements of the screen § are analyzed successively in time:

8 =p(1,1),p(2,1),...,p(X,1),...,p(M, 1),
r(1,2),p(2,2),...,p(X,2),...,p(M, 2),

------------------------

»(1,N),p(2,N),..,p(X,N),...,p(M, N), (3)

where p(X, ¥) are coordinates with indexes X, ¥ on the optoelectrical con-
verter screen (Fig. 1).

yll
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OB BGE T Fig. 1. Ideal half-tone screen of the opto-
: (17 H - - -electrical converter (i.e. photosensitive mosaic
x, (M1) X 1ot on to which a visual image is projected)

The equivalent transformations (1) or (2) of an optical image to acoustic
signals are retained if whole screen lines are simultaneously being transformed.
The time sequence of these transformations is

-

o e valied ek (4)

i.e. from the bottom to the top of the screen (Fig. 1). The set L of the screen
lines is therefore orderly. The optical image transformation from expressions
(2a) and (2b) requires:

(a) memorizing of the values of elements 1,2,..., X,..., M of the Y line

of the screen, Y € L;
(b) transformation of the Y line to a signal F,

M M
F= YfX,7) = 30X, Y)kX), (5)

X=1 X=1
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where %(X) is a constant level of the generator output signal at a frequency
equivalent to the X column of the screen; v(X, ¥) is the value of the opto-
electrical converter output signal, corresponding to a screen element with coor-
dinates p(X, ¥) and modulating a signal k(X) f(X, ¥Y) is the amplitude
of a signal over the range of acoustic frequencies that is equivalent to the X
column of screen elements, modulated by the signal v(X, ¥); M is the number

Fig. 2. Physical information carrier of sound signal; the real time spectrum of sound

of signals at various acoustic frequencies generated by the aid; M is at the same
time the number of the optoelectrical screen elements in one line of the screen;

(c) elimination from memory of the values of elements of the ¥ line of
the screen and storing in memory of the values of a successive screen line, ¥ 1.

This process repeats cyclically as in point (b) until all values of the screen
elements have been read. The functional diagram for the acoustical aid is shown
in Fig. 3.

It should be noted that it is possible to build an aid which can successively
transform individual screen elements (formula (3)) to individual tones. This
aid however would be M times slower, compared to the aid whose functional dia-
gram is shown in Fig. 3. The aid operating according to the algorithm in Fig. 3,
using relation (2) to transform static optical images, will be discussed later
in the paper. Transformation of selected elements of graphic images such as
straight lines of different finite thicknesses, arcs and curves of these lines and
so forth will be also considered.

After beginning of each cycle of transforming an arbitrary optical image
to an acoustical signal, a sound signal is generated which means that the image
to sound transformation is beginning. After a single transformation of all the
screen lines to an acoustical signal, another reference sound signal is generated,
and the aid working cycle is repeated (Fig. 3). Thus the beginning of each scan-
ning of the whole screen is signalled. The beginnings of scanning of successive
lines are not signalled.

4 — Archives of Acoustics 479
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Fig. 3. Funetional diagram of the acoustical aid conform to relation (2), with memorizing
of the values of elements of whole screen lines
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A vertical straight line (Fig. 4a) that is lighter than background is tran-
sformed by the aid to a sound composed of a certain number of tones. The
thinner the line is, the fewer tones occur. The tones occur throughout the obser-
vation of the line, i.e. without changing in any of the time intervals separated
by reference signals.

The frequencies of these tones equivalently determine the position of the
line on the Oz-axis of the screen reference system, i.e. horizontally. The sound
intensity is proportional to the line lightness. A horizontal line (Fig. 4b) that
i lighter than background is heard as a short sound composed of all the tones
over the range of all acoustic frequencies generated by the aid (formula (5)).
The duration of the sound is the longer the thicker the line is. The position
of the horizontal line on the Oy-axis of the aid reference system, i.e. vertically,
is equivalently determined by the time interval between the signalled reference
time and the occurrence of the sound. Its intensity is proportional to the light-
ness of the line.

i Scann;iy sequence
Scanning direction of indrviqual
for efem‘gnfs of each screen lines
screen line
vt Y vh
N N N
Reference time ] %
signal 0 oo 0 = 0 o
(a) A (b) ot (c)

Fig. 4. Positions of straight line on the screen of the opto-electrical converter: (a) vertical
line, (b) horizontal line, (¢) line inclined at an acute angle relative to the Ox-axis of the sereen
reference system

The same straight line inclined at an acute angle with respect to the Ox-
axis of the screen reference system (Fig. 4c) is heard as a sound composed of
a number of tones. The number of these tones decreases with decreasing thickness
of the line. Its loudness is proportional to the lightness of the image. The fre-
quencies of the tones of the sound increase linearly in time. The increase rate
is the greater the more inclined the line is (the more acute its angle is relative
to the Ow-axis of the screen reference system — Fig. 4¢). The duration of the
sound perception also decreases with decreasing angle a. A line that is lighter
than background, inclined at an acute angle with respect to the Oz-axis of
the screen is heard in an analogous manner — however the frequencies of the
audible sound tones increase in time.
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When the curve of the concave line being transformed by the aid, which
is lighter than background, is positive (due to the sign of the first derivative —
Fig. ba), the frequencies of sound tones heard increase in time less and less than
linearly. When the curve of the convex line being analyzed by the aid, which
is lighter than background, is positive (Fig. 5b), the frequencies of sound tones
heard by a blind person increase fagter and faster (faster than linearly). The
loudness of these tones is proportional to the lightness of images. The number
of these tones is proportional to the thickness of images in the directions of
the Oz-axis of the screen. The positions of successively analyzed in time fra-
gments of light images in the observation field of the aid — in the directions

Yy Y
(T ——
: (tmax)
( t}nr'n) i f
, n) -
(i) (Frid) * i (Tmin) (l‘gaxf
a) b)
ye y
N N
(1‘}.’70'4\’) \ (%ax) \
(%min) (min)
(fmin) (fmax)* - (fmin) (fmax) *
c) s -

Fig. 5. (a) Positive curve of concave line, (b) positive curve of convex line, (c¢) negatwe curve
of concave line, (d) negative curve of convex line

of the Oy-axis of the screen, i.e. vertically — correspond to the time intervals
between the reference times and the appearance times of these tones, which
are equivalent to the images. Durations of these tones are proportional to the
widths of objects in the direction of the Oy-axis of the screen. The minimum
(tmin) and the maximum (#,,,) time intervals between the reference and appea-
rance times correspond to the extreme positions of the images analyzed by
the aid, in the direction of the Oy-axis of the screen (Fig. 5). Current frequencies
of the tones heard equivalently define the positions of light images being analy-
zed by the aid in the directions of Oxz-axis of the screen. The widths of images
in the horizontal direction, i.e. in the direction of the Ox-axis of the screen,
correspond to the number of the sound tones. The lowest (f,,;,) and the highest
(fmax) frequencies of these tones equivalently define the extreme positions of
these sound tones of the investigated light object in the direction of the Ox-
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axis of the screen. The loudness of these tones equivalently corresponds to the
lightness of individual fragments of images. If the curve of the concave lighter-
than-background line analyzed by the aid is negative (due to the sign of the
first derivative of the line — Fig. 5 ¢), the sound can be heard that is composed
of tones whose frequencies decrease more and more slowly (more slowly than
linearly). Analogously, the negative curve of the convex lighter-than-background
line results in tones whose frequencies decrease faster than linearly i.e. faster
and faster (Fig. 5d).

It is now hard to predict how useful the aid will be for recognition of com-
plex geometrical figures such as letters. It is certain however to be useful in
recognizing large, simple objects such as greens, streets and pavements, walls
of houses, light windows, and strong lamps.

4. Possibilities of perceiving optical images by hearing

The subjective sensation of the pitch 2z of a tone by hearing, for acoustic
frequencies f > 131 Hz is [13] the function

Z =:/§f, (6)

where f is the frequency of a tone from a loudspeaker, with the tone at a fre-
quency f = 131 Hz having the pitch z = 131 mel.

Fig. 6 shows the plot for the subjective sensation of the tone 2 by man,
with a tone at a frequency f being transmitted from a loudspeaker. For the fre-
quencies f over the range of 50 to 131 Hz the plot is linear, and only above
131 Hz the plot agrees with expression (6). The maximum number of tones
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Fig. 6. The plot for subjective sensation of the pith 2 of a tone by hearing in relation with the
frequency f of the tone [13]

heard, neglecting the masking effects, does not exceed z = 2400 mel. An average
man perceives more than 600 different tones [13]. In building an acoustical
aid 600 generators can be used, each generating a tone with the pitch 2, according
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to the diagram in Fig. 6. An arbitrary, successive pitch z must be higher than

5
the preceding by at least V2, beginning with f = 131 Hz.
For the acoustic frequencies f< 131 Hz, however,

z=1. (7)

Due to the system assumed for the transformation of optical images, the
pitch z must have a discrete behaviour:

fxi==2. (8)

Fig. 7 shows three plots for the maximum frequency variation Af perceived
by man for tones at frequencies f = 0.25 kHz, 1 kHz, 4 kHz as a funetion of
duration ¢; of these tones. The tones were produced by sine pulses. Each of
the three plots was made for the tones f separately.
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Fig. 7. The minimum perceptible variation Af of a tone at a frequency f in relation with
durations #; of these tones [13]

It follows from Fig. 7 that for equal durations of arbitrary tones, the
variation perceived in the frequencies of these tones increases with increasing
frequencies of these tones. The increase in the magnitude of variation in fre-
quencies perceived follows the Meli scale Fig. 6. For durations {; of sound pulses
longer than 200 ms, the perceived interval Af from a frequency f does not change.
24f = 7 Hz for f = 1 kHz; 24f decreases with deacreasing f.

It follows from the plot in Fig. 7 that in building the aid for the blind,
a duration ¢; of an arbitrary sound pulse of 20 ms can be assumed.

Fig. 8b shows three plots for the audibility threshold L(dB) of Gaussian
sound pulses, masked by rectangular pulses of white noise, in relation to the
interval 4¢ between the white noise and Gaussian pulses. These pulses are
schematically shown in Fig. 8a; 8§ is the intensity of white noise rectangular
pulses, L is the intensity of Gaussian pulses. At an intensity L of Gaussian
pulses, after a time 4t from the end of the rectangular masking white noise pul-
ses at an intensity 8, the Gaussian pulses begin to be perceived by human
hearing. From the plot, the sound which corresponds to any ¥ line on the opto-
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electrical converter screen is masked by the sound corresponding to the pre-
ceding line, ¥ — 1, of the screen. Assuming in building the aid a mean level
of the sound generated by the acoustical device, equal to 80 dB =8 =L
(Fig. 8), we obtain the interval between two arbitrary sound pulses equal at
least to 20 ms. This interval is necessary to minimize the effect of masking on
the hearing of an arbitary, successive sound pulse. Masking effects analogous
to those in Fig. 8b occur when white noise is transmitted from a loudspeaker
in pulses after the generation of Gaussian sound pulses (conversely to Fig. 8a).
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Fig. 8. (a) Graphic interpretation of Gaussian sound pulses L from a loudspeaker after a time

At from the generation of rectangular white noise pulses 8, (b) Audibility threshold L (dB)

of Gaussian sound pulses, each of 30 ms duration, masked by white noise with an intensity
8(dB) before generation of masked pulses [13]

In practice, it is possible to generate an arbitrary sound pulse, corresponding
to any Y line of the screen, just after masking effects, corresponding to the ¥ —
1 line of the screen have ceased to be generated. It can thus be assumed that
the frequency f, of scanning of successive lines of the optoelectrical converter
screen is

1 1

Jo = (20+20) ms ~ 40 ms

It seems better to assume in practice that

1

= = 20 Hz.
50 ms s

Jo

It is thus possible to convey to the blind about 20 lines of the screen within
one second by sound pulses. It seems also difficult to increase the dimensions
of the screen in the direction of the Oy-axis, i.e. vertically, since the optical
image conveyed as a series of sound pulses in real time would be fuzzy; the
movements of a blind person cause the image observed to move on the screen
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of the converter. It is however possible to read the image quickly, e.g. within
1/50th of a second, transfer it to the memory of the aid and equivalently trans-
form the memorised image into a series of sound pulses, according to the algo-
rithm shown in Fig. 3.

5. Construction of the electronic system of the acoustical aid

The self-contained matrix of semiconductor photodetectors is the most
suitable opto-electronical converter because of its slight dimensions, small
weight, high reliability and sensitivity, and considerable resolution. E.g. IPL
has for some years offered a matrix of 64 x64 elements. American companies,
e.g. ROA, already produce semiconductor matrixes with a resolution of a TV
camera (over 500 x500 elements).

Due to a large resolution of matrixes, the linear readout of the values of
signals from individual elements of the screen is used, i.e. at each moment at
most the value of one element is being read. After the value of the signal from
one element has been read, another element is read, with the readout being
orderly: since the values of elements of one line of the screen are read, first
then those of the next and so forth.

The application of function (2) makes it necessary for each tone X, T
to be equivalently assigned to each element X in any Y line, to each column
X of the screen elements (see formula (5)). The intensity of this tone is propor-
tional to the value »(X, ¥) of the signal received at the output of the element
r(X, ¥),

Vip(X, Y) e §)(f(X, ¥) = k(X)-v(X, Y)), (9)

where k(X) is the amplitude of a signal at a frequency corresponding to the
X column of the screen, V is a general quantifier (Y(p(X, Y) € §) means:
for each element p (X, Y) in the set S (see formula (3))).

As follows from the above, a hearing aid consists of an M set of genera-
tors (M is the number of elements in one screen line — Fig. 1), with every
X-generator giving an output signal f(X, ¥) (formula (5)), proportional to the
value of lightness of the X, ¥ element of the screen, i.e. to v(X, Y). Since the
matrix is scanned linearly, a distributor must be built permitting the introdue-
tion of the value v(X, ¥) to a relevant generator X. The distributor can
be made of a looped, series-parallel shift register with M bits, M outputs and
1 input, coupled with the time base of the readout of the photodetector matrix
[8] where at the beginning of the read out of the whole matrix only one 1 is
introduced. Fig. 9 shows a block diagram of the aid. The start of the matrix
readout determines the signalled reference time for the perception of the po-
sition of objects vertically. As follows from Fig. 9, this moment is defined by
the tone fy. One-channel analog switches, e.g. C-MOS type [5] are designated
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Tig. 9. A design of the electronic system in the acoustical aid for the blind, working accor-
ding to relation (2) and algorithm in Fig. 3

as P in Figure 9. Since at the analog output of each switch, the switching pulse
lasts M times shorter than the time of scanning of one screen line, each genera-
tor X should generate signal f(X, Y) (formula (5)) for a time 7,, equal to the
readout time for one whole line of the screen (see Fig. 3). The time 7, cannot
be shorter than 40 ms (see point 4). Thus the time of storing the output signal
of any analog switch can be close to the scanning time 7,, for one screen line.

Each generator X consists of a unit generating a signal k(X) with a constant
amplitude, which is modulated by a signal »(X, ¥) received at the output
of the photodetector column X.

The values of constant signals k(1), k(2),..., k(X), ..., k(M), affecting
the values of modulated signals f(1, ¥),f(2, ¥),...,f(X, ¥),...,f(M, X)
(formulae (5) and (9)), can have a distribution over the range of acoustic fre-
quencies close to the speech spectrum.

6. Conclusions

Blind people still have no suitable device which would enable them to
receive visual sensations in a satisfactory manner. The designers of visual aids
are at present working towards enabling the blind to receive visual stimuli
by touch receptors in the skin. The designs of suitable miniature opto-mechanical
converters are becoming better due to the development of technology. These
converters operate in the following way [7]: the optical image is projected
on to the screen of the opto-electrical converter which is a table of M XN
elements. The electrical signal received at the output of an arbitrary element
(X, ¥) of the screen is proportional to the illumination (or to its logarithm)
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of a tiny section of the photosensitive surface of the opto-electrical converter,
corresponding to the element p (X, Y). After amplification the signal is changed
by the electro-mechanical converter into the pressure of the needle on the skin
of a blind person. Very small electromagnets with needles, or electrostrictive
(piezoelectric) or magnetostrictive transducers are the operative elements.
A relatively low resolution of the operative systems is the basic disadvantage
of these aids. Their usefulness is also reduced by the elasticity of the skin.

The hearing aid has none of these faults. The resolution of the currently
produced tiny integrated photodetector matrixes is over 150 000 elements of the
screen. In the acoustical aid working in real time, the required resolution of
the screen of the optoelectrical converter is M XN = 600 x20 = 12 000 ele-
ments. At the same time transformation of whole lines of the sereen to sound
permits a parallel, simultaneous analysis of whole lines by the hearing organ
of a blind person. Further accelaration of the perception of the aid sounds
is possible with a parallel analysis of the whole screen. Under a considerable
simplification it can be assumed that a parallel analysis of information is usually
performed by the right hemisphere [4], with the left hemisphere of the brain
usually carrying out a serial data analysis. Thus the sound from the aid should
be usually directed to the right hemisphere of a blind person’s brain so as to
permit the fastest perception of images, e.g. through placing the earphone at
the left ear. It seems that a person who was born blind has the greatest possi-
bility tolearn to recognize quickly the optical images transformed into sound sig-
nals, up to the age of five. His right hemisphere of the brain —provided it is healthy
— is fully capable of a parallel analysis of both sounds and images. The right
hemisphere of a blind person who, however, lost sight later in his life, is specia-
lized in understanding, particularly, of optical images [3, 4]. The sounds from
the aid can be, however, analyzed through understanding, mainly through
a serial analysis performed by the left hemisphere of the brain, already accusto-
med to the analysis of sounds [4, 3]. The understanding can be based on the
equivalent transformation of an optical image to a spectral sound image, as
presented in this paper. Some characteristics of optical images and most fre-
quent scenes can in time be used as standards for a parallel analysis of sounds
from the aid [6].

A blind person can in time become accustomed to some technical short-
comings of the aid [6], e.g. different sensitivities of individual photodetectors
on the screen surface, optical distortions, and those due to the electronic ele-
ments of the aid.

Recognition of coloured images and increased contrast in images can be
archived by the application of suitable optical filters. An increase in contrast
in black and white images (and also coloured) can be attained electronically
by the application of a method of the side effect of the vision [2].

The positions of objects are correctly determined relative to the body of
a blind person if the opto-electrical converter is stiffly attached to the body
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in the some manner each day; otherwise a blind person would have to “cali-

bra

” the position of the artificial eye relative to the body.
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