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CUTANEOUS STIMULATION FOR SOUND LOCALIZATION AIDS

by

J.L. Mason and N.A.M. Mackay
Queen's University

Kingston, Ont., Canada

Summary. The paper discusses the results of experi-
ments carried out to determine the feasibility of
using electrocutaneous stimulation in sensory substi-
tution systems in general and sound localization aids
in particular.

Introduction

Recent advances in electronic techno-
logy have made possible the development of
sensory aids for the deaf that provide some
facility for sound localization and a prim-
itive form of speech perception. These
devices sample the auditory field and pre-
sent to the user some function of the field
in the form of visual, vibrational or elec-
tro- cutaneous patterns. Because of the
relatively simple function that sound
localizers must perform and the immediate
advantage to which they can be used, there
has been greater success in the development
of these devices than for those which
attempt to aid speech perception. The more
common sound localizers present their infor-
mation to the user through skin stimulat-
ion: either vibro- tactile or electro -
cutaneous. Because of their inherently
lower power requirements, smaller size and
ease of fitting, electro- cutaneous stimu-
lators would be favoured for portable aids,.
but too little is known about the control
of the interaction between electrical stimu-
lation and the central nervous system for
these devices to be well accepted at pres-
ent. A study of these effects is being
conducted at Queen's University. The
results of experiments related to the use
of electro- cutaneous stimulation in sensory
aids are discussed in this paper.

By carefully choosing the parameters
of the electric impulses to the skin,
namely, current pulse width, amplitude,
duration and repetition rate, it is possi-
ble to elicit in the user a sensation of
vibration at the point of stimulation.
Because the phenomenon was not well under-
stood, however, control of the sensation
was unreliable. For example, the para-
meters required to produce the sensation
at different times and in different parts
of the body, varied drastically. Often,
the feeling of vibration changed to a
pricking or unpleasant burning pain with
small changes in stimulus parameters.
only if certain types of electrode paste
were used, or the skin suitably prepared
beforehand, could reliable stimulation be
achieved. The use of electro- cutaneous
stimulation as the output function of a
sensory aid could, therefore, reduce the
dynamic range of the device in an un-
controlled manner by causing uncomfortable
sensations of pain to the user. A number
of experiments have been conducted to is-
olate these problems. Methods of removing
them have been developed and are discussed
in the following sections.

A phenomenon that may be of particular
use in localization aids is that of the so-
called "Phantom sensation" described by
Von Bekesy (1), in which two spatially dis-
tinct vibro - tactile stimulations may be
perceived as a single, fused sensation, the
location of which is controlled by the
relative intensities of the two original
stimuli. This phenomenon has been found to
be useful in a sound localization aid in
which the intensity of sensation at one of
the points of stimulation is related to the
sound intensity at a microphone located at
one ear of the user (2). Differences in
sound intensity at the two ears, due to a
sound source located at an angle to the
median plane of the head, cause the fused
sensation to move, thereby providing a
means of localizing the sound. The appear-
ance of a fused sensation when vibro-
tactile stimulation is used has been ex-
plained by Bekesy (3) on the basis of
neural inhibition. Since a similar inhib-
ition can be anticipated when electro -
cutaneous stimulation is used, it can be
expected that the phenomenon will occur in
either modality. A number of experiments
to verify this conclusion are also des-
cribed below.

Experiments on
Electro- cutaneous Stimulation

The experiments performed in this study
have overlapping features but can be
loosely classified into three categories:

Dynamic Range

The dynamic range for this study can be,
defined as the range in intensity of stimu-
lation required to change the sensation the
subject discerns from one of minute vib-
rations to one of an uncomfortable pain.
Although wide variations in dynamic range
between subjects were noted, a systematic
method of increasing the dynamic range of
all subjects was found. Factors of import-
ance were initial skin conditions, the rate
of increase of stimulation, and the maximum
intensity of stimulation. The effects of
electrode paste on the dynamic range were
found to be readily predictable.

The Electrical Parameters of the Skin
The electrical parameters of the skin

vary greatly with time, changes in skin
preparation and stimulation intensity.
Changes in the resistance of the corneal
layer were found to vary with stimulus
current and provided a good measure of
impending skin breakdown. Various levels
of pain can be associated with physiologi-
cal changes in the cutaneous layer.



The Phantom Sensation

Experiments indicate that the phantom
sensation can be elicited with electrb-
cutaneous stimulation. The parameters of
spatial and temporal resolution and the
relative intensity of stimuli required at
each stimulus position have been measured.
These appear to be different from those
noted for vibro- tactile stimulation.

Equipment

The equipment shown schematically .in
Figure 1 was used in the first two series
of experiments to apply current pulses,
of positive and negative polarity, to the
skin. Duplication of some portions of the
set -up was required to elicit the phantom
sensation.

Bipolar pulses produced by the pulse
generator were amplified by means of
various voltage and power amplifiers. The
magnitude of the forward and reverse
current was controlled independently by the
current limiter. The limiter output, a
series of positive and negative going
constant - current pulses, was then directed
to coaxial electrodes and applied to the
skin. For most of the experiments des-
cribed the pulse parameters were:
Pulse width :1mSec Pulse height:.5 to 10mA
Repetition rate: 13Hz

Pos /Neg Pulse
Separation; 2 mSec

Silver plated coaxial electrodes were used;
a photograph and schematic diagram showing
their construction is shown in Figure (2).
The panic button allowed the subject to
shut off all stimulation instantaneously if
necessary. Happily,this feature was never
utilized.

The surface resistance of the skin was
measured by monitoring the pulse voltage
and current at the electrodes. During each
pulse, the information was sampled in the
sample and hold units, and displayed on a
chart recorder, digital volt meters or
oscilliscope. A continuous record of skin
resistance could therefore be obtained.

Results

Dynamic Range

To achieve some degree of reliability
in these measurements, a controlled psycho -
physical experiment was devised. The sub-
ject was briefed on the operating pro-
cedure, the electrode strapped to his arm
and the stimulation current increased at
the rate of 0.8 mA per minute. The subject
was asked to indicate with one word when he
first felt a sensation. The stimulation
was increased in intensity at the constant
rate until the subject indicated that he
did not wish to have the stimulation in-
creased further; the stimulation current
was then held at this level for thirty (30)
seconds. The current was then reduced at a
constant rate until the subject indicated
that sensation had disappeared. The exper-
iment was repeated five times with rest
periods of two minutes between each run.

Jl_

F I G U R E 1 : BLOCK DIAGR AM OF S T I MUL AT O R .

Twelve subjects were tested; most were
tested more than once. The effect of skin,
preparation was determined by performing
tests with and without electrode paste and
with the skin prepared with various alcohol
and water solutions. The results are
summarized below.

(i) The subject's dynamic range of sensa-
tion increased in the first few runs then
remained constant in further runs. That
is, a subject's tolerance to pain and hence
the range of comfortable stimulation could
be increased providing certain initial
conditions described below were .met.

In addition; the sensation and pain
thresholds for a given point on the arm
were consistent over long periods of time.
For example, if the point of stable dynamic
range was reached, any level of stimulation
below the pain threshold could be instant-
aneously applied to the subject without
eliciting a pain sensation, even after rest
periods of ten minutes.

SILVER PLATED
INNER CONDUCTOR

I /4"  DI AM.

INSULATING
SPACER

SILVER PLATED
OUTER CONDUCTOR

PRESS FIT (  1/4 ° DIAM. )

"—  9 / 1 6  " O.  D .
1/a"1. D.

FIGURE 2: THE CONCENTRIC ELECTRODE.



The dynamic range for a particular point
on a subject's body was also consistent
from day to day. Thus a subject's pain
and sensation thresholds for any point on
his body can be predicted from initial
measurements.

(ii) However, as also noted by Pfeiffer (4)
there was a wide variance in sensation and
pain thresholds between subjects and be-
tween various parts of the forearm for the
same subject. Sensation thresholds varied
from 0.3 mA to 1.6 mA, pain thresholds
from 2.4 mA to 11.2 mA. There also appear-
ed to be no relationship between a sub-
ject's pain and sensation thresholds. That
is, a knowledge of a subject's pain thres-
hold would not aid in the prediction of his
threshold of sensation.

Electrical Parameters of the Skin

Some of the electrical parameters of
the skin were closely correlated to the
sensation perceived by the subject. The
initial condition of the corneum was of
major importance in obtaining a comfort-
able sensation with electro- cutaneous
stimulation. This can be demonstrated by
Figures 3 and 4, showing plots of measured
skin resistance versus time under different
operating conditions. In Figure 3,'a
comparison is made between the resistances
of dry skin, skin saturated with electrode
paste and skin moist with water. For all
three runs the stimulation current was held
constant at 1.0 mA. The first portion of
the dry -skin curve shows an initial, rapid
decrease in resistance followed by a more
gradual decrease. The paste curve shows an
initial increase in resistance, then again
a gradual decrease. The resistance of
moist skin begins at a lower level than
that of dry skin but approaches the same
final value.
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FIGURE 3: EFFECTS OF PREPARATION ON
SKIN RESISTANCE.

The gradual changes in resistance can
be traced to variations in moisture level
in the corneum with time: the inter -
electrode resistance increases as the paste
and water coated skin dry out but decreases
as perspiration develops beneath the elec-
trodes. On the other hand, the initial
rapid decrease in resistance of the dry
skin curve is related to dielectric
breakdown in the corneum. Because of the
high corneum resistance, the inter -elec-
trode voltages required to drive even
small currents through the skin are suffic-
iently high to cause dielectric breakdown
of the corneum, producing microscopically -
small punctures in the outer cutaneous
layers. An uncomfortable pricking sen-
sation accompanies the dielectric break-
down but disappears when the resistance
assumes a more gradual change with time.
To avoid this pricking sensation,therefore,
one merely has to ensure that the skin is
moist before attaching the electrodes.
Once the electrodes are in place, perspir-
ation will keep the inter - electrode re-
sistance at a low enough level to avoid
breakdown. If this procedure is followed,
electrode pastes will not be required.

0
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TI M E (minutes )

FIGURE 4: EFFECTS OF STIMULUS INTENSITY
ON SKIN RESISTANCE.

Figure 4 shows the relationship be-
tween inter - electrode resistance and
intensity of stimulation. The decrease in
resistance both with applied current and
time appears to be related to changes in
the physiological parameters of the skin
as evidenced by an area of erythemia
beneath the electrodes which increases with
stimulation. These changes influence the
dynamic range of sensation; that is, a
subject's pain threshold can be increased
to some degree if the level of stimulation
is increased slowly enough to allow these
changes to take place. This has been borne
out in the results of the tests mentioned
earlier in which a subject's dynamic range
would increase in the first few test runs
but stabilize with time.



The Phantom Sensation

A single fused sensation of vibration
can indeed be produced on the forearm by
properly controlling the parameters of
electrical stimulus at two loci. The
phenomenon has.similar features to those
observed when vibro- tactile stimulation is
used. The apparent fused sensation can
readily be made to move between the elec-
trodes by varying the ratio of current
applied at each electrode but reproducible
results can only be obtained after the
electrodes have been attached for a
'settling -in' period. In addition, reso-
lution appears to be lower for electric
stimulation but is dependent on electrode
spacing and varies from subject to subject.
Typically, subjects can resolve an apparent
sensation to within half an inch when
electrodes are spaced eight inches apart.
Eight inches is the average maximum spac-
ing of electrodes at which a fused sen-
sation can be elicited.

Conclusions

The foregoing experiments indicate
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that, although there are still many un-
answered factors, electro- cutaneous stimu-
lation can be used to advantage in sensory
substitution systems and in particular, in
sound localization aids. By following a
well- defined procedure, it is possible to
produce a comfortable vibrational sensa-
tion with no apparent short -term injury to
the body. The possibility of using only
two electrodes to vary the position of the
apparent sensation offers a further hopeful
sign to the future of electro- cutaneous
stimulation in sensory aids.

References

1. Bekesy, G. Von, Psych. Rev., 66 , 1,
1959.

2. Saunders, F.A., I.E.E.E. Trans. Aud.
Electroacoustics, Au -21, 285,
1973.

3. Bekesy, G. Von, J. Opt. Soc. Am., 50,
1060, 1960.

4. Pfeiffer, E.A., Med. 6 Biol. Engng. 6
637, 1968.



THE SAMPLING OF SOUNDS AS A MEAN S OF MAKING S PEECH INTELLIGIBLE
TO  THE D EAF : THEORIES AND RESUL'T 'S*

by

Emanu el e  Bio nd i
Is ti tu t o di  El e t tro te eni ca  e d E le tt ronic a

del  P ol it ee ni co  d i Mi la no
Ce ntro  Te o r ia  de i  Si s t emi , C. N. H.

Leonardo Biondi

S u mma ry . A ne w me tho d t o mak e  hu ma n s p ee c h i nt e ll i gi b le  fo r  t he  p ro -
fou ndl y dea f is  pre se nte d. Thi s  met ho d  c ons i s t s  p r i ma r il y  o n the  d e -
liv ery of  s amp le d so und. Its  e ff ec tiv enes s  is  expl ai ne d wit h two d if fe re nt
the o r i e s ,  t he re fo re  s o me  r es u l t s  o f  t e s ts  a r e  gi v e n.

FOREWORD

Ma ny  de af  pe rs o ns ,  i nc l ud ing t ho s e  s uf fe r ing f ro m
se v e re  i mp ai rme nt ,  hav e  s o me  r e s i d u a l  he a ri ng a t  l o w
fre qu enc ie s  (fo r ins ta nc e, be twe en 2 00 and 1 00 0 Hz)  a nd
exhibit more serious loss at higher frequencies. Since
the frequency band which retains a remainder of sensi-
t i v i t y  i s  v e ry  na r row i n t he s e  c a s e s ,  i t  i s  i mp o ss i b l e ,  o r
a t  a ny r a t e  e xtr e me l y di f fi c ul t , t o mak e  s pe e ch int e l l igi bl e
by  me ans  o f o rd ina ry  ampl i fy i ng a i ds . In fa c t,  i t  is  we l l
known that  s pe ec h co ns is ts  of  p ho ne me s  whic h co nt ai n
significant frequencies beyond such sensitivity band.

Ov e r  a  numb e r o f  y e a rs  s ev e ral  met ho ds  hav e  be e n
su gges t ed  i n o rd er  to  o ve rco me  t his  d i ff ic ul t y and a pp li -
ance s  ha ve  b e en de ve l op e d,  ma ny  of  whic h o p erat e  b a s i -
cally on the principle of frequency transposition (for single
or  mul t ip le  b a nd s) .

A c ri t ic a l  a nal y s i s  of  the  c r i te r ia  und e rl y ing a l l
de ve lo pments  t o da t e  and a  s t ud y of  a  ma themat ic al  mod el ,
a l be it  ap pro xi ma t ed  a nd qu a li ta t iv e ,  of  t he  au d it ory  s ys -
te m su gge s t e d a n e nt i re l y di f fe r ent  p roc e ss . In t hi s
p a p e r  s o me  r e s e a rc h i ni t i a t e d  ma ny  y e a r s  a go  a re  r e -
port ed (1). Thes e l ea d to  the  re a li za t io n of  a  ne w s ys te m
mak ing s pe ech i nte ll igi bl e  t o the  p rofou ndl y dea f. T hi s
me thod  i s  es se nt ia ll y ba se d on t he  d el iv ery of  s ampl ed
sound t o the  p atie nt.

In t he  ne xt  s e ct i o n, s o me ge ne ra l  c o ns id e ra ti o ns
that guided the authors in the preliminary studies are re-
po r t ed ,  and  in a dd i t io n,  t he  s y s te m and  the  co r r es p o nd i ng
sup po rt ing theor ie s  (t ra ns pos it io n theo ry and ps eu do  -
ca r r i e r  wa v e t he o ry )  a r e  d e s c r i b e d . As  fa r  a s  the  s e co nd
the o ry  i s  c o nce rne d,  t he  p res e nt  e xp os i t i on i s  s u b s t a n-
ti a l ly  d if fe re nt  t ha n that  p re vi ou s l y pres ente d bu t ha s  the
sa me b as i c  c onc ep t . Fi na l l y ,  t he  r e s u l t s  o f  so me  e xp e r i -
me nt s  a r e  r e p o r t e d .

Ge ne ral  Co ns i de rat i ons (2)

The  o p ti mal  de s ign p rob l e m o f d ir e ct  pro s t hes e s
for  p ro fou nd ly  de af  p eo ple  i s  red uc ed  t o t ha t of de te r-
mi ning ho w t o p ro c es s  t he  na tu ral  inp ut  s i gna l s  i n o rd e r
to  maxi mi ze  t he  amou nt of  i nfo rmat i on c ont ai ne d i n the
out pu t of  t he  pros thes is  - impa ir ed se ns e  organ s ys te m.

* This research was financed by the " Biondo Biondi -
Enr ic o Ro ma gnol i"  F ou nd at ion a nd  b y It a l ia n Na ti onal
Research Co uncil  (C.  N .  R. )
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If  we c o ns i d er  t he  s che me i n F i g. 1,  we  ca n d e fi ne
a t  l e a s t  t wo  e r ro r s ,  whi c h c a n c ha ra c t e r i ze  t he  d i f f e r -
ence  b e twee n t he  b e ha vi o ur  o f t he  no rmal  a nd imp ai re d
se ns e  o rga n. Fo r t he  sa k e o f s imp li c i t y i t  i s  a ss u me d
that  t he  le s io n i s  lo c at ed  a t  t he  le ve l  o f t he  t r ansmi ss io n
s y s t e m.

T he  e r ro r  E 1 mi ght  b e  d et e rmine d . In f a c t ,  i t s
de te rmi na t io n r eq u ir e s  the  k nowle d ge  of  mo de l s  of  the
pe r i p he ra l  p a r t  o f  t he  sy s t e m,  fo r  whi c h s u f f i c ie nt  e x-
pe r ime nta l  d a t a  a r e  gene ral l y  a v ai l a bl e . Unfo rt unat e l y,
t he  e r ro r  E 1 is  no t t he  mo s t  s i gni fi c ant o ne . P ro s t he s e s
de s igne d t o  mi ni mi ze  E 1 can i nt ro duc e a  co ding of  t he
ext e rna l me s s a ges  s u c h tha t  t he  c e nt r a l ne rv o u s  s y s t e m
is  t he n co mp le t e l y unab le  t o c ar ry  o n the  ta s k of  d ec od ing
and  i nt e rp re t i ng t he  me s s a ge s . The  f a il u re  of  so me
ac ou s ti ca l  p ros the se s  b as e d on the  mini mi za t io n o f E 1
may  b e expl ai ne d in t hi s  wa y.

NORMAL SUBJECT

DETECTION AND PATTERN
TRANSMISSION RECOGNITION

AND LEARNING
SYSTEM SYSTEM

r i
MESSAGE r�-�-E� � 1- -AEI

T. .�

DETECTION AND

I
i PATTERN

I
j

PROSTHESIS TRANSMISSION RECOGNITION
AND LEARNING

SYSTEM SYSI E M

IMPAIRED SUBJECT

Fi g. 1. Sc heme  fo r  the  pro b le m o f  ac o u s t i c al  p ro s -
thesis.

The  er ro r E2  i s  und o ub t e d ly  t he  mos t  imp o rt a nt
one,  s i nce  i t  d e fi ne s  t he  di f fe r ence  be t we en the  p at t ern
re c ognit i on ma d e b y t he  no rmal  and  t he  i mp a ir e d s ub j ec t .
At  p re s e nt ,  no  s a t i s f a c t ory  mo d e ls  a r e  a va i l a b l e  fo r  e s -
ti mat i ng E 2 . Ho we v er , on t he  ba s is  of  t he  pre se nt kno wl -
ed ge  t he  fo l lo wi ng t ri a l  a nd  er ro r p roc e s s  c a n b e  s t a rt e d .

An i nco mp l et e  ma the ma ti c a l  mo d e l  o f  t he  s e nse  o r -
ga n i s  f i r s t  co ns t ru ct e d ,  t he n a  pro s t he s i s  c a n b e  d e -
s i gne d  in o rd e r  t o  mi ni mi ze  E2  a c c ord i ng t o t he  mo de l .
As  l ong as  ne w pi ec es  of  i nforma t io n ab ou t t he  s ys te m
be ha v io r  a r e  o b t a i ne d ,  t he  cha ra c te r i s ti c s  o f t he  mo d e l
and t ho s e  o f t he  pro s t het i c  de v ic e  a r e  mod i fi e d a cc o rd -
ingl y. The exp er iment s  whic h c an b e  p la nne d by  t he  us e



of  t he  p ros t he s i s  may  b e  o f  gre a t  he l p  i n o bt a i ning a  b e t -
te r  k no wl e d ge  o f  t he  s ys t e m.

A l s o ,  t h e  e xp e r i me nt s  ma d e  b y  u s i ng d i r e c t  p ro s -
t he s e s  o n no rma l  s u b j e c t s  ma y  b e  e xt r e me l y  i mp o r t a nt .
As  a  ma t t e r  o f  f a c t ,  a ny  ma nip u l a t i o n o f  t he  na t u ra l  me s -
sa ge s  i nt rod u c e d  t o  f ac i l i t a t e  u nd e r s ta nd i ng b y  an i m-
pa i r e d  s u b j ec t ,  ma k e s  und e r s t a nd i ng mo re  d i f fi c u l t  f o r  a
no rma l  s u b j e c t . On t he  o t he r  ha nd ,  e xp e r i me nt s  t e nd  t o
su gge s t  t ha t ,  i n ge ne ra l ,  i f  a  no rma l  s u b j e c t  i s  u na b l e  t o
und e r s ta nd  t he  ne w c o d e d  me s s a ge s  a f te r  a  br i e f  pe r i o d
of  t r a i ning,  t he  i mp a i r e d s u b j e c t wi l l  f a i l  a l s o .

An ap p ro a ch to  the  s t ud y  o f  u nco nve nti o na l  p ros t he -
s e s  fo r  i mp a i r e d  s e ns e  o rga ns ,  b a s e d  o n t he  u s e  o f  ma t he -
ma t i c a l  mo d e l s , ca n b e s u mmar i ze d  i n t he  fo l l owi ng s t e p s :

1 . Se t  up  a  ma t hema t ic a l  mo d e l o f  the  se ns e
o rga n c o ns i d e re d . Fv e n i f  ro u ghl y  ap p ro xi -
ma t e d,  t he  mo de l  c an s ugge s t ne w t y p es  o f
direct prostheses.

2. Test the new prosthesis on normal subjects.
Pro s t he se s  no t  p a s s i ng t he s e  te s t s  s ho u l d  b e
re j e ct e d ,  s i nc e t he y wi l l  p ro ba b l y  f a i l  a l s o
wi t h imp a i r ed  s u b je c t s . In t hi s  c a s e ,  t u rn
ba c k t o p oi nt 1  a nd t ry t o i mp rov e  t he  mod e l
by  go ing d ee p ly  i ns i de  the  a na t omy a nd  phys i ol -

ogy of the sense organ considered. Other-
wise,

3 . Te s t  t he  p ro s t he s e s  on i mp a i r e d  s u b j e c t s .
Ei t he r p o s it i v e  o r  nega t i v e  r e s ul t s  ca n b e u s e d
to  i mp ro v e  t he  p re l i mi na ry  mo de l  o f  t he  s y s -
t e m. Al s o ,  t he  c la s s i f ic a t i on o f  the  i mpa i r e d
su b j ec t s  ca n b e i mp ro v e d  b y  i nt e rp re t i ng t he
re s u l t s  i n t e rms  o f  s t ru c t u r e  a nd  p a ra m e t e r s
of  t he  mo d el .

4 . If  a n i mp rov e me nt  o f  the  ma t he ma ti c a l  mo d e l
is  o b t a i ne d ,  t ry  t o  mo di fy  t he  p ro s t he s i s  a c -
cordingly, and repeat the procedure from point
2.

THE SA MP LIN G SYS TEM A ND IT S P OS SIBLE
THEO RET ICA L J US T IF ICA T IO N

Ac c o rd i ng t o  t he se  c o ns i d e ra t i o ns , s e v e n y e a r s  a go
we  c onc ei ve d  a n ap p arat u s  fo r p ro fo u nd ly  d e af  p e op le ,
ba s ed  on the  we l l k no wn s a mp l ing te c hni qu e .

We  s ha l l  no w s u mma r i ze  a  f e w b a s i c  i d e a s  c o nc e rn-
ing t he  t he o ry  o f  s amp l e d  d a t a  s y s t e ms . F o r  t he  s y mb o l -
o gy  we  r e f e r  t he  r e a d e r  t o  t he  d i a gra m i n F i g.  2  a nd  t o
the oscillograms in Fig. 3. Let:

M
e( t)  =  In Vn cos( n T e t +8 n)

be  a  pe r io d ic  i npu t  s i gna l (o f  p e ri o d T ). As s u mi ng t ha t
the  a pp l ia nce  i s  p rov i de d  wit h a n i d ea ls sa mp l er  (wit h a

sa mpl i ng f re q ue ncy  f = 1 /Tc ) the  s ignal  de li v ere d to  the
ou tp ut  of  t he  ho l d c i r cu it  wi ll  b e  u (t )  a s  s ho wn in F i g.  3 .
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Fi g. 2. Sc heme  o f  s a mp l ed  da t a  s ys t em.

� U(t)

Z_11q � -
t

F i g. 3. Si gna ls  ent er i ng the  s a mp le r  a nd c omi ng ou t  o f
the  zero  o rde r  hol d  c i rc u i t .

If we  a ssu me  t ha t t he  hol d c ir cu it  is  a n id eal  l ow -
p a s s  f i l t e r ,  t he n:

2 Tru ( t )  = Fk 1 Vn co s C\n `1's

T (1)+ k T � t 2c + e

wit h the  fol lo wing li mit a t io n:

T + T I s T (2 )

s c c

In ef fe ct , owing to  t he  r eal  o pe ra ti on o f the  ho ld
ci r cu i t ,  u( t ) a ls o  c o nt a ins  ha rmo ni c s  whi c h e ve ntu a ll y
will  no t sa tis fy (2).

From e q ua ti on (1 ) i t  is  e a sy  t o r ec ognize  the  wel l
kno wn f ac t that  mul ti pl e  fr eq ue nc y tr ansp os it io n of  t he
inc o mi ng s i gna l,  wit h p re s e rva t i on o f  t he  di r e ct  s i gna l ,
is  e ffe cte d o n a  s i ngl e  -  channe l a ppa rat us  by sampli ng.

Af te r  t he  a pp a ra t us  wa s  d e ve l op e d,  the  r e le v ant
te s t s  were  p e r forme d ,  wi t h s a mpl i ng f re q u e nc i es  l y i ng
be twee n 10 0 0 and 40 00  Hz, ac co rd i ng t o the  s ub je ct s  be -
ing t es te d  a nd  in p a rt  a l so  ac co rdi ng to  t hei r d egre e  o f
achieved proficiency.

tes ts:

The  fol lo wi ng t wo  f ac ts  we re  r ev ea le d by  t he se

a) Sa mp le d  na t u ra l  sp e e ch i s  r e ad i l y i n-
te ll i gi bl e  t o a  no rmal  su bj e ct . In
other  words , di s t or ti on'  of  t he  i np ut
s i gna l a s  a  r e s ul t  o f s a mpl i ng i s  s ma l l .
Thi s  is  a l so  e xpl ai ne d i nt ui tiv el y by
the  f ac t t ha t the  o sc ill ogra m o f u( t)
re prod u ce s  the  i nc omi ng s ignal  e (t )
a t  a ny  r a te  i n i t s  mi c ro sc o p i c  a s p ec t s ,



ob

whic h p ro b ab l y ar e  a lo ne e ss ent ia l
to  u nd e rs ta ndi ng.

b) A f t e r  mo re  o r  l e s s  p ro t r a c t e d  t r a i ni ng,
wi t h r es u l ts  va ryi ng f rom one  su b je c t
to  a no t he r ,  s a mp l i ng mak e s  s p e e c h
int e ll igi ble  ev en to the  profo und ly
dea f (s ee  t he  ne xt  p oi nt ).

01
0 1000 2000 3000 4000 5000 f , w

F i g.  4 . Sc ores  for  inte ll igi bi li ty  o f  s ampl ed  wo rd s  fo r
no rmal  p er s o ns  ( f c is  t he  s a mp li ng f r eq ue nc y) .

In F i g.  4  we r e p or t  t he  r e s ul t s  o f t he  e xp e r ime nt s
ma d e  fo r  no rma l  p e r s o ns . The  e xpe r ime nt c ons is t s  o f
re co gni zing 2 0 Ita li a n words ,  q u it e  s imi la r a nd  known t o
10  no rmal  su b j ec t s , a t  d i ff e re nt  s a mpl i ng f re q ue nc ie s .
The su bj ec ts  were  di vi de d in t wo  gro up s . The s co re s  o f
cu rv e A  a re  co nc e rned  wi th 5 su bj e ct s  a nd  t he  sa mpl ing
fr eq u enc y was  go ing d o wn; t he  sc o re s  o f  c u rv e B a re  c on-
ce rned  wit h t he  o the r  5 p e rs o ns  a nd  t he  s a mp li ng f r e -
qu e nc y  wa s  r is i ng. It  i s  i mp or ta nt to  no te  t hat  t he  te s t s
themse l ve s  were  a  goo d  t ra i ni ng fo r t he  s u bj ec t s  of  cu rv e
A.

In co mpa r i so n wi t h t he  ot he r t ra ns po s it i on met hod s ,
in f av o r  o f  the  s amp l ing eq u i p me nt , t here  i s  t he  e xpe r i -
me nt a l  r e mark  a c c o rd ing whi c h,  b y  t hi s  met ho d ,  t he
tr a ns p o s i t i ons  ar e  ma d e i n s u c h a  wa y  tha t t he  s i gna l  r e -
ma i ns  i nt e ll i gi b le  fo r t he  no rma l p e r so ns ,  and  t hi s  i s
ac hi ev ed  prob ab l y be ca u se  t he  t r ansp os i ti ons  a re  mad e
wit ho ut  s ub s t anti a l  c ha nging of the  s i gnal  i n the  ti me  d o-
ma i n ( s ee  F i g. 3).

The f av o ra b le  r e su l ts  ma y  b e j us t if i ed  by  a n a l te rna -
ti v e  t he o ry ,  t he  p s eu d o-  ca r r ie r  wa ve  the o ry ,  a nd i t  i s
no w pre se nt ed  in a  ne w ve r s i on.

Le t  u s  f i r s t  re v i ew the  re s ul t s  o f  s o me neu ro phy s i o -
lo gi ca l  e xp e ri me nts  p e rformed  o n t he  a u di to ry ne rve  o f

cat s  (3). The his t ograms  o f  i nte rva ls  be t we e n s pi k es  ma y
be  i nt e rp re te d  a s  fo l lo ws :

a) In the  a b s enc e o f  s t imu l us ,  a  s ta t ic a l
dis tri but ion of  sp ik es  of the  ty pe as
re p o r te d  i n F i g. 5a  can b e not ice d,
wit h the  exce pt io n o n the  shor te s t
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F i g. 5. Int e rv a l  hi s to gram ( ' r  i s  t he  d u ra t i on o f t he  i n-
terva ls ; N(T ) is  t he  prob ab il ity  d ens i ty  fu nc ti on).

int e rs p i ke  i nte rv al s  ' r ,  a  P o i ss o n t y p e
di s t ri bu ti on i s  shown (4 ).

b) In t he  pre se nc e  o f a  s inu so id a l s t i mu lu s
(l e ss  tha n 4 00 0  Hz),  ev e n a t l ow am-
pl i f i c a ti o n,  t he  hi s t o gra ms  p re se nt  t he
pa t t e rn re p o r t e d  i n F i g. 5b. T hi s  p he -
no me no n ha s  be e n r e f e r r e d t o  a s  " s y n-
c hro ni za t i o n. " It  i s  a  wi de sp rea d
opi ni on that  s ync hroniza ti on co ul d be
the  c o de  me c hani sm by  whi c h t he  ce n-
t r a l  ne rv o u s  s y s t e m re c o gni ze s  f r e -
qu e nc i e s . *

Le t  u s  no w c ons id e r F ig. 6 where  e N(t) is  a  white
no i se ,  the  s p e ct ru m o f whic h is  l i mi te d  b y  a  f i l t e r ha vi ng
a co rne r  f re q ue ncy  fN ; t hi s  noi s e  s ignal  a t  a mpl if i ca t io n

NOISE
GENERATOR

FILTER
fN

eN(f)

DEAF 1s 1 (FILTER fd) l
L  -  - _ _  — j

F i g. 6. Ge nera l p se u do -  c a rr i er  ap p ara tu s .

A N is  s ent  t o t he  s u bj ec t t oget her  wi th a  s i nu so i da l s igna l
e s (t) of frequency f and a mplif icati on A s . * *

Let fd be the  hi ghes t  f re qu ency inte ll igibl e  by  t he

* T he d i agra m o f  F i g. 5b is  ty pi cal  for  fr eq uency  va lu es
between 200 and 1000  Hz. Fo r  l o we r  f r eq u enc ie s  a nd
fo r f re q ue nc i es  be twe en 10 00  and  4 00 0  Hz, the  hi s t ograms
are  s l ight ly  d if fe re nt  b ut  d o no t af fe ct  t he  b as e  of  o ur  c on-

s i d e ra t i o ns . Fo r  fr e q ue nc i es  highe r  t ha n 4 0 0 0 Hz, t he
me nt i oned  pheno me no n v ani shes .

**  N o ti c e  tha t t he  d e sc r ib ed  sy s te m i n F ig. 6 c an be  co n-
s i d ere d a s  t he  p ri nci p a l s che me  o f o the r t y pe s  o f  a p -
p a ra t u s . The pseu do - po rta nt t heo ry might a l so expl ain
the  goo d re su lt s  ac hi ev ed  b y the  c l ip pe d sp ee ch a pp a-
ra tu s  (5 ) for  the  d e af  wi t h " a  high b a nd "  f i l t e r c ha rac -
t e r i s t i c .



de a f a nd we a s su me t hat  f = f N.

If f s > fd ,  t he  s i gna l  e s It) a l one is  no t pe rc ei v ed  b y the
su b j ec t . As  f a r  a s  t he  s i gna l  e N(t )  i s  co nc e rne d,  s i nc e
fN = fd , t here  e xi s t s  a  v a lu e  A N of  t he  a mp li fi ca ti on whi ch
makes the noise detectable by the deaf.

It  i s  ea s y  t o  p ro v e  exp e r i ment a l l y t ha t ,  i f  t he  s i gna l
e(t)  = e N(t) + es (t)  is  se nt wit h amp lif ica tio n A llN <AI
thi s  s i gna l b e c ome s  de t e c ta b l e , mo re o v e r , prob ab ly  t he
de a f p e rs o n p e rce i v es  a  s e ns a t io n li k e  t hat  r ec e i ve d  by  a
no rma l  p e r s o n s t i mul a t e d  wi t h t he  s i ne  wa v e  a l o ne . F i g.
7 p re s e nts  a  he u r is t i c  d e mons t r a t i o n o f  t he  pre c e d i ng
s t a t e me nt . Fo r  the  s ak e  o f s i mp l i c it y  we a s su me d  t ha t
the  thre s ho l d s  fo r  sp i k e  ge ne ra t i on (d ue  t o  t he  me c ha ni c a l
d i s p l a c e me n t  o f  b a s i l a r  me mb ra ne ) fo r  a  no rmal  s u b j e c t
a r e  t he  s a me  i n e v e ry  p o i nt  o f  t he  me mb ra ne , whe re a s
the  s a me  t hre s ho l d  v a r ie s  fo r  a  d ea f  p e r s o n as  s ho wn i n
the  f i gu re . Fo r  s i mpl i c i t y  o f  e xp os i ti o n , the  di s p la c e -
me nt s  of  t he  me mb ra ne fo r  t he  s i gna l  e ( t ) a r e  s up p o s e d
as  a  s u m of  t he  d i sp l a ce me nts  d ue  t o  t he  s i gnal s  e N (t)
and es (t).

r - - -  -  -  -  -  -  - -
i

THRESHOLD FOR DEAF

I
BASILAR MEMBRANE jSTIMULUS e(t)

DISPLACEMENT STIMULUS ew(t) I
STIMULUS e,(O,

fl y NORMALNLPERSON

BASE Ta =7d ( APEX

BASILAR MEMBRANE

F i g. 7 . Sc he ma t i c  d e mo ns tr a t io n of  p se u d o - c a r r i e r
theory.
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Le t  u s  int ro d u ce  two  hy p ot he se s :

a) the synchronization is a code procedure
(may  be  not  the  only one ) by which t he
ce nt r a l  ne rv ou s  s y s t e m rec o gni ze s  t he
frequencies,

b) by us ing suit able  val ues  of A ll a nd A s
the a bo ve  me nt i oned  sy nc hro ni zat io n

at the  f req ue ncy  f o c c u r s  i n s o me
fi b e r s , cau se d by  t he  s i gnal  e (t ).

Fro m t hes e  hy p ot he s e s , i t  fo l lo ws  t ha t  a  de a f p er -
so n d e t ec t s  t he  s i gna l  e ( t ) a nd  may  hav e  the  s a me s e ns a -
ti o n a s  a  no rma l  pe r s o n when he r e c ei v e s  t he  s i gna l  a (t).
Thu s , the  no is e  e N(t )  i s  u s ed  a s  a  c ar r i e r  t o  a l l o w t he

tr a ns p os i ti o ns  a t  ne u ro n l e ve l . We  c ou ld  ha ve  t he  s ame
re s ul t s  a ls o  i f  t he  s ignal  e s (t ) i s  huma n s pe e ch.

It  i s  no w e a sy  t o c o rr e l a te  t he  s amp l ing sy s t em t o
the ab ov e me nti oned  f ac ts . It  c a n be  ea s il y p ro v ed  t heo -
re t ic a ll y  a nd  e xpe r ime nt a l ly  tha t t he  s amp li ng o f  a n a c ou s -
ti c a l s i gna l  ge ne rat e s  r e ma rk a b le  l o w f r eq u e ncy  noi s e .

As  a n exa mp l e , i n F i g. 8 the  p owe r sp e ct ru m o f
the  It a l ia n "i " ob ta ined  wi thou t sa mp li ng a nd  wit h the
sa mpl i ng a t  1 0 00  Hz a re  r ep o r te d .

In c onc l us i o n o ne  c a n a rgue  t ha t  t he  s amp l ing me t h-
od exp loi ts  bot h t he  tr ans pos iti on ef fec t a nd pse udo  -
ca r r i e r wa v e  e f f e c t (or  t r ans p o s i t i o n a t  ne u ro n' s  l ev e l ) .

USE OF  T HE EQUIP MEN T A ND  RESULTS
WHICH MAY BE OBTA INED.

The exp er iment s  co nd u ct ed  up  t o now, no t  o nl y
directly by us but by private individuals and in schools
for the  deaf , ha v e giv e n r es u l ts  whi ch in gene ra l  ma y b e
de fi ne d sa ti s f ac to ry , at  l e as t  fo r an imp or t ant p or t io n o f
the  s ub j ec ts  und er  exami na t io n . We  a re  go i ng t o  e xp l ai n
qu al i ta t iv e ly  the  r e su l ts  o f  o u r d ir e ct  te s ts . F o r  s o me
ot he r  r e s u l t s , qu anti ta t iv e  ones , se e  (6 ). We  are  no w pre -
pa r i ng a  ne w re p o r t wi t h t he  l as t  r e su l t s .

The  s ub je ct s  examined  c an b e su bd iv id ed , a c c o r d -
ing t o t he  us e  o f t he  sa mp l ed  s i gna l p ro s the s i s , int o t wo

Italian sustained "i,
without sampling

5
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Fi g. 8. Spe ct rum o f Ita lia n sus ta ine d "i " .
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ca t e go r i e s :

a) Sub jec ts  wi th go od  au di ograms (ha rd of
he ar i ng) a nd  tr a i ned  t o  t he  us e  o f c on-
ve nti o na l  p ros t he s is . T he y  r e fu s e ,  i n
ma ny  c a s e s  q ui t e  f i rml y ,  to  u s e  a  s a m-
pl e d s ignal  p ro s the s i s . Thes e  s u bj e ct s
dec la re  t ha t they  hav e a l re ad y ob ta ined
so me  ad va nta ge s  b y u s i ng di ff e re nt  ap -
pa ra tu s .

b) Sub jec ts  wi th ba d aud iogra ms and / or
li t t le  t ra ini ng i n the  us e  o f co nv en-
ti onal  e qu ip ment ha ve  s hown to  p re -
fe r  t he  s a mpl i ng p ro s t he s i s .

Sa ti s f ac to ry  r es u lt s  ha ve  b ee n ob t ai ne d among the
l a t t e r . Si nc e the  f ir s t  se ss io ns  it  has  be en p os s ib le  t o
ma ke  mo s t  of  t hes e  s ub j ec ts  di s t i ngu is h s ome d if fe r ent
wo rd s ; the  s ame  r es u lt s  were  not  a c hi ev e d by  me ans  o f
conventi ona l equ ip ment. Many of t he  p eople  in the  sa id
co nd it i ons  s ub mi t te d t he ms e lv es  to  a  tr a i ning o ve r a
pe r io d  o f  ma ny  mo nt hs  and  i n s o me  ca s e s  o ve r  a n e nti r e
y e a r .

So me  o f the  su bj ec ts  whi ch e nd ured  p ur su ing su ch
tra ining ar e  no w ca pa bl e  of  p rac ti ca ll y di s t ingu is hi ng a ny
wo rd  a nd  e nga gi ng t he mse lv es  i n s impl e  ta lk i ng p ro vi de d
the te ac he r pronou nc es  e ve ry  word lo wl y and pa us es  t o
s t r e ss  word  se p a ra t i on a nd  r ep e a ts  a  f e w t i mes  t he  word s

pos s ib ly  no t u nd ers too d. The se  su b je c ts  mana ge  a l s o t o
pe rc ei ve  ( and therefore  to  re pe at ) wo rd s  of  whi ch t he y
are  not  a ware  a nd  se nt e nc e s  wi t ho ut  lo gic al  me ani ng.

The s amp le d s ignal  p ros t he s i s  i s  p ro v id e d wi t h a
knob  by  whi ch,  o n t he  f re e  c hoi ce  of  the  s u bj e ct ,  t he  s am-
pling freq uency  may be va ried betwe en 1,  500 and 5 , 000
Hz. The  s ub je ct s  ha ve  a lway s  bee n a l lo we d to  d et ermi ne
empi r ic a ll y t he  sa mp l ing f r eq ue ncy  mo s t  co nve ni e nt  fo r
t he m. In mo s t  c a s es ,  t he  s e l ec t ed  f re q u enc y ha s  r a nge d
between 2, 000 and 3, 000 Hz. In t hi s  co nnec t io n it  i s  ob -
serve d tha t the  s ampl ing wou ld ha ve  brou ght a bo ut  a
mi no r ta lk  di s t or ti o n,  i f the  f re qu ency  wa s  5,  0 0 0 Hz, bu t
a t su ch a  f re qu ency  i ts  i nt rins i ca l ad va nt age wo ul d ha ve
bee n re du ce d.

The f ac t  t hat  the  s ub j ec t s  hav e  s e le ct e d,  as  an op -
timal  s ampli ng f re que nc y,  a  va lu e be low 5 , 00 0 Hz prov es
the  ad vantage of the  me tho d. As  a  ma t t er  o f f a c t,  i n t he
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hy po t he s is  o f  t he  me t ho d  b e ing wit hou t b ene fi t ,  a  f re -
que ncy  of  5,  00 0 Hz woul d have  be en sel ect ed acc ord ing
to  whic h s pe e ch wo ul d hav e  p ra c ti c al ly  unde rgo ne a  s im-
pl e  amp li fi c at io n wit h v ery mod es t d is to r ti on. In t hi s
co nne c ti o n,  a n i nt e re s t ing p heno meno n has  b ee n no te d ,
i . e .  ,  the  su b j ec t ' s  t end e nc y  to  s e l e c t highe r a nd hi ghe r
sa mp l i ng f r eq u e nc i e s  a s  t r a i ni ng pro gre s s e s . Some of
the  c hi ld ren,  af t er  a  p e ri o d  d u ri ng whic h the y ha ve  be e n
tr a i ne d  to  t he  u s e  o f  sa mp le d  s i gna l p ros t he s i s ,  a l s o
prof it  b y co nv ent io na l pros thes is . A t enta ti ve  e xp la na ti on
of thi s  i s  s hown i n (6) and  (7 ).
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S u mm a r y . The prob le m of  t ea ching sp ee ch t o the  de af  wou ld  a pp ea r to
be  an o bv i o us  ap p l ic a t io n fo r  s p e ec h s i gna l  ana ly s i s  t e chniq u e s .  Imme -
di at e  f ee d ba c k of  sp e ec h p er forma nce  mi ght  b e  e xp e ct e d to  me d ia te  the
le a rni ng o f  s p e e c h r a t he r  d i r e c t l y . Ove r the  p as t  f ew de cad es  a  wi de
ra nge o f  e l e c tro ni cs  i ns t ru me nt s  ha v e b e e n d e v el o p ed  a s  s p e ec h t ra i n-
ing a i ds ,  y e t  no ne  ha v e  e v er  ac hi ev e d wid e s pre ad  us e . Thi s  p e rp l e xi ng
prob le m wa s  exami ne d wi th t he  o bj e ct iv e  of  i de nt ify ing the  co mp le x
ne e ds  of  the  s p ee c h t ra i ni ng s it u at i on, and  t he  Vis ua l Spe ec h Trai ni ng
Aid (VS TA) was  dev elo ped to sa ti s fy  the se  need s . . The  sy s t e m u t i l i ze s
di gi ta l  s t o rage  and  di s p la y  te c hni q u e s  t o  p re se nt  s p e ec h pa ra me t e rs  a s
continuous tr a c e s  o n a  t e l ev i s i o n s c re e n. The  p ara me t er s  a re  d i s pl a y e d
in " f l o w mo d e "  o r  s t r i p  c ha r t  mo d e . T wo  p a ra me t e r s  f ro m  t he  s a me
sp ee c h s igna l  ( for  e xamp le  p i tc h a nd  int ens i t y)  ma y b e r ec ord ed  and
di sp l ay e d s imul t ane ou s ly , and  t he  l as t f ew s ec onds  of  a  d is pla y ma y be
s t ore d i nd e fi nit e ly . The t arget  t r ac e  o f a  t e ac her  c a n b e di s pl a ye d
s i mu lt a ne ou s ly  wi th t he  a t t empt  of  t he  s t u de nt . Te ac her  and s tu d ent
pa ra met e r s  ar e  s ep a ra t ed  b y  u s i ng b l a c k a nd  whi t e  t r a c e s  o n a  gre y
ba c kgro und . Bo th t ea c he r and s tu de nt  t r ac es  c an be  i nd ep e nd entl y
mo ve d  a b ou t o n t he  sc re e n a nd  ov er l a i d  for  di r ec t  c omp ar i so n.  Se l ec t ing
p a ra m e t e r s , re co rdi ng t he  di s pl ay  and  mo vi ng t he  d i sp l ay  is  ac c om-
pl is he d thro ugh a  co nv enie nt  s e t  o f pu shbu tt ons . The  i ns t ru me nt  i s
pres e nt l y e qu i pp e d to  di s pl a y i nt e ns it y , p it c h,  the  p ri nci p al  fr e qu e nc y
of  v oi c el es s  s ou nd s  a nd  nas a li ty .

Introd u ct io n

Sp e e c h i s  p e rha p s  the  mo s t  c o mpl e x mot o r  b eha v i o r
c a r r i e d  o u t  b y  ma n.  It  r e q u i r e s  t he  p e r fo rma nc e  o f  a
se t  of  c oo rd ina t ed  ges t u re s  and  ac t i vi t i es  wit h gre a t
p re c i s i o n. In t he  norma l  he ar i ng c hil d  t he s e  c o mp l e x
sk i ll s  d e ve l op  na t ura ll y  a s  a  la ngu a ge  - a  c o de  he l d i n
co mmo n wit h t he  ot he r  p e rs o ns  wi thi n t he  c u l t u re .

Ea r ly  p ro fou nd  d e afne ss  (p re li ngu a l  d e afne ss )  d e -
pr i ve s  a  c hi l d o f t he  mea ns  o f ac q ui r i ng s pe e c h s k il l s
and  la ngu age  na t u ral l y . Spe ec h d ev elo pment  i n t he  de af
chi l d  i s  a c c o mp l i she d  o nl y  t hro u gh " t r a i ni ng"  p ro c e -
d u r e s ,  t h a t  i s , proc e du re s  whic h e xp l ic it l y t ak e i nt o
ac c o unt  t he  s ens o ry d e fi c i e nc y  p re v e nt i ng no rma l  s pe e c h
de v e l o pme nt .

The inab i li ty  t o p ro du ce  s p ee ch i s  b ut  o ne  a s pe ct  o f a
se t  o f  i nt e rr e l a t e d  c o mmu ni c a t i o n ha ndi c ap s  d e ri v ing
f ro m e a r l y  d e a fne s s . It  c a n be  argue d t ha t t he  la ngu age
de f i c i e nc y  r e su l t i ng f ro m e ar l y  c o mmu ni c at i o n d e p r i v a -
ti o n c ons t i t ut e s  a n e v e n gre a t e r ha nd i ca p  t o  no rma l
int e l l e ct u a l a nd s o ci a l  d e v el o p me nt  t ha n e i the r  t he  i n-
ab il i ty  to  pro du c e s pe e ch or  t he  u nd e rl y ing a u di t ory
de fi c ie ncy . The  e mpha s i s  o n s p ee c h p ro d u c t io n e x-
hi b i t e d  i n t hi s  p a p e r  i nd i c a t e s  t o  s o me d e gre e  t he  i m-
po rt anc e whi ch we  a tt a ch t o  t hi s  a sp e ct  o f t he  p ro b l e m,
ho we ve r ,  no t  t o  the  exc l us i o n o f  o u r  c o nce rn wi t h t he
o t he r  a s p e c t s of  t his  co mpl e x s it u at i on.

Sp ee c h Tra ining for  the  D ea f

T ra i ni ng t e c hni q u e s  r a nge  f ro m s t r i c t  " na t u ra l "
ap p ro a che s  t o t ho s e  whi c h a r e  e xt r e me l y a na l yt i c a l .
A nat u ra l  a p p ro a ch a t t emp t s  t o e xp o se  t he  chi ld  to  a
wi d e r a nge  of  a co u s ti c  and  sp e e ch c ommu ni c a ti o n e x-
p e r i e nc e s . The nat u ra l  a p pro ac h i s  b as e d o n t he  no t io n
tha t  sp e e c h d e v el o p ment  r eq u i r es  a  fu l l  ra nge  o f  nat u ra l
co mmuni c at i o ns  e xpe r i enc e s  (whic h ge ne ral l y  d e fy
sy s t e ma t i zat i o n) a nd c a n ta k e p la c e  i f  t he  c hil d ' s  c omm-
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unic at io n envi ronme nt  i s  su i ta bl y mo di fi ed  to  c ompe ns at e
for  t he  au di to ry de fi c i enc y by  po we rful  ac ou s t ic  ampl i-
fica tio n and b y empha s izi ng c lea r f ace  -to  -fa ce  s itu ati ons
whic h enc ou ra ge  l i pr ea di ng. An a na l yt ic al  ap proa c h in-
vol ve s  t he  s ys t emati c  id ent if ica ti on of  d efi c i encie s  in
sp ee ch p ro d uc ti on a nd  the  us e  of  sp ec if ic  t r a i ni ng rou -
ti nes  a i med  at  ov e rc o mi ng t he s e  d ef i c i e nc i es . Most
sp e ec h t r a i ning p rograms  a p pe a r t o b e  a  b l end  o f  t hes e
two  ap p roa c he s ,  c omb i ning fo rmal  d i agno s t i c  and  pra c -
ti c e  p ro c e du res  wi t h t he  e nc o u ra geme nt  o f i nfo rma l
na t u ra l  co mmuni c a ti o n e xp er i e nc e s .

The  e ff ec ti ve ne ss  o f co nv ent io na l sp ee ch t ra ining is
qu it e  di ff i cu lt  t o a sc er ta in; t he re  i s  v ery li t t le  ha rd  d at a
on this  qu es t io n. It  i s  q u it e  wel l  e s ta bl i she d,  ho we v er ,
tha t  su c c e ss fu l  s p e e ch t r a i ni ng r e q ui r e s  v e ry  l a rge
amo unts  o f indi vi du al ized  work by  s ki ll ed  t ea cher s .
(ino rdi nate ly large a mou nts  in the  vie w o f no n -  ora lis ts )
At  s ome  r is k  o f o ve rs i mp li f ic at io n we s ugge s t tha t the
pr inci pa l re as on why  mos t pre l ingu al ly  d ea f indi vi du al s
do not  a chi eve  i nte ll igi ble  s pee ch is  that  the  q ua nti ty
and qu al it y of  indi vi du al  t r a i ni ng r eq ui r ed  i s  gr ea te r
tha n t he y  or  so c ie t y  a r e  p re p a re d  t o  u nd er t ak e .

Sp ee ch T ra ining Ai ds

The  ob vio us  ap pli ca bil i ty  o f s pee ch s i gna l ana lys is
and di sp l ay  t ec hno lo gy  to  t he  s p ee ch t r a i ni ng prob le m
ha s  r e su l te d  i n a  l arge numb er  of  se ns ory  a i d d ev e lo p -
ments  o ve r the  la s t de ca de  (1 -6 ).  Thes e  de ve lo pments
ra nge  f ro m a l arge  c o mpu t er  b as e d  s y s t e m b y  Bo l t
Baranek  &  N ewma n Inc. (BBN), (6 ),  t o the  r e l a t iv el y
s i mp l e  s i ngl e  f ea t ure  d is p la ys  of  the  " Swed i sh"  i ns t ru -
me nt s  (7 ). The s ys te m u nd e r de v el op ment b y BBN  c on-
s i s ts  of  a  gene ra l  pu rpo s e c omp ut e r (PDP /8E) which
ac c e p ts  i npu t s  fro m a  s p e ct ru m a na l yze r , a  pi tch
anal yze r or  a  na s al it y i nd ic a to r a nd  whi c h pro vi de s
out put  di spl ays  on a  cat hod e r ay tub e. (tactile  output
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Figure 1.

displays are also planned for). This computer driven
di sp la y  c ons ti tu t es  a  p o we rfu l exp er iment al  t o ol  fo r ex-
pl o ri ng a  l a rge  nu mbe r  o f  p roc e ss i ng a nd  di s pl a y t ec h-
niques. A major factor in determiningthe general
app li ca bi li ty of  t hi s  sys te m to  t he  prob le m wil l  be  i ts
co s t p er  s t u d ent  s e rv e d . At  t he  o t he r  e xt r e me  t he  r e -
la t iv e ly  s i mpl e  i nexp ens iv e  i ns t rume nt s  s u ch as  the
Swed ish "S " me te r were  de v el op ed  on t he  ra ti ona le  t ha t
s i mpl e  l o w c o s t  ins tru ment s  nat u ra l l y get  wi d e r d is t ri  -
bu ti o n a nd  the re fore  p rov i de  a  gre a te r tota l s olut ion to
the  p rob l e m.

The  Vis ua l Spe ec h Trai ni ng Ai d de sc rib ed  i n this
pa pe r  i s  a n a t t empt  to  a c hi e ve  a  co mp romis e  b et wee n
the fl exib il i t y and co mp le t enes s  of  t he  e xp ens i ve  c om-
pu t er  ba s ed  sy s te m , and the  nar ro w b ut  i ne xpe ns iv e
s i mp l e  i ns t ru me nt s . The do minant c ons t r a i nt  gu id ing
thi s  d e ve l op me nt  wa s  a  p ro j e ct e d i ns t rume nt c os t  co m-
pa rab l e  t o  tha t  o f  a  med i u m ra nge  a u d io me te r .  T he
principa l fe atures  o f the  VSTA whic h we  fou nd c ould  be
achieved under this constraint are the following:*

1. Sp e e c h P a ra me t e r  mod u l a r i t y . T he  s y s t e m d i s -
pl a ys  ti me v a ry i ng sp e e ch pa rame te r s  v i su a ll y . T he
pa rame t er s  pre s ent l y p rov i d ed  a re  p it c h , int ens it y ,
nasality, voiced/ voicelessness and frequency cen-
tr oi d o f vo i ce le s snes s . The mo du l ar  d es ign a ll ows
the  a d d it i o n o f o t he r  t i me  v a ry i ng p a ra met e r s  o r  t he
re mo v a l  o f  p re s e nt  p a ra me t e r s .

2. Tel ev is i on - s t ora ge  d i sp la y . The  ti me  v a ryi ng
sp e e ch p ara me te r s  a r e  di s p la y e d throu gh a  te l ev i -
s i o n r ef r es h me mo ry whi c h p ro v id e s  f le xib i li t y i n
bot h t he  di spl ay forma t a nd the  c hoi ce  of  di spl ay
eq ui pment.

3. Te a c he r - s t u de nt c omp ar i so n . The s to rage d is p la y
al l ows  a  te a c he r  " mod e l " to  be  s t o re d  o n s c re e n
du ri ng any numbe r  o f s tu de nt  a t te mpt s  a t ma t ching
the  mo de l . The  p a ra me t e r  t r a c e s  ma y  b e mo v e d
ab o ut  o n s c re e n fo r  d i r ec t  t e a che r  s t u de nt  c o mpa r -
ison.

4. Flow - mo de . The  t i me  v a ry ing s p ee c h p a ra me t e r
tra ce s  ar e  dis pl ay ed  i n flo w -mod e or  T i me s  Sq ua re
mo d e,  b ei ng " wr it t en"  nea r  t he  ri ght  ed ge  of  the
screen a nd flowing to t he  left (as  if  o n a  s t rip  o f pa pe r)
as  t i me p a ss e s .  A  r a nge  o f  t i me b a se s  a r e  p rov i de d .

5. Eas e o f O perati on. Both the  pos t - se c ond ary
schoo l de af  s tu de nts  a nd  t he  s pe ec h t he ra pi s t s  ha ve
lea rne d t o ope rat e  the  VS TA by  ob servi ng a  f ew
tr i a l s ,  t ha t i s , wit ho ut  forma l t r a i ning of  a ny  k ind .

*The ide nt ifi ca ti on of  ob je ct ive s  for  t hi s  i ns tru me nt
was  c ar rie d ou t i n c l ose  c oo perat io n wit h the  s ta ff
of the  C ommunica ti on Ce nte r of the  N at ional  Te chnic al
Ins t itu te  for the  De af.

REF RES H � FORMAT VID EO
MEMORY UNIT MONITOR

Blo ck  di agra m o f the  VST A.

Sy s t e m De s cr ip t io n

Figure  1 is  a  bl oc k d ia gram of  t he  VSTA  a nd  t he
sy s te m in u se  i s  s hown in F igu re  2 . T he  b a s i c  c o m-
po ne nt s  o f t he  s y s t em a re:  a  co nv e nt io na l  v id e o mo nit or ,
an electronic digital refresh memory, a preprocessor
uni t ,  a  fo rma t  u ni t ,  and  v a r i ou s  i np ut  t r a nsd u c e r s . T he
pre p ro c e ss o r  c o nta i ns  p rea mp l i f i er s  fo r  the  i np u t t r a ns -
du c e r s  a nd s p e e c h pa ra me t e r  c i r c u i t s . P a ra me t e r s
cu rr e nt l y i n u se  incl u de  int ens it y , funda ment al  fr e qu e nc y
Fo, a voice/ voiceless decision, fricative centroid, and
nas ali ty . Nas ali ty is  de riv ed f ro m a n a c c e l e ro me t e r
at t ac he d t o  t he  no se  whi l e  o t her  p ara me t e rs  o ri gi na t e
fro m a d y nami c  mi c ro pho ne . T he  p re p ro c e s s o r  s i mu l -
ta neo u s l y  c o nv e r ts  two  p a ra me te r s  i nt o  d i git a l form fo r
s t o ra ge  i n t he  me mo ry . T he  d i gi t a l  r e f r e s h me mo ry
Is  o rga nize d i nt o fou r  s e ct i ons . Ea c h s ec t io n c a n s to re
a  two  s e co nd  po r ti on of  a  sp e ec h p ara me t er , a llo wing
bo th a  t ea cher  a nd  a  s tu de nt  t o s t ore  pi tc h and inte ns it y
of their utterances.

Pus hb ut to ns  a re  p ro vi de d for  s e l ec ti ng u p to  t wo
p a ra me t e r s  a t  a  t i me  fo r  p ro c e s s i ng a nd  s t o ra ge .
Ot her  pu s hbu t to ns  i nit i a te  s t o ra ge  o f  p a rame te r s  o r  t he
ho ri zont al  and  v e rt i ca l  p o s i t io ning o f  p a ra met e rs  on the
mo ni t o r a f t e r  t he y  a re  i n s to ra ge . The  fo rma t  u nit  c o n-
v e r t s  t he  p a ra me t e r s  i n s t o ra ge  i nt o  a  r a s t e r  fo rma t
fo r pres e nt a t io n o n a  vi de o  monit or . Eac h o f the  fo ur

Fi gu re  2 . The VST A  i n u se .



p a ra me t e r s  i n  s t o ra g e  a p p e a r s  a s  a  na r r o w t r a c e  wi t h
ti me  t he  a b s c i s s a  a nd  p a rame t e r  v a l u e  t he  o rd i na t e .
The  s c re e n i s  d i vi d ed  int o  t o p a nd  bo t t om ha l ve s . A
t e a c he r ' s  a nd  a  s t u d e nt ' s  p i t c h t r a c e s ,  fo r  e xa mp l e ,  ma y
be  ov e r la y ed  o n t he  t op  hal f  whi le  t he i r c o rr e sp o ndi ng
int e ns i ty  t r a c e s  a r e  o ve r l a y e d  o n t he  b o t t o m. T e a c he r
and  s t ud e nt t ra c e s  a re  d is t ingui s hed  by  u s i ng b l ac k  a nd
whi t e  tr a c e s  on a  gray  b a c k gro u nd .

P a r a m e t e r s

The VS TA  i s  ba s i ca ll y a  fl exib le  v is ua l di sp la y
sy s t e m whi c h c a n d i s p l a y  a ny  s p e e c h pa ra me t e r  a s
lo ng a s  i t  c a n be  r e p res e nt e d  by  a  t i me  v a ry i ng v o l t -
a ge . T he  s y s t e m i s  mo d u l a r , a l l o wi ng p a ra me t e r s  t o
be  a d d ed  o r  cha nge d  a t  a ny t i me . T he  p a r a me t e r
ci r c u i t s  c o nv e r t  t he  a co u s t i c  o r  ot he r  t r a ns du c e r  i np u t
s i gna l i nt o a n a na lo g ' v ol ta ge p ro po r ti o na l t o t he  p a ra -
me t e r . Anal og vo lt a ge s  ar e  b and li mt e d to  a b ou t 5 0 Hz.
P a ra me t e r  s e l e c t i o n s wi t c he s  a l l o w t wo  p a ra me t e r s  t o
op e ra t e  a t a  t i me ,  one  o n t he  t op  hal f  o f  t he  v id e o
s c re e n , one o n the  b ot t om. Two  a na l o g-t o -d igi t a l
c o nv e r t e r s  s a mp l e  a nd  d i gi t i ze  t he  p a ra me t e r s  a t  8 . 3
ms .  i n t e r v a l s .

Fu nd ame nt al  f r eq u e ncy  F o  i s  de r i v ed  u s ing a  c o n-
ve nt i onal  co nf i gu ra t io n o f l owpa s s  fi l te r t o is o la te  the
fu nd a me nt a l  f r e qu e nc y  and  a xi s  c ro s s i ng me t e r  t o  c o n-
ve r t f r eq u e nc y  t o  vo l t age . Two se le ct io ns  for  c ut of f
fr e qu e nc y  of  the  lo wpa s s  f i l t e r  a r e  p rov i de d . T he
hi ghe r  po s i t i o n wo rk s  wel l  fo r  fe ma l e s , c hi l d re n,
a nd  m o s t  m a l e s . Onl y  t he  l o we r  p it c he d  mal e s  r e -
qu i re  the  l o wer  cu t of f  fr e qu e nc y . A ra nge of  7 0 to

55 0 Hz.  o n a  l o ga ri t hmic  sc al e  was  de ci d ed  u p on.
Thi s  t y p e  o f  Fo  t r ac k e r  r e q ui r e s  a  go od  mic ro p ho ne .
Se ve ral  dy na mic  mi c ro pho ne s  hav e  p rov e n ad e qu a te .
An E l ec t ro Voi c e RE -51  bo o m mic rop hone  wa s  p ar -
ti cu la rl y co nv enie nt and it s  c l os e  p os it io ni ng t o the
mo ut h prov id ed  goo d s igna l to  noi se  r a t io .

Inte ns i ty  i s  d er iv e d us i ng a  fu ll  wa ve  r ec t if ie r
and 50  Hz smo o t hi ng f il t e r . A  r i s i ng p re e mp ha s i s
of  6  dB /o c t.  up  to  3 0 00  Hz.  i mpro ve s  t he  pre se nta -
ti on o f  f ri ca t iv es . Dy na mic  ra nge  wa s  l imi te d  t o
30  d B.  o n a  lo ga r i thmi c  s ca l e  for  v a r io u s  r ea s o ns .
Int ens it y  ha s  t urned  ou t  t o  be  a  b as e  p a ra met e r whi c h
is  mo s t o f t e n u s e d  wit h o t her  p a ra me t e r s . It  i s  u s e -
fu l  t here fore  t o  k e e p t he  s ignal  le v e l for  ot he r p ara -
me t e r s  wit hi n r e as o na b l e  li mi t s  a nd  t he re by  e ns u re
be t t e r  o p era t i o n o f o t he r  p ara me t e r  c i r c u i t s .

The v oi ce  /v oi c el e ss  p a ra me t er  i s  i nte nd e d ma i nl y
t o  i nd i c a t e  t he  p re s e nc e  o f  / s /  a nd  / s h/ . F u nd a -
me nt al  f re q u enc y  a nd  f r i ca t i ve  c ent roi d  pa ra me t e r
are  di s p l ay e d  as  o ne t r a ce  o n t he  s c re en,  wit h v oi c e /
vo i c el e s s  p a ra me t er  mak i ng a  mu t u a ll y  exc l us i v e
de ci s i on. Op e ra t io n o f  thi s  p ara met e r i s  b a se d  o n t he
energy  b al ance  in t wo  b ands , one b elow 900  Hz. and
one abov e 3 500 Hz.

The  f r i ca t i ve  ce nt ro i d  p a rame te r  gi v e s  a n i ndi c a ti o n
of  t he  fr e qu enc y a t whi ch mo s t  of  t he  ene rgy  i s  c lu s t e re d
in the  f r i ca t iv e . It  i s  mos t  u s eful  in d i s t i ngui s hi ng be -
t we e n / s /  a nd  / s h / . A c o nv e ni e nt a r r a nge me nt  fo r  d i s -
pl ay ing fu nd amenta l fr eq ue nc y  a nd  t he  f ri ca ti ve  c entroi d
of  v oi ce l es s  so und s  ha s  e vo lv ed .  D ur ing vo i ci ng F o

Fi gu re  3 . Vi de o sc ree n sho wi ng VST A  t ra ce .
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Fi gu re  4 . Pe r forma nce  r e co rd  of  o ne s t u de nt .

ap p e a r s  on t he  s cre e n a s  a  na r ro w (4 TV lines  i n wi dth)
t r a c e . Voi ce le ss  s ou nd s  ca us e the  t ra ce  t o be  b ro ad ened
to 8 TV l ines  a nd  a  di ff er ent fr eq ue nc y s ca le  i s  us ed  for
di sp la yi ng the  fr ic at i ve  c entroi d . Fi gu re  3  s ho ws a  tr a c e
wit h pit ch a nd vo ic ele ss  p ort io ns . Mos t of the  time Fo
occ up ie s  the  l ower  ha lf  o f the  s ca le (exce p t fo r  v ery
high pit ch). Fr ic at iv e  c entro id  o n t he  o the r ha nd  us ua ll y
occ up ie s  the  up pe r ha lf  s ca le . The co mb inat io n of  p os i-
ti on a nd  t ra ce  wid t h ma ke s  di s t ingu i shing be twee n the
two quite easy. Voice/ voiceless boundaries are like-
wi se  d is ti nc ti ve ly  s ho wn i n the  inte ns it y tr ac e  by  b ro ad -
eni ng the  t r ac e  d u ri ng v oi c el e ss  int erv al s .

The  na sa l i ty  pa ra me t er  a tt e mp t s  t o  s ho w t he  r e l a ti v e
de gree  o f ac ou s t ic  co up li ng t hrou gh the  ve lu m by  c om-
pa ri ng t he  i nt e ns it y of  t he  v i brat io ns  o n the  nos e su rf ac e
to  t he  i nt e ns i ty  r a di a ti ng f ro m t he  mo u th. A smal l l i ght
a c c e l e ro me t e r (Bol t, Bera nek  Ne wma n Mode l 5 01)  is
a tt ached to the  nose  wi th two s ide d a dhes i ve tap e. T he
s i gnal  ob ta i ne d i s  amp li fi e d and i ts  i nte ns i ty  i s  mea -
su re d by  a  c i rc ui t  i de nt ic a l to  t he  oral  i nte ns it y c ir cu it .
The ra ti o of  na sa l inte ns i ty  t o ora l inte ns it y  i s  de ri ve d
and thi s  s i gna l is  d i sp la y ed  o n a  l ogar i thmi c s ca le .
Ra ti oi ng te nd s  t o ma k e the  nas al  p a ra me te r  i nd ep e nd ent
of  l arynge al  i nte ns it y change s . The  t ra c e  o n t he  sc re e n
is  a t  the  low end of the  sc ale  for non - nasa lized  sou nds .
F o r  s e mi - na sa l s  i t  i s  a bo u t mid s cre en whi le  s t rong
na sa l iz ing mov e s  the  t r ac e  t o fu l l  sc a le .

Re f r e s h Me mo ry

An e l e ct ro ni c  d i gi ta l  me mo ry  s to re s  the  p a ra me t e r
sa mpl e s  a nd  r e ad s  the  va l ue s  ou t  a t  a  f a s t  r a t e  fo r  r e -
fr es hi ng a  v i de o mo ni to r . A d i gi ta l  r e f re s h me mo ry  i n
conjunction with a video monitor provides considerable
fl exib il i ty  i n bo t h the  re c ordi ng o f  s pe ec h p aramet er s
and i n su b se qu e nt  v i ewing o f t he  p a ra me t er  t r ac es ;
(1 ) the  re co rd ed  p aramet er s  c an b e vi ewed  i nd ef init e l y
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wi thou t de te ri orat io n ;  (2)  t he  p a rame t e r  t r a ce s  c a n b e
mo v ed  ab o ut  on the  sc ree n fo r o ve r l ay  or  co mpa r is o n
af t e r r e c ord i ng i s  c o mp le t e d ;  (3)  t ea cher  and s t ud ent
tr a c e s  ca n b e  e ra s e d  s e pa ra t e l y , al l o wing a  t e a c he r ' s
mo d el  to  re mai n d u ri ng r ep e a te d  a t te mpt s  b y  t he  s tu d ent ;
(4 )  t he  r e f re s h me mo ry  a c t s  l i ke  a  t wo s e co nd  e nd le s s
re co rdi ng lo op , a l lo wi ng re c ordi ng to  c o nt inu e ind ef in-
ite ly until  a  su it abl e  t wo  se co nd po rti on ha s  b ee n o bt ained

Du r i ng r ec o rdi ng , the  t wo  se c ond p or t io n i n s to rage
al s o  a p p ea r s  on t he  s cre e n . The  ne w s pe e ch ap p ea r s  o n
the  r i ght  ed ge o f  t he  s c re e n a nd  p ro gre s s es  to  t he  le f t
and of f the  sc re en i n what  has  b ec ome known as  a  " fl ow
mo d e " . Whe n r e c o rd ing c e a s e s ,  t he  p a r t  c ur r e nt l y  o n
the  s cre e n i s  s av e d  in s t ora ge . R c an be  move d to t he
le ft  b y a  ho ri zo nt al  p os it io ning swit ch a nd  a s  pa rt  o f the
tr a c e  mo v es  o f f s c r ee n i t  r e a pp e a r s  o n the  r ight  ed ge ,
nothing being lost.

Fo rma t  Uni t

The  fo ur  p a rame t e r s  i n s t ora ge  ar e  c o nve r t e d  i nt o  a
TV ra s t er  fo rmat  i n t he  fo rmat  u ni t . T he  s c re e n i s
div ide d i nto  to p a nd bot tom ha lve s . Pi tc h , fr i c a t i v e
centroid, or nasality appear on the upper screen while
int ens it y  o c cu p ie s  t he  l owe r s cre en. T e a c he r  a nd  s t u -
de nt  t ra ce s  a re  e as i ly  d is ti ngu is he d b y the  us e  o f bl ac k
and whit e  tr a ce s  on a  gra y  b ac kgro und . In t he  e vent  of
ov er l ap  the  whi t e  t ra c e  do mina te s . The u pp e r and  l o we r
sc re en e ac h ha v e 11 2 li ne s  of  TV res ol ut io n , adeq uate
fo r  a ny  sp e e c h p ara me t e r s . T he  t r a c e s  a r e  no rma l l y
fo ur  TV l i ne s  i n t hi c knes s  t o  mak e  t hem mo ve  vi s i b le .
Du r ing u nvo i c ed  int erv a ls  the  t r a ce s  a r e  b roa d ene d t o
8 TV l ines . The tr ac e s  ca n be  mo ve d u p or  d own o n the
sc re e n b y mea ns  o f v er t ic al  po s it i on swi tc hes . When
pa rt  of  a  tr ac e  r ea c he s  t he  t o p or  bo tt o m ed ge of  i t s
ha l f  s c r ee n fi e l d,  i t  d i sa p p ea r s " be hi nd  a  ma s k"  s o



tha t  i t  i n no  way  i nt e r fe r e s  wi th t he  o the r  ha l f s c r e e n
fi e ld .

Vi de o Mo ni to r

A v i de o  mo ni t or  was  s e l e c t ed  a s  a  di s p l ay  med i u m
be c a u s e :  (1 )  mo ni t o r s  a r e  b ec o mi ng t he  s ta nd a rd  me d i u m
in e d uc at i on; (2 )  a  wid e  r a nge  o f  s cr e e n s ize s  i s  a v a i l -
ab l e  ( inc lu d ing l a rge  s c re e ns) ; (3 ) t he  co mbi nat i on of  a
d i gi t a l  r e f r e s h me mo ry  a nd  mo n i t o r  p ro v i d e s  gre a t
fl exib il i ty  i n d is pl ay . Alt hou gh no t u se d i n t he  VS TA
p ro gra m t hu s  f a r , any  nu mb e r o f v id e o moni to r s  c ou l d
be  co nnec t ed  t o a  VS T A for  s pe c ia l  c l a ss ro om s i t u at i ons .

Ev al ua ti on

A sy s t e ma ti c  e xp lo rat io n o f the  u se  o f  t he  VS TA  i s
cu rr ent ly  u nde r way  wi th p rofou nd l y de a f po s t-  s e co nd -
ary  s c ho o l  s t u d e nt s . Fi na l  r e su l ts  of  thi s  e va l ua t io n
a re  no t  y e t  a v a i l a b l e ,  ho w e v e r ,  t he  i nt e rme d i a t e  r e -
su l t s  s ho wn i n Fi gu re  4  s e rv e  t o i l l u s t ra t e  a  numb e r  o f
i mp o r t a nt  f a c t o r s  i n  t hi s  p ro b l e m a re a . F i gu re  4  s u m-
ma r i ze s  t he  p e r fo rma nc e  r e c o rd  o f  a  s t u d e nt  a t t e mp t -
ing t o  d e v el o p t he  p ro d uc t i on of  a  s hor t  (2 00  ms . )  u n-
s t r es s ed  ini ti a l  s y ll a bl e  i n t he  p hra s e  " to  sho w " . T he
pi tc h /v o ic el es s  t ra ce  o f a  s a t is fa c to ry  p ro d uc ti on o f
thi s  p hra s e  wa s  s ho wn pre v i o u s l y  in F i gu re  3 . T he
du ra ti o n of  t he  s t ud e nt 's  i nit ia l  a tt empt s  were  t oo  l ong
and  v a ri e d wid e ly . Af t e r  a p p ro xi ma t e ly  7 5 0 t r i a ls  hi s
pe r fo rma nce  e xhi b i t ed  a  mu c h ti ght e r  d i s t r i b u t i o n
whic h ce nt ered  a bo ut  t he  p er fo rmance  o bj ec ti ve .  of
20 0  ms .  Du r i ng t hi s  t r a i ni ng t he  s t u d e nt  wa s  e s s ent i a l l y
op e ra t i ng i n a  s e l f  i ns t ru c t i on mo d e . T he s t ud ent wa s
at  e a s e  wi th t he  p ro c es s ,  hi ghl y  mo t i v a t e d , and  was
ab l e  t o  ac c o mp l i sh s u c c e ss i v e  t r ia l s  a t  a  v e ry  high r a t e ,
of t e n a p p ro ac hi ng o ne  tr i a l  p e r  s ec o nd . When we  c on-
s i d e r  t he  l a rge  nu mb e r  o f  t r i a l s  ne c e s s a ry  t o  a c hi e v e
t hi s  s i mp l e  s k i l l , i t  i s  s e e n t ha t  t r i a l  r a t e  i s  a n i m-
po r t a nt  f a c to r  i n s p e e ch t r a i ni ng. In thi s  c as e  t he  high
tr i a l r a te  i s  a t tr i b ut a b le  t o t he  f l ow mod e  di s p la y .
Ra t he r  t ha n s t o p  a nd  p o s it i o n ea c h t ri a l  for  c o mpa r i s o n
to  the  mo d e l,  the  s t u d ent s  i n t hi s  s t ud y  a d o pt e d  t he
ta c t i c  o f  c o mpa r i ng the i r  a tt e mp t s  t o  t he  mo d e l  "o n t he
fl y " whi c h t he  f lo w mo d e mak e s  p o ss i bl e .

It  mu s t  b e  po i nte d  ou t  tha t  o t her  s pe e c h s k il l s  a r e
no t  a s  r e s po ns i ve  t o  t r a i ni ng as  wa s  s y l la b l e  d u ra ti o n.
Pre l i mi na ry  r e s u l t s  i nd i c a t e  t ha t  i nt o na t i o n i s  p a r t i -
c u l a r l y  r e s i s t a nt  t o  t r a i ni ng, a s  wa s  o b s e rv e d  i n a  r e -
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cent  s t udy  by  Bo othroy d (8).

The  VSTA  a pp ear s  to  be  wel l s ui te d t o dr ill  a nd
pra ct i c e  p roc e d ure s ,  whi l e  t hi s  i s  t he  v e ry  a sp e c t o f
sp e e ch t ra i ning fo r  whi c h t he  s p ee c h t he ra p i s t  i s  i n-
te l le ct ua ll y le as t we ll  s ui te d. Thus  the  p ro mis e  o f
sp e ec h tr a i ni ng i ns tru ment at i o n ma y b e  r e a li ze d b y
co mpl e me nti ng t he  di a gno s t i c  c ap a bi l it i es  of  the  t her -
ap i s t  wit h ins tru ment a ll y  a i d ed  d ri l l  a nd p rac t ic e  pro -
c e d u re s . Pa r t i cu l a r ly  p romi s i ng i s  t he  ame na bi l i t y
of these  p ro ced ures  to  moni to ri ng by  p ara  -  profes s io na ls
and to  se lf  ins t ru c ti on.
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A COMPUTER BASED VISUAL AID FOR THE DEAF*
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Summary. A computerized visual display is being developed as a
researci tool for articulation training in the profoundly deaf.
Efforts so far' have been concentrated on the extraction of
accurate formant information from the speech of children. This
represents a significantly greater challenge than the extraction
of such information from the voices of adults particularly in
virtual real time, yet is essential if articulation training
using .visual displays is to become available at as early an age
as possible. A mixed frequency and time domain analysis is
performed primarily by the computer. Results are displayed in
virtual real time on an oscilloscope display or are available in
hard copy if desired. Speech is filtered into bands corre-
sponding to the ranges of the first two formant frequencies
(Fl and F2). The resulting waveforms are then analyzed by the
computer for determination of the formant frequencies. Displays
available include plots of Fl versus F2, or of these formants as
explicit functions of time.

Introduction

The ability to learn to produce articulate
speech depends on the integrity of a feedback path
which in normal circumstances includes hearing.
For the profoundly deaf, the customary feedback
path has been essentially blocked by virtue of the
profound hearing loss so that these individuals are
forced to use some other means of obtaining feed-
back as to the correctness of the speech sounds
they generate.

Until recently, closing of the feedback loop
has required the presence and the cooperation of
another individual with satisfactory hearing. It
has also required the acquisition of other commu-
nication skills, primarily through the visual sense
(lip reading, reading and writing), although con-
siderable use has also been made of the tactual
sense in teaching situations (feeling for nasal-
ization, phonation). The shortcomings of these
substitute feedback paths are most dramatically
realized by simply listening to the speech of pro-
foundly deaf individuals, including those more
fortunate ones who have spent ten years or more in
special schools for the deaf.

In response to the need for an improved feed-
back path, communication engineers have attempted
to present "appropriate" feedback to the deaf in
real time. Indeed, it is the promise of real time
feedback which has been the most prized feature of
technological aids for the deaf. The difficulty
arises in choosing the most appropriate parameters
to present to the deaf individuals given the fact
that the visual and tactual senses have ultimate
limitations on the amount of information which they
can successfully process within a given time.

A very important consideration in the design

* Please address all correspondence to Professor
Ian B. Thomas, Electrical and Computer Engineer-
ing Department, University of Massachusetts,
Amherst, Massachusetts 01002
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of visual aids for the deaf is the age of the pro-
foundly deaf individual to be assisted. It is
clearly recognized that language acquisition is
most easily and efficiently accomplished in the
earliest years of life. Thus it pays to concen-
trate training for the congenitally deaf most
heavily in these early years. This in turn implies
that the output of the device used to provide feed-
back should be readily interpreted by very young
children (e.g., three -year olds). Moreover, it
must be capable of extracting the appropriate data
from the voices of very young children. With the
usual methods of speech analysis, this last con-
sideration presents a significant problem which has
received very little attention as yet. Because of
the higher pitches of children's voices, analysis
through frequency domain techniques is much less
accurate than it is in the case of adult voices.
It is this problem of the analysis of children's
voices with which this work is primarily concerned.

Before considering the question of how to
analyze adequately the voices of children a decision
must be made as to which parameters to extract and
in what manner these parameters should be presented
to the child. Considerable guidance is available
on this question from work already accomplished
here and in other laboratories (1 -6). In a study
completed in 1970 (4), very encouraging results
were obtained in articulation training through the
use of a real time display of first versus second
formant frequency. The arguments for use of this
type of display are clearly detailed in that study
and will not be repeated here. The study subjects
were all deaf adult males so that the device per-
formed adequately in the extraction of formant data
using a bank -of- filters (frequency analysis)
approach. When the device was tested with chil-
dren's voices the limitations of the analysis method
became obvious so that our attention then turned to
other ways of obtaining accurate formant data from
all voices. We decided to use a simple time - domain

** Also in the Department of Communication Studies.



analysis technique which we have found yields good
results in speech recognition and formant tracking
using adult voices (7). Our most recent work of
applying this analysis method to the voices of
children is presented in this study.

Theory

For purposes of discussion let us assume that
the waveform corresponding to a voiced (phonated)
speech sound is periodic. Its frequency spectrum
will then consist of a set of discrete lines at the
fundamental (glottal) frequency and at each of its
harmonics. Formant frequencies can be estimated
from such a spectrum by looking for local maxima in
the envelope drawn over the discrete frequency
spectrum or, somewhat more directly, by saying that
the formant frequencies can be estimated as the
frequencies of the locally tallest lines in the
spectrum. If the glottal frequency (pitch) of the
voice is, for example, 100 Hz (corresponding to the
pitch of a typical male voice), then there will be
an effective sampling of the spectrum envelope at
all the integral multiples of 100 Hz. Given the
typical frequency ranges, bandwidth, and difference
limens of the formants this sampling of the spec-
trum is adequate. It defines formant frequencies
with absolute accuracy of + 50 Hz (+ fg /2 where fg
is the glottal frequency).

Suppose now that the glottal frequency is
changed to 400 Hz without any change in the config-
uration or size of the vocal tract (and thus the
spectrum envelope). Now the lines of the spectrum
begin at 400 Hz (the fundamental) and are found at
all integral multiples of this frequency. Again,
if we use the frequencies of the locally tallest
lines in the spectrum as estimators of the formant
frequencies, we encounter an absolute error of
+ 200 Hz, which is unsatisfactory for distinguishing
speech sounds from one another. This case repre-
sents a slightly exaggerated view of the difficulty
of estimating formant frequencies in a child's
voice by spectral analysis techniques. Because of
the smaller dimensions of their vocal tracts, chil-
dren's formant frequencies are from 20% to 30%
higher than those for adult males but this slight
increase in the formant frequencies hardly compen-
sates for the factor of 3 or more increase in the
glottal frequency.

Let us take a somewhat different theoretical
approach and assume that each glottal period of a
voiced speech waveform consists of a sum of damped
sinusoidal components. There is one damped sinusoid
corresponding to each formant and the "ringing" rate
of each damped sinusoid corresponds to the formant
frequency. Thus if one can isolate each of the
separate damped sinusoidal components through broad
band filtering into the expected formant frequency
ranges, it should be possible to obtain an accurate
estimate of the formant frequency by measuring the
duration between successive zero axis crossings of
the filtered waveform. Theoretically, this method
is as applicable to the speech of children as to
that of adults. For children's speech, the basic
periods (glottal periods) of the speech waveform
will be shorter than those for adults (because of
the higher pitch) thus giving fewer axis crossing
intervals per period with which to estimate the
formant frequency. This factor becomes crucial only
when there is considerable noise interference and
the accuracy of the formant frequency estimate de-
pends on the number of axis crossing intervals over
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which an average can be taken per glottal period.
As mentioned earlier, this analysis technique has
been tested successfully for both formant tracking
and speech recognition work with considerable
sources using adult voices (7 -9).

If the speech waveform is filtered using a
bandpass filter adjusted to pass the frequency range
in which the formant is expected the resultant wave-
form will ideally be a sequence of damped sinusoids
whose frequencies correspond to the desired formant
frequencies. Actually, the filtering is configured
to make the formant component of interest the one of
the largest amplitude in the frequency region of
concern. However, perfect separation is not
achieved since the frequency ranges of each formant
overlap. In order to minimize the overlap effect
the cut -off frequencies are selected so that the
filter characteristic exhibits a falling slopein the
region of overlap.

An additional and more serious problem that
arises with increasing pitch is the greater vari-
ability of axis - crossing intervals. If it is noted
that each glottal pulse is not phase locked to pre-
vious pulses or to the damped sinusoidal response,
then it should become clear that as the pitch
increases (increasing frequency of vocal tract exci-
tation) there will be an increasing number of long
(or short) axis - crossing intervals. Each new exci-
tation can come at any point in the waveform, thus
even though the resonant frequency is the same,
there may be long or short intervals present.

Another source of erroneous data is noise in
the surrounding area. When the primary stimulus has
a low amplitude, background noise or speech can
effect the data and the resultant formant track.
There is little that can be done for this situation
except to try and maintain a rather quiet area when
processing in real -time from a microphone. From
experience in operating the system, the background
sound level has to get very high before the formant
values are affected to such an extent that the dis-
plays are unusable.

The solution to the problem of variability in
the axis - crossing durations lies in smoothing the
data by rejecting data values that fall outside of
the expected frequency range. Also, the remaining
data is averagekover a time interval chosen to be
long enough to provide a meaningful average. These
steps are taken to remove the variations in the
axis- crossing intervals due to the high pitch. It
has been found that the reciprocal of the resulting
axis - crossing interval yields a good approximation
to twice the formant frequency for the averaging in-
terval. For example, suppose an Fl (first formant)
track is in progress. The range for Fl is approxi-
mately 300 Hz to 1 Piz corresponding to axis -
crossing intervals of greater than 0.5 cosec but less
than 1.66 msec. Any interval outside of this range
would be discarded by the algorithm. The rest of
the data would be averaged for some time interval,
and the formant frequency for that interval would
be determined by taking one -half the reciprocal of
the resulting axis- crossing interval.

The choice of the length of the sampling inter-
val involves a trade -off. If a short interval is
chosen (say 5 to 10 msec) so that it is possible to
follow rapid formant transitions, then the number of
axis - crossing intervals will be small, increasing
the effects of sample variability as previously



mentioned. Similarly, a long sampling time decreas-
es the ability to follow rapid and subtle formant
transitions, but increases the immunity to noise and
sample variability. It has been found that a rea-
sonable range of intervals is 1/30 to 1/60 second.
The number of axis - crossings for an interval in this
range is sufficiently large so as to provide a sta-
tistically meaningful average. Assuming that the
signal frequency is 1 KHz, there will be 500 micro-
seconds between axis - crossings. That corresponds to
at least 64 intervals during a 1/30 second sampling
interval.

Summarizing the method, assume that a voiced
speech signal consists of a sum of damped sinusoids
at the formant frequencies. Then, if the waveform
is bandpass filtered to isolate a single formant,
the measured axis - crossing intervals of the result-
ing signal will yield a good estimate of the recip-
rocal of twice the formant frequency. In order to
follow the time transitions of the formants the
following algorithm is proposed:

Let
T. be the ith axis - crossing interval in the
dimpling period.

L be the lower bound for allowable intervals

H be the upper bound for allowable intervals

N be the number of intervals in the averaging
period such that L <Ti<H (smoothing operation)

Then, calculate the average axis - crossing
interval T

ave'
N

Tave - (1 /N) Ti
i =1

The formant frequency for the sampling inter-
val being considered is:

f = 1/(2 Tave)

This algorithm is obviously adaptable to real -
time computer techniques. Also, it will be seen
that very little auxiliary hardware is needed when
compared to the standard frequency domain approach
using a bank of hardware filters.

Although this algorithm has been designed by
assuming that the speech sample is voiced, formant
tracking is possible for other classes of speech
sounds. Consider first the fricative consonants.
The fricatives are produced by a noise excitation of
the vocal tract at a constriction. There are both
voiced and unvoiced fricatives. For the unvoiced
fricatives the axis - crossing intervals of the band -
pass filtered waveform give a poor estimate of the
formant frequencies since most of the energy in
these sounds is concentrated above 4 KHz. For the
purpose of articulation training this problem can be
resolved by noting that a given fricative articu-
latory configuration can be excited with or without
voicing (these voiced - unvoiced pairs with identical
articulation are called cognates). The addition of
voicing provides sufficient low frequency energy so
that the fricative may be treated the same as a
vowel and similar accuracy may be expected. The
voiced - unvoiced pairs are:

Voiced Unvoiced
/v/ -vote /f / -for
/9/ -then /o/ -thin
/z/ -zoo /s / -see
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/j/ -azure /f/ -she

Another class of speech sounds different from
the voiced vowels originally considered are the
nasal consonants. These sounds are voiced, but due
to participation of the nasal tract, extra poles and
zeros are introduced into the transfer function of
the vocal tract (10). Due to pole -zero cancella-
tions poor results follow. At the present time a
satisfactory solution to the problem of formant
tracking nasal sounds has not been incorporated in
this algorithm. It should be noted that the values
determined by the axis - crossing interval method will.
correspond to any significant resonances found in
the regions of the frequency spectrum being consid-
ered.

The glides and dipthongs, along with the semi-
vowels and affricates do not present any theoretical
difficulty other than those discussed for the voiced
sounds. All of these phonemes are voiced and have
no effective nasal interaction, hence the speech
waveform produced will not violate the underlying
assumptions of the formant tracking algorithm being
considered.

The stop consonants have not been included in
the testing of this algorithm. The reason for this
omission is that it was found to be difficult to
conduct an effective accuracy test for these sounds
with the established hardware and software. The
cause for this difficulty is the short duration of
the stop burst which brings some timing problems
into play. It was found to be very difficult to
accurately locate the burst in the vast volume of
axis - crossing data that is output by the system.
Solution of this problem is beyond the scope of the
current research. Additionally, since transitions
of the formants can be followed up to the point of
the release of the burst and that it has been theo-
rized that the stops are characterized by their
transitions, it was felt that this concession was a
small one.

Theoretically then, this algorithm will handle
all voiced speech sounds except the nasals and stops
where inaccuracies result. The formant structure of
the fricatives can be followed with a special pur-
pose filtering configuration that takes into account
the high frequency energy concentration of these
speech sounds. If the general purpose filter con-
figuration is used, then the voiced equivalent
should be used in articulation training as this pro-
vides additional energy in the F1 and F2 ranges.

System Description

Figure 1 is a block diagram of the system used
to implement the axis- crossing interval formant
tracking algorithm. The system can follow the tran-
sitions of any one of the first two formants in
real -time and display it on an oscilloscope (Hewlett
Packard X -Y Display) as well as provide numerical
and graphical hardcopy. The data available on the
line printer include individual axis - crossing inter-
vals grouped in 16.6 cosec time periods (1/60 sec-
ond); computed formant frequencies for an averaging
interval of either 16.6 msec or 33.2 msec tabulated
along with a graphical representation of formant
frequency versus time. All outputs are indexed so
that the individual axis - crossings for any calcu-
lated formant can be readily located.

The speech waveform is obtained from either a
microphone and amplifier or tape recorder output.
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Fig. 1: System Block Diagram

The signal is then filtered by a bandpass filter ad-
justed to pass those frequencies in the region of
the frequency spectrum that corresponds to the de-
sired formant. The resultant waveform should be at
least 50 millivolts in amplitude for reliable oper-
ation of the clipper. The filtered signal is infi-
nitely clipped (amplitude of 5 volts), and sent to a
logic circuit that produces a pulse each time the
waveform changes polarity.

This pulse is sent to the PDP -11 computer, and
upon receipt the computer interrogates a free -
running counter (10 microseconds per count), obtain-
ing the time interval since the last pulse. This
interval is the time between axis - crossings of the
filtered speech waveform which is the desired para-
meter. Immediately upon completion of interrogating
the counter the computer generates a reset pulse
that clears the counter and axis - crossing pulse cir-
cuitry, enabling receipt of subsequent axis - crossing
pulses. This process is continued until a clock
interrupt marks the end of an averaging period and
the beginning of a new sample. The time interval
between the start of an axis- crossing pulse and the
generation of a reset pulse is a constant (about 8
microseconds), and therefore has no effect on the
data for all practical purposes. The only time this
delay could cause trouble would be if another axis -
crossing came before the PDP -11 produced the reset
pulse, but this would be a pathological case since
it corresponds to a frequency that is out of the
range to be considered (less than 3.5 KHz). That
interval would be discarded by the algorithm even if
it were input to the computer.

The choice of clipping the waveform was made
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solely on the basis of simplifying the chore of
calculating axis - crossing intervals. It is feasi-
ble, in theory at least, to sample the waveform
using an analog to digital converter and detect
axis - crossings by sign changes of the value input to
the computer from the A/D converter. The actual
axis - crossing time could then be determined by a
linear interpolation, and the interval could be
found by subtracting the previous crossing time.
Unfortunately, this calculation requires several
divisions and multiplications so that the total time
to calculate an axis - crossing interval is on the
order of 100 microseconds. In order to maintain
real -time response this calculation must be complet-
ed before the next axis - crossing occurs. The upper
limit for the frequency that could be processed in
real -time would be 5 Kfiz (or 11200 (usec.) 1). This
does not include the time for handling the individ-
ual samples from the A/D converter, processing in-
terrupts, formatting, calculating the formant values
from the data, or general overhead. The upper fre-
quency limit when these factors are considered would
be less than 2.5 KHz, and at level of activity there
would be no room for expanding the system capabil-
ities. Sampling the waveform using an A/D converter
is clearly not an adequate solution to the problem
of determining axis- crossing intervals in this case.

In order to reduce the computation overhead to
a minimum, it was decided to input a measure of the
axis - crossing intervals directly into the computer.
Since the only parameter of the filtered speech that
is of interest to this algorithm is the time inter-
val betweep axis - crossings, the previously mentioned
clipping operation is not only allowable, but it
appears to be a logical choice since it strips the



waveform of all "unnecessary" information. The
axis - crossing times are maintained and the waveform
is reduced to a form that is suitable for processing
by a simple digital circuit.

The pulse train that corresponds to the clipped
waveform is input to a logic circuit that produces
a logic 0 to logic 1 transition at the Request A
input of the General Purpose Digital Interface
(DR -11A) of the PDP -11 computer. This transition
alerts the computer that an axis - crossing has
occurred in the speech waveform. The program causes
the computer to interrogate the low -order byte (8
bits) of the DR -11A input word. This part of the
input word is connected to the counter which has
been incrementing at a 100 KHz rate since the last
axis- crossing so it contains a count proportional to
the current axis - crossing interval. After the value
in the counter has been read by the computer, a
reset pulse is output by complementing the DR -11A
output word twice in succession. The reset pulse
clears the counter and causes a logic 1 to 0 tran-
sition at the Request A input enabling further axis -
crossing pulses to be received. This interplay is
presented in Figure 2. A clock interrupt provided
by the internal line- frequency clock informs the
computer program of the necessary timing information
for calculating the formants (i.e., provides the
averaging interval time markers).

The speech processor was designed as a self
contained unit with clipper, counter, axis - crossing

Axis No

Crossing

Yes

Read Value
In Counter

Output
Reset Pulse

Store Interval
In Table

Clock
Interrupt

Calc Formant
From Table

Output
Formant

E__
Fig. 2: Flow Diagram
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pulse circuitry, clock and power supply mounted on
a single chassis. Each functional component of the
processor is mounted on a separate printed circuit
board. Inputs and outputs from the unit are pro-
vided by ONC and banana plugs.

The counting rate is 10 microseconds per count
so that axis - crossing times can be located to within
that time span. This corresponds to an accuracy of
6% for a 3 KHz input or 2% for a 1 rH z input. The
system was rigorously tested using sinusoidal in-
puts. The frequency of the input was measured using
a calibrated counter and the results were compared
with the computer calculations. The accuracy for
tests was as determined above. The individual axis -
crossing intervals output by the system were care-
fully scrutinized to verify consistent performance
as would be expected with sinusoidal inputs. The
task remains to show that the system does in fact
measure the formant frequencies of a speech wave-
form. It has been demonstrated that the system is
capable of determining the frequencies of sinusoidal
inputs up to 5 KHz to an accuracy of better than
10 %. It should be pointed out at this time that the
difference limen for the first and second formants
is on the order of 5 %.

Results

The task remaining before us is to prove that
the formant tracking system described actually does
follow the time transitions of the resonances of the
vocal tract for children's voices. It is also
necessary to provide a quantitative measure of the
formant tracking accuracy. A rigorous method of
comparing system output, spectrograms, spectrogram
sections, manual calculations and literature values
is outlined below. This method demonstrates the
fact that the formant frequencies are successfully
isolated and tracked by the system. The vowels,
fricatives and nasals are each tested, first as con-
tinuant sounds and then in normal speech.

For each speech sound tested, the subject
(child) was to sustain the sound for about 2 to 3
seconds. After producing the sound in this con-
tinuant fashion, the subject was then asked to use
the phoneme in a word. This process was repeated
until each of the vowels, fricatives, nasals, glides
and dipthongs were recorded for each of the three
children.

The next step was to input each of the speech
sounds into the formant tracking system. The system
was set up to follow the first formant (300 Iiz to
1 KHz). The individual axis - crossing intervals were
output along with the computed formant frequencies
and the graph of formant frequency versus time. The
process was then repeated for the second formant
(prefiltering set at 1.25 KHz and 3 KHz). This step
provides the values of formant frequency as computed
by the formant tracking system. This sequence of
operations was continued for each phoneme produced
by the subjects.

In order to accurately correlate the large
volume of system output to the speech sample, the
real -time formant frequency display was used. In
this manner each phoneme could be accurately located
in the printout and the formant value could then be
determined. These values were tabulated and com-
pared with literature values for Fl and F2.

The literature values are merely a collection
of average resonance characteristics, so that a good



co mpar i so n wi th' t he values o utput  by the system i s
o n l y  mi l d l y sa t i s f y i ng . In o rder to enhance co nf i -
dence i n the accuracy o f the fo rmant t racki ng system
an add i t i o na l step was taken, namely to analyze
sec t io ns o f the spectrograms of the phonemes. The
spec tro gram sect io n i s a d i sp lay o f  s pec t ra l amp l i -
tude versus f requency a t a p a r t i c u l a r po i nt i n t i me .
By appro xi mati ng the spec t ra l envelo pe, an es ti mate
o f the resonances can be obtained from the d i sp lay
(wi th the l i m i t a t i o ns mentioned e a r l i e r fo r f requen-
cy ana lys i s metho ds). I t  m us t be no ted tha t th i s i s
only an es t i mate , but when co nsi dered  wi th the tabu-
la ted char a c t e r i s t i c s a very good idea o f  t he fo r -
mant values can be ob ta ined . The va lue obtained i n
th i s fashi o n i s used as the standard f rom which the
percentage er ro r i s measured.

As a f i na l check, the p r e f i l t e r e d speech was
i np u t to a sto rage osc i l losco pe i n order to v i sua l l y
check the wavefo rms. Samples o f axis - crossing i n -
te r va ls were obtained by lo o ki ng a t the traces
sto red on the osc i l losco pe sc reen. A fo rmant ca l -
cula t i o n was then made manually f o r the phoneme i n -
put to the scope. N a t u r a l l y , t h i s technique app li es
only to co nt i nuant speech, and si nce only a small
number o f axi s-  c rossi ng i n t e rv a l s can be processed
i n th i s way the technique i s sub j ec t to ra ther  g ro ss
i naccur ac i es . However, i n cer ta i n cases the reso-
nance i s p a r t i c u l a r l y c lea r from the waveform and
then t h i s techni que does gi ve va luab le inf o rmati o n
pe r t a i ni ng to accuracy. Taken a lo ng  wi th the
spec t ra l ana lys i s and the l i t e r a t u r e values a fo r -
mant f requency f o r the p a r t i c u l a r speech sample can
be ar r i ved a t  w i t h a good degree o f conf idence.

The re s ul t s o f these operat io ns can be compared
to the fo rmant f requency  de te rmined by the system
and a reasonable measure o f accuracy can be der ived
from th i s da ta . I f va r i a t i o ns from the tabula ted
fo rmant f requenc ies seem la r ge , one must consider
tha t the values are averages over a la rge number o f
sub j ec t s , and tha t the i nd i v i d ua l re a l i z a t i o ns can
vary over a s i g n i f i c a n t range.

The previo us di scuss io n has o u t l i ned the tech-
ni que used to demonstrate tha t the fo rmant t racki ng
system does i n f a c t f o l lo w the time t r ans i t i o ns o f
the f i r s t and second resonances o f the vocal t r a c t .
The f o l lo w i ng sect i ons w i l l discuss the observed
re s ul t s fo r each class o f phonemes tes ted . F i n a l l y ,
some examples o f fo rmant t rac ki ng i n sentences w i l l
be presented and discussed.

Vowels. The vowels are the f i r s t group o f phonemes
to be di scussed. As exp la i ned i n the te s t proce-

Table I : Formant t rac ki ng re su lt s fo r vowels as
compared to l i t e r a t u r e va lues .

Phoneme L i t e r a t u r e Ave. Sys t.
F1 /F2 Output

Fl /F2

Table I I : Formant t racki ng re su lt s f o r vowels as
compared to spectrogram va lues.

Phoneme Sec ti on System
Value Output
F1 /F2

/ i / 480/3300 400/3300
/ I / 500/2500 550/2600

700/2300 700/2400
800/2250 800/2250

/a / 900/1700 850/1600
/o / 750/1200 70011200
/U/ 500/1200 500/1300
/u / 490/1100 400 /1100
/A / 700/1500 700/1500

dure , the vowels were vo iced i n a co nt i nuant
fashion and then were used i n a word ( e . g . , / i / as
i n eve) . Two eva lua t io ns o f the sys tem output were
made fo r th i s group of phonemes si nce proo f o f sys-
tem accuracy f o r  t he vowels i s o f  g re a t importance
to  t he re levance  o f thi s method. F i r s t , the aver-
age system va lue  f o r F1 and F2 f o r the three sub-
jec t s was compared to fo rmant values tabula ted i n
the l i t e r a t u r e . The re su lt s o f th i s comparison are
tabula ted i n Table I . The la r ge s t dev ia t io ns f o r
F1 are less than 20% of the l i t e r a t u r e value and
less than 15% f o r F2. I n an attempt to f i nd the
reason fo r these discrepanci es the values f o r  a
pa r t i c ul a r sub jec t were compared to spectrogram
sect io ns o f  each phoneme.

The res ul t s i n Table I I show an improvement,
wi th the la rges tdev i a t i o n being 3.3% and many o f
the system F2 values were i n complete agreement
wi th the fo rmants determined from ana lys i s o f the
spectrogram sect ions. The average dev i a t i o n fo r F2
from the sec ti o n value was less than 2.5 %. The
res ul t s fo r  F1 also showed an improvement, but no t
as dramatic  as f o r F2.

The la r ge s t dev i a t i o n o f the system F1 value
when compared to fo rmant values determined from the
spectro gram sections was less than 18.5 %. The
la rge er ro rs came from the phonemes exh i b i t i ng low
f i rs t  f o rma nts ( less than 500 I i z ) . These er ro rs
appear to have been caused by a base l ine no ise
problem i n the Kay Spectrum Analyzer since the pho-
nemes exhi b i t i ng la rge Fl e r ro r  as determined by
thi s method show quite low erro r  when the average
values are compared as i n Table I .

The fo rmant i s o la t i o n problem i s c le a re s t i n
thi s group o f  phonemes. In p a r t i c u l a r , no te the
elevated F2 values f o r  / D / ( a l l ) when i t i s compared
to the l i t e r a t u r e va lue . This i s caused by the
close pro ximi t y o f  F2 which has the  e f f e c t  o f  ra i s -
ing the average value determined f o r  t he f i r s t
f o rmant. L i t t l e can be done  fo r th i s problem s ince
the hiqh Fl values o f  / a / and /fie/ prec lude loweri ng
the upper  cuto f f frequency o f the bandpass f i l t e r .

/ i / 370/3200 380/3170
530/2730 575/2670 Fr i ca t i ve s . The spec t ra l s t r uc tu re o f the f r i c a -

/e / 690/2610 670/2350 ti ves has been stud i ed by Strevens (11) and Heinz
1010/2320 820/2380 and Stevens (12) . The subjects appear to have been

/a / 1030/1370 900/1570 adult  ma les . However, since the spect ra of the
/o / 680/1060 750/1170 f r i ca t i ve sQta  sub jec t to such grea t v a r i a b i l i t y ,
/U/ 560/1410 500/1370 the i r data are used as a rough basis fo r comparison
/u / 430/1170 450/1070 o f  t he sys tem o utput a lo ng  wi th the spectrogram
/A / 850/1590 800/1480 sec t io ns . These data values were found to be i n
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good agreement with the spec tra l sec tio ns made of
the ac tua l speech segments ana lyzed, but i t  was im-
possib le to f i nd l i t e r a t u re  va l ue s f o r the vo iced
f r i c a t i ve s to be used as a basis fo r comparison.
The vo iced f r i c a t i ve s are made up o f two exc i t a t i o n
components: a hi ss and a g l o t t a l exc i t a t i o n compo-
nent . I t i s reasonable to assume tha t the acous-
t i c char ac te r i s t i c s o f the hi ss w i l l co rrespond i n
most respects to those o f the vo ice less f r i c a t i v e .
The basic d i f f e rence i n ar t i c u l a t i o n l i e s i n the
f ac t tha t the ai r -f lo w i s - less f o r the vo iced sounds
than f o r the unvo iced si nce the ai rst ream i s i n t e r -
rupted by the vocal co rds. Also , the hi gh frequency
ener gy  w i l l be less fo r the vo iced sounds than the
unvo iced. Neverthe less , wi tho ut any o ther  da ta , the
same resonances w i l l be assumed to ho ld t rue f o r
each cognate pa i r  o f  f r i c a t i v e s , Table I I I was con-
s t ruc te d  w i th these facts i n mind.

I t i s no t surp r i s i ng tha t the f i r s t fo rmant
values determined by the fo rmant t racki ng system do
nor agree with the l i t e r a t u r e values. The lowest
resonance fo r any o f the f r i c a t i v es i s 1500 Hz which
i s we l l out o f the passband o f the f i r s t fo rmant
f i l t e r (upper cu t o f f  a t 800 Hz ). I nves t i ga t i o n o f
the speech wave fo rm f i l te red by the F1 f i l t e r di d
reveal a low leve l 500 -600 Hz component fo r each o f
these phonemes. However, t h i s could hard ly be
ca l led a resonance si nce it  was a t leas t  30 de down
from the peak ampli t ude at  ma jo r resonances. The
po i nt to be made from thi s observation i s tha t  wh i l e
the system did no t  f i nd  " t he f i r s t f o rmant, i t  d i d
f i nd the frequency o f the low leve l si gna l tha t was
present i n the regi on o f the f requency  spectrum tha t
was under i nv es t i ga t i o n. For th i s reason the dev i -
at i o n percentages shown in T ab le I I I are f i gured
using the fo rmant tha t would be found i n the normal
F2 range. That i s , the F2 system output co rresponds
to the expected F1 values.

With these assumptions, the fo rmant t racki ng
system locked onto a resonance o f the vo iced and
unvo iced f r i c a t i ve s wi th an average dev i at i o n o f
2.2 %. I t  mus t  be understood tha t system outputs fo r
F2 are  a c tua l ly the f i r s t  f o rma nt  va lue s . Accurate
determi na ti on o f the ac tual F2 values could be made
wi th adjustments to the bandpass f i l t e r se t t i ngs and
some so f tware mo di f i ca t i ons . The so f tware changes
are necessary to al lo w processing o f the hi gh f r e -
quency s i gna ls which would o therwise be smoothed out
by the algo r i t hm.

Summarizing the resu lt s fo r the f r i c a t i v e s , the
fo rmant t racki ng system accurately determines the
f i r s t resonance o f the vo iced and unvo iced f r i c a -

Table I I I : Formant t racki ng res ul t s fo r f r i c a t i ve s

Phoneme L i te r a t ur e System
Fl /F2 Output

Fl /F2

/ f / 1500/3000 570/1500
/a / 2200/3500 575/2200
/s / 4000 */8000 600/2500
/ I / 2500/5000 500/2700
/h / 1800/2800 500/2800
/v / 1500/3000 500/1500

/a/ 2000/3500 535/1800
/z / 4000 * /8000 545/2400

/3/ 2500/5000 545/2500

*Secondary resonance a t 2500 Hz.
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Table IV : Formant t racki ng re su lt s fo r nasals .

Phoneme L i t e r a tu r e System
Value Output
Fl /F2

/m/ 330/2600* 470/2400
/n/ 260/2300 450/2100
/q / 260/2200 ** 450/2300

* Weak resonance a t 800 Hz.
** Weak resonance a t 600 Hz.

t i ves ( t o  w i th i n an average devi at io n o f 2.2 %). I t
does no t fo l lo w the higher resonances i n i t s present
co nf i gura t i o n, but there i s no theo re t i ca l reason
why i t should no t . The value found f o r the f i r s t
fo rmant corresponds to a low leve l component present
i n the f i l t e red  wave f o rm.

Nasals . The nasal consonants ( /m /, /n / , /r l /) are
produced by fo rming an oral clo sure and opening the
velum. The closed ora l cav i t y acts l i k e a si de
branch reso na to r  wi th the majo r rad i a t i o n coming
from the  no s t r i l s . This a r t i c u l a t i o n causes an
ext ra po le and zero to be introduced i n the reg ion
o f 1 Kliz i n the vocal t r a c t t rans f e r f unc t i o n.
Nasal consonants are ty p i c a l l y character i zed by
somewhat broader and more hi ghly damped resonances
than the vowels. The hi gh frequency losses are a t -
t r i bu t ab l e to the la rge surf ace are o f  t he nasal
t r a c t tha t produces la rger  vi sco us and hea t con-
duc t i o n losses (13) .

Once again there has been no success i n f i nd i ng
tabula ted res ul t s fo r the fo rmant f requenci es o f the
nasals i n ch i l d re n' s vo i ces. However, Table IV was
const ructed by comparing the data o f  Tarnoczy to the
spectro gram sections o f the pa r t i c ul a r speech
samples being processed (14) .

The second fo rmant va lue  o utput  by the system
agrees wi th the spect ro graphic sect io n data and
l i t e r a t u r e values to  wi t hi n 9 %. I t i s be li eved t ha t
th i s i s good accuracy when one considers the past
perfo rmance achieved i n fo rmant t racki ng the nasals .
It  was d i f f i c u l t  t o decide where the ac tua l peak o f
the  spec t ra l envelope was located on the f requency
axis due to the previ ously menti oned problems of
hi gh p i t ch o r  g l o t t a l ra t e .

Once aga in, the base li ne no ise problem o f the
spec trum analyzer caused d i f f i c u l t y i n judg i ng the
lo ca t i o n o f the f i rs t  f o rm ant fo r the nasa ls . This
prob lem is pa r t i c u l a r l y severe s ince the f i r s t  r e s o -
nance i s so low ( less than 500 Hz). The values ob-
ta ined from the fo rmant t racki ng system are reason-
ab le  f o r  /m/ and /? / due to the presence o f  ano ther
resonance i n the F1 frequency range. /m/ has a
resonance a t 800 Hz as we l l as the predominant reso-
nance a t 330 Hz. This would cause the value repo r t -
ed by the system to be biased a  b i t hi gher than the
ac tua l va lue . There does no t appear to be any way
o f  f i l t e r i n g th i s ext ra resonance out unless spec ia l
purpose hardware i s added j us t  f o r processing these
nasals . A  s i m i la r phenomenon is observed i n
where the second resonance i s a t 600 Hz.

The res ul t s fo r  f o rmant t racki ng the second
resonance were good, wi t hi n 9% o f  the ac tua l va lue .
The resu lt s fo r  F1 are inco nc lusi ve as o f  no w, but



the values obtained from the system do not appear to
be unreasonable.

This concludes the test procedure as applied to
isolated phonemes. As expected, the best perfor-
mance was achieved when processing the vowels. This
was due primarily to the fact that the filtering of
the formant tracking system was tailored to the well
defined formant structure of the vowels. The frica-
tives posed the problem of insufficient energy in
the normal Fl range, but the F2 system output did
follow the first resonance of the speech waveforms.
Similarly, the nasals exhibited good second formant
structure so that the system response was accurate.
The results for the first formant are inconclusive
when processing the nasals.

Analysis of Running Speech. In addition to the
steady state sounds for which the results obtained
have been already discussed, analysis was performed
on running speech. Each subject was asked to enun-
ciate several short sentences (e.g., we were away a
year ago) to test the ability of the device to fol-
low formant movements in each child's speech. These
sentences were subjected to a complete analysis.
Formant frequencies for F1 and F2 were calculated
every 1/30 second. Spectrograms of these speech
samples were then made and the system output was
mapped onto the appropriate spectrogram. We found
very good agreement between the two methods for the
second formant. For the first formant the problem
of determining accurately the formant frequency from
a spectrogram has been discussed earlier. Conse-
quently, it is not possible to say more than that
good qualitative agreement was obtained. Since the
system does a good job with steady state sounds in
extracting F1, it is felt that the present analysis
is adequate.

Conclusions

It has been shown that the formant tracking
system in its present state of development accurate-
ly follows the time variations of the first and
second formants in the speech of children for a
large number of speech sounds. The fact that this
system can extract these important speech parameters
and display them in real -time implies that it can
serve as the basis for an articulation training aid
for the deaf. It would be presumptious to state
that the current system is a useful aid that could
take part in the every day speech training programs
at a school for the deaf. The whole purpose of this
study has been to show that the proposed formant
tracking algorithm has the capability of following
the formant transitions in the high pitched voices
of children.

In order for a device to be a useful training
aid it must be flexible, fun to use for both the
student and teacher, easy to operate, dependable and
cost - effective. It would be desirable for the
training system to incorporate features that would
attack all aspects of the speech- training problem.
It would be easy to envision a computer -based system
that would have a broad repertoire of teaching aids
that could be selectively applied to the various
teaching situations as they arise. There should
also be a variety of practice and drill aids that
the student can use on his own without a teacher's
supervision. For this reason, the system should be
so easy to use that it is in no way a hindrance to
the teacher. In fact, it should be designed so that
it is a desirable tool to use for both the teacher
and student.
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The areas of the speech training problem that
appear to be most adaptable to computer system
assistance are rhythm and timing, articulation of
vowels (current system serves as the basis for this
portion), production of fricatives, control of velum
for nasalization of sounds, and finally, pitch con-
trol. The current system is directed at the artic-
ulation problem. Additional hardware would be
necessary to monitor the other areas, and other
types of displays might also be useful. Examples
are: accelerometer mounted on the pupil's throat
to measure the pitch of voiced sounds; vibro - tactile
display for pitch feedback to the pupil.

Obviously the current system is a long way from
the desired goal of a practical visual aid for the
deaf. However, it must be noted that it has suc-
ceeded in providing a straight forward method of
formant extraction with an accuracy that could not
previously be obtained for the voices of children.
The availability of the formant values in real -time
makes an articulation training aid for children ob-
tainable with some hardware additions to the exist-
ing system.

A subcommittee of the National Advisory Neuro-
logical Diseases and Stroke Council has stated,
"there is a need to devise a system whereby each
child in a deaf class can get much more individual
drill in communication skills (particularly speech
production) than is possible under present arrange-
ments". This implies that a tutorial approach is
suggested on an individual basis that is, the teach-
er would give his undivided attention to the prob-
lems and progress of the student. There is little
doubt that the computer cannot replace this type of
attention, but the aspect of much more individual
drill could be handily monitored by a computer
system. A computer -based system would be an excel-
lent tool to provide the student with the necessary
feedback during his hours of repetition and drill
that is so important to learning effective speech
skills. Hopefully the system can be programmed in a
manner so that the drill and practice can be fun for
the student. Games and cartoons that respond to
speech parameters would be a good method to use,
especially for preschoolers.

The basic advantages of a computer system are
three -fold. First, even though it is relatively
expensive, it can replace a myriad of special pur-
pose devices, effectively reducing its apparent
cost. Second, the general purpose nature of the
computer makes it possible to think of a training
system rather than a training device. It seems very
unlikely that a single display will be found that is
the solution to the speech training problem, so
flexibility of a system approach is desirable since
it can provide numerous aids that can be used as the
occassion demands. Finally, the computer is not
limited to speech training applications and it may
serve many functions at the educational institution.

Whether or not the previous argument for a com-
puter based speech training system is conclusive,
one must agree that at least the computer system
does provide a solution to the training problem.
The engineer's job is now to design a flexible,
dependable system that the student and teacher will
want to use. The task is difficult at best, requir-
ing knowledge of the psychology of the deaf, teach-
ing methods, educational psychology, computer tech-
nology, and human engineering. A solution to these
problems is not even proposed here, but a basis for
one portion of a speech training system is set forth
as worthy for consideration.



If the system is to function as an articulation
training aid for the deaf, the displays must be im-
proved in the many ways that have been discussed.
The degree of flexibility required will make great
demands on the computer's time (it is already
pressed), therefore the auxiliary hardware will have
to be expanded to further reduce the calculations
the computer must perform in order to extract the
formant values from the filtered speech signal. The
ideal situation would be to do all the formant cal-
culations in the speech processor and then interrupt
the computer whenever a formant value is ready.
With a few compromises a device to accomplish this
goal can be constructed in a straight forward
manner. In fact, with only a slight increase in
complexity the device could be built as a self -
contained unit that would provide an Fl -F2 display.
Such a device might be constructed for a relatively
low price and could be made available to educational
institutions as a special purpose training aid.
Details of this proposed system have been worked out
and will be presented in a future paper.
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Summar . Channel data rate considerations suggest that a visual
spe display may be useful for training the profoundly deaf to
speak provided it is not too complex and provided there are no
excessively rapid movements in it. A possible display device is
described which presents simultaneously a number of speech para-
meters using position in the xy plane to convey articulation
information (Fl vs F2), spot size to convey amplitude, and color
to convey pitch information. To insure simplicity and reliability
of operation, phase locked loops are used to extract the necessary
speech parameters. These have been found to be excellent in pitch
and formant extraction processes. For reasons,of economy and ease
of operation an unmodified domestic color television set is used
as the display medium. The only connection to the television set
is through the antenna terminals. Results obtained by using the
device will be presented. The speech encoding device is economic,
portable and very easy to use.

Introduction

Persons who are born deaf are not able to learn
to speak as normal persons do because they have no
feedback as to what sounds they produce when they
use their vocal apparatus. If fortunate, they
attend special schools for the deaf for 10 to 15
years and even then, after tedious instruction, they
cannot produce high quality speech.

In a typical school for the deaf training takes
place in teacher - student pairs. The teacher gives
information on the desired position of the articul-
ators for the production of a given sound. The
student, on the basis of this information, makes
utterances and the teacher judges the quality and
accuracy of the produced sound and notifies the
student accordingly. The feedback provided by the
teacher in this fashion is not in real time and out
of necessity it is not very sophisticated or accu-
rate.

In order to provide accurate real time speech
feedback, a number of devices have been constructed
which analyze the speech sounds by extracting their
basic parameters and displaying them in a visual or
tactile display. A review of such devices was re-
cently made by Levitt (1)

Despite their availability for some time,
visual training aids for the deaf have not made any
significant impact on the education of the deaf.
This can be attributed to a number of shortcomings
they have. They may be expensive, difficult to use,
inaccurate or they may need to be adjusted to each
particular speaker. In addition, some displays are
too complex, overloading the trainee and some are
too simple, thus giving inadequate feedback infor-
mation.

* Also in the Department of Communication Studies.

* *Please address all correspondence to Ian B. Thomas,
Electrical and Computer Engineering Department,
University of Massachusetts, Amherst, r1assachu-
setts 01002 -- Telephone (413) 545 -0769
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The system described in this paper was de-
signed in an attempt to overcome most of the prob-
lems encountered in the previous displays. The
four basic speech parameters are extracted and dis-
played simultaneously in a visual display in a man-
ner that is easy to perceive and follow.

System Description

The display used is basically an Fl -F2 type
display. The first formant frequency (by defini-
tion a formant frequency is a resonance of the
vocal tract) controls the location of a spot along
the x -axis of the display. The second formant fre-
quency controls its position along the y -axis.
Such a display is simple, yet informative. The
first formant is related to the height of the
tongue while the second formant is related to its
front back position, thus giving a direct estimate
of the position of this all important speech organ.
In addition, encouraging results were reported by
Thomas and Snell using such a display to train the
deaf (2, 3).

Amplitude is displayed here as the width of
the spot along the horizontal. Pitch (pitch is the
frequency of excitation of the vocal tract, the
frequency at which the vocal cords vibrate and it
is also called the fundamental frequency or FO) is
displayed as color.

In this fashion a multiparameter display is
achieved in real time. Since position, size and
color are used to convey information it is hoped
that such a display will not overload the visual
channel of the trainee. A block diagram of the dis-
play appears on Fig. 1.

The input speech passes through a preamplifier
and then through prefilters suitable for each para-
meter to be extracted. These filters are followed
by parameter extractions employing Phase Locked
Loops (PLLs). Amplitude is extracted by fully
rectifying the speech wave and lowpass filtering
the result at 24 Hz. The resultant four speech
parameters are converted into a video signal in the
video formatter by suitable modulators driven by



Speech Input

Preamp I � Rec ti f ier I � Pulse Width
Fi l te rFilter Modulator

0 F1 F2
Pre f i l te r Pre f i l te r P re f i l te r

FO F1 F2
Extractor Extractor Extractor

Phase Pulse W. Pulse W.
Modulator Modulator Modulator

Sync Video I � RF
Generator Generator Section

Figure 1 - System Block Diagram

the sync generator. The video signal then is modul-
ated on the RF carrier which is transmitted with a
transmission line to the antenna terminals of any
unmodified commercial color televis ion rec eiver.
Such a receiver is widely available and it is the
most inexpensive display medium with the necessary
properties for this application.

Speech Parameter Extraction

A number of speech parameter extraction methods
are available today but when they were evaluated for
the purpose of driving the display generator, no one
appeared to have the desired characteristics. As a
result, a new method for formant tracking and pitch
extracting was developed utilizing Phase Locked
Loops (PLLs) which comes c los e  to  fu l f i l l i ng the
requirements of the display system.

The operation of the PLL during formant extrac-
t i on  i s  s im i l a r to  i t s operation during FM demodul-
ation. The spectrum of speech is a line spectrum
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because it is formed by the harmonics of the glottal
frequency, the glottal wave being approximately a
train of triangular pulses. The effect of the
formants is to generate concentrations of energy
peaks in the spectrum at frequencies corresponding
to the formant frequencies. The movement of the
formants then resul ts in movement of the energy
peaks in the spectrum which can be viewed as a kind
of FM modulation.

An integrated circuit PLL was used and it was
set to operate in  f i rs t  order  w i th i t s center  fre-
quency at the middle of the formant range to be
tracked. Before entering the PLL, speech is pre -
f i l t e red in a spect rum  t i l t  f i l t er  so  that  the
effect of overlapping formant ranges w il l be m ini-
mized.

The output of the PLL containing the tracking
voltage is lowpass filtered at 24 Hz and 36 dB /oc-
tave to remove components at high frequencies. The
24 Hz fi lter was chosen to optimally remove unwanted



frequencies without introducing objectionable
amounts of delay and averaging on the parameter
trackers.

Pitch extraction is very similar to formant
tracking although here the situation is exactly that
of FM demodulation, making tracking easier and more
accurate.

The formant extractors work well with a variety
of input sounds, including whispered speech. They
exhibit good accuracy, rejection of noise and ad-
jacent formants and they quickly acquire and follow
fast moving formants. Their output being a voltage
level proportional to the tracking frequency is
suitable to drive the video generator without furth-
er processing.

The Display Generator

A complete synchronization generation and RF
transmitter - modulator is necessary in order to meet
the constraint of using an unmodified commercial
color TV receiver. In order to simplify design and
to assure superior performance, an all - digital sync
generator was designed using 20 TTL integrated
circuits. It derives all timing information from a
3.58 MHz crystal oscillator which is also used to
supply the color subcarrier. In the NTSC color
television system, color information is conveyed as
the phase shift of a 3.58 MHz subcarrier.

Pulse width modulations are used to define the
vertical and horizontal coordinates of the spot.
They are driven by the outputs of the F2 and F1 ex-
tractors respectively. They generate pulses which
start at the end of the vertical or horizontal sync
pulse depending on the modulator and whose length
depends on the frequency the corresponding PLL is
tracking. The outputs of the pulse width modulators
are combined digitally and with a third pulse width
modulator amplitude information is inserted in the
combined signal. The pitch information in the form
of the voltage output of the pitch extractor is used
to drive a phase modulator which shifts the phase of
the 3.58 MHz subcarrier by a maximum of 360° to
produce all visible colors.

The color subcarrier and the pulse width
signal are combined with the appropriate sync pulses
and reference color burst forming the video signal.
This signal is modulated on a low power 55.25 MHz
transmitter for transmission on Channel 2 of the
color TV receiver. A transmission line is used to
avoid interfering radiation and connection is made
to the VI1F antenna terminals of the receiver. Due
to the extensive use of integrated circuits and PC
board techniques, the whole display system fits
easily on a small table top cabinet and its overall
cost is relatively low.

Discussion and Conclusions

The display system described in this report
has been assembled and has performed well. The
operation of the formant trackers is quite adequate
when driving the display. There was a possibility
that speaker to speaker variations, childrens
voices, etc., might give marginal results in some
cases. The testing done using sonagrams was limited
to illustrative examples due to the tediousness of
such tests. With a real time display a much more
extensive testing is possible with no difficulty.
Tape recorded voices of a child and of two women
were tried. The performance of the trackers seemed
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to be just as good as with male voices. A tape
recording of deaf speech was also tried as input.
It had voices of various speakers with varying
speaking capabilities. It was evident that the
best sounding deaf speech gave a good coverage of
the display area, indicating good control of for -
mants. The poor sounding speech tended to cluster
the area around the neutral vowels in agreement with
previous observations. Tests were run with persons
of normal hearing to examine how easy it is to
produce sounds that would make the spot go to any
location on the display. The results were very
encouraging. The feedback provided by the display
enabled the subjects to position the spot at any
point on the display without much difficulty.

The feedback seemed to be quite suitable for
consistent minimization of error. That is, once a
sound was made that we in the desired direction, the
subject kept on improving until the target position
had been reached. Normal hearing subjects took only
a few minutes to master the art of positioning the
spot anywhere in the display area.

When tested with full words rather than vowels
the display had a granular appearance due to the
sampling inherent in the display (as was mentioned
before, the spot is displayed once every 15 msec).
In wide, slow excursions from the center point pro-
duced by some words this sampling was good since it
gave timing information.

The amplitude display did not seem immediately
useful. In most cases the fast moving spot was
hard to analyze at first in real time. By repeat-
ing (using the tape recorder) the same word a
number of times a kind of mental integration
occured that tended to slow down the apparent spot
movement. It seemed that one can learn to expect
the major features of the display and the trajec-
tory for a given word after a certain amount of re-
petition. Then attention could be diverted to the
details such as size and color of the spot. This
can happen within minutes and there are indications
that once one becomes familiar with the display he
will be much more capable of benefiting from it. It
should be noted that using the display is very easy
and one might say pleasant. There is a game -like
quality in moving the spot about the screen, some-
thing like playing vocal tennis.

From these preliminary tests it is clear that
the display system has a great potential to act as
a display useful for training the deaf to speak.
To be of any real value though, it should be inte-
grated into a suitable training program. In the
few attempts made so far to evaluate training aids
for the deaf the results were encouraging but not
spectacular. There are also a number of people who
believe that, compared to conventional training,
visual training aids offer no advantage. It is our
opinion that the training method is of fundamental
importance in achieving good results and that the
effectiveness of an excellent feedback device might
be compromised severely by the wrong training
method. It will require an intelligent person with
good knowledge of the speech field and a positive
attitude towards the display to develop a good
method of utilization. The value of suitable
training can be judged from the cases of learning to
type and learning the Morse code. In those areas
there exist step by step methods which improve
learning speed significantly.

A number of suggestions for improving the



system can be made once it is seen in operation.
First, one would like a facility for displaying
each speech parameter alone for paying increased
attention to any particular feature that might give
difficulties. This can be easily done if the video
signal is taken from the output of the horizontal
pulse width modulator while the input to it is the
desired parameter. Another potentially useful dis-
play would be the display of any parameter versus
any other. To this end the spot display can be
used after a simple change of the input to the ver-
tical and horizontal pulse width modulators so that
it is the parameters that are to be displayed.
These are simple modifications of the existing
equipment and should be added if they are thought to
be of value later during the formal evaluation of
the machine as a training aid. There are certain
possibly desirable modifications that require exten-
sive additions to the present equipment.

For example, in order to remove granularity, a
digital memory can be used to store intermediate
values of the point position and display them in
order during the next frame so a continuous trace is
generated. It is possible to design the memory so
that a small number of bits will be required, about
5000, which can be provided by a small number of MOS
memory chips at low cost.

An extension of this concept would be to have
sufficient memory and appropriate control to store
whole displays for later evaluation and review. One
could conceivably store the target display and the
student's two or three successive efforts to imi-
tate it. Then the teacher would be able to point
out features to be deleted or retained and discuss
the display at his leisure.

Another feature that might be added is some
PLL lock indicator which will blank the display in
the case of no lock. As it is now, the display
shows the trajectory of the loop as it acquires and
looses lock. This might be of help but it also
might be confusing.

Improvements in the type of the PLL used and
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in the loop filter will be certainly of value if
they increase tracking capability. There is cer-
tainly room for improvement in this area. A not
very successful attempt to improve loop performance
was undertaken during this work and it is indicative
of directions one might consider to increase loop
performance. The VCO output of the PLL that was
performing the formant tracking was divided by 4
and was fed into a PLL designed to operate at one
quarter of the center frequency of the first PLL.
It was hoped that the division process will provide
filtering action by averaging out four consecutive
cycles and thus give a better input signal to the
second PLL. This scheme unfortunately did not give
better results than just one PLL alone and it was
abandoned.

In conclusion it can be said that the display
described establishes the ground for low cost,
versatile high performance visual speech training
aids for the deaf. In addition, it is hoped that
it will spur interest in utilizing the versatility
and low cost of the commercial color television re-
ceiver as a display medium for a variety of pur-
poses.
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BANQUET ADDRESS

by

Capt ain G. E .  We l c h
Di re c t o r , Ac ce s s  fo r  t he  Di sa b le d
Ce nt ra l Co unci l  for  t he  D is ab le d

Londo n, Engl and

Ca p t ai n We l c h e nt ere d  the  Br i t i sh A rmy  f ro m Mi l i t ary  Ac a d e my  a t t he
be gi nni ng of  Wo rl d War  H. He  s p e nt  s e v e n y e a r s  i n t he  F a r  E a s t ,  t r a ns -
fe r r ing to  t he  Indi a n A rmy  i n 19 4 3 , and  s a w s e rv i c e  i n Indi a ,  A s s a m,
Bu r ma , Ma la ya , French Indo Chi na, and China. . He  s u ff e re d  a  se v ere
at t ac k  o f  ' p o li o '  i n 1 9 47  whi le  i n Rangoo n, a nd a ft e r t hre e  y e ar s  in va r io u s
ho sp it a l s  wa s  re ti re d by  t he  . Indi an G ov ernment in 1 95 0.

Af t e r  t e n y e a r s  i n i nd u s t ry  a nd  c o mme rc e ,  he  e nt e re d  G o v e rnme nt  s e rv i c e
and t oo k a n ap p oi nt ment i n the  Res e arch De pa r tment  o f t he  Ho me  O f fi ce .
Whi le  a t the  Ho me  O ff ic e , he  r ea d La w a nd  S oc i a l  S ci ence  a t  Londo n
Uni v e rs i t y . In 19 6 7 he t r ans fe r re d  t o  Lo c al  Go v e rnment  s e rv i c e  a nd  to o k
a s eni o r a dmi nis t r a t i ve  a pp o int ment  wi t h t he  C ou nt y Bo ro u gh o f N or t hamp -
t o n. He jo ined  the  Ce nt ra l  C ou nc il  in 1 97 0.

The re  is  one  grea t  a d va nta ge i n b ei ng d is a bl e d-  -
ins te a d o f hav i ng to  s t a nd  up  and  gi ve  a  s pe e ch,  o ne c an s i t
do wn i n c omfor t  a nd j us t  t a lk . Se r io u s l y  tho ugh, i t  i s  no t
onl y  a  p l e as u re , bu t a  pr iv il ege to  b e  sp ea ki ng t o yo u to -
ni ght . Ha v i ng hea rd  s u c h e xce l l ent  sp e e che s  a t  the  co n-
fe renc e s e ss i ons  to d ay ,  I t ru s t y o u wil l  no t  f e el  l e t  do wn
by  my  no nte c hni ca l  s p ee c h t oni ght .

Whe n Pro fe ss o r  Ja c k s on f i rs t  i nv i t e d me  to  b e  gu e s t
sp e a ke r  a t  t hi s  ba nq ue t , I e xp res s ed  do u bt s  a s  t o  t he
su it ab i li ty  o f  my su b je ct . I po i nt e d o ut  tha t t he re  were
ma ny  la rge  and  p owe r fu l o rga ni za t io ns  i n A me ri c a  d ea l i ng
wi th t he  p hy s i ca ll y ha nd ic ap pe d, and t he y  a ll  ha d  t he  ex-
pe r t is e  to  s ol v e  t he  a c c es s  pro b le ms  o f  the  di s a bl e d . I
a l s o  s t r es s e d  t hat  A me r i ca  ha d  i ts  C o d e  of  Bu i l d ing P ra c -
ti c e  j u s t a s  we  in Bri t a in hav e  the  Br i t is h St a nda rd  C o d e
o f  P ra c t i c e . I a l s o e mp has i ze d  t ha t  I wa s  c e r t a in t he
Ame r i ca ns  we re  ju s t  as  a ware  o f  t he  ne e d s  o f  t he  d i sa b l e d
a s  we  we re  i n Br i t a i n.

Pro fe s s or  J ac k s on t he n po i nt e d  o u t  s o met hi ng I ha d
ov e r l o ok e d ,  name l y  tha t  t he  Uni t e d S t a t es  ha s  Fe d e ra l
Go v e rnme nt a nd S t a te  G ov e rnme nt . Thi s  mea nt  t ha t  i n
day  - to  -da y af fa ir s  e ac h s t a t e  wa s  pract ic al ly  a ut onomou s ,
wi th the  r es u lt  tha t i t  wa s  p o ss ib l e  for  o ne s ta t e  to  di f fe r
gre a t l y  f ro m a no t he r . He  mad e me fe el  t hat  he  wo u ld  l ik e
to  s e e  many  o f  t he  thi ngs  we  d o  a t  t he  Ce ntr a l C ou nci l
be ing do ne  i n Ke nt uc ky .

Thu s  I wa s  c o nvi nc ed ,  a nd  f e lt  I ha d  thre e  go o d  r e a -
s o ns  fo r  c o mi ng: (1 ) by  b ei ng a n ob se rv er  a t the  thre e  -
da y c onfe renc e I wou ld  ob t a i n a  t re mend ou s  a mo unt  o f
info rma t i o n o n e l e c t ro ni c  a i d s  fo r  the  d is a b l ed ,  t o t a k e
ba c k t o Bri t a i n; (2)  I wou l d d er i ve  gre at  pl e as u re  if , as  a
re s u lt  o f  my  ta l k  thi s  e v e ning,  a nd  the  di s c u ss i o ns  I sha l l
be  ha vi ng wit h P rofe s s o r J a c k so n a f te r  t he  C o nfere nc e  e nd s ,
I c a n hel p  t o  pro mo t e  i nt e r e s t i n t he  ma ny  and  v a r ie d  p ro -
bl ems  of  t he  d is ab le d in Kentu ck y; a nd  (3)  my wi fe  a nd  I
co ul d s ta y o n af t er  t he  Co nfe re nce  a nd av a il  o u rs el v es  o f
the  k i nd  o f f er  o f  P ro fe s s or  J a c ks o n a nd hi s  cha rmi ng wi fe
to  sho w u s  t he  Bl ue  G ra s s  S t a t e .
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I ha ve  re ce nt l y co mpl et ed  a  to ur  of  t he  ma in to wns
In Wa l es ,  l e c t u r ing o n t he  a c ce s s  p ro b le ms o f  t he  d is a bl e d
and  t he  d e s ign c r it e r i a  ne c e s sa ry  to  e r a di c a t e  o r  a t  l e a s t
mi ni mi ze  t he s e  p ro b l e ms . I am no t go i ng t o r ep ea t  t ha t
le c tu re  a s  t i me  wil l  no t a l lo w me . One  ca nnot gi ve  an
hour - and -a  -half lec ture  followed by a  half -hour s lide
show,  i n t he  t ime  a l lo wed  fo r  a  ba nqu e t s pe e ch. In any
ca s e ,  I a m ce r t a i n y o u  a re  a l l  a wa re  o f  t he  a rc hi t e c t u ra l
pro bl e ms  fa c ing t he  d i sa b le d , a nd  are  in a  p os i ti o n t o
ob t a in a d vi c e  on nec e s s ary  d es i gn c r i te r i a  f ro m y o u r
na t io nal  orga ni zat i ons . I might  a dd  t ha t s ho ul d anyo ne
wi s h t o d i sc u ss  the  pro bl e ms wit h me  du r ing my  s t a y i n
Lexingt on,  I wou ld be  o nly  t oo  p lea se d to do  s o.

I ha ve  de ci de d  t ha t t he  b es t  way  t o  u se  t he  shor t  t ime
at  my  d i sp o sa l , i s  t o giv e  a  br ie f  d e sc r ip t io n o f  t he  work
of the  Ce nt ra l Co unci l  and sho w ho w it  hel ps  t o ea se  t he
prob le ms  o f the  di sa bl ed , wi t h s p e ci a l  e mp ha s i s  o n a c -
c e s s . The Ce nt ra l C ou nc il  for  t he  Di sa bl ed  i s  a  nat io na l
act io n grou p for  a ll  p hy s ic al ly  d is abl ed  p eo pl e . It  a c ts  a s
a  co ordi na ti ng b od y  o f vo lu nt ary orga nizat io ns  t o br ing
pre s s u re  t o  b e a r  o n c e nt ra l  go v e rnme nt  a nd  l o c a l  go v e rn-
me nt , a i mi ng t o i mp rov e  t he  l iv i ng c o nd i ti o ns  and  e nvi ron-
ment fo r a l l  di sa bl ed  p eo pl e . It  co nc entr a t es  o n Ac ce ss ' ,
Hous ing, Holidays , and  Le ga l  a nd  P a r l i a me nt a ry  a f f a i r s .
The C entr a l Co u nc il  ma int a i ns  a  T ra ve l li ng Exhi b it io n o f
Ai ds  fo r the  d is ab le d , and p ub li she s  a  mo nthly  b u ll e t in.

Ne ar ly  40 0 o rgani za ti o ns  a r e  af fi l ia te d  t o t he  C e nt ra l
Co unci l ,  ha lf  o f  t he se  be ing vo l unta ry  orga ni zat io ns , and
hal f be ing s t a tu to ry  b od ie s . The  v o lu nt ary  o rga ni za t io ns
incl ud e s uc h na t io na l b od ie s  a s  Po li o  F el lo wship , S pa s t ic s
Soc ie ty , Mu lt ip le  Sc le ro s i s  So ci e t y, Mus cu la r Dys trop hy
So c i e t y , e t c . , and a l l  C ou nty  A s so ci a ti ons  for  the  P hy s i -
call y Ha ndi capp ed. The s t a tu to ry  bo di es  ar e  ma d e up  o f
County  Councils , Co unty  Bo ro ugh Co u nc il s ,  a nd Bo ro ugh
Cou nc il s . The  co u nci l s  ha v e e l ec t e d me mb e r s  who a re
re sp o ns ib l e  fo r  t he i r by e  - la ws ,  b u t no t hi ng e l se . All
le gi s la t i o n e ma nat e s  f ro m t he c e ntr a l  gov e rnme nt  a nd  t he
co unci ls  e nfo rc e  it . This  is  po s s i b le  in a  s ma l l c ou ntry
li k e  Bri t a i n.



Thes e  c o unc il s  ha ve  a  d ir ec t or  of  so c ia l  s e rv i ce s
who, as  hi s  t i t le  imp li e s , co nt ro l s  a l l  s o c ia l  se rv ic e s
whic h na tu ral l y inc lu d es  we l fa re  se rvi c es . T hi s  d e p a r t -
me nt  prov i de s  t he  se rvi ce s  fo r the  p hy s ic a ll y a nd  me nt a ll y
handicapped.

Ju s t  as  y o u in Amer i ca  ha ve  go od  and b ad  s t a t es ,  we
in Br it a i n ha ve  goo d and b ad  l oc al  a ut ho ri ti es ; bu t I am
gl ad  to  sa y  t hat  o v er  the  l a s t  t wo y ea r s ,  as  a  re s ul t  o f
pu bl ic it y ca mp ai gns  ca rr ie d ou t by  t he  C entr a l  C ou nc il  a nd
Its  hundred s  of af fi l i a t es , the  nu mbe r  of  b ac k wa rd  a u t ho r -
it i e s  i s  d imi ni shi ng. The tu rning po int fo r the  phys ic al ly
handi ca pp ed  i n Br it a i n ca me  i n Ju ne  1 97 0. Pr i o r  t o  t hi s ,
the  we l fa r e  d e pa r t me nt s  o f  ma ny  l oc a l  a u t ho r it i e s  a c co m-
pl is he d a  gre at  d ea l fo r t he  d is ab le d , and o f co u rs e  many
di d n' t , b e ca u se  it  was  no t  ma nda t ory . Ho we v e r ,  o n
Ju ne  1 , 1970, the  Chro ni ca ll y Si ck  & Di sa bl ed  P er so ns '
Ac t  wa s  p as s e d  i n Pa r l i ame nt . It  wa s  a  P r i v a t e  Me mb e rs
Bi ll  whi ch b e ca me l aw wi th the  c le a r i nt ent io n o f P ar l ia -
me nt ,  t hat  i t  wo ul d b e  i mp l ement ed  in a n a t mo sp here  o f
co- operation . It  co nt ai ns  2 9 se ct io ns , al l  vi t a l ly  i mp o r -
ta nt  t o the  di s ab le d pe rs on. I' l l  qu ot e  j us t one o f them
br ie f ly : "It  i s  ma nda to ry  t hat  a ny  new bu il di ng to  whi ch
the  p u bl i c  a re  to  be  ad mit t ed  whe the r o n p ay ment  o r  o t he r -
wis e , sha ll  b e  ma de  ac ce ss ib le  t o the  d is ab le d.  " T he
manda to ry  p owe rs  o f the  A ct  d id  not  incl ud e exis t ing bu il d-
i ngs , muc h as  b ot h s i de s  of  t he  gov ernment wo ul d ha ve
lik ed, as  t he  c os t  wou ld  ha ve  b ee n as t ro no mi ca l . Ho we ve r,
the re  was  e xp ec ta ti on o n bo th s i de s  of  t he  u pp er  a nd  l ower
Ho u se s  o f  Pa r li a me nt , tha t exi s t ing b uil di ngs  woul d be
ad ap te d wherev er  p os s i bl e  in t he  s pi ri t  of  t he  A ct .

In t his  ma tt e r ,  t he  Ce nt r a l  C o unc i l , a s  a  p r e s s u re
grou p , has  be e n a bl e  t o  p e rs u ad e  ma ny  a  l oc a l gov e rnment
authority and private business concern to carry out adapta-
t i ons ,  there by  e nab li ng the  d is ab l ed  p e rs on to  l e ad  a s
no rma l  a  l i f e  a s  p os s ib l e . One  has  t o be  p ra ct ic al  a nd
re al i ze  t hat  s o me  b u il di ngs  b y  v ir t ue  o f  a ge  and a rc hi t ec -
t u re , canno t be  ada pted , eve n with a l l  t he  go od wil l  i n t he
wo rl d.

The pass ing of t he  A ct i s  only t he  f irs t  s te p - -i t
do es n' t  wav e a  magic  wa nd  a nd prod u ce  men, mo ne y and
ma t e r i a l s  o v erni ght . Bu t  a t  l e as t  c e nt r a l gov e rnment  a nd
lo ca l go v ernment hav e be co me aware  o f the  ne e ds  o f the
di sa b le d , and  t hat  is  a  s t e p i n the  r i ght  d ir e ct i on.

Ac c es s  i s  the  o p e ra t iv e  wo rd runni ng throu gh a  di s -
ab le d  p er s on's  l i fe . In fa ct i t  go ve rns  his  wa y o f l if e ,
be ca us e in what ev er  he  t ri es  t o do , inva ri ab ly "a c c e s s "
crop s  up . If he  wi shes  to  t ake  a  holi da y he mu s t ha ve
ac ce ss  t o a  ho te l, mo te l  o r  gu es t  ho us e . If  he  ha sn' t  hi s
own p ri v at e  t r ans po r t he  nee d s  ac c es s  t o  r a il way  s t a ti o ns ,
bu s  s t a t i ons  a nd a irp or t s , as  wel l as  t o  t he  mea ns  o f
t r a ns p o r t . He cannot  ge t a  jo b i f the  pl ace  of  emplo yme nt
Is  ina cc e ss i bl e . If he  is  d eni ed  ac ce ss  to  t he  bu ild ings
us ed  b y the  p ub li c ,  whet he r t he y be  p l ac es  o f e nt er ta in-
me nt ,  t r a d e  a nd  c o mme rc e , educa tion, o r  r e c re a t i o n,  a nd
if he  i s  pr ev ente d acc es s  to  a  t own' s  fa cil i t ie s  by  v ir tu e  of
ne wl y p la nne d pe d es tr ia nis at i on s c he me s , then he ca nnot
ente r Rall y i nto  community  li fe . He  i s  t hus  prev e nt e d f ro m
le ad i ng a s  no rmal  a  l if e  a s  p os s i b le , whic h is  mo ra ll y

wrong.

Eve n t he  que s ti on of l iv ing ac commod ati on inv olv es
a c c e s s . There  a r e  many  p e op l e  i mmo bo l is e d a s  t he y
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hav en 't  a cc e s s  f ro m one  pa r t o f  t he  ho us e  to  ano t he r .

Whe n l ook ed a t  in this  l ight "a c c e s s "  a s s u me s  gi ga n-
ti c  p ro p or t io ns  a nd  i s  s e en to  be  the  word  t hat  re a ll y
go v erns  t he  d i s ab l e d p e rs o n ' s  l i fe . To ma ny  p eo pl e , a n
ac c e s s  p ro b l e m i s  j u s t  s o me  a rc hi t ec t u ra l  o b s t a c le  s u c h
as  a  d o o r  t o o  na r row fo r a  whe e l cha i r , o r  s o me  s t e p s
tha t  ne e d a  r a mp , a nd  o nce  t he  nec e s s a ry  a d a p t a t io ns  a r e
ca r r ie d  ou t ,  t he  p ro bl e m i s  so l v ed  a nd  c an b e fo rgo t te n.
Thi s  is  no t s o . The  s ol v i ng o f  ac c e s s  p ro bl e ms , a nd
ensu ri ng t hat  t he  d i sa bl ed  l e ad  a s  fu ll  a  l i fe  a s  p os s i bl e
c a l l s  f o r  mu c h mo re . Na ti o na l o rga ni za t io ns  su c h as  the
Ce nt ra l  Co u nci l  ha v e  t o  be  p erma ne nt  p re ss u re  grou p s ;
ke e pi ng c e ntr a l go ve rnme nt  a nd l o ca l  go v e rnment  awa re  o f
the  ne ed s  of  t he  d is ab le d ; co-  ordi nat ing t he  effor ts  of
vo l unt a ry  o rga niza t io ns  s o  tha t  t he y c a n a c t f rom s tr e ngt h;
ma ki ng e ve ry one (i ncl ud ing the  ge ne ra l  p ub li c)  a wa re  o f
wha t is  be ing d one and  what  c an be  d one for  the  di sab le d;
ke ep ing up  a  goo d pu bl ic it y and info rmat io n se rv ic e; a nd
ma i nt a i ni ng a  c l o s e  l ia i s on wit h c e ntr a l  go ve rnme nt
mi ni s te r s  and  l oc a l  go v e rnme nt  d i r e ct o r s  o f  s oc i a l
s e rv i c e s .

I t hi nk t he  e as i es t  wa y  t o  d e mons tr a te  t he  Ce ntr a l
Council ' s  a ct i ons  i s  to  br i ef l y d e sc r ib e  v a ri o u s  p ro j ec t s
and d ev e lo p me nts . Whenev er  I am a sk ed  t o  s pe ak  o n
ac c es s  pro b le ms a nd d e s i gn c r it e r ia  by  a ny  l oc a l a u tho r it y ,
the  d i r ec t o r  o f s o c i a l  s e rv i c es  a l wa ys  a r r a nge s  fo r  a  we l l -
bal ance d au di ence ; one ha lf  b ei ng mad e  u p of  p ro fe ss io na l
wo rk e rs  o f  t he  lo c al  a u thor i ty , e . g.  t he  d i r e c t o r  a nd  hi s
staff, architects, engineers, surveyors, social workers,
and  o c cu p at i ona l t hera pi s ts ;  t he  o the r  ha lf  co mpr i s i ng
me mb ers  of  v ol u nta ry  o rgani zat i o ns  c onc e rne d  wi t h t he
dis ab le d.

The  lo c a l a u tho r it y  re p res e nta t i ve s  ar e  the  one s
who  c a n a ut ho ri ze  a nd  c ar ry o ut  t he  ne c es s a ry  wo rk t o
make  b i i ldi ngs  and plac es  acce ss ib le  t o the  di sabl ed. T he
voluntary organization representatives know the needs of
the  d is ab le d and ca n he lp  t hei r ca us e  by  hav ing a  go od
li a i so n wit h t he  l oc a l au tho ri ty . Als o, on t he  o d d oc ca -
s i o ns  whe n s ome  a u t ho r it i es  la g b e hi nd  i n c a rry ing o u t
the i r  du t i e s , the y  c a n be  v i ta l  p re s s ure  gro u p s  t o  e ns u re
thi ngs  ge t d one . By m a k i n g the se  two  gro up s  o f  wo rke r s
awa re  o f  t he  a c ce s s  pro b l e ms  a nd t he  d e s i gn c r it e r i a
ne c e s s a ry  t o  s o lv e  t he m , whe t he r  co nc erni ng u ni v e rs i t ie s ,
colleges, residential schools, theatres, sports centers,
swi mmi ng po o l s , publ ic  bui ldi ngs , pl ac e s  of  emp lo yme nt ,
or  p e d e s t r i a ni sa t i o n s c he me s , and a ls o  i nfo rmi ng t he m o f
the  a rc hi t ec t u ral  p u bl i c a ti o ns  a nd  go v e rnme nt  c i r c ul a r s
av ai l ab l e  giv i ng de s ign p a rt i cu l ar s , the  di sa bl ed  c an b e
helped.

The C entr a l C ou nc i l  e mp lo y s  a  c ons ul ta nt a rc hi t ec t
who  s pe ci a l izes  i n de s i gning and bu il di ng for  t he  d is ab le d.
Ev e n i n his  pr i va t e  p ra c ti c e  he  a nd his  pa r tne rs  do  no t hi ng
e l s e . Hi s  ad vi ce  i s  giv en f re e  t o ev eryo ne  a s  we pa y hi m
a r e ta i ning fe e . He ha s  giv en ad vi ce  and hel p to ma ny
lo c al  a ut hor i t y a rc hi te c ts  a nd  pr i v at e  a r c hi t ec t s , ei t he r  b y
wa y  o f  wr it t en l e t t er ,  o r  t he  v e tt i ng or  ame ndi ng o f p la ns
and  dra wings . The fo l lo wi ng is  an e xampl e  o f t he  s e rv ic e
gi v en:

(1) De s i gn of  la yo u t fo r  p e de s t r ia ni s at io n s che me s
so  t ha t  di s a bl e d  d r i ve r s  ha v e a c ce s s  t o  ar e a s

where normal drivers are not allowed.



(2) Pu rp os e -b ui lt  p ub li c  co nv enie nc es .
(3) Bu i l d i ng o f  s po r t s  ca nt e r s  a nd  s wi mmi ng p o o l s .
(4) Ne w s ho p p i ng r e d e ve l o p ment  s c he me s .
(5) Ne w int e gra t e d s c hoo l s .
(6) Ne w to wn d ev el op me nt s -  - the  ne ed s  of  t he

di s a bl e d .
(7) Ad v ent ure  p l a ygrou nds  fo r  the  d i sa b le d .
(8) Ac c e ss  p ro b l e ms  a t p l ac e s  of  e du c a ti o n.
(9) Da y  ce nt e rs  fo r t he  d i s a bl e d .

So me  o f t he  enq u i r i es  ha v e e nt a il e d  o u r a r c hit e c t  and  my -
se l f  v i s i t i ng the  s it e s  fo r  d is c u ss i o n o n t he  v a ri o u s  p ro j ec t s .
The  a d v e r ti s i ng o f  the  s e rv i c e  ha s  r e s ul t e d  i n many  a c c e s s
pro b l ems  b ei ng s ol v e d  a l l  ov e r  t he  c o unt ry .

Ma ny  orga ni sa t i o ns  t hro ugho u t  t he  c ou nt ry , b o t h
s t a t u to ry  and  v ol u nt ary ,  ha v e  av a i l ed  t hems e l ve s  o f o u r
co mp rehens iv e  gui d e -  mak i ng i ns t ruc ti o ns . To  da t e  ne ar l y
10 0  gu id e s  hav e  b e e n p ro d uc e d o n t owns  a s  f a r a pa r t a s
Ab erd ee n i n S c ot l and  a nd P ly mo u th in So u thwes t  Engl a nd .
At  p re s e nt  a no t he r  4 0  a r e  u nd e r  c o ns t ru c t i o n. T he r e  i s
no  ne e d fo r  me  t o  emp ha s is e  ho w t he s e  gu i d e s  he l p  a  d i s -
ab l e d  p e r s o n wi t h his  a c c e s s  p ro b l e ms .

We  hav e  j us t  c omp le te d  a  G u id e t o Pu b li c  C onve -
ni e nc es  i n Engl a nd a nd  Wa l e s . We  wro t e  to  7 0 0 lo ca l
au t ho ri t i e s  fo r  p a r t ic u l a r s  o f  fa c i l i t i e s  a v a i la b l e . T he
da ta  su pp l ie d was  s u ff i c i ent  for  a  gu i de .

A s ho r t whi l e  a go  we  co mp le t ed  a  G ui d e o n e ve ry
Uni ve r s it y  a nd  P o ly t e chni c  C ol l e ge  in t he  co u ntry . T hi s
sho ws  wha t  f a c ul t y b u il d ings  a r e  a c ce s s ib l e  t o  whee l c ha i r
and  a mb ul a nt d is a b le d .

We  ha v e j us t  c o mp l et e d a  G u id e  t o  t he  Lond on Und er -
gro u nd  Sy s t e m. This  is  inv al u ab l e  t o t he  di s ab l ed  as  the
fa c i li t i es  o f e v ery  s ta t i on a re  s ho wn.

La s t  mo nt h we  wrot e  t o  mo re  t ha n 2 0 0  r a i l wa y  s t a -
ti o n mana ge r s  a s k i ng t he m t o  f il l  i n a  q u e s t i o nnai r e  o n
fa c il i t i e s  a va i la b le . T he  r e p l i e s  r e c e i v e d  a r e  e nc o u ra gi ng,
and  t he  d at a  a r e  s uf f ic i ent  t o  p rod u ce  a  G ui d e t o Bri t is h
Ra i l  i n t he  ne a r  fu t u re .

We  p ub l is h a  b oo k e ac h ye a r enti t le d " Ho li da y s  fo r
the  P hy s i c a ll y  Hand i c a pp e d . " Thi s  gi v es  p a r t i cu l a r s  o f
ho t e l s ,  gu e s t  ho us e s  a nd  ho l id a y  ca mp s  ab l e  to  c a t er  fo r
the  di s a bl e d . It  i s  ke p t up  t o  d at e  b y one o f ou r s ta ff , a
phy s i o t he ra p i s t ,  d ri v i ng a rou nd  t he  co u nt ry  for  mo s t  o f
t he  y e a r  v e t t i ng s u c h e s t a b l i s hme nt s . The b oo k a ls o c on-
ta i ns  s i mi l a r  i nforma t i o n o n 1 5  Eu ro p e a n c o u nt r i e s .

Ea c h y ea r  d u r ing t he  f i r s t  we e k  i n O c t o b er  we  o rga ni s e
a  "Help  the  D isa ble d Week  ", and  t he  s u bj e c t l a s t  ye a r  wa s
" A c c e s s  fo r  t he  D i s a b l e d . " Info rma t i o n k i t s  we re  s ent  t o
ou r 4 00  af fi l ia t es . The se  k it s  co nt ai ne d i nfo rmat i o n o n t he
i nt e rn a t i o n a l  a c c e s s  s y mb o l ,  t h e  mi n i mu m c r i t e r i a  n e c e s -
sa ry  t o  di s p la y  the  s ymb o l,  a nd  i ns t ruc t i o ns  o n ho w t o  gi v e
the s ymb ol  as  wi d e p ub l ic i ty  as  po s s i b le . T he s e  i ns t ru c -
ti o ns  i nc lu d e d  a  s p ec i men d raf t  o f a  l e t t e r t o  the  p re s s ,
and the  way  to  o rga ni s e  su rve ys  o f  a ll  ty pe s  o f p ub li c
bu i l d ings . The  p re ss  a nd  pu b l i c i ty  me d i a  we re  info rme d
of  the se  su rve y s ,  and  t he  c o-  op e ra t io n o f  t he  e di t or s  o f  t he
pa r t i c ul a r  l oc a l  p ap e r s  wa s  o b ta i ne d . Thi s  me a nt t ha t  o u r
af fi l i a te s  had  a  b l it z o n 40 0 t owns . All  b ui ld ings  whi ch
ca me  u p  to  t he  r e qu i r e d  s t and a rd  we re  gi v e n an a c c e s s
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symbo l to  di sp la y. The  p u bl i c i t y  a r is i ng fro m t his  we e k
snowb al l ed , a nd  du ri ng t he  fo ll o wi ng mo nths  I r e ce i ve d

do ze ns  o f l e t te r s  f ro m s t a tu t o ry b o di e s  and  pr i v a te  e nt e r -
p r i s e , as k ing fo r  pa r t ic u l ar s  of  wha t  wa s  ne c e ss a ry t o
ma k e t hei r  b u i ld i ngs  ac c es s i bl e .

The to pi c  thi s  ye ar  i s  to  be  " Empl oy  t he  Di sa bl ed "
and the  sa me  s or t o f pu bl ic it y bl it z  wil l  ta ke  p la ce .

Be s i d es  ma inta i ni ng a  c lo se  li a i s on wi th l o ca l
go v e rnme nt d i re c t o rs  o f s o c ia l  s erv i ce s ,  we  hav e  a  go o d
li a i s o n wi t h c ent r a l  go v e rnment  mi ni s t r i e s . T he re  a r e
thre e  mi ni s t r ie s  we  de a l  wit h r e gul a r l y : De pa r tment  o f
the  Env i ro nme nt ,  D e p a rt me nt  o f  Emp l o y me nt  and  D e p a r t -
ment o f Hea lth & Soc ia l S ecu rit y. We  ha v e a  go od  ra p -
po r t  wi t h t he  t o p  p e rmane nt c i v il  s erv a nts  o f t he se  mini s -
t r i e s , and  whe n the  o cc a s i on a r is e s  the  mini s t er  hi ms e l f
ne v e r  r e fu s e s  t o  me e t  u s .

Na tu ra ll y a  go ve rnment ca nnot  d ea l  wit h indi vi du al s
- -i t  ha sn' t  t he  ti me - -b ut  i t  wil l  de al  wit h a  nat io na l or -
ga ni s at io n s u ch a s  t he  Ce ntr a l  Co unc il .

Al l i nfo rmat i on we  re ce i ve  we  pa ss  on in ou r mont hl y
bu ll e t in. The  b u ll e ti n, whi c h a ve rage s  t we l ve  to  s i xte e n
pa ge s ,  c o nt a i ns  i nt er e s ti ng info rma t i o n p e rt a i ning t o t he
di s ab l e d,  t ak e n f ro m l o ca l  pa p e rs  a ll  o ve r  the  co u ntry ,
info rma t i o n r e c e iv e d  d ir e c t  f ro m the  v ar i o u s  go v e rnme nt
de p a r t me nt s ,  and  l e gal  a nd  Pa r l i a me nt a ry  ne ws  s up p l i e d
by  o u r  own Le gal  &  P a rl i a me nta ry  C o mmi t t e e . The
bul le ti n ha s  a  pu bl ic at io n of  1 ,1 00  c op ie s . Thi s  ma y  no t
so und li ke  muc h,  b ut  4 00  o f thes e  co pi es  go to  o ur  a ff il i-
a t es  who in tu rn gi ve  t he  informa ti o n to  thou sa nds  o f  d is -
abled  peo ple . Anot he r 40 0  go to  s ma l l grou ps  o f  d is ab le d
peo pl e . The ed i to rs  of  6 0 magazi ne s  o n di sa b il i t y  a ls o
re c ei v e  c o pi e s , a nd nat u ral l y t hey  s pre ad  t he  ne ws  f a r
and  wid e.

Ou r  Lega l  &  P a r l i ame nt a ry  C o mmi t t e e  c o ns i s t s  o f
sp e ci a li s ts  i n c er t a i n as p ec t s  o f d i sa b le ment . T he  C o m-
mi t te e  wo rke d  ve ry c l os e ly  wit h t he  Me mb e r  o f  P a r li a me nt
who se  Pr i v at e  Me mb e rs  Bil l  be c ame  t he  C hro nic a l ly  Si c k
& Di s ab l ed  P e rs o ns '  A ct . Du r i ng t he  p er i o d o f  p re pa ra -
ti on a n ad  ho c co mmit t ee  was  s e t  up  c ons i s t i ng o f the
Le ga l  &  P a rl i a me nt a ry  C o mmi t t e e ,  o ne  o r  t wo  i nt e r e s t e d
sp e ci a li s ts  o ut s id e  o f  t he  C o mmi tt e e ,  a nd  Me mbe rs  o f
the  Ho us e  o f Co mmo ns  a nd the  Hou se  o f  Lords . Fo r  a
pe ri od  t hi s  ad  hoc  co mmit te e  me t we ek l y in t he  Hou se  o f
Co mmo ns  o n t he  da y  p r io r  t o  t he  c ommit t ee  s t a ge  of  the
Bi l l ,  a nd  whe n the  c ommi t t ee  s t age  was  c o mp l e t ed ,  a t
int e rva l s  pr i o r  t o  t he  r e po r t  s ta ge  and  t he  t hird  r ea d i ng
in t he  Hou se  of  Co mmo ns  and i ts  pa ss a ge  thro u gh the
Ho us e  o f Lords . The  s e c re t a ry o f  t he  Le gal  &  P a r l i a -
me nt ary  Co mmit t e e  a t t end s  P a r li a me nt  o n a ny d a y t he
programme c ont ai ns  any thi ng af f ec t ing t he  di s ab l ed . She
re ce i ve s  a  c op y  e ve ry da y  o f " Ha ns a rd  " ,  whi c h is  a  ve rba -
ti m r e p or t  o f  ev e ry t hi ng s a i d  i n P a r li a me nt . A l l  r e p o r t s
of  i nt er es t to  the  di sa bl ed  a r e  extr ac te d and  p ub li shed  i n
ou r bu ll e t in. Thus  t he  d is ab le d ar e  ful ly  a wa re  o f what  i s
be ing do ne  o n thei r be ha lf . The re  i s  a n A l l  P a r t y  C o m-
mi tt ee  on D i sa bl eme nt  i n t he  Ho us e o f Co mmo ns . Thi s  i s
non - politica l, co mp r i s i ng me mb e r s  o f go v e rnme nt  a nd  t he
oppo s it ion in eq u a l  nu mb e r s . Thi s  i s  i d e a l ,  a s  u nd e r  c o n-
di t io ns  s u ch as  thi s , p ol i t i c i ans  b e co me  hu ma n. O u r
Le ga l  &  P a rl i a me nt a ry C o mmi t t e e  me e t s  wi t h t hi s  c o m-
mi t te e  a  nu mbe r  o f  t i me s  a  ye a r whi c h e na b le s  i t  t o put
forwa rd any p oi nts  i t  f ee ls  wo uld  help  t he  di sab le d.



To  s ho w the c l os e  li a i so n we ha ve  wit h the  ce nt ra l
go ve rnment , I giv e  t he  fo ll o wi ng examp le : So me  mo nt hs
ago  one  o f t he  me mb er s  o f t he  P a r li a me nt a ry  A l l  Pa r t y
Co mmi t t ee  r e a d  a n a r t ic l e  i n the  p re ss  c r i t ic i s i ng c e r t a i n
ci nema s  i n t he i r  a t t i t ud e  t o  whe el c ha i r p at rons . He  c o n-
ta c te d  the  C i nema to grap h Exhib i to r s '  A ss o c ia t io n,  a nd
su gge s te d  a  mee t ing. Thi s  wa s  a gre e d  t o ,  a s  t he y  we re
av e rs e  to  p ub l i c  c r it i c is m. My  D ire c to r  and  I me t s e ni o r
exe cu t iv e s  o f C EA  a nd  two  me mb e rs  of  t he  Pa r li a me nta ry
Co mmit t ee  i n t he  Ho us e o f Co mmo ns . Thi s  l e d t o  fu r the r
me et ings  b et we en the  Ce nt ra l Co unc il  a nd  t he  C EA . T he
fi na l re su lt  i s  that  t he  C EA  wil l  be  s endi ng u s  a  draf t
Co de  o f Pra ct ic e  fo r  v et ti ng. Onc e  we a gre e  t o  i t ,  t he
Cod e wil l  go  to  t he  Ge ne ra l C ommit te e  of the  CEA  for
ra ti fi ca ti on. Once  ra ti f ie d,  the  C od e o f Pra ct ic e  wil l  b e
pu b li s he d  i n t he  C EA ' s  news le t te r  t o  ma na ger s  o f  e v ery
ci ne ma i n t he  c o unt ry . Thi s will s t a b i l i s e  ma t t e r s , and
ea se  the  a cc es s  p ro b le ms of  the  d is ab l ed .

The  s a me s o rt  o f l i a i s o n o cc u r s  wi th l oc a l  go v ern-
me nt . A s ho r t  whi le  a go  my  D ire c to r  and  I met  t he  p la n-
ni ng c ommi t te e  of  t he  As so ci a t io n o f Mu ni ci p al  C orpo ra -
ti ons . This  As soc ia t ion is  the  e xecu tiv e  b ody  of  a l l  t own
co unci ls . We  d i sc us s ed  t he  ogre  of  pe de s tr ia nis at i on,
empha s i s ing t hat  a l t ho u gh pe d es t ri a ni s at i on sc heme s  hel p
to  imp ro v e t he  env iro nme nt  o f c it y  c e nt r es ,  t he  nee d s  o f
sev erel y di sa bl ed  p eo pl e  mu s t  b e  ta ke n into  c ons i de ra ti on
if  t he y a re  t o ta k e pa rt  in t he  c o mp le te  li fe  o f t he  c om-
mu ni ty . Ma ny  d i sa bl ed  pe rs ons , be c au se  o f  l ac k o f mo -
bi l it y , a re  de p e nd e nt  up o n p r iv a te  tr a ns p o rt  whe the r a s
a  d is a bl e d  d r iv e r o r  d i sa b le d  pa s se nge r . We  s ta te d ou r
req ui re me nt s  and poi nt ed  o ut  t ha t i t  is  p os s i bl e  wi th
so und pl anni ng t o a ll ow d is ab le d dr iv e rs  a nd  p as se nger s
ac ce s s  t o p re ci nct s  t hat  e xcl u de  ot he r  t r af f ic . Thi s  wa s
ac ce p te d , a nd  r e su l te d  i n a  c i rc u la r b ei ng s ent t o t own
co unci ls  thro ugho u t the  c ou nt ry , a sk ing t he m to  t a ke  hee d
of the  ne ed s  of  t he  d is ab le d whe n pl anni ng fut ure  sc he me s .

De al i ng wi t h a cc e ss  pro bl ems  a nd t ry i ng to  ens ure
that  t he  di s ab le d  l ea d  a  r e as ona bl y norma l  l if e  i s  a n on-
goi ng thing. The re  has  t o be  co nt inuo us  li a i so n wi th
ce ntr a l a nd  lo c a l gov e rnment , regul ar pu bli c i ty of  what
is  be ing do ne and what  shou ld  b e  done,  a  goo d i nforma ti on
se rvi c e  t o e du c at e  o rga nis a t io ns ,  bo t h gov e rnment  a nd
pr i va t e ,  on de s ign cr i te r ia  and  what  i s  a va i la b le  fo r  t he
dis ab led , a l so to  l e t  the  i nd iv idu al  d isa bl ed pe rs on know
what  he  i s  e nt i t l ed  to , wha t  hel p  i s  a va il a bl e ,  where  he
goe s  to  get  hel p o r eq ui pment, and  wha t le gis la ti on has
be en p a ss ed  to  hel p  him. Thro u gh o u r li a is on wi th, and
lo b by i ng,  of  gov e rnme nt  d ep a rt me nt s ,  v a ri o u s  p ie c e s  o f
le gi s la ti o n ha v e be e n pa s se d,  and r es ul t ed  i n o ur  be ing
ab le  t o p ub li sh c i rc ul ar s  i nformi ng the  d is ab le d o f thei r
ent i t l e ment .

To  k e ep  up  t he  p re ss u re  in p u bl i c i ty ,  a nd ens ure
that  thi ngs  a re  be ing d o ne , we hav e r egu la r c ont ac t wit h
ou r a ff il i a t e  o rgani sa ti o ns . So me ti me s  we  fe e l  t he re  i s
so me t hi ng t ha t nee d s  d oi ng in the ir  a r ea ,  a nd the y wit h
their  loc al k nowle dge are  equip ped to d o it  - -s o we  en-
co urage  t he m t o t ak e t he  ne ce ss a ry  a c ti on. On o t her  o c -
cas io ns  t he  a ffil ia te s  fe el t hey need our help  - - they  may
wi sh u s  t o ap proa c h thei r l oc al  a ut hor it y on a  ce rt a i n
su bj ec t , or  t hey  ma y think  a  p ro b le m i s  to o b ig for  lo ca l
au thor i ty  t o d ea l wit h,  a nd one o f the  c entr a l go ve rnment
de pa rt me nt s  shou ld  b e  co nt ac te d. This  two -way action
hel ps  t o ke ep  things  mov ing.
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Ea r li e r  I ment i one d  o u r  T ra ve l l ing Ai d s  Exhib i t io n.
Whi le  thi s  i s  no t b as i ca l ly  a cc e ss ,  t he  a id s  exhib i te d  a r e
ai d s  t o  l i v ing, a nd ma ke  a  d i sa b l ed  pe r s on more  mo b il e ,
and I fe el  t he re  i s  a  c l os e  af fi ni ty  b et we en a cc es s  and
mo bi li ty . Thi s  e xhi bi t io n i s  o n t he  roa d  f rom Ap r il  1s t
to  O ct ob er  1 s t . Any  l o ca l  au t ho r it y  or  vo l unt a ry  organi -
sa ti on may  b oo k i t  fo r one we ek  fr ee  o f charge . T he
orga ni s at io n b oo ki ng it  i s  r es po ns i bl e  fo r  p ro vi d ing a
su i ta b l e  hal l ,  f o r a r ra ngi ng p u bl i c it y , and  fo r  s e ndi ng
ou t i nv i ta t io ns  t o l oc a l d oc t or s , nur s es , so c i a l  wo rk e r s ,
vo l unt ary  o rga nis a ti o ns ,  ho s pi t a l  s t a ff ,  a nd d is a bl e d
pe op l e  a nd  the ir  fa mil i es . Ou r  c hi ef  a i m is  to wa rd  a
profe ss i ona l a ud i enc e,  as  one o cc u pa t io nal  the ra p is t  o r
so ci a l work er  ca n o f c ou r se  pa s s  o n the  i nfo rma t io n t o
many d is abl ed pe opl e . It  i s  e s s e nt i a l  t ha t  t he s e  p ro -
fe ss i onal s  a re  ma de  aware  o f  t he  a i ds  and e qu ip ment
ava il ab le  t o increa se  t he  mob il it y of  t he  d is ab le d. T hi s
exhi b it io n i s  i nformal , vi s i t o r s  wa nd e ri ng a rou nd  e x-
amini ng t he  a id s  a nd  d i sc u ss ing p o ints  wi th ou r  o cc u pa -
ti o na l  the rap i s t  i n c ha rge . Fi rms  are  o nl y t oo  pl e as e d
to  l end it ems  fo r exhi bi ti on a s  i t  i s  go od  f re e  pu bl ic it y.

I me nt i o ne d  ea r l i er  o n t hat  e ve n i n ho us i ng,  a cc e s s
pro b l e ms o c c u r . Ou r  Ho u s i ng D e pa r tme nt get s  ma ny
app li cat io ns  fo r p urpos e -bu il t  hou s ing or ad apt at ions  to
the i r  exi s t i ng p ro pe r t y , to ena bl e  t hem t o l ead  a  li fe  of
l e s s  s t r e s s  a nd  s t r a i n. So me t ime s  we c an ge t  l o ca l
au t ho r it i es  to  he l p,  bu t  o nl y i n a  mi no r it y  o f  c a se s , a s
mo st  au tho ri ti e s  hav e hou s i ng wai ti ng li s ts . We  ha v e a
go od  r a pp or t  wit h hou s i ng so c ie ti e s  and hou s i ng as s oc ia -
ti o ns  a l l  o v er  the  c o unt ry -  -t here  a r e  hund re d s  o f t he m.
The y are  non -  p rof it  o rgani sa ti ons  s up pl ying fl a t s , ho us es
and bu ngal ows  on a  c os t re nt  o r co - owne rs hi p ba s i s .
When they  bu il d  new prop e rt i es  t hey  b u il d a  c er t a i n p er -
centa ge  su it ab le  fo r the  dis ab le d. When t he y ta ke  o ve r
ol d , l a rge  to wnho u se s  and  c o nve r t  t hem i nt o  fl a ts ,  the y
ende av o ur  t o l e t  u s  hav e gro und fl o or  f la t s  fo r t he  d is -
ab le d.

Unde r the  Chro ni ca ll y Si ck  &  D is ab le d Pe rs ons '
Ac t i t  i s  ma nda t ory for  a  l oc al  au t ho ri t y t o ca r ry  ou t
ada pt at io ns  to  a  p rop er ty  o ccu pi ed  b y a  d is ab led  p er so n.
This  ap p li es  to  owne r  o c cu pi e d p ro pe r ty ,  a s  wel l  a s
cou nc il  o wned  p ro pe rt y.

I re a li s e  tha t t he  go ve rnment  s e t -u p  i n A me r ic a
is  t ot a l ly  d if fe re nt  to  t ha t in Bri ta in. Yo ur  f ed e ra l and
s t a t e  s ys t em is  go ing t o c al l  f or  a  di f fe re nt a pp ro a ch.
In a ny ca s e ,  y o ur  c o untry  i s  s o la rge  i t  wou l d no t  b e
pos s i bl e  fo r an a uthor it y in Was hi ngt on t o ha ve  c lo se
li a i s on wi t h s ma l l o rga ni sa t io ns  f ar  and  wi de , as  we
ha v e i n Bri t a i n. Ho we v e r ,  t ha t  d o e sn' t  me a n e a c h i n-
di vi du a l s t a te  c a nnot  orga nis e  s ervi c es  fo r the  d is a bl ed .
Yo u ha v e ma ny la rge  a nd po wer fu l  v ol u nt ary  o rga ni sa -
ti ons  fo r  t he  d i sa bl ed . The se  o rga ni s a ti o ns  hav e  t he
kno wl e dge  a nd e xp e rt i se  on de s ign c r it e ri a  fo r t he  di s -
ab le d. I am ce r ta in it  wo ul d  b e  p o ss ib l e  for  s u ch or -
ganis ati ons  exi s t ing i n Kentu ck y t o de vel op  c l os e  lia is on
wi th the  d e pa rt ment s  o f e nv iro nme nt  and  e mp l oy ment  i n
the  s ta t e  gov e rnment,  ju s t a s  we hav e d one  wi th ou r
ce nt ra l  go v e rnme nt  i n Lo nd o n. I a pp rec ia te  yo u hav e no
le gi s l a t io n a t  t he  mome nt c o mp a rab l e  wi t h o u r C hro ni -
cal ly  S ic k & Di sa ble d Pe rs ons '  A ct , but  c oo rd inat io n of
the  po wer fu l  v ol u nt ary  o rga ni sa t io ns ,  goo d  p ub l ic it y , and
lo bb yi ng o f  t he  s ta te  go ve rnme nt  shou ld  hav e  t re me nd ou s
re s u l t s .



Yo u  i n Ke nt uc k y a re  a  me mbe r  s t a t e  o f a  po we rfu l e a s e . Any one wi th t ha t amou nt  o f dr iv e  and init ia ti ve
co u ntry  tha t  p u t s  me n o n t he  mo o n wi th t he  e ss e nce  o f shou ld  ta ke  the  p ro bl e ms  o f  a cc es s  for  the  d is ab l ed  i n

t he i r  s t r i d e ,
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APPLICATION OF ELECTRONIC PROSTHESES IN REHABILITATION

AND EDUCATION OF MULTIPLY HANDICAPPED CHILDREN

by
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Department of Physiology and Biophysics /Regional Primate Research Center

University of Washington Medical School
Seattle, Washington
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A fundamental distinction should be recognized
between electronic prostheses which are intended to
substitute for lost or impaired exteroceptive sen-
sory function (e.g., laser cane, ultrasonic
"glasses ", Opticon) and those which are used as
assistive or training devices to promote rehabili-
tation of individuals with central nervous system
dysfunction. Dealing with the postural and mobility
problems of cerebral palsied children requires a
bioengineering program directed towards development
of the latter, which we feel presents a significant
challenge to applied neurophysiological theory and
electronics technology. We are currently working
with a public school district Special Education fa-
cility, as a major portion of the Program for the
Physically Handicapped, attempting to develop
training devices and accessories to meet the full
spectrum of rehabilitation and educational needs of
cerebral palsied children.

By the end of the second year of our program
(1972 -73) we will have finished training devices or
systems for: 1) teaching head control and stabil-
ity; 2) teaching limb position control; 3) pre -
speech breath and speech articulation training; 4)
visual perceptual and sound - symbol association
training; 5) gait pattern and foot alignment
training; 6) positioning arm and head to enable
self- feeding; 7) teaching expressive language
through printed communication; and 8) preventing
drooling and training tongue movements for speech.
All of these devices emphasize improvement of
sensory feedback as their primary functional charac-
teristic (1). To date, extensive data has been
collected to document the effectiveness of the first
four devices; the others were finished too late in
the school year to permit full evaluation and /or in-
sufficient school personnel were available to use
them in therapy on a routine basis. In the follow-
ing sections, each device or system will be
described, the way in which-it was or will be em-
ployed in therapeutic activities will be discussed,

and the data analyzed at this time will be presented
to permit evaluation of the benefits accruing to
users. (At the Conference, slides were shown of
each of these devices or systems and movies were
shown of children engaged in therapeutic activities
utilizing them.)

1) Head Control System (HCS)

This system is essentially the same ag de-
scribed in the Proceedings of the 1972 Conference,
with two additions (2): 1) A DC oscilloscope has
been added to the system for visual feedback of head
position. Vertical deflection of the beam corre-
sponds to front -back movements of the head, and
horizontal deflection to side -side movements of the
head; in treatment, the child attempts to keep the
beam within a circular target at the center of the
screen. 2) A three - channel MFE stripchart recorder
has been used to provide permanent records of head
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movement by monitoring the transducer outputs. The
latter permits far more objective determination of
the efficacy of the Head Control System than did
cinematography, although filming is still carried
out at regular intervals so that educators can view
the child as well as stripchart records, graphs, and
numbers representing his performance.

Ten cerebral palsied children, ranging from 7
to 16 years old, were treated with the Head Control
System during the 1972 -73 school year. The treat-
ments were one -half hour in length, and the number
of treatments per child ranged from 19 to 77. The
children practiced therapeutic activities (bringing
the head back to the neutral position after a delib-
erate offset by the therapist; moving the head away
from the neutral position themselves and returning
to it; and, attempting to hold the head at the neu-
tral position as long as they could) for the first
25 minutes of each session, and then the last 5 min-
utes of activity were recorded for data collection.
In order to vary the task and prevent boredom in the
early training stages, the children sometimes worked
with auditory feedback and at other times with
visual feedback. When a given child had developed
the ability to stabilize the head for at least 20
seconds, he was placed on the movie projector rein-
forcement system for subsequent training. Here, he
was motivated to stabilize his head by making his
viewing an interesting movie contingent upon his
keeping his head within adjustable limits of tilt.
At first, the child controlled the projector with a
single channel of movement; as he gained profi-
ciency, both channels were used simultaneously to
control the projector actuation. Provision was made
for progressively shaping finer and finer control of
head movements in that as the child's skills im-
proved through training, the tilt tolerance for the
projector actuator was decreased by 5 degrees (2.5
degrees in each direction) for every change in sen-
sitivity setting.

Results (HCS)

Data was analyzed in three different forms: 1)
"eyeball" comparison of stripchart recordings was

made at various times during the treatment period;
2) "duration histograms" were constructed to depict
the relative number of occurrences of intervals of
stability of various length during a particular
treatment period and these were compared on a weekly
basis to assess short -term improvement; and 3) bar
graphs were constructed to depict the percentage of
the total recording time during which the head was
held stable, on a daily basis, for the entire period
of treatment. Figures 1 -3 provide samples of each
of these.

In Figure 1, the baseline record (A) shows in-
cessant, high amplitude (90 degrees) and rapid (4
cycles per second) movements of the head, both
front -to -back and side -to -side. Control is slightly
better in the FB direction than in the SS; the
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FIGURE 1A-D. Stripchart recordings for head control system.

longest period of simultaneous stability in both
channels is one second. After one month of treat-
ment (B), the improvement is striking. There are
extended stretches of stability in each channel, and
two periods of simultaneous stability approximately
10 seconds long. In a 55 second period, the head
makes large -scale movements only twice. After a
second month of treatment (C) the child is able to
hold his head within 5 degrees to either side of the

34

;moo

neutral position in both channels for the entire
period shown, except for a few seconds. The 20
second stretch of perfect stability at the neutral
position in the FB channel is particularly striking.

Record D is for another child with far more
severe movement problems, and represents movement in
the SS plane only. Initially, the child could not
hold his head still for even one second. His head
was held upright by a restraint attached to his
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FIGURE 2A -C. Duration histograms summarizing first
three weeks' progress for child using
head control system.

chair throughout the day, and our goal was to teach
him sufficient control to free him from dependence
upon this support. It was necessary to work with
each plane of tilt separately in this case. The
child had virtually no head control without the
device; with it he had learned to hold his head
steady at the neutral position for a 12 second
interval after one month's treatment.

Figure 2A -C consists of "duration histograms"
representing the first three weeks of treatment for
one of the children. The graphs show the number of
times which the child was able to hold his head
steady for intervals of various lengths; at this
stage of treatment, the FB and SS channels are con-
sidered separately. Each graph represents fifteen
minutes of recording (five minutes at the end of
each of three days of treatment per week). There is
a clear progression towards longer periods of sta-
bility from week to week; control of the FB channel
is better than that of the SS channel, which is
typical of all of the youngsters involved in this

program.
Figure 2D shows the percentage of recording

time during which the child is able to first keep
her head within 20 degrees of neutral and then to
keep the projector running, with both channels si-
multaneously governing the projector controller, on
a daily basis for several months of treatment. The
arrowheads at the top of the graph indicate points
at which a change in the procedure took place; the
first change was the introduction of the movie pro-
jector reinforcement system, and subsequently
changes were made in the tilt tolerance setting on
the projector controller. Learning is taking place
in each phase of the treatment. There is an initial
increase to 83% stability time with auditory feed-
back only, then a drop as the task is changed with
the addition of the projector and eventual recovery
to higher levels of performance, then subsequent
drops and recoveries each time the sensitivity set-
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FIGURE 2D. Summary graph showing percentage of
recording time during which child
maintains proper and stable head
position.

ting is changed. At the end of the period under
consideration, the child is able to keep the projec-
tor running for 75 -80% of the time with a tilt
tolerance of 15 degrees from the neutral position in
both directions.

2) Limb Position Monitor (LPM)

The Limb Position Monitor and the treatment
procedure utilizing it are also the same as were re-
ported at the 1972 Conference. As an addition,



stripchart recordings of movements at the elbow were
made during the current school year to document the
effectiveness of this device; this was accomplished
by monitoring the transducer output. Also, a new
"tracking" version of the Limb Position Monitor
(designated LPM -T) was developed and put into use
for an advanced level of limb control training. The
LPM -T employs two servomotors driving concentric
shafts, one actuated by a function generator and the
other by input from the joint position transducer.
The function generator is used -to move a "target"
over various ranges of motion, at various speeds,
and in different modes (sine wave, square wave,
etc.). The child moves his arm in such a manner as
to keep the pursuit pointer "on target" while the
target moves in a predictable fashion. After having
been trained to hold his elbow joint immobile for at
least 10 seconds, and then practicing moving the
forearm repetitively over various ranges while using
the original version of the LPM, the child graduates
to the LPM -T and from then on works in a more
dynamic situation. (From time to time, he returns
to use of the LPM to determine if the dynamic
training has further improved his static control.)

L P M

>.

s

When the LPM -T is used, the output of the function
generator is displayed on one channel of the strip-
chart recorder and the movement of the joint is
displayed on the adjacent channel for comparison.

Six cerebral palsied children, ranging in age
from 10 to 18, worked with the LPM -T during the
1972 -73 school year. The total number of treat-
ments, again one -half hour's length, ranged from 26
to 39. They practiced tracking the target moved at
various speeds and over various ranges for the first
25 minutes of each treatment period, and then at-
tempted to pursue the target moved over a 135 degree
range at 3 and 6 cycles per minute (sine wave) and 3
cycles' per minute (square wave ) while recording was
carried out.

Results (LPM)

Data was analyzed in two different forms: 1)
"eyeball" comparison of stripchart recordings was
made at various times during the treatment period;
2) the percentage of "good quality " movements was
determined and compared , for each of the modes of
movement , for the initial, middle, and final period
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FIGURE 3. Stripchart recordings for limb position monitor.
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FIGURE 4. Comparison of performance on tracking
version of limb position monitor at
beginning, middle, and end of treat-

ment.

of treatment. While the judgment as to what consti-
tutes a "good quality" movement is admittedly
subjective, the following criteria were used in
making the evaluation: 1) overall shape (symmetry
and amplitude) of the 'movement record; 2) presence
or absence of extraneous reversals in the direction
of movement; 3) presence or absence of tremor; and
4) presence or absence of overshoot. A movement was
considered to be of good quality if its record was
similar to the function generator output tracing in
shape and amplitude, showed no extraneous reversals
in direction of movement, was free of tremor (or
showed reduction in tremor compared to the child's
baseline records) and was free of overshoot (partic-
ularly in the case of the square -wave mode).

Figure 3 illustrates the progress made by a
child using the original LPM device. In A, there
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are large scale oscillations (amplitude 50 degrees,
frequency 2 per second) while the child moves his
arm from one position to another, with an overshoot
before settling down to the new position. However,
the child can hold his arm reasonably steady at each
new position. Note that as treatment continues
within a single session, the tremor is reduced and
stability is improved. In B, the child holds fixed
positions well, with a shorter period of higher fre-
quency oscillation during the transition from one
position to another, but attempts at repetitive
movement between 70 and 110 degrees of elbow flexion
reveal irregularity. Also, tremor increases during
these movements. After five additional treatments,
in C, the tremor is almost gone, holding is good,
and repetitive movements have a uniform, smoother

profile. The child can make fine movements (10 de-



grees at a time) without tremor or overshoot. At
the end of two month's treatment time, in D, the
child has sufficient control to make either large -
or small -scale movements with a minimum of tremor,
can hold any position assumed, and can make repet-
itive movements of almost identical time course and
amplitude. This child is ready to progress to use
of the LPM -T device.

Figure 4 presents a comparison of stripchart
records made using the LPM -T device at three dif-
ferent times during treatment of another child.
Improvement is demonstrated in terms of better
"shape" of individual movements as treatment pro-
gresses, with elimination of extraneous reversals in
the direction of movement and reduction or elimina-
tion of tremor. Note that itisthe faster movements
(6 per minute), which are the best initially and
show the greatest improvement, which is contrary to
the common assumption that rapid movements are the
most difficult for the athetoid cerebral palsied
child to execute. (The fact that slow movements are
the most difficult to control is consistent with the
theory that the control problem is due to de-
sensitized muscle stretch receptors; since the
receptors are normally "tuned" to sense rapid
movement rather than slow movement, when they are
de- sensitized slow movements will be even farther
out of their operating range.)

For all of the children using the LPM -T, the
percentage of "good quality" movements was higher
for 6 per minute tracking than for 3 per minute
tracking, and it was higher for square wave move-
ments at 6 per minute than for sinusoidal movements
at 6 per minute. In the case of four of the chil-
dren, the percentage of "good" movements was higher
during the third period of treatment than in the
first. The smallest gain was from 10 to 12 %, and

the largest from 4 to 337. Obviously, there is
still a lot of room for improvement with additional
training.

3) Multiple Axis Limb and Head Position Monitor
(MAD)

This device is comprised of five independent
position indicators moving along parallel vertical
tracks, each driven by its own servomotor. Each
servomotor receives its input from a potentiometric
movement transducer, and is provided with a poten-
tiometric offset control in addition. The purpose
is to provide the child with visual indicators of
the positions of five body parts simultaneously, and
thus to teach him to achieve and hold coordinated
positions of particular functional significance.
The primary goal is to teach the child the correct
relative positions of the head, elbow, wrist, and
fingers for self- feeding (the majority of CP chil-
dren cannot feed themselves independently because of
their poor coordination, and require the help of an
aide or other personnel during feeding periods; this
increases the cost of providing for them as well as
hampering their self - reliance). In using the
device, the offsets on all five channels will be
adjusted so that when the child succeeds in aligning
all of the indicators at the midpoints of the verti-
cal tracks he will have positioned his head and arm
correctly to enable self- feeding. Alignment of all
indicators at the midpoints of their tracks is the
end -point for all tasks; the offset settings will
determine the postures thus achieved.

The device has been tested using the helmet
from the Head Control System and the elbow and wrist
sensors from the Limb Position Monitor to provide
inputs; however, there is no provision as yet for
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recording from the device. In the final version, an
additional transducer for finger position will be
provided and there will be two timers, one to meas-
ure total treatment time and the other to measure
the time during which all of the indicators have
been held at the midpoints of the five tracks simul-
taneously. In this way, the percentage of the total
treatment time during which a particular position
was held can be determined. And, the coincidence
detector for timing the holding of positions will
also be used to run the movie projector, via the
projector controller built for the Head Control
System, as a reward for holding the correct posi-

tion.
None of the children could be expected to be

able to control all five channels simultaneously
when they begin training with the Multiple Axis
Device. They will practice with each indicator
moving individually (that is, controlling one joint
or one plane of movement of the head at a time) and
then begin adding and combining channels as their
skill improves. Once they have been able to reach
and hold the correct position for feeding for at
least 10 seconds, we will further reinforce their
efforts by placing a spoon in their hand with a
viscous food (such as honey) while they practice
holding the position and eating. Simply being able
to eat by themselves in this way should be the most
powerful reinforcer conceivable for these children;
this would represent a major step towards socializa-
tion for them.

Some preliminary studies which bear on the use
of the MAD were done with the Head Control System
and Limb Position Monitor in combination. Only one
child had progressed enough to try this; the records
in Figure 5 show the preliminary results. The task
was more difficult than the one which would be pre-
sented by the MAD, since using the HCS and LPM
together means the child must simultaneously use
auditory cues for head position and visual cues for
limb position (in fact, he probably time shares -
monitoring head position for a short time, then
switching over to limb position, then back to the
head, etc.). The probability of performance deteri-
oration due to information overload is great here,
until independent control of each body part becomes
automatic. This child has not reached that stage,
but his efforts do result in short intervals of
simultaneous stability of head and limb. At other
times, head movement induces arm movement and an
accidental arm movement leads to a subsequent head
movement. Obviously, a child must learn to move
body parts independently, to coordinate movements of
various parts simultaneously, and to move various
parts in particular sequences. We hope to accom-
plish this in training with the MAD, where the child
can use visual cues for monitoring all body parts of
concern and the indicators are close enough to each
other to permit rapid scanning across them and thus
better time - sharing during the monitoring process.

4) Visual Voice Monitor (VVM)

This device consists of a Tektronix D15 Storage
Oscilloscope, two microphones, and a specially built
plug -in unit which provides amplification and fil-
tering for the microphone inputs. The purpose of
the device is to provide a "voiceprint" or visible
record of the sounds the child emits, and to use
this visible record both to motivate the child to
perform and provide him with feedback about the
results of his attempts at correct sound production.
Depending on the task chosen, the child can use one
microphone to practice pre- speech activities, or the
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FIGURE 5. Stripchart recordings for head control
system and limb position monitor used
simultaneously (approximation of
multiple axis limb and head position
monitor).

therapist can speak into one microphone to set up a
model for the child to match as the child speaks
into the other. Pre- speech activities during the
past year included working to sustain vowel sounds,

working for breath control (increasing the number of
sounds emitted per single expiration), and working
for intensity modulation. Actual speech training
activities included working for correct pronuncia-
tion of vowels and for pronunciation of beginning
and final consonants. The filter settings and sweep
speed were varied to suit the task at hand. The
beginning of the sweep is triggered by hand or by
the voice, depending on whether consonants or vowels
are to be pronounced. Vowels are used for voice
triggering since they yield repeating patterns (con-
sisting of a fundamental frequency with harmonics
superimposed) throughout the trace, while consonants
are higher frequency transients which must be
"caught" in mid -trace rather than used to start the
sweep. A remote "erase" button is provided for the
child or therapist to erase the traces after they
have been studied and /or compared.

Four cerebral palsied children were involved in
this portion of the program. Two of them worked to
sustain vowel pronunciation (both being rather
shallow breathers and initially lacking sufficient
inspiratory capacity to sustain sounds on expira-
tion). In both cases, the use of the VVM
immediately prolonged sound production, adding
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several seconds to the duration obtained using a
stopwatch for timing, as is customary. One of these
children also worked for pronunciation of the final
consonant "d" at the end of short words, and as soon
as the VVM was introduced, the rate of pronunciation
of this sound went from 0 to 100%. The "d" sound
was not well blended with the rest of the word, how-
ever, and the therapist is working on this problem
at present. Another child worked for intensity mod-
ulation. Initially his voice was completely "flat ",
but with the use of the device he is able to vary
loudness considerably. The therapist is currently
teaching him proper speech inflection patterns so
that he can apply his new found ability to modulate
his voice. The fourth child had presented such a
behavioral problem that the therapist had almost
given up hope for establishing rapport. He was fas-
cinated with the VVM, however, and began to look
forward to coming to speech therapy after it was
introduced. The teacher established rapport with
him through the intermediary of the device, and at
this time, therapy is proceeding at an excellent
pace - with the child operating the device almost
exclusively! He has mastered all the switching and
dial- setting operations necessary for "self -
teaching", and the therapist simply establishes
goals for him and helps him interpret the visual
feedback while he practices.



5) Automated Visual Discrimination Apparatus (AVD)

This device is used for visual perceptual
training, and is programmable to administer visual
discrimination tasks ranging from simple (e.g., are
two stimuli same or different) to complex (e.g.,
find two parts out of a choice of four possibilities
which together make up a whole figure matching the
test stimulus). To date, it has been used largely
for a match -to- sample task with four choices being
available to the child. That is, for each discrimi-
nation task, he looks at a test stimulus projected
on a fixed panel at the far left, then scans across
four movable panels to find the single figure which
exactly matches the test item with respect to both
form and orientation. He indicates his choice by
pressing directly on the panel where he sees the
figure, thus activating microswitches which
position -code his response, and if he is correct, he

is paid off with an M&M candy before the next slide
in the sequence is shown. If he is wrong, there is
no reward but the projector does advance to the next
slide. Thus, the system operates on a no- correction
basis.

The system consists of a commercially avail-
able (Lehigh Valley) modified Kodak Carrousel Slide
Projector (the modification being a light- sensitive
"reader" which determines the correct answer for
each slide, which is coded on the slide itself), a
projection box which contains solid -state circuitry
for comparing the coded answers with the child's
responses and has a front panel with five opaque
sub - sections onto which the stimuli are projected,
and an M&M candy dispenser (also Lehigh Valley).

The slide format for problem presentation is
used to provide maximum flexibility of including and
sequencing items according to the needs of individ-
ual students. The discrimination material on the
slides has been prepared by a commercial artist and
follows a sequence of increasing complexity dictated
by the findings of Hubel and Wiesel concerning the
neurophysiological mechanisms of visual perception
(3). The child begins by matching straight line
segments of various lengths and orientations, then
moves on to matching angles of various sizes and
orientations, then deals with curved lines', then
with geometric figures composed of straight and
curved lines, then with single capital letters, then
with lower case letters, then with groups of
letters, then with words, etc.

The projection box is equipped with two count-
ers, one for total responses and the other for
correct responses, to record the child's perform-
ance. In final form, the system will be interfaced
with a teletype which will print out an item -by -item
analysis of each test run (correct or error for each
response, and time to respond) as well as the total

correct.
To date, the system has been used with a group

of 37 learning disability (dyslexic) youngsters and
with 51 primarily physically handicapped children.
Comparison of the performance of these two groups
shows that many of the physically handicapped chil-
dren have visual perceptual problems comparable to
those of the dyslexic group. That is, while one's

attention is first drawn to the obvious motor prob-
lems of the physically handicapped group, use of the
visual discrimination system also calls attention to

their having more subtle perceptual problems. Thus,
these children are multiply handicapped, having
sensory - perceptual problems as well as problems with
posture and movement due to brain damage, and their
educational program should meet both their needs in
both these realms.

Use of the system also provides a method of
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determining the true intellectual potential of chil-
dren who do not communicate well due to speech
problems or who have limited motor response reper-
tories. Several children whose appearance makes
them "look" retarded got perfect scores on their
visual perceptual test runs; this level of visual
perceptual ability is indicative of higher intelli-
gence than had heretofore been established with
standardized IQ tests. When one considers the out-
put limitations placed on these children by poor
speech and lack of motor control, this is not too
surprising. Since the AVD was designed so as to
require only minimum coordination and effort for a
child to "tell" his teacher what and how he sees,
its application may lead to better intelligence
assessments than have been possible with verbal and/

or pencil - and -paper tests used to date.
The test scores obtained using the AVD have

been correlated with the ages of the children, a
process wich may provide another way to diagnose
mental retardation. For most children, performance
is related to age; the older the child, the fewer
the discrimination errors they make. However, there
is a group who are old enough to do better than they
manage to score, even with repeated attempts. Their
insufficiently developed visual perceptual skills
may be indicative of general retardation.

The children enjoy using the AVD and are genu-
inely motivated to do well when using it. After
all, this is a situation where giving correct
answers really does "pay off" and you can get the
answers right even if you cannot hold a pencil.

6) Gait Training Apparatus (GTA)

This device is used to teach the child to con-
tact the floor with both his heel and his toe as he
takes steps, to walk in correct gait patterns
whether unassisted or using aids such as crutches,
and to keep his toes pointed straight ahead rather
than pointed in or out while he walks. Many CP
children walk on their toes and toe in or out due to
muscle imbalance, and this device is intended to
inform them of their errors so that they can correct
them.

The GTA presently consists of a battery - powered
multiple tuned oscillator unit, pressure- sensitive
switches, and headphones for both student and thera-
pist. A switch is placed beneath the heel and toe
of each shoe, and also at the pressure point of any
assistive apparatus (crutch, cane, walker, etc.)
used by the child in ambulation. There are three
switches for each side of the body; closure of each
switch results in production of one of the tones in
a major triad. Activity of one side of the body
generates tones an octave higher than the other.
Thus, in using the device, the child "hears himself
walk ", and he is instructed to generate particular
tonal sequences which correspond to desired gait.
patterns. The therapist monitors the child using
the headphones (and visually as well) while he prac-
tices the desired patterns. The heel- strike, toe -
strike sequence for each foot is of particular
concern. The child can practice this walking in
place as'well as when he is traversing the room. He
can also improve his dynamic balance, one of the
requisites for independent walking, by practicing
shifting his weight from one foot to the other,
shifting weight from heel to toe, etc., while
standing in place.

To date, the GTA has been used with only two
children, and there is no provision for recording
their progress other than filming. Both children
were able to make heel contact with the floor upon
trying the device for the first time, whereas with-



out it they were "toe- walkers ". (Supposedly toe -
walking is due to involuntarily generated extensor
hypertonicity, but clearly the child can voluntarily
override plantar flexion at the ankle resulting from
extensor hypertonicity if he is given a concrete
goal to accomplish - namely, producing the tone cor-
responding to heel contact - and if he can directly
monitor the results of his efforts.)

In the final version, a foot alignment detec-
tion feature will be provided based upon null -point
seeking within an external electrical field, using
auditory feedback, and telemetry will be used to
mark the pattern of foot switch closures on a strip -
chart recorder for quantitative studies.

7) Anti - Drooling Device (ADD)

Most CP children allow their mouths to remain
open constantly, and thus drool rather than swal-
lowing their saliva. This contributes to their
"dull" facial expression and makes them unpleasant
to work with in close- contact situations. The ADD
was developed to teach the CP child to keep his lips
closed, with the anticipation that the saliva will
then be swallowed either voluntarily or due to the
operation of the swallowing reflex which is trig-
gered by the accumulation of fluid in the mouth.

The device consists of a timer unit, a
pressure- sensitive switch, and a reinforcement de-
livery mechanism which can be used either with a
coin dispenser or the projector controller origi-
nally developed for the head control system. In the
initial stage of training, the child is rewarded by
receipt of a token each time he keeps his lips
pressed together for a time exceeding the duration
set on the timer unit. A counter records each
token delivery, and daily records of token receipts
provide the basis for measuring learning. As the
child's ability to control his lips increases, the
duration for which he must maintain switch closure
will be progressively increased to 99 seconds. When
the child can keep his lips closed for this duration,
the reward will be changed to watching movies. In
this mode, the timer setting is reduced to a value
which corresponds to the maximum amount of time

during which he can allow his lips to relax and the
switch to open before the movie will stop. Here,
the number of interruptions during movie watching
will be counted as -an index of progress.

To date, the device has been used with only one
child; he had progressed from a S second to a 10
second best duration lip closure within one week of
training with the device. (At this stage we are
uncertain whether an aspirator will have to be used

along'with this devic2 as saliva accumulates in the
closed mouth, or whether voluntary and /or reflex
swallowing will occur as anticipated. If it does
not, then aspiration of saliva will be used as a
form of mild negative reinforcement if the child
does not swallow within a selected, variable period
of time after fluid buildup begins.)

8) Communications Device (COMM)

The latest addition to our program will be a
communications system, still in development. This
system will incorporate three major components: 1)
an alphanumeric cha ac er di matrix, 2) a
Delray alphanumeric character dis 1a Q, and 3) a
* 7 vne mac ne. The system is intended for use by
children lacking intelligible speech, and also will
allow more accurate assessment of the intellectual
capacity of the speech impaired CP child by circum-
venting his defective verbal output channel
(obviously this bypass will only be temporary, since
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speech training must be provided and printed com -'
munication must not be allowed to substitute totally
for verbal communication unless it is the last
resort).

In operation of COMM, the characters in the
display matrix will be illuminated in a sequential
s_an; the child will operate a switch when a charac-
ter he wishes to select is lit, and that character
will be displayed on the CRO and typed on the tele-
type simultaneously. Each child will be .interfaced
to the machine by switches appropriate for his motor
capacity. In addition to choosing the characters,
the child will also be able to control the scanning
rate. And, after a message is spelled out he will
be able to edit the CRO display so that a final
error -free hard copy can be printed out from the
edited teletype tape.

For maximum speed, the scan will be down the
first column and then across the row which the child
selects with his first switch closure. After each
character selection, the scan will return to the
starting point and begin over. For flexibility, the
position and sequence of characters in the display
will be variable, with changes accomplished through
insertions of differently programmed ROM's into the
circuitry. As a first step, we have separated the
vowels and consonants, the former being presented
first, and we have sequenced the characters ac-
cording to their frequency of occurrence in words
typically used by this particular population of
individuals in the school setting. Numbers and math
operators are presented last, so the children can
use the lower portion of the display for doing math
problems.

For preliminary training while the COMM is
under construction, we have tried a few children

with a device, marketed by Fairchild, which corre-
sponds roughly to the display matrix portion of the
system. They select letters, words, and phrases
using a hand switch which steps a light one unit at
a'time in either vertical or horizontal direction
across the columns and rows. There is no temporary
storage or hard copy; the therapist records the mes-
sage one letter or word at a time. However, the
application of this device is limited to those chil-
dren with sufficient manual dexterity to operate the
hand switch, and that excludes a great many chil-
dren. We intend to provide alternate switching
manipulanda so that this commercially available de-
vice can be used in training for use of the COMM
system or independently of it, since our one proto-
type device cannot possibly serve the needs of all
the speech impaired children in the program. They
will have to take turns in "saying their piece ";
and, we are anticipating some "mind- blowing" state-

ments from children who have never been able to com-
municate their thoughts before.

An incident along this line which illustrates
the hidden intelligence of these children occurred
when our program was demonstrated for the cerebral
palsy unit of a state residential care facility.
While one of the youngsters was trying the head
control system for the first time and, with it,
doing quite well at head stabilization, a staff
member asked about the cost of the device. I stated
the multi - hundred dollar figure and was about to
argue the case for use of such technology in educa-
tion despite the high initial cost. Before I could
do so, another child who was a friend of the fellow
using the head control device began speaking. His
articulation was so poor that I could not understand
him. The message interpreted by one of the thera-
pists familiar with his speech problems was our best
endorsement to date. He said, "It's worth it!"
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Summary. A compact, portable Electronic Typewriter Controller
as beZ n developed to be used in conjunction with a standard IBM
Model 72 electric typewriter. The completed system allows a
severely handicapped child to type using only the simple actions
that he is capable of performing. Three modes of operation per-
mit flexibility in the design of the patient interface unit so
as to best utilize individual abilities.

Introduction

The inability of many severely handicapped
children to communicate effectively with their
teachers makes learning very difficult. Children
suffering from a spasticor paralyzed condition
often find speech impossible, so a system which
allows such a child to type can provide the
necessary feedback between the student and the
teacher.

Several typewriter systems have been developed
for these handicapped people such as POSSUM(1) and
VOTEM (2). At the University of Alberta, two work-
ing models were developed and used by the Glenrose
Provincial Hospital (3,4). Their successful
operation led to a request for a third typewriter.
Rather than duplicate the previous circuitry it
was decided to take advantage of the most up -to-
date electronic products available and develop an
entirely new design.

The physical operation of the Electronic Type-
writer Controller is basically the same as other
previous systems. A simple operation such as moving
an arm; kicking a foot, actuates a switch. The
first part of the switching sequence is translated
into a position on the lightboard. The next move-
ment causes the desired symbol to be typed.

The layout of the display lightboard corres-
ponds identically to a typewriter keyboard. This
results in a reduction in possible typing speed,
when compared to an optimum layout (4,5). However
the advantages of the system are a considerable
reduction in cost and size, and the easy
implementation of another control mode, that is
joy -stick manipulation.

System Description

The overall system consists of a standard IBM
Model 72 electric typewriter and an Electronic
Typewriter Controller. The Controller is made up
of three sub - assemblies; a lightboard monitoring
unit; a control and actuator unit; and an interface
unit. A block diagram and a photograph of the
completed assembly are shown in Fig. 1 and Fig. 2
respectively.

IBM Model 72 Typewriter

Initially the possibility of using an elect-
ronically controlled typewriter such as a Teletype

43

[ E L E C T R O N I C

T Y P E W R I T E R

I CONT ROL L E R

--
Lightboard
Monitoring
Unit

Patient Control and
Interface Actuator Unit
Unit

IBM Model 72
Typewriter

Figure 1 Block Diagram of Electronic Typewriter
Controller

was considered. The Controller would have generated
the required electronic signals. Long delivery
times and high initial cost ruled out this approach.
A standard electric typewriter, on the other hand
requires that the typewriter keys be actuated by a
mechanical movement. Commercially available
solenoids can be modified to perform this task.

The IBM Model 72 typewriter was chosen because
its feature of interchangeable type balls gave it
added flexibility. Using solenoids to activate the
keys, no modifications were necessary to this
machine. Thus by simply detaching the Controller,
the typewriter can be used in its original con-
figuration.

Lightboard Monitoring Unit

Below each symbol, a light emitting diode (LED)
is located on the monitoring unit shown in Fig. 3,
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which indicates both the status of the control and
the symbol ready to be typed. There are fifty -
eigh t l i gh ts , fo r in  add i t i on  to the fo rty -four
typewriter symbols, the display board has positions
to initiate space, shift, lock, carriage return and
back space. Even if the system were to be used for
a different language, only the display board panel
would need to be changed to correspond to that
country's basic typewriter keyboard.

The display unit is situated above the electric
typewriter and the handicapped person can observe
both the typed letters and the l ightboard
simultaneously. The posit ion of the monitoring uni t
can be easily adjusted to individual preferences.
When a LED is on below a specific symbol, the
patient is able to type that character by initiating
the proper switching action.



Contro l and  Ac tua to r U n i t

The co ntro l and ac tua to r  uni t takes the e l e c t -
ro ni c s i gna ls from the pa t i ent co nt ro l led i nte r f ace
uni t  and converts them i n to the desired typ ing
commands. Two power supp l i es , the lo g i c c i r c u i t r y
and the so leno id dr i v e rs fo r the  un i t  a r e loca ted
i n a chassis below the typewr i t e r . The fo rt y -nine
so leno ids are s i t ua ted i n a box above the type-
wr i t e r keyboard. These two par t s , which make up
the co nt ro l and ac tua to r un i t , are ind i ca ted i n the
pho tograph o f Fi g. 2.

Located on the  f ro nt o f  t he lower chassis o f
the un i t  a r e the ON -OFF swi t ch, two mode co ntro l
swit ches , a f i ve po s i t i o n clock speed co ntro l
swi t ch, and connecto r plugs fo r the i nte r f ace un i t .
The two power supp l i es , the lo g i c co ntro l c i r c u i t r y
and the so leno id dr i ve rs each make up a pr i nted
c i r c u i t board which i s ins i de the chassi s. The
fuses and power supply co rd  a re a t the back o f th i s
assembly. Two cables also lead from th i s par t  o f
the co ntro l un i t ; one to the l i ghtbo ard to show the
sta tus o f the co nt ro l uni t  and the second to the
so leno id box.

Inte r f ace U ni t

A grea t deal o f time and e f f o r t  mus t go i nto
the eva luat i o n o f  t he i nd i v i d ua l ca pa b i l i t i es o f
each handicapped typewr i t e r re c i p i en t  t o assure
tha t the best swi t chi ng metho d  wi l l lbe used to
ac t i va te the i n t e r f a c e  un i t . The i n i t i a l i nte r f ace
system was r e l a t i v e l y easy  to co ns truc t as i t  was
designed f o r a pa t i en t  a b le to operate a swit ch
wi th a downward motion o f  one arm.

Operating Modes

The co nt r o l le r has been designed to  opera te
wi th e i t he r  a s i ng le ac t i ng (SA) or a do ub le  act i ng
(DA) switch and fo r e i t he r SCAN or JOY -STICK
operat io n. In the SCAN mode, the i n i t i a l s t a r t i ng
po s i t i o n o f a sequence i s the upper le f t  hand
corner o f the l i ghtb o ard . This i s re f e r red to as
the "home" po s i t i o n. Upon clo s ing  a swi t ch, the
LE D  d i rec t ly below the "home" po s i t i o n l i g h t s up ,
(ca l led the " s t a r t " po s i t i o n) . With a speed
determined by the c lo ck, the co ntro l moves i n
sequence through t h e  f i r s t ve r t i c a l column on the
l e f t hand s i dc  o f the  d i sp lay board. When the
operato r i n i t i a t e s a second clo s i ng of the swi t ch,
the co ntro l s t a r t s moving sequen t i a l ly through the
po s it i ons i n the desi red ho r i zo nta l row. The th i r d
swi t chi ng  ac t i o n causes the co ntro l to stop a t  a
spec i f i c po s i t i o n and a f o ur th clo s i ng o f  t he
swi tch (wi th i n three clo ck peri ods) re su lt s i n a
type pulse being sent to the ind i ca ted so leno id .
Af te r the type pulse , the co ntro l auto mat i ca l ly
re turns to "home" po s i t i o n.

With the excep tion o f the " lo ck" po s i t i o n, only
one LED can be turned on at a time. The LED's i n
the " s t a r t " po s i t i o n and the  o ther four po si t i ons
i n t h e  f i r s t column are no t asso c ia ted  with any
typewr i t e r f unc t i o ns , they act as a buf f e r to al lo w
su f f i c i e n t pa t i ent reac ti o n time between se lec t i o n
o f  a row and se lec t i o n o f a charac te r i n the
adjacent column. The " lo ck" po s i t i o n sh i f t s the
typewr i t e r i nto upper case, and the ty p ew r i t e r  wi l l
remain i n the locked po s i t i o n un t i l a " s h i f t " pulse
i s i n i t i a t e d . The upper LED i n the " lo ck" lo ca t i o n
o f the l i ghtbo ard remains on whi le the typewr i t e r is
i n the upper case po s i t i o n.
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The SCAN mode of th i s machine requi res more
pa t i en t i n i t i a t e d swi t chi ng act io ns than some
o the rs , f o r example the TUFTS I t e r a c t i v e
Communication (6 ) . The advantage o f always s t a r t -
ing  f rom a spec i f i c i n i t i a l po i nt ( "home ") i s tha t
the same time sequence i s requi red to type each
given l e t t e r .

I n the DA mode each change i n a swi t ch' s
po s i t i o n has the same ef f ec t as the momentary
c lo s i ng of a swit ch i n the SA mode. This type o f
operat io n i s des i rab le fo r pa t i ents opera ti ng  a
pressure swi t ch w i th mouth co nt ro l led "suck and
blow" ac t i o n.

I f the operato r does no t i n i t i a t e a swi t chi ng
ac t i o n w hi le the co nt ro l is scanning the f i r s t
co lumn, i t  w i l l co nt inue to  cyc le through th i s
co lumn's lower fo ur po s i t i o ns , o mi t t i ng only "home"
and " s ta r t  " . S i m i l a r l y , i f the co nt ro l i s scanning
a ho r i zo nta l ro w, i t w i l l co nt inue to  c yc le i n tha t
ro w  un t i l a swi t chi ng si gna l i s rece ived . In th i s
way, i f the t y p i s t ' s reac t i o n i s slow i n i t i a l l y , he
can s i m p ly  wa i t  f o r the row or column to recyc le
wi tho ut s t a r t i ng the sequence over agai n.

In the JOY -STICK mode, the  con t ro l pos i t i on i s
moved e i t he r  r i g h t  - l e f t , or up -down. A separate
swit ch i s used to i n i t i a t e a type pulse . The " jo y -
s t i c k" may be e i t he r a conventional a i r c r a f t type
jo y -st ic k fo r an i nd i v i d ua l wi th r e l a t i v e l y  f i ne
co nt ro l o r i t  c o u l d be a quad o f fo ur swit ches f o r
d person wi th less con t ro l . Neither the "home" or
" s t a r t " posi t i ons are used in the JOY -STICK mode.

The clo ck can be se t to give ti m i ng pulses wi th
a per i o d  o f  2 , 1 , 112, 1 /4  o r 1/8 second. In the
SCAN mode, o nl y  t he lo nger periods ar e  f e as i b l e ,
whereas in the JOY -STICK mode the  fas te r times are
sui tab le .

Figure 4 Power Supplies,
co nt ro l lo g i c  and so leno id dr i v e rs o f

co nt ro l and ac tuato r un i t



Co nst ruc t io n

I n add i t i o n to the use o f LED's i n the d i sp lay
pane l, CMOS lo g i c i s used throughout . The two power
sources are a 28 vo l t unregulated supply to dr i ve
the so leno ids and an 8 v o l t supp ly fo r the lo g i c
c i r c u i t r y and LEDs. A l l e l e c t r o n i c components are
lo cated on removable pr i nt ed c i r c u i t board cards
(F i g . 4 ) .

With the l i ght bo ard and the typewr i t e r keyboard
havi ng the same phys i ca l la yo ut , an x -y g r i d co ntro l
can be used to ac tua te bo th a LED and the co r res -
ponding so leno i d . This f ea ture gre a t ly reduces the
number o f so leno i d dr i ve rs requi red and s i m p l i f i es
the i nte rco nnec t i o n wi r i ng . The ne t  r e s u l t i s a
compact un i t t ha t i s re a d i l y po r ta b le .

Conclusion

The present t ype wr i t e r has been designed to
mi ni mize to t a l costs and reduce phys ical s i ze . The
simple s t ruc t ur e and the use o f so l i d s ta te
components re s u l t s i n a h i g h l y  r e l i a b l e system. The
f l e x i b i l i t y o f f ered by the var io us co ntro l modes
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permits a typewr i t e r i nte r f ace un i t to be designed
f o r almost a l l handicapped people.
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Figure 1. The TRANSICON.

out the first line; locking on to it and tracking it even if the

book is somewhat tilted. Depressing the second button enables the

automatic magnification to work, while preventing the head from

advancing to the next line. When this appears correctly on the

Braille tape, one of the LEAD buttons is depressed, locking out

the automatic magnification circuit and allowing the head to advance

down the book, one line at a time. The Braille tape is stored as

it is embossed in a loop of about 3 -4 lines and the reader advances

it at a rate convenient for him by means of a knee - control.

When the head reaches the bottom of the page, the LEAD button is

automatically released and the head returns to the top of the

page. The reader must turn to the next page manually.

,3. Principle of Operation

The reading head projects an image of the line of print on a
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Figure 2. Typical printed lines as they appear on the detector.

64 element detector which is vertical to the line of print and

sweeps along horizontally, as shown in Fig. 2. The 64 detectors

are combined into 32 detector pairs such that if either is black

the combination indicates black. The primary reason for this is

that many features of interest, such as the bar on the letter e

or the neck on the letter m may be extremely thin and require

"thickening" for positive identification. In addition, while it

is generally not necessary to detect a white space between adjacent

characters, the accuracy of reading is improved if this can be

recognized, especially in cases of multiple joining, that is, where

several characters would otherwise appear to be joined together.

By using detectors only 50 microns (2 mils) wide, the joining of

extremely close charactersis reduced.

Two detectors, identified as nos. 3 and 20, are designated to

skim the bottoms and tops of the lower case letters. This is

accomplished by smoothing the difference in their outputs, and
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using this difference to move the carriage up or down. Remembering

that each of these consists of an adjacent pair connected so that

either black indicates taack, it will be seen that in principle,

this difference control is capable of keeping the head aligned

to the print wit'_zin an accuracy of 1/2 detector; e.g. 3�6 of the

height of the lower -case letters.

This operation is predicated on the size of the characters being

exactly as shown. In practice, this is achieved by using the sum

of detectors 3 and 20 to increase or decrease the magnification

until this condition is very closely approximated.

It is apparent that the above alignment criterion is sensitive to

the appearance of ascenders or descenders in the line of print.

However, the vast majority of ascenders and descenders cross

vertically through the zone traversed by detectors 3 and 20, so

that when these detectors are black, so are their lower and upper

neighbors, nos. 2 and 21. When this occurs, we weaken the contri-

bution of the alignment detectors to one -half. This value was

selected as adequate to achieve good alignment, while still allowing

the head to align quickly in the case of gross misalignment. The

dynamic properties of this alignment will be discussed below in

section 5.2.

Since we are required to read books and other documents having

varying widths, it is impractical to set right and left margins

as in the case in other readers. Instead, we determine the line

ends by deciding that the detector has scanned an all -white region

for a predetermined time and using this information to reverse the

direction of the carriage. If no line is present, the head will

reach the edge of the page, where it is reversed by either the limit

switches or by going off the page. In the latter case, the detector

appears to see an all -black region; thereby reversing the carriage.

The scanner thus sees a row of vertically- normalized characters

passing by. For multi -font operation, these must now be horizontally -

normalized (See Fig. 3). The difference between the characters

of many fonts is often the ratio of the horizontal to the vertical

size, e.g., an m, or an n may vary by as much as 40` /a from one

font to another, thereby making 'template' matching techniques

difficult. In the TRANSICON horizontal normalization is achieved

as follows: First, one detector, no. 11, is designated as the

SYNCH detector. The output of the detector is delayed and whenever

there is a change in sign all the detectors in the array are sampled.
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An additional sample is taken when all detectors first see white.

The outputs of the 32 detectors are then combined in certain OR

combinations, so that if any detector is black, the combination is

black. There are 12 such combinations in the TRANSICON and since a

maximum of four samples are used per character, there are a total

of 48 positions stored in the shift register memories.

This synchronous sampling technique results in the loss of valuable

information which may exist between samples. For example, the

break in the serifs of the letter h may be extremely useful to

separate it from b. This type of information is retained by using

latches which can detect whether certain features were ever present

(e.g. if the character was an ascender or a descender), or if certain

features were ever present between two specified samples as in the

h above. This technique has been extended to detect features which

may occur even before the first sample; e.g., if no lower serif has

appeared before the first sample, the character is a t and not

r. In general, this technique is applied to a number of detectors

together, a particularly striking example of which is the detection

of the bar on the letter e. In this case, we look at all of the

detectors between nos. 9 and 15 simultaneously. Only if all of

them are ever white, is it a c. This never occurs in an e.

Finally, we combine the information from shift registers, latches

and the number of the sample to decide which character is being

scanned. Detection is always on the last sample from the SYNCH

detector, or, in a very few cases, on the all white sample. The

reason for this is that, due to the high incidence of joining,

especially in poorly printed books, it is necessary to set all of

the shift registers and latches either at the start of a character

(first black), or when the SYNCH detector goes black.

F i g u r e 3 . H o r i z o n t a l n o r m a l i z a t i o n .
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CLOCK

END SCAN

ODD VIDEO (W)

EVEN VIDEO (W)

RESET ODD

RESET EVEN

ENABLE (E)

D (WHITE)

D (BLACK) r

F i g u r e 4 . D e t e c t o r e l e c t r o n i c s ( s c h e m a t i c ) .

The characters are converted into the six -bit Braille code and

stored in a one - bit -wide buffer memory before being used to emboss

the tape. This is because certain characters may occur faster than

the Brailler can work. The Braille - embossed tape is stored in an

intermediate loop at the machine reading speed; from where it is

removed across the reading area at a speed determined by the reader.

If the reader falls behind by 3 -4 lines, the machine will stop and

wait for him to catch up.

4. Detector Electronics.

Fig. 4 shows the block diagram of the detector electronics. The

detector is a self- scanning linear array of 64 silicon photodiodes,

operating at a clock rate of 68 khz. The output consists of two

video trains; one for the odd numbered detectors and one for the
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Figure 5. X controller.

even ones. These pulses are used to charge integrating capacitors

which are reset after the information is utilized. Since we wish

to combine the information from adjacent pairs in an OR gate, the

voltage on the odd video capacitor is retained until the even video

capacitor is charged. Each of these voltages are compared to the

threshhold voltage and the outputs of the two comparators are then

logically OR -red. The threshold voltage is derived by averaging

the positive and negative peaks from one of the video lines. These

indicate the whiteness of the paper and the blackness of the ink

respectively. Thus, the threshold voltage is automatically set to

507'0 of the way from thev iite to the black, regardless of the actual
values.

5. Controller

5.1 X Controller (Right -Left)

-TV X
5 1E 2vo

Fig. 5 shows the block diggram of the X controller. The control

information is generated when the detectors are all white or all black.

In general, the head scans in either direction at the same speed

until it reaches one of the mechanical limits. These are reed

switches operated by a pair of magnets located on the carriage.

If the carriage reaches one of these, the flip -flop F -1 is set

to the opposite direction. If, however, the all -white appears

for a time corresponding to approximately three characters, the

direction of the carriage is reversed. If no line is present,

the carriage will continue to the edge of the page where the all -

black will reverse the direction. The machine begins to read

automatically at the start of a line and at the end jumps down
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to the following one. In the case of a short line, as is often

the case at the end of a paragraph, the machine must scan the

new line for a minimum of five seconds before going into read.

This prevents misalignment errors, particularly if there is some

error in setting the LEAD.

5.2 Y Controller (UP DOWN)

See Fig. 6. There are several sources of information for the Y

motion of the controller; the line following, the LEAD, the Rapid

Advance and the BT command, which returns the carriage to the top

of the page. These will be discussed in detail below.

First of all, as mentioned previously, the line following action

is achieved by using the average difference between two detectors

which skim the bottoms and tops of the lower case letters. The

outputs of these detectors are weakened by their lower and upper

neighbors respectively to reduce the effects of ascenders and

descenders. Since this error is integrated before bang applied

to the Y axis follow —up servo, the resulting action would be quite

M -J 4A B ►..K P_ :_

Figure 6. Y controller.
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Figure 6A. Uncompensated line - following.

unstable, as shown in the root -locus plot in Fig. 6A. In this

diagram, the follow up servo is indicated as having a tandem

compensation network, which leads to the closed -loop transfer

function shown.

The addition of resistor R 3 and capacitor C 3 adds the two central

zeroes to the root locus plot as shown in Fig. 6 B. Note the

inherently high stability even at high gain. The addition of R 3

alone is adequate for stability, but leads to poor transient

response.

Tracking is improved by allowing the voltage on the averaging
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capacitor to float during intervals in which no information is

present; e.g. all -white or all- black. In addition, special care

is taken to enable the lines to be tracked even in the presence of

tilt. This is accompbished by switching the sign of thecrror

signal both before and after the capacitor according to the direction

of travel of the carriage. Thus, the voltage on the capacitor

is proportional to the tilt of the line and does not change in

sign when the carriage reverses.

The LEAD command is applied to the carriage each time that a line

has been read, provided one of the LEAD switches is depressed. The

present model provides for four.preselected values of LEAD; 11,

C g

K ( Z + e � +  2 3 + [ (R,  I R
.

) R3C s ) 5 + 2 = ' � 3 c , C 3 s i } ( J+  - T� 3�
1

(Z 3� R,+ Rte+ RxG 5) r 1  + ( T 5
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Figure 6B. Compensated line - following.
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12, 13 and 14 points. If the wrong switch is depressed, the carriage

will correct the error on the flyback, provided that the line is

sufficiently long. In the case of a short line an interlock is

provided to prevent the machine from going into read until it has

scanned the short line several times.

If no print is encountered for one full scan, a signal is generated

which causes the carriage to advance rapidly until a line is encountered.

This allows the machine to proceed through blank areas relatively

quickly.

Finally, at the bottom of the page, a mechanical means if provided

to release the LEAD button; the head automatically returning to

the top of the page. The reader must, of course, turn the page

manually.

5.3 Z Controller (Magnification).

The sum of the voltages from the control detectors 3 and 20 is

a measure of the relative size of the characters imaged on the

detector. In this case, the averaging time constant is somewhat

longer, and the weakening effect of detector 21 is reduced to 75jo.
This is to prevent control- reversal when an extremely large change

in magnification is called for. The magnification is optimized for

9 and 11 point type, but retains adequate focus over the range

from 8 to 12 point. When one of these limits is reached, the

magnification circuit is interlocked to prevent damage to the unit.

6. Synchronizer

The circuit shown in Fig. 7 introduces a delay in the output of

detector 11 and generates a strobe pulse each time there is a

change in sign. The delay circuit also separates strobe pulses

which would otherwise occur too fast. Thus, a white gap in the

middle of a v which may be shorter than the delay time will generate

one sample after one delay interval and a second one delay interval

after the end of the gap. A short black region on the other hand

(one that is shorter than the delay) will generate one sample

at the end of the black region and a second one delay interval later.

These waveforms are also shown in Fig. 7. Since the appearance of

the all white is used to generate an additinnal strobe, and since

this has no delay (in order to reduce joining effects), there could

be some uncertainty in the strobing at the end of a letter such

as an o. We prevent this by including the delayed D 11 in the all

white circuit rather than D 11 itself.
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Figure 7. Synchronizer.

Often two adjacent characters, while not actually touching, will

not be separated by a vertical line of white. phis is especially

true of an f, which often overlaps the following letter. Since,

however, the all white circuit includes only detectors from just

below the baseline to just above the body line (lower case letters),

this problem is avoided. However, overlapping of lower case letters

is dealt with in the TRANSICON with an additional means. Each of

the detectorsin the all -white lying near the baseline or body

line is examined in an OR gate to determine whether it is now white,

or was recently white, If either is true, its part of the all white

is activated, thus resulting in a kind of 'snake circuit' for the

detection of the all white,

7. STOP READ (see Fig. 8)

Before proceeding to the description of the logic, I should like to

mention briefly the operation of the stop read circuit. This prevents

recognition of an additional character once one character has been
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Figure 8. Stop read.

RECOGNITION

LAYED STROBE

RESET

recognized. At the start of the strobe pulse., the shift re #isters

enter the information present on the detector combinations. Following

this, a delayed strobe pulse is generated which operates the counter

and enables the logic to recognize a character. If a character

is recognized on thisstrobe, a Recognition signal is generated which,

at the end of the delayed strobe, operates the liESET latch. This

latch is returned to the SET condition (the RESET is lifted) by

one of two means:

One is the first black command (end of the all white), which

is required if the following character is a., e.g. the synch

detector never sees it and the only information is generated

on the all white strobe.

The second is when D 11 is black, which occurs in all the

rest of the characters. This condition permits recognition
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of a new character even in ti.e case of joining. If, however,

no character was recognized ..t all, the RESET is supplied by

the first black. Finally, if a condition should occur whereby

the reset command occurs while D 11 is black, the memories

will nevertheless be reset correctly.

8. The Latches

We mentioned these briefly in the general description. There are

two types of latches- general and count- coc.nected. These in turn

are black - sensing and white sensing; thus, a black - sensing latch

is useful to decide whether a character is an ascender or descender,

chile a white sensing latch is useful to detect the gap in the

letter i, independent of its actual height.

Table 1 lists all the latches and gives an example of the

use of each.

9. The Shift Registers

The twelve four -bit shift registers sample data from one or more

detectors each. The detectors sampled by each are listed in Table 2

below togettier witl the listing of the positions. The last infor-

mation in carries the first digit 1.

T A B L E 1- Latches

Latch Detectors Criterion Example

L 1 1 Ever Black Descenders

L 2 3 - 10 Ever White t (against f)

L 3 5 + 6 Either always white ?

L 4 8 - 10 Ever Black

L 5 16 - 20 Ever White against f

L 6 19 - 22 One always white i (against 1)

L 7 21 Ever Black t

L 8 23 - 29 Ever Black Ascenders

L 9 9 - 15 Ever White c (against e)

L 10 3 - 10 Ever White on P 2 h (against b)

L 11 8 - 10 Ever Black on P 2 E (against 1)

L 12 22 Ever Black on P 1 against Y

L 13 23 - 29 Ever White on P 2 U
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10. Logic

Information from the shift registered, latches and counter are

combined to generate 75 characters according to the logic shown in

Table 2 below.

T A B L E 2

Shift Register Detectors Positions

1 1 101 201 301 401

2 3 — 4 102 202 302 402

3 5 - 6 103 203 303 403

4 7 107 207 307 407

5 9 -10 105 205 305 405

6 12 - 13 106 206 306 406

7 13 107 207 307 407

8 15 108 208 308 408

9 16 - 17 109 209 309 409

10 18 110 210 310 410

11 19 - 20 111 211 311 411

12 23 - 29 112 212 312 412
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SEARCH AND RETRIEVAL TECHNIQUES FOR USE WITH TAPE RECORDINGS

by

Emerson F o u l k e , Ph .D ,
P e r c e p t ua l A l t e r n a t i v e s L ab o r a t o r y

U n i v e r s i t y o f L o u i s v i l l e
L o u i s v i l l e , Ky . 40208

The deve l op me nt o f speech r e c o r d i ng te c hno l o g y has r e s u l t e d in a
s i g n i f i c a n t i nc r e as e i n r e ad i ng e f f e c t i v e ne s s f o r b l i n d pe r s ons . Howe ver,
no ad eq uat e way o f e nhanc i ng the re co r de d f o r m at w i t h the ind ex i n f o r m a t i o n
needed f o r e f f i c i e n t se ar c h and r e t r i e v a l has ye t been de ve l op e d . Two r e -
l a t e d app ro aches t o t he s o l u t i o n o f t h i s p r o b l e m ar e unde r i n v e s t i g a t i o n i n
the P e r c e p t ua l A l t e r n a t i v e s L a b o r a t o r y . I n one ap p r o ac h , low f r e q ue nc y tones
ar e mixed w i t h speech s i g n a l d u r i n g r e c o r d i n g . When a tape so rec ord ed is
re p r od uc ed i n t he f as t -  f o r war d mode o f o p e r a t i o n , thes e to ne s ar e heard as
hi gh  -  p i tc he d "b e ep s " t h a t a r e c l e a r l y a u d i b l e and e a s i l y d i f f e r e n t i a t e d f r o m
t he bac kg round o f c h a t t e r r e s u l t i n g f r o m the r e p r o d uc t i o n o f t he rec ord ed
speech s i g na l a t t he f as t -  f o r war d tap e speed . I n t he o t h e r ap p r o ac h , speech
i s used t o p r e s e n t ind ex i n f o r m at i o n . Spoken ind ex i n f o r m a t i o n i s re co rd ed
a t a speed t h a t ap p r o x i m a t e s tape speed d u r i n g f as t -  f o r war d o p e r a t i o n . The
inde x tape thus pr e p ar e d is re p r od uc ed a t the no rm al p l a y i n g speed and i t s
s i g n a l , now i n a u d i b l y lo w, is mixed w i t h t he s i g n a l on a tape c o n t a i n i n g the
f u l l t e x t , and t h i s comb ined s i g na l i s co p i ed on t he f i n a l mas te r f r o m wh ic h
t he d u p l i c a t e s used by l i s t e n e r s a r e g e ne r a t e d . When the l i s t e n e r ' s tape i s
p l aye d a t the f as t  -  f o rwar d tape speed , the spoken ind e x i n f o r m a t i o n i s r e -
p roduced a t a speed t h a t i s c l o s e enough t o the speed d u r i n g r e c o r d i n g f o r
i t t o be i n t e l l i g i b l e . As i n the case o f the tones i n the ind e x cod e , i t is
d i s p l a ye d ag a i n s t a bac kg round o f c h a t t e r .

A Co m p ara t i ve E v a l u a t i o n o f S i mp le I ndex Codes f o r the
I d e n t i f i c a t i o n o f L o c a t i o ns i n Tape Recorded T e x t s

Bac karound

A s e r i o us pr ob le m exp e r i e nc e d by thos e who read by l i s t e n i n g t o tape
re co r de d t e x t s i s the d i f f i c u l t y o f f i n d i n g s p e c i f i c l o c a t i o n s , such as
c ha p t e r he ad i ng s , p a r ag r ap h he ad i ng s , o r the l o c a t i o n s a t wh i c h new pages
be g i n i n the i n k p r i n t ana lo g ue s o f such t e x t s . Because the se l o c a t i o n s c an-
no t be f ound e a s i l y , the r e t r i e v a l o f d e s i r e d i n f o r m a t i o n is an i n e f f i c i e n t
p r o c e s s , and as a conseq uence , tape re co rd ed t e x t s a r e le s s e f f e c t i v e than
t h e i r i n k p r i n t ana l o g s .

The r e t r i e v a l p r ob le m may be reduced by r e c o r d i n g , a t d e s i r e d l o c a t i o n s
i n the re co rd ed t e x t , and on t he same t r a c k w i t h the re co r de d t e x t , tones so
low i n f r e q ue nc y t h a t the y ar e n e a r l y i n a u d i b l e . Because the y ar e ne a r l y
i n a u d i b l e , when the tape i s p l aye d back a t the speed used d u r i n g r e c o r d i ng ,
t h e i r p re sence does no t i n t e r f e r e w i t h t he p e r c e p t i o n o f the speech rec ord ed
on t h a t t r a c k . Howeve r, when t he tape i s p l aye d back i n t he f as t -  f o r war d
mode on a tape r e c o r d e r t h a t has been m o d i f i e d so t h a t t he tap e re m ai ns i n
c o n t a c t w i t h the p l ay b ac k head d u r i n g f as t -  f o r war d o p e r a t i o n , the tones ar e
inc r eas e d i n f r e q ue nc y by an amount p r o p o r t i o n a l t o the i nc r e as e i n tape
spe ed , and the y ar e he ar d as c l e a r l y au d i b l e " b e e p s , " d i s p l a ye d ag a i n s t the
bac kg round o f hi gh  -  p i tc he d c h a t t e r t h a t r e s u l t s f r o m r e p r o d uc i ng t he rec ord ed
t e x t a t the f as t -  f o r war d tape gpeed .

T h i s sys tem of i nd e x i ng is c u r r e n t l y emp loyed by R e c o r d i ng f o r the B l i n d
i n i t s p r e p a r a t i o n o f rec o rd ed t e x t b o o ks . A r ud i m e n t a r y code w i t h two c h ar -
ac t e r s is i n us e . One c h a r a c t e r , a s i n g l e " b e e p , " s i g n i f i e s the b e g i nn i ng o f
a new page . The o t he r c h a r a c t e r , wh i c h is composed o f two "b e e p s " o f the
same t yp e , s i g n i f i e s the b e g i n n i ng o f a new c h ap t e r . An announcement a t t he
b e g i nn i ng o f each t r a c k i n d i c a t e s the pages cover ed on t h a t t r a c k , and i f a
new c hap t e r s t a r t s on the t r a c k , t h i s f a c t i s a l s o anno unce d . W i t h t h i s
i n f o r m a t i o n , the re ad e r c an , by i n t e r p r e t i n g the code s i g n a l s t h a t a r e m an i -
f e s t d u r i n g f as t -  f o r war d o p e r a t i o n , l o c a t e pages and c hap t e r s i n wh i c h he is
i n t e r e s t e d .

R a t i o n a l e f o r the Co m po s i t i o n o f I ndex Codes

An inde x code w i t h a l a r g e r number o f c h ar a c t e r s sho u l d p e r m i t a more
d e t a i l e d se arc h o f a tape t r a c k , and the r e s u l t sho ul d be more e f f i c i e n t
r e t r i e v a l . The re ar e many ways i n wh i c h a d d i t i o n a l c h a r a c t e r s f o r such a
code may be c r e a t e d , bu t c o n s t r a i n t s t h a t sho u l d be ob se rved i n t h e i r compo-
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s i t i o n are suggested by consi dera ti on ' o f three facto rs - -the time consumed
by the presenta t i o n of code characte rs , the la tency  o f i d en t i f i ca t i o ns of
code charac te rs , and the ease  wi th whi ch the code can be learned.

The time required fo r the reproduc ti on of  code characters should be kept
a t a minimum because, a t the hi gh tape speed a t which they  are reproduced,
the prec i s i o n wi th w hi ch des ired lo cat i ons are ind ica ted dec l ines rap i d ly
wi th increased dura t i o n of code characte rs . In view o f the small number o f
characters tha t would be required in an index code, the time consumed by the
reproduct io n of a charac te r can be ke p t  wi th i n p ra c t i ca l l i m i t s by r e s t r i c t -
ing the number o f  elements tha t may be used in composing a charac te r . The
ru le tha t w i l l be fo llowed in co ns t ruc t i ng the one o r more codes to be
tes ted is tha t a code charac te r must co nta i n e i t he r one or two elements.
The two  elements in a charac te r may be the same, as exempli f ied by the two
i de nt i ca l "beeps" used by Recording f o r the Bl i nd to i nd i ca te chapter head-
ings ; they may be two  d i f f e rent values in a si ng le  d imensi o n, as exempli f ied
by the do t and the dash in Morse code; o r two  elements may be produced by
concommitant va r i a t i o n in two  dimensions, fo r instance , a do t a t one frequency
and a dash a t ano ther ; but a node character may no t inc lude more than two
elements.

The number o f i d en t i f i c a t i o ns o f  d i f f e re n t values in a st i mulus dimen-
sion tha t can be made by a human observer is sma ll . Furthermore, la tency  o f
i d e n t i f i c a t i o n increases as the values requi r i ng i d e nt i f i c a t i o n are i n-
creased in number. In an index code o f the so r t under di scuss i o n, characte rs
must be i d en t i f i e d prompt ly , since the tape is runni ng  a t a hi gh speed dur i ng
the time spent on i d e n t i f i c a t i o n , and the reader must be ab le to react qui ckly
i f he is to b r i ng the tape to  a stop in the close v i c i n i t y  o f the lo ca ti o n
marked by code characte rs .

An index code must be eas i ly learned , since many of those who  are can-
di da tes f o r i t s use w i l l no t recei ve fo rmal t r a i ni ng under the superv is io n
o f an i ns t r uc to r . I f they learn the code a t  a l l , t he y  w i l l learn i t on the i r
own, under casua lly  a r ranged co ndi t io ns tha t may be i ne f f i c i e n t fo r lea rni ng .
Consequently, di f f e rences among elements must be hi g hly d i sc r i m i nab le , and
the se t o f charac te rs composed wi th these elements must be re a d i l y  d i f f e re n-
t i a t ed .

Tones are des i rab le as index code elements because the i r e le c t ro n i c
genera ti on is a simple mat te r , because they can be recorded s a t i s f a c t o r i l y ,
and because they can be var ied in several dimensions in whi ch human obser-
vers are known to  demo nstrate good d i sc r i m i na t i o n. The one or more codes to
be tested w i l l include tones o f two  durat i ons , tones o f two p i t ches , and two
po r tamento  ef f ect s .

Two tones, d i f f e r i ng i n p i t c h by approxi mately one whole step in the
musical sca le , w i l l be employed. I t is v i r t ua l l y ce r t a i n tha t any pros-
pec ti ve user o f  an index co de  wi l l have had an abundance o f experience in
de tec t i ng  d i f f e re nces in p i t ch of th i s magnitude. The lower to ne  wi l l be
recorded a t a f requency o f 55 cycles per second, which is f i r s t octave A on
the musical sca le . The hi gher to ne  w i l l be recorded a t a f requency o f ap-
proxi mately 61.735 cycles per second, which is fi rst  oc tave B on the musical
scale. When reproduced at the fast - forward speed, the lower tone w i l l have
a frequency in the neighborhood of 880.00 cycles per second, or  f i f th octave
A on the musical scale, and the higher tone w il l have a frequency in the
neighborhood of 987.77 cycles per second, or fi fth oc tave B on the musical
scale.

Ei ther of these tones may be presented at either of two durations. The
shorter tone w i l l be recorded for 480 mi ll iseconds, and the longer tone wi l l
be recorded for 1,440 milliseconds. When these tones are reproduced at the
fast - forward speed, the shorter tone w i l l have a duration of approximately
30 mil liseconds, the estimated value of a dot in Morse code sent at the rate
of 30 words per minute, and the longer tone w il l have a duration of approxi-
mately 90 mill iseconds, the estimated value of a dash in Morse code sent at
the same rate.

One of the portamento effects w il l be a ris ing tone that increases in
pitch by one whole step on the musical scale during its course. The other
portamento effect wi l l be a fa l l i ng tone that decreases in pitch one whole
step on the musical scale during i ts course. The two portamento effects
wi l l vary between the two values of pi tch selected for use in the pi t ch di-
mension, and the ir  dura ti on w i l l match the longer of the two durations at
which tones of fixed frequency are presented.
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TABLE 1

POSSIBLE COMBINATIONS OF DURATION, PITCH, AND PORTAMENTO

1

/

CODE: = low pi tched sho r t tone
low pi tched long tone

= hi gh pi tched sho r t tone
= hi gh pi tched long tone

/ = r i s i ng tone
= f a l l i ng tone

Table 1 shows the code characters tha t could be composed by exp l o i t i ng
every  po ss i ble combination o f dura t i o n, p i t ch , and portamento . This tab le
contai ns 42 charac ters . Six of the charac te rs are composed wi th only low
pit ched do ts and dashes (Row 1) , and s i x of the characte rs wi th o nly  hi gh
pit ched do ts and dashes (Row 2). Since tape speed is no t co nt r o l led by the
capstan when a tape recorder is in i t s fast - f orward mode of opera t io n, tape
speed gradua l ly increases as tape is trans fe r red from the supply reel to the
takeup ree l. Consequently, tones recorded a t the same p i t c h  w i l l gradua l ly
r i se in p i t ch i f the tape on which they are recorded is reproduced in the
fast - f orward mode of operat io n. For thi s reason, a reader l i s t en i ng to code
characte rs o f the so r t shown in the t a b l e  w i l l be unable to i nt e r p r e t code
characte rs requi r i ng  abso lute i d en t i f i ca t i o n of p i t c h . H e  wi l l be ab le to i n-
te rp re t characters requi r i ng only re la t i v e i d e nt i f i c a t i o n ; tha t i s , he  w i l l be
ab le to i nt e rp re t characters in which bo th pi tches are represented, because
he can judge one p i t ch agai ns t the  o ther . However, i f the reader understands
tha t when he hears a character i nvo lv i ng only one p i t c h, i t is to be i d en t i f i ed
as the lower of the two pi t ches , the s i x low - pitched characte rs can be re -
ta i ned , and only the s i x high - pitched characte rs need be sac r i f i c ed . Under
th i s ru le , re fe r red to  herea f te r as the exc lus i o n ru le , the tab le contai ns
36 unambiguous characte rs .

A cons iderable amount o f t ime and e f f o r t would be required to learn a code
wi th 36  characte rs , and i t does no t seem l i ke l y tha t the re would ever be a need
fo r an index code with 36  characte rs . The task, the re f o re , is to se lec t a se t
o f characte rs tha t is large enough to make the d i sc r i m i na t i o ns required fo r i n-
dexing , but small enough to be learned ea s i ly . This se lec t i o n should be guided
by inf o rmati on concerning the ease wi th which characte rs o f d i f f e r e n t types can
be learned, and the speed and accuracy with which they can be i den t i f i ed a f te r
lea rni ng .

Table 2 presents ni ne codes tha t can be composed, us ing the dimensions
o f dura t i o n, p i t ch , and type o f portamento e f f e c t , si ng ly  and in combination.
The ni ne codes inc lude three pa irs o f codes, the members of which are  equi -
va lent , and thus there are s i x  d i f f e r e n t codes. The characte rs in parentheses
are those d i s qua l i f i ed by the exc lus io n ru l e . In the two- and three - dimensional
codes, the characte rs surrounded by quo ta ti on marks are those in which no t a l l
of the permiss ible code dimensions are represented.

I t is no t necessary fo r a l l ni ne codes to be learned in order to  o b ta i n
the desi red inf o rmati on concerning the speed and accuracy o f i d e nt i f i c a t i o n
o f code characte rs . There are f i ve one - dimensional codes. A l l of the char -
ac ters in one of these codes (IB) are d i sq ua l i f i ed by the exc lus i o n ru le ,
and this  code can theref o re be el i mi nated from f ur the r co ns idera ti o n.

Two

out o f s i x characte rs are d i s qua l i f i e d in two  o f the one - dimensional codes
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(2A and 2B) because o f t he e x c l u s i o n r u l e , and s i nc e a code w i t h o n l y f o u r
c h a r a c t e r s wou ld be inad e q ua t e f o r i n d e x i ng , thes e codes may be d i s m i s s e d
f r o m F u r t h e r c o n s i d e r a t i o n . A l l s i x o f the c h ar a c t e r s i n two o f the one -
d i m e ns i o na l ( I A and 4 ) a r e p e r m i s s i b l e , and a l t h o ug h i t wou ld be d e s i r a b l e

t o have more t han s i x c h a r a c t e r s , an inde x code w i t h o n l y s i x c h ar a c t e r s wou ld
be u s e f u l . T h e r e f o r e , thes e codes w i l l be e v a l u a t e d .

The r e ar e 20 c h a r a c t e r s i n t he code based on d u r a t i o n and p i t c h . How-
e v e r , s i x o f the s e c h a r a c t e r s a r e d i s q u a l i f i e d by t he e x c l u s i o n r u l e . The 14
c h a r a c t e r s r e m a i n i ng s ho u l d be amp le f o r an ind ex co d e , and t h e r e f o r e , t h i s
code will also be evaluated. However, in evaluating it, the six characters
s ur r o und e d by q u o t a t i o n marks i n S e c t i o n 3 o f T ab l e 2 need no t be c o ns i d e r e d .
S i nc e t h e i r i d e n t i f i c a t i o n r e q u i r e s the l i s t e n e r t o de c i d e o n l y ab o u t d u r a t i o n ,
t he y ar e t he same as t he s i x c h a r a c t e r s i n t he d u r a t i o n cod e , a l r e a d y p r o -
posed f o r e v a l u a t i o n . The i d e n t i f i c a t i o n o f t he e i g h t c h ar a c t e r s i n S e c t i o n
3 t h a t a r e no t enc l os e d by e i t h e r p a r e n t he s e s o r q u o t a t i o n marks r e q u i r e s the
l i s t e n e r t o d e c i d e ab o u t b o t h p i t c h and d u r a t i o n , and thes e ar e the c h ar a c t e r s
t h a t mus t be e v a l ua t e d i n o r d e r t o o b t a i n t he needed i n f o r m a t i o n ab o u t a code
whose c h a r a c t e r s a r e d e f i ne d by d u r a t i o n and p i t c h .

The two codes based on p o r t am e nt o and p i t c h a r e d i f f e r e n t o n l y w i t h r e -
sp e c t t o t he e l e m e nt s t h a t can be va r i e d i n p i t c h . I n one c as e , tho se e l em e nt s
have t he d u r a t i o n o f do t s i n the d u r a t i o n code . I n the o t he r c as e , the y have
t he d u r a t i o n o f das hes i n t he d u r a t i o n cod e . The two codes sho u l d be a p p r o x i -
mately equal in terms of ease of learning. However, since less time is re-
q u i r e d t o p r e s e n t t he c h ar a c t e r s t h a t i n c l ud e do t s than t o p r e s e n t t he c o r -
r e s p o nd i ng c h a r a c t e r s t h a t i nc l u d e das he s , le ss t i m e may be r e q u i r e d t o i d e n t i f y
t he c h a r a c t e r s t h a t i n c l ud e d o t s , and s i n c e r ap i d i d e n t i f i c a t i o n i s a r e q u i r e -
ment f o r p r e c i s e d e t e r m i n a t i o n o f t he l o c a t i o n s marked by inde x code c h a r a c t e r s ,
the code w i t h c h ar a c t e r s c o n t a i n i n g d o t s (5A) is t he one chosen f o r e v a l u a t i o n .
The two c h a r a c t e r s i n t h i s code enc l os e d by par e n t he s e s ar e d i s q u a l i f i e d by
t he e x c l u s i o n r u l e . The e i g h t c h a r a c t e r s enc l o se d by q u o t a t i o n marks i n v o l v e
o n l y one o f t he two d i m e ns i o ns emp loyed i n t h i s cod e . They a l s o ap pe ar as

TABLE 2

INDEX CODES DEFINED BY DURATION, PI TCH, AND PORTAMENTO

]A D u r a t i o n
Code

18 D u r a t i o n •   • • l •  
Code l l l

l •

2 P i t c h  ` •
Code ` I )

26 P i t c h -- -- • - - - -- ---- - -.._.
—

Code

3 Dura t io n cG 77 (  • GG 77 (   1 Gc 77 cG » — ` . ,  `
and
Pi t ch --------------------------- -------------------------- 1 GL 77 • GG 77  / — •  \  (   - 1 -- --------
Co d e

  •

P o r t a -
mento Code

0011-1

P i t c h GG 77 (  •  ) 11' 0 ' 55 GG ` » GG 77 GL . 77 / ` GG. 77 (  • ,
and l

-
`

Porta

5B P i t c h GG »
l `and  ,

l
. . . . . . . . . — - - - - - - - -- -- •---- - --. . . . - -• -•- ---- - -- --- -• -- »mento r Code

D u r a t i o n LG » GG 77 ( ! m i l

l
G G   7 61 ` 7 7 GG » GG » GG . 7 7 GG

and l
P i t c h GG » GG r GG • » GG — » ` G.. Gc . ` • —  
and

— /
— .

7> — »

P o r t a -
mento Code

-- -- -- - - ---
/

CODE: = low p i t c he d s h o r t to ne = h i g h p i t c h e d s h o r t to ne / = r i s i n g to ne
low pitched long tone = high pitched long tone = falling tone
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charac te rs in the two one - dimensional codes proposed fo r eva lua t i o n, and need
no t be evaluated aga in. The i d en t i f i ca t i o n o f the 10 characte rs no t  enclo sed
by e i the r parentheses or quo ta ti on marks requi res the l i s t e ne r to  dec ide
about bo th p i t ch and type of po rtamento  e f f ect , and these are the characters
tha t must theref o re be evaluated .

The code based on dura t i o n, p i t ch , and portamento (Code 6) conta ins 42
characte rs , and inc ludes a l l of the preceding codes as subsets. The s i x
characte rs in thi s co de  di st i ngui shed by parentheses are  d i s qua l i f i ed by the
exc lus i o n ru l e . E i t he r one or two of the three code dimensions are no t rep-
resented in the 20 characters d i s t i ngui shed by quo ta ti on marks, and there fo re ,
these characte rs appear in e a r l i e r codes already proposed fo r eva lua t i o n. In
o rder to i de nt i f y the remaining 16  characte rs , those no t enclosed by e i the r
parentheses or quo ta ti on marks, the l i s t ener must decide about dura t i o n,
p i t ch , and type of po rtamento  e f f ect , and these are there f o re the characters
tha t should be evaluated ,

To summarize, f i ve codes have been proposed fo r eva lua t i o n. Two o f the
codes co ntai n s i x characte rs (Codes IA and 4) and, in each case, a l l s i x
characte rs need to be evalua ted. One o f the codes contai ns 14 characters
(Code 3) , of which e i ght characters need to be  eva luated . One code contains
18 characte rs (Code 5A), of which 10 characte rs need to be  eva luated . The
f i na l code contai ns 36 characters (Code 6), o f  whi ch 16 characters need to be
evaluated .

Method

Apparatus . A piece of apparatus has been const ructed tha t generates a l l
of the elements required fo r the compo sit io n o f the code characte rs to be
evaluated . This apparatus can be programmed by the se t t i ng  o f switches so
that when a button is pressed, the elements required fo r a given character
are generated in the proper sequence, and wi th the  p roper i nte rva l between
elements. Cont ro ls on the apparatus permit the ad jus tment o f the pi t ch and
dura t i o n of tones, and of the inter - element i n t e r v a l . To prepare experimental
mate r i a ls , the output o f thi s generato r is recorded on tape. An ora l reader
can use the apparatus to  add index inf o rmati on to the tape he is reco rd ing.
In th i s case, the appara tus and hi s microphone are connected through a mixer
to the input of hi s tape recorder. He must f i r s t program the apparatus fo r
the code character tha t w i l l be required next . When, in the course of reading,
he ar r i ves a t the lo ca t io n tha t is to be indexed, he merely presses the but -
ton tha t i n i t i a t e s the generat ion o f the ,programmed code charac te r and con-
ti nues reading.

The plan f o r  eva lua t i o n . Five codes are to be taught to five comparable
groups of co l lege students , wi th 20 .subject s per group. The learni ng tasks
can be equated f o r  d i f f i c u l t y  b y usi ng a l l s i x charac te rs in the two codes
wi th only s i x charac ters , and by randomly se lec t i ng s i x characters fo r use
from the supply o f characte rs o f fe red by each of the remaining three codes.
The characte rs in each co de  wi l l be given names, such as le t t e r s or numbers,
and the i r i d e n t i f i c a t i o n  w i l l be learned by a paired- associates method in
which, upon hear ing a code charac te r , the sub jec t responds by pronouncing
the name of tha t characte r . Fo llowing thi s guess, the experimenter pronounces
the co r rec t name of the characte r , thus a f f o rd i ng the sub jec t immediate know-
ledge of re su lt s . A t r i a l consis ts of one random permutation of the s i x
charac te rs in a code, and t r i a l s are admini stered un t i l a c r i t e r i o n of two
successive er ro r less t r i a l s is a t ta i ned . Each sub jec t is then given 100%
over lea rni ng , so tha t a l l subjec ts w i l l be asympto t ic, o r near ly  so , wi th
respect to speed and accuracy of i d e nt i f i c a t i o n . F i na l l y , f i ve t r i a l s are
admi nistered to  each subjec t wi tho ut knowledge o f re su l t s , and responses are
scored fo r accuracy and latency o f i d e nt i f i c a t i o n . With th i s procedure, i t
w i l l be possib le to compare groups o f sub jec t s , and hence codes, in terms of
the number of t r i a l s to c r i t e r i o n , the number o f co r rec t responses on the
f i na l f i ve po s t learni ng t r i a l s , and the median la tenc i es o f i d en t i f i ca t i o n
on the f i na l f i ve po s t learni ng t r i a l s .

Using the inf o rmati on provided by these comparisons, one o f the f i ve
codes w i l l be selected fo r f ur t he r i nves t i ga t i o n. To va l i da te thi s se lec t i o n,
the code tha t has been chosen w i l l be taught , in i t s en t i r e t y , to  ano ther
group of 20  co l lege students . As befo re, perf o rmance wi l l be examined in
terms of the number of t r i a l s to c r i t e r i o n , the number o f co r rec t i d e n t i f i -
cat io ns on po s t learni ng t r i a l s , and the median la tenc ies o f i d en t i f i c a t i o n on
po s t learni ng t r i a l s . I f the outcome of thi s experiment does no t c l ea r l y v a l i -
date the cho ice tha t has been made, i t may be des i rab le to co ns truc t confusion
matr ices and to evalua te each character in terms o f st i mulus ambiguity  and re -
sponse equivocat io n, in o rder to  e l i m i na te troublesome characte rs . I f too
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many charac te rs are lo s t by thi s ana lys i s i t may be necessary to sub jec t the
next -best code to the va l i da t i o n procedure.

When a code has been f i na l l y se lected , i t  w i l l be taught to a group o f
b l i nd hi gh school students . A tape recorded t e x t  w i l l be indexed wi th thi s
code, and the b l i nd students who have learned i t  w i l l be tested fo r accuracy
of lo ca t i o n, p rec i s i o n of lo ca t i o n on f i r s t at tempt , and the time required
fo r lo ca t i o n.

Voice Indexi ng o f Recorded Texts

Just as index tones may be mixed wi th spoken texts and recorded on the
same t ra ck, speech i t s e l f may be used to pro vi de index info rmati on. Of
course, i f index info rmat io n can be conveyed by recorded speech, more sophi s-
t i ca ted indexi ng can be provided and the aura l reader is no t requi red to lea rn
a spec ia l code. One app l i ca t i o n o f such indexing is exempli f ied by the
T a lki ng D i c t i o nary , the development of which has been undertaken by the Per-
ceptua l A lt e rna t i ves Laborato ry in cooperation wi th the American P r i n t i ng
House f o r the B l i nd and the Bureau o f Services fo r the B l i nd , Kentucky De-
partment o f R ehab i l i t a t i o n Services.

The T a lki ng D i c t i o nary

The o b jec t i ve o f th i s p ro j ec t is to record, on tape, the o ra l reading of
a d i c t i o na ry in a manner tha t w i l l pe rmit rap id search of the recorded fo rmat
and e f f i c i e n t r e t r i e v a l . The d i c t i o nary is presented on casse t te . This cas-
se t te is reproduced on a s l i g h t l y modif ied casset te p layer , but the modi-
f i c a t i o ns are simple and inexpensi ve, and properly  mo di f ied casset te players
are no w ava i lab le from the L i b ra ry o f Congress and the American P r i n t i ng
House f o r the B l i nd .

Method

One tape, re f e r red to  her ea f te r as the text tape, co ntai ns the f u l l t ext
o f the d i c t i o na ry . The o ther tape, re f e r red to  herea f te r as the index tape,
co nta ins only the pronunc i at i ons o f the words that are pronounced, spe l led ,
and def ined on the text tape. The index tape is recorded a t 15 inches per
second ( i p s ) , which is an appro ximation of the fast - forward tape speed o f the
modif ied casset te player on which the recorded d i c t i o nary is reproduced.

In o rder to prepare a d i c t i o nar y  c ass e t t e , the text tape is reproduced
a t the speed a t which is was recorded, and the index tape is reproduced a t
15/16 i ps . The s i gna ls from these tapes are mixed and recorded on a f i na l
master tape tha t is sui t ab le fo r use on a reel -to  -reel dup l i ca to r .

To reproduce the  d i c t i o nary casset te p ro per ly , two mo d i f i ca ti o ns o f the
conventi onal casse tte recorder are requi red . I t s motor speed must be co nt i n-
uously var i ab le through a range tha t centers on a playback speed of 15/16 ips ,
and the playback head must no t be re t rac ted from the casset te when the machine
is placed in the fast - fo rward mode of opera t io n. This second mo d i f i ca t i o n
permits the tape to be scanned by the playback head when the casset te player
is runn i ng  a t the fast - f orward tape speed. The casset te players now supp li ed
to b l i nd and phys i ca l ly  hand i capped readers by the L i b ra ry  o f Congress, and
the casset te recorders so ld to b l i nd and phys i ca l ly handicapped readers by
the American Pr inti ng Ho use fo r the Bl i nd include the mo di f icat i ons required
f o r the proper reproduc ti on of the Ta lki ng D i c t i o nary .

When a d i c t i o nary casset te is played on the  mo dif ied casset te p la ye r  a t
15/16 i ps , the s i gna l co nta i ni ng the f u l l t ext of the d i c t i o nary i s repro -
duced pro per ly . The si gna l co nta i ni ng only the pronunc i at i ons of words tha t
are also spe l led and def ined on the f u l l t ext tape is reproduced a t a speed
tha t is so much slower than the speed a t which i t  was recorded tha t i t is
near ly i naud i b le . Only an occasional low - pitched rumble is heard and i t is
no t se r i o us ly i n t r us i ve . When the casset te player is placed in the fast - f orward
mode of opera ti o n, the si gna l co nta i ni ng the pronunci at io ns of words is i n t e l -
l i g i b l y reproduced and displayed aga i ns t the background of high - pi tched cha t te r
tha t res ul t s from reproducing the si gna l co nta ini ng the f u l l t e x t  a t the fast -
fo rward tape speed. Since a t th i s speed the si gna l co nta i ni ng the f u l l t ext
is un i n t e l l i g i b l e , i t adds only no ise to the si gna l tha t is being processed
by the l i s t e ne r , and i t does no t o f f e r ser io us i nte r f e rence . As the l i s t e ne r
scans a t the fast - fo rward speed, tape speed gradua lly increases as tape i s
t rans f e r red from the supply reel to the takeup reel and the l i s t e ne r must
make s l i g h t adjustments in moto r speed in order to  ma i nta i n the index si gna l
a t the proper p i t c h . Each index word is so located on the tape tha t i t s
te rmi na t i o n and the te rmi na ti o n o f the  d e f i n i t i o n preceding the de f i n i t i o n
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to  whi ch the index word re f ers occur  a t the same po i nt on the tape.

Each casset te contains a b r a i l l e labe l and a large p r i n t labe l i nd i ca t i ng
the f i r s t and las t word recorded on each t rack. By re f e r r i ng to these labe ls ,
the l i s t e ne r se lec t s the cassette and the track co nta ini ng the word in which
he is inte res ted , and plays the casset te a t the fast - forward speed un t i l he
hears the word fo r  whi ch he is searching. He then changes to the slow playback
speed and l i s t ens to the sp e l l i ng and de f i n i t i o n of tha t word. Of course,
the time required by a l i s tener to  co nsult t hi s d i c t i o nary is considerably
greater than the time required by the normal vi sua l reader to co nsult a
pr i nted d i c t i o nar y . However, i f the a l t e r na t i v e is a b r a i l l e d i c t i o nar y ,
the advantages o f the Ta lki ng D i c t i o nary  a re more apparent. The  T alki ng
D i c t i o na r y  w i l l requi re considerably less space and be s i g n i f i c a n t l y cheaper
than the b r a i l l e d i c t i o nar y . Though a superi o r b r a i l l e rea de r  wi l l consume
less time in co nsult i ng  a b r a i l l e d i c t i o nary than in co nsult i ng the Ta lki ng
D i c t i o nary , the  d i f f e rence is no t so marked as in the case of the vi sual
reader, and i t may disappear a l t o ge ther in the case o f a poor b r a i l l e reader.
Furthe rmore, most o f the b l i nd people who read by l i s t en i ng do no t read
b r a i l l e a t a l l , and fo r them the T a lki ng Di c t i onary may prov ide the only
a l t e r na t i v e to dependence on the ass is tance o f a vi sua l reader in co nsult i ng
a d i c t i o nar y .

An automatic co nt ro l devise has been cons truc ted to  opera te the tape
recorders on which the text and index tapes are reproduced. As the reader 's
vo ice is recorded on one t rack o f a ste reo tape, a tone from an aud i o  f re -
quency o s c i l l a t o r is recorded on the o ther track. Af te r pronouncing each
word on the index tape, and a f t e r completing each segment on the text tape,
the reader presses a button which b r i e f l y i nte r rup ts the tone generated by
the o s c i l l a t o r . When these tapes are reproduced, the recorded tones are
sensed by c i rc u i t ry  wh i c h operates re lays tha t s t a r t and stop the transpo rt s
of the machines on which the tapes are being reproduced. When bo th tones
are present or when ne i the r tone is present , bo th transpo rt s run. I f the
tone on one tape is absent, the transpo r t hand li ng tha t tape is stopped and
remains stopped un t i l the te rmi na t io n o f the tone on the o ther tape is
sensed. Then the i d le transpor t is s ta r ted aga in, and the cycle is repeated.
In o rder to make the te rmi na t io n of an index word co i nc i de nt  w i th the te rmi -
na t io n o f the segment of text preceding the segment o f text to  whi ch the
index word re f e rs , the tapes are played backwards.

Other App li cat i ons

Of course, i f speech can be used to index lo ca ti ons in a d i c t i o nar y , i t
can be used to index locat io ns in o ther text s as we l l , and when the d i c t i o n -
ary p ro jec t has been concluded, add ito na l app l i ca t i o ns fo r thi s metho d wi l l
be invest i gated . For ins tance, i t  wo uld be a simple matter to index a tape
recorded text book with announcements tha t locate and i de nt i f y new pages,
new chapters, paragraph headings, and so f o r th .

In a pro jec t undertaken j o i n t l y by the Perceptual A lt e rna t i ves Laborato ry
and Ada -Max Audio Vi sua l, a design engi neer ing f i rm in the audio  - visual f i e l d ,
wi th the support of a grant from The Seeing Eye Founda tion, a runni ng  abs t rac t
tha t is concurrent wi th the f u l l t e xt to  whi ch i t re f e rs , but only one - eighth
as long, w i l l be recorded on the index track fo r proper reproduct ion a t the
fast- f o rward tape speed. The aural rea der  wi l l be able to scan the text
recorded on th i s tape by l i s t en i ng to the abs t rac t . When he encounters sub-
je c t matter in which he is i nte res ted , he can change to the slow playback
speed, and l i s te n to the f u l l t ex t . As a ready example o f thi s app l i c a t i o n,
consider the manner in which a magazine such as Newsweek is read by most
people. Rarely is i t read word fo r wo rd , cover to cover. Instead, the
typ i ca l reader scans i t rap i d ly , and slows down fo r care f ul reading of only
those sect ions in whi ch he is p a r t i c u l a r l y inte res ted . The pro vi s io n of
a concurrent abs t rac t on the index track wo uld permit the  aura l reader to
read a recorded magazine in much the same manner.
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THE STEREOTONER READING AID FOR THE BLIN D , A PROGRESS REPORT
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Gle nd o n C. S mi th
Mauch L a b o r a t o r i e s , I n c .

3035 D ry den Road
D a y t o n , Ohi o 45439

A b s t r a c t

The S t e r e o t o n e r i s a new a u r a l d i r e c t
t r a n s l a t i o n r e a d i n g a i d f o r t he b l i n d
w h i c h i s no t e w o r t hy f o r a s t e r e o p h o n i c
o u t p u t co d e , a 10 :1 zo o mi ng r a ng e , a
s w i t c h wh i c h p e r m i t s no rm a l o p e r a t i o n
on r e v e r s e d ( l i g h t on d a r k ) l e t t e r s , a
v e r y s m a l l o p t i c a l p r o b e , and a co mp ac t ,
l i g h t w e i g h t c o n t r o l box wh i c h i s sus  -
pended i n f r o n t o f t he u s e r ' s c h e s t f ro m
an a d j u s t a b l e n e c k s t r a p . Maximum r e a d -
i ng speeds have no t been d e t e r m i n e d .
Speeds o f up t o 50 wo rds p e r m i n u t e have
been r e p o r t e d . T h i s pa p e r d i s c u s s e s t he
e n g i n e e r i n g a s p e c t s o f many o f t he
S t e r e o t o n e r f e a t u r e s .

The wo rk done and p r o g r e s s made to w a r d
m a n u f a c t u r i n g 100 S t e r e o t o n e r s a l s o i s
d e s c r i b e d a l o ng w i t h t e n t a t i v e d e s c r i p -
t i o n s o f p l a n s wh i c h w i l l use 65 u n i t s
i n a r e a l i s t i c e v a l u a t i o n s t u d y .

How t he S t e r e o t o n e r Works

The S t e r e o t o n e r p r o b e i s l i k e a m i n i a -
t u r e camera w i t h a b u i l t  - i n l i g h t e x c e p t
t h a t t h e f i l m i s r e p l a c e d by a v e r t i c a l
co lumn o f t e n p h o t o c e l l s wh i c h c o n v e r t
t h e l i g h t f a l l i n g on them i n t o e l e c -
t r i c a l c u r r e n t s . When a p h o t o c e l l i s
d a r ke ne d by p a r t o f a l e t t e r i mage ,
e l e c t r o n i c c i r c u i t s i n t h e C o nt r o l Box
pr o d uc e a m us i c a l t o ne . T he r e ar e t e n
d i f f e r e n t t o n e s , o ne f o r each p h o t o c e l l .
Lo wer p a r t s o f l e t t e r s p r o d uc e lo w er
p i t c h e d t o ne s and up p e r p a r t s p r o d uc e
h i g h e r p i t c h e d t o n e s .

3520 Hz
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In s t e r e o p h o n i c o p e r a t i o n t he h i g h e r to ne s
app ear to come f ro m t he u s e r ' s r i g h t s i d e
and t h e lo w e r to ne s f rom h i s l e f t . I n
r e a d i n g , t he l e t t e r s a l s o seem sp r ea d f ro m
r i g h t t o l e f t . A c a p i t a l l e t t e r "V " , f o r
exa m p l e , wo uld s t a r t w i t h a h i g h no t e
f rom t he r i g h t s i d e f o l l o w e d by a s e r i e s
o f de s c e nd i ng no t e s mo v i ng to w ar d t he
l e f t . A f t e r t he lo w e s t p o i n t o f t he " V "
i s reac hed t he no t e s move back up i n
p i t c h and back t o t he r i g h t s i d e .

I n l i k e manner t he us e r can i d e n t i f y the
o t h e r p r i n t e d o r t y pe d l e t t e r s and t he
num e r a l s by t he p i t c h  - t i m e p a t t e r n s o f
each a s s i s t e d by t he s t e r e o p ho n i c e f f e c t .
Shapes and symbo ls whi ch have no t been
l e a r ne d b e f o r e can s t i l l be d e c i p he r e d
by w o r k i ng backward f ro m t he S t e r e o t o ne r
o u t p u t .



I n mo naura l o p e r a t i o n , bo th ea r pho ne s r e -
p ro duce a l l t o ne s a t t he same lo ud ne ss
so t he s t e r e o p ho n i c e f f e c t i s no t p r e s e n t .
T h i s mode o f o p e r a t i o n a l l o w s a p p l y i n g
the co mp l e t e s e t o f to ne s to one e a r -
pho ne , t o a mo na ura l r e c o r d e r , o r t o a
t e l e p ho ne l i n e .
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T h e S t e r e o t o n e r p r o b e c o n t a i n s a u n i q u e
v a r i a b l e m a g n i f i c a t i o n s y s t e m w h i c h m ake s
i t p o s s i b l e t o r e a d m o r e t h a n a 10 t o I
r a n g e o f l e t t e r s i z e s f r o m 3 / 4 1' h e a d l i n e s
t o t h e s m a l l e s t c l a s s i f i e d a d s . A s i n g l e
kn o b on t h e s i d e o f t h e p r o b e c a n be
m o ve d c o m p l e t e l y a r o u n d t h e p r o b e t o
a d j u s t i t f o r t h e l e t t e r s i z e by a u t o -
m a t i c a l l y p o s i t i o n i n g t h e l e n s an d t h e
p h o t o c e l l s t o t h e c o r r e c t d i s t a n c e f r o m
t h e p a p e r . A l am p c o n t r o l kn o b a t o p t h e
p r o b e i s us e d t o a d j u s t t h e l i g h t as r e -
q u i r e d f o r t h e l e t t e r s i z e , t h e p a p e r
w h i t e n e s s , an d t h e d e s i r e d s e n s i t i v i t y
t o t h e p r i n t .

F o r r e a d i n g i t a l i c s t h e r o l l e r c a r r i a g e
a t t a c h e d t o t h e p r o b e b a s e c a n be r o t a t e d .
M o v i n g t h e R e v e r s e  / N o r m a l s w i t c h o n t h e
C o n t r o l B o x t o R e v e r s e m ak e s t h e S t e r e o -
t o n e r r e s p o n d t o l i g h t l e t t e r s o n a d a r k
b a c k g r o u n d as i f t h e y we r e d a r k l e t t e r s
o n a l i g h t b a c k g r o u n d . I n d i v i d u a l v o l u m e
c o n t r o l s f o r e a c h e a r p h o n e p e r m i t b a l a n c -
i n g t h e l e f t and r i g h t o u t p u t s s o t h a t
m i d d l e p a r t s o f t h e l e t t e r s a p p e a r l o c a t e d
c e n t r a l l y .

U s i n g t h e S t e r e o t o n e r

I n u s e , t h e S t e r e o t o n e r C o n t r o l B o x i s
s u s p e n d e d by i t s n e c k s t r a p o v e r t h e u s e r ' s
c h e s t and t h e p r o b e i s h e l d v e r t i c a l l y
b e t w e e n t h e t h u m b and f i n g e r t i p s o f o ne
h a n d . R o l l i n g t h e p r o b e a l o n g t h e l i n e
o f p r i n t p r o d u c e s t h e m u s i c a l t o n e
p a t t e r n s a s s o c i a t e d w i t h e a c h l e t t e r .

A l t h o u g h t h e S t e r e o t o n e r p r o b e i s m o s t
o f t e n us e d f r e e h a n d , a s t r a i g h t e d g e
T r a c k i n g A i d i s s u p p l i e d w i t h e a c h S t e r e o -
t o n e r . T h i s A i d h e l p s t h e b e g i n n e r r o l l
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t h e p r o b e i n a s t r a i g h t l i n e an d m o ve i t
f r o m l i n e t o l i n e w i t h o u t l o s i n g a l i g n -
m e n t . T he T r a c k i n g A i d i s s t o r e d i n a
l e a t h e r c a s e w h i c h c an be s n a p p e d t o t h e
r e a r o f t h e C o n t r o l B o x f o r c a r r y i n g .

T h e S t e r e o t o n e r i s us e d m a i n l y f o r r e l a -
t i v e l y s h o r t r e a d i n g t a s k s . E v e n a t t h e
35  - 5 0 wo r d s p e r m i n u t e a c h i e v e d by so me
u s e r s , r e a d i n g a c o m p l e t e n o v e l w o u l d
t a k e t o o l o n g u n l e s s t h e r e was no f a s t e r
m e t h o d a v a i l a b l e . T he S t e r e o t o n e r i s
w e l l s u i t e d f o r r e a d i n g t y p e w r i t t e n
p e r s o n a l l e t t e r s , m e m o s , b i l l s , and
n o t i c e s . S h o r t s c h o o l a s s i g n m e n t s , l e s s o n
p l a n s , e t c . may a l s o be r e a d .

T he c a p a b i l i t y o f t h e S t e r e o t o n e r p r o b e
f o r r e a d i n g v e r y l a r g e l e t t e r s i s u s e f u l
f o r h e a d l i n e s , t i t l e s , and l a b e l s . Many
b o x an d c a n l a b e l s us e l a r g e r e v e r s e d
l e t t e r s . T h e r e v e r s e d mode o f o p e r a t i o n
i s a l s o u s e f u l f o r i d e n t i f y i n g t h e d e -
n o m i n a t i o n o f p a p e r m o n e y . T he c a p a b i l i t y
f o r r e a d i n g e x t r e m e l y f i n e p r i n t i s u s e -
f u l i n d i c t i o n a r y an d r e f e r e n c e b o o k

u s a g e .

T he p r o b e s i z e a n d s h a p e a r e h e l p f u l i n
c h e c k i n g t y p i n g w i t h o u t t a k i n g t h e p a p e r
o u t o f t h e t y p e w r i t e r . No n  -  r e a d i n g u s e s
i n c l u d e c h e c k i n g w h e t h e r c l o t h e s o r o t h e r
o b j e c t s a r e l i g h t o r d a r k , c h e c k i n g o n e s
o wn s i g n a t u r e , and l o c a t i n g s o u r c e s o f
l i g h t .

T r a i n i n a and E v a l u a t i o n

A l t h o u g h a w e l l q u a l i f i e d and h i g h l y
m o t i v a t e d i n d i v i d u a l m i g h t l e a r n t o r e a d
we l l w i t h o u t o u t s i d e a s s i s t a n c e , m o s t
u s e r s h a v e u t i l i z e d a s e r i e s o f t a p e r e -
c o r d e d l e s s o n s f r o m H a d l e y S c h o o l f o r t h e
B l i n d and a we e k o r t w o o f p e r s o n a l i n -
s t r u c t i o n a t e i t h e r o n e o f t h r e e V . A .
c e n t e r s , H i n e s , I I I . ; P a l o A l t o , C a l . ; o r
W e s t H a v e n , C o n n . ( l i m i t e d t o v e t e r a n s
an d p o t e n t i a l i n s t r u c t o r s ) o r a t H a d l e y .



Fo r more i n f o r m a t i o n , w r i t e t o The H a d l ey
S cho o l f o r t he B l i n d , 700 Elm S t r e e t ,
W i n ne t k a , I l l i n o i s 60 09 3 . A more adva nced
s e r i e s o f l e s s o ns i s a l s o o f f e r e d .

D u r i n g t h e co mi ng y e a r up t o 65 S te reo  -
t o n e r s w i l l be used i n e v a l u a t i o n s t u d i e s
p l a nn e d by D r . W e i s g e r b e r o f A me r i c an
I n s t i t u t e s f o r R e se a rc h i n P a l o A l t o ,
CA.. A t a p e r e c o r d e d t e s t w i l l be used
f o r l o c a l s c r e e n i n g o f p o t e n t i a l S t e r e o -
t o n e r us e r s . Tho se who ap p ea r s u i t e d t o
use t he d e v i c e w i l l r e c e i v e 2 - 3 weeks
o f t r a i n i n g a t o ne o f t h e C e nt e r s l i s t e d
ab o ve . AIR has a l s o p r e p a r e d t he ne c -
e s s a r y t r a i n i n g m a t e r i a l s . U s i ng we e kl y
p o s t c a r d r e p l y s , t e l e p h o n e and p e r s o na l
i n t e r v i e w s , AIR w i l l f o l l o w t h e s t u d e n t s '
f u r t h e r p r o g r e s s a f t e r t h i s i n i t i a l t r a i n -
i ng t o e v a l u a t e t h e e f f e c t i v e n e s s o f t he
t r a i n i n g pro gr am and t he us e f u l ne s s o f
t he S t e r e o t o n e r f o r each i n d i v i d u a l i n
h i s a c t i v i t i e s . I n a d d i t i o n t o t he
S t e r e o t o ne r s p ur c ha s e d by t he V e t e r a ns
A d m i n i s t r a t i o n and t he N a t i o na l Academy
o f S c i e n c e s , a number o f u n i t s a r e b e i ng
s o l d t o i n d i v i d u a l s and i n s t i t u t i o n s a t
a c o s t o f $ 1 , 0 2 0 . 0 0 p l u s s h i p p i n g f ro m
Mauch Labs i n D a y t o n , O h i o .

S t e r e o t o n e r S p e c i f i c a t i o n s

O u t p u t Code

Ten m us i c a l t o ne s ( A , C #, F) w i t h t he
no m i na l f r e q u e n c i e s o f 44 0 , 55 4 , 69 8 ,
88 0 , 1109 , 13 97 , ' 1760 , 22 18 , 27 95 , and
3520 H z . C ho i c e o f mono ( e q ua l a m p l i t ud e )
o r s t e r e o p h o n i c ( p r o d uc e d by d i f f e r e n t
a m p l i t u d e s o f t o ne s t o l e f t and r i g h t
e a r s ) o u t p u t s .

C o n t r o l Box

A d j u s t a b l e ne c ks t r a p w i t h r ub b e r pa d ,
l i n e d s t o r a g e co m pa r tm e nt s f o r e a r p h o ne s ,
t h r e e s w i t c h e s f o r o n  - o f f , s te r eo  -mo no ,
no r m a l -  r e v e r s e d p r i n t , l e f t and r i g h t
c ha nne l vo lume c o n t r o l s , l e f t and r i g h t
a c c e s s o r y o u t p u t j a c k s f o r o p t i o n a l
e x t r a ea r p ho ne s f o r t e a c h i n g , d e m o ns t r a t -
i n g , and r e c o r d i n g , c h a r g e r i n p u t j a c k ,
and snap f a s t e n e r f o r T r a c k i n g A i d C ase .
S i z e : 5 . 4 " W x 4 . 4 " H x l . 9  " D no t i n c l .
n e c k s t r a p . W e i g h t : 19 .5 o z . , a t t a c h i n g
t he T r a c k i n g A i d adds 3 o z .

P n w A r S o ur ce

U ser ' r e p l a c e a b l e s e a l e d Ni C ad r e c h a r g e a b l e
b a t t e r y , 6 . 2 v o l t , 550 ma h r . , a p p r o x .
D s i z e , 5 o z . , 6 -10 h r s . o p e r a t i o n de -
p e nd i ng upon l e t t e r s i z e , can be r e c ha r g e d
I n p l a c e hund r e d s o f t i m e s . Power C o n-
s u m p t i o n : 50 -80 ma @ 6 . 2 v ( 0 . 3  - 0 . 5 w a t t ) ;
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f o r p i c a t y p e co nsum p t i o n i s a p p r o x i -
m a t e l y 0 . 4 w a t t . (A b o u t 8 ho ur s )

E l e c t r o n i c s : S t a nd a r d , r e a d i l y a v a i l a b l e
s o l i d s t a t e co mpo nents assem bled on t h r e e
e t c he d c i r c u i t b o a r d s ; 41 t r a n s i s t o r s ,
4 i n t e g r a t e d c i r c u i t s ( c o n t a i n i n g a t o t a l
o f 80 t r a n s i s t o r s ) , 15 d i o d e s , 101 r e s i s -
t o r s and 28 c a p a c i t o r s . O p e r a t i n g
t e m p e r a t u r e : 32 ° F- 115 ° F. S t o ra g e te m p e r a -
t u r e : 0 ° F- 140 ° F.

C ha r g e r F ur n i s h e d

P l ug  - i n , w a l l o u t l e t mo unted t y p e w i t h
6 f o o t low v o l t a g e c a b l e w i t h p l u g t o f i t
j a c k i n back o f S t e r e o t o n e r , 115 v o l t s
60 Hz i n p u t , 50 ma do o u t p u t t o b a t t e r y ,
cha rg e s c o m p l e t e l y d i s c ha r g e d b a t t e r y
o v e r n i g h t (14 h r s . ) - 220 v o l t 50 /6 0 Hz
model may be s u b s t i t u t e d .

S t e r e o t o n e r O p t i c a l Probe /C amera

10 :1 zoom range f ro m a m a g n i f i c a t i o n o f
3 . 1 6 t i m e s to a r e d u c t i o n o f 3 . 1 6 t i m e s
c o v e r i ng a f i e l d o f v i ew f ro m .075 t o .7 5 0
I nc h and l e t t e r s i z e s f ro m 6 t o a b o u t
72 p o i n t s , a s i n g l e kno b a d j u s t s s i z e and
l o c ks i n p o s i t i o n . 10 a r e a p ho t o c o n d uc t o r s
(CdSe) each .0 0 6 i nc h wi de and .021 i nc h
h i g h i n a co lumn a b o u t .2 5 0 i nc h h i g h
s e a l e d i n a dr y a t m o s p he r e . Fo ur e l e m e nt
l e ns 13 mm f o c a l l e n g t h , f 1 .9 a p e r t u r e .
S i n g l e m i n i a t u r e lamp r a t e d a t 5 v o l t s -
60 ma, and 3 , 0 0 0 ho ur s l i f e , usage a t p i c a
t y p e s i z e g i v e s an e xp e c t e d l i f e 20 t i m e s
l o n g e r .

The wo rk r e p o r t e d above i s spo nso red by
t h e P r o s t h e t i c and S ens o ry A i ds S e r v i c e ,
D e p ar t me nt o f M e d i c i ne and S u r g e r y ,
V e t e r a ns A d m i n i s t r a t i o n .



THE NEW C -5 LASER CANE FOR THE BLIND

by

J. Malvern Benjamin, Jr.
Bionic Instruments, Inc.

221 Rock Hill Road
Bala Cynwyd, PA 19004

Introduction

In 1965 the first model of a laser cane
for the blind was roduced for the VeteransAdministration (VA * by Bionic Instruments,
Inc. Since then, development has proceeded
through three models (1) to the present C -5
Cane, the final '!production" model to be
described here.

During the past 35 years, many other ef-
forts have been made to develop useful el-
ectronic mobility aids for the blind; per-
haps twenty devices have been built and
tested (2). In the last three years, three
of these devices have shown sufficient pro-
mise to warrant detailed examination.

The simplest of these is the "Pathsound-
er" developed by Lindsay Russell (3). It
consists of a camera -sized box, carried on
the chest with a neck strap, which probes
6' (2 m) ahead with an ultrasonic beam. An
obstacle detected between 30" and 72" (75
and 180 cm) from the device produces a low -
pitched tone from small speakers mounted in
the neck strap, while a high - pitched tone
is emitted if the object is closer. This
device thus protects its wearer against ob-
stacles overhanging at chest to head
heights that would not be dotected by a
cane or a dog. Since the device serves
this single purpose, it must be used with
a cane or a dog, but its use is easily
learned and it is quite reliable.

Much more com lex are the Kay UltrasonicSpectacles (4, 5 , a binaural device which,
after suitable training, allows the wearer
to locate objects in space. The sounds
emitted into each ear blend, so that to an
experienced user the objects themselves
sometimes seem to be emitting the sounds.
However, since the spectacles cannot detect
dropoffs, they must be used in conjunction
with a cane or a dog.

Intermediate in complexity, and conse-
quently in training time required, stands
the Laser Cane.

These devices, as well as several other
sensory aides, are discussed in an excel-
lent survey article on the subject (6).

We appreciatively acknowledge the un-
failing support of this project by the
Veterans Administration through long and
often difficult years. It has meant
much to all of us who have worked on the
project.
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General Operation

As discussed above, the purpose of the
Laser Cane is to add to the environment -
probing ability of the conventional long
cane (or "Typhlocane "). It provides three
important pieces . of information to the trav-
eler, thus reducing his tension and making
his progress more graceful.

11 611 '1■   

E l m
7y n

Fi g u r e  1 . L a s e r  C a n e in  U se .

Th e  C a n e ,  s h o w n  i n  Fi g .  1 ,  e m i t s  p u l s e s
of  i n f r a r e d l i g h t ,  w h ic h ,  i f  r e f le c t e d  f r o m

an object in front of it, are detected by
photodiodes placed behind receiving lenses.
The angle made by the diffuse reflected ray
passing through a receiving lens is an indi-
cation of the distance to the object detec-
ted. This principle of optical triangula-
tion, first used by Cranberg (7) for that
purpose in 1943, was chosen in preference
to an. ultrasonic approach because of its
simplicity and small beamwidth.

The Cane's DOWN channel emits a 200 -Hz
tone to notify the user of any dropoff lar-
ger that 6 " (15 cm) which appears approxi-
mately two paces (6' or 1.8 m) in front of
the traveler. Some of the most serious of
these would be down -going flights of stairs,
the edges of train platforms, and open man-
holes and cellar -ways, but down- curbs,
though more shallow, can usually be detected.

The FORWARD beam, about 2' (60 cm) above
the ground, can range out to a maximum dis-
tance of 5' or 12' (1.5 or 3.5 m) from the
cane tip to a light - colored target. The
range is set by a lever located above the
laser housing. Any obstacle detected within
the selected range will actuate a stimulator
that contacts the index finger when the cane



is carried in the usual "long cane" manner.
In addition, a 1600 -Hz tone may also be
switched on, if desired.

The UP beam will detect obstacles at head
height appearing 1 1/2' to 2' (45 to 60 cm)
in front of the cane tip. Obstacle detec-
tion is signaled by a high - pitched (2600 -Hz)
"beep."

Optics

The arrangement of the beams is shown in
Fig. 2. Each of the dotted lines represents

C
L
C

B.

Figure 2. Laser Cane Beam Configuration.

a thin beam of pulsed laser ltt less than
1" (25 mm) in diameter at 10' (3 m). The
cross - hatched fans depict the angular recep-
tion cones of the receiving lenses, which
have to be much larger angularly than the
laser beam in order to allow for variations
in cane tilt, ground tilt, and range.

The DOWN beam is focused by a plastic
lens 5 mm in diameter with a focal length of
13 mm; the other two beams are focused by
lenses 6 mm in diameter with focal lengths
of 7.6 mm. Emerging from these lenses, the
beams, after redirection through front -sur-
faced mirrors, exit through two windows.

The receiving lenses (an 18 -mm dia.,
20 -mm FL for the DOWN beam; two pairs of
12.7 -mm dia., 17 -mm FL (giving an EFL of 9.6
mm) for the other two beams) are spaced down
the shaft from the upper nacelle so as to
form a range base about 11" (28 cm) long.
The angle that the reflected central ray
makes with the central axis of the receiving
lens thus indicates the range of the target.

The focal lengths of the receiving and
transmitting lenses are in the same ratio as
the ,photodiode diameter and the laser beam
length. The receiving lens diameter is made
as large as is practical in order to receive
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maximum light flux, while the transmitting
lens diameter need only be large enough to
subtend the solid angle required to capture
all of the emitted light.

The UP channel optics is adjusted so that
an obstacle approximately 18" (45 cm) in
front of the cane tip and 6' (1.8 m) high
will just be detected. Obstacles above this
height will not be detected; so one will not
get

a

false alarm when passing through a
doorway. A twig the diameter of a lead pen-
cil or a clothesline will usually be just
detectable. As can be seen from the draw-
ing, the detection area (that is, the line
of laser light that is passing through the
cross - hatched cone of the receiving lens)
moves downward as one approaches the cane
tip; thus the head is protected at the
greatest distance, followed by the shoulders
down to the waist. Detection range could,
of course, have been increased, but it was
determined in use that 18" (45 cm) was the
best compromise between being warned too
early, on the one hand, and not having
enough time to stop at all, on the other.
This channel will be actuated not only by
overhead objects, but, of course, by objects
which start at the ground and continue up-
ward to head level. A wall, therefore, will
first produce a FORWARD- channel signal as
one walks toward it, then, within 18" (45
cm) of the wall, the UP- channel signal will
also be activated.

Ranging on the FORWARD channel is done,
as can be seen from the diagram, by shifting
the angle of projection of the FORWARD -chan-
nel laser. This is accomplished by rotating
a very small mirror through 3.5 degrees.
The movement of the range switch mounted
above the laser windows is transmitted to
the mirror by a short, thin wire. By using
mirrors, the laser assembly is compacted;

TP W L O . GLOB FAR
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PROTECTION Z O N E S OF C5 CANE

Figure 3. Zones of Protection of

the Laser Cane.



the FORWARD and DOWN laser beams emerge from
the lower window, while the UP beam uses the
upper window.

For greater clarity, these sensitive
zones of the cane are shown in the lower
portion of Fig. 3. This representation
shows that the entire length of the body is
protected by one or another of the three
beams, except for a small portion near the
ground which is protected by the cane it-
self.

The upper portion of the figure is a top
view, which illustrates more clearly the
range at which the user is protected by each
beam. Arcs are produced by the conventional
"long cane" scanning technique of the user
as he sweeps from side to side with each
step.

The method by which the DOWN systerp de-
tects a curb can be understood by studying
Fig. 2. It will be noted that the laser
beam strikes the ground at a more acute
angle than the field of view of the receiv-
ing optics can accommodate because the laser
assembly is mounted above the receiving lens
assembly. The curb can thus be said to
"cast a shadow" for the receive optics while
the laser looks into this shadow. There is
thus a momentary interruption in the other-
wise steady stream of light pulses being re-
ceived from the ground by the DOWN channel
receiving system. The logic is arranged so
that the system remains silent unless a
pulse is missed, at which point a brief,
low- pitched tone is emitted. For a walking
speed of 4 mph (6.5 kph) or less, a repeti-
tion rate of 40 pulses per second is suffi-
cient to assure at least one returned pulse
for a 6" (15 cm) curb.

For this system to operate, it is quite
necessary that both transmit and receive op-
tics be quite sharp, as any significant
amount of stray light will obliterate the
"shadow" cast by the curb. At the same
time, the dynamic range for the lower chan-
nel is great enough not to pick up too much
stray light from a white concrete surface,
while at the same time it is able to reflect
sufficient light to keep the system from re-
sponding to a wet, shiny black asphalt sur-
face. This range is approximately 300:1;
thus the optical requirements for this por-
tion of the system are severe. The present
cane is capable of detecting a -6" (15 cm)
curb under these conditions, but will give a
false alarm on shiny black vinyl tile, pol-
ished black marble, or clean black asphalt
coated with oil. If it were adjusted to
miss these surfaces, it would then respond
only to steps of 9" (23 cm) or deeper.

The lasers used in this system are Laser
Diode Laboratory LD -23's with a typical peak
power of approximately 12 W. However, only
2.5 W is radiated by each of the UP and FOR-
WARD channels and 4 W by the DOWN channel.
The laser safety situation has been studied
by five separate laboratories; none has con-
cluded that there is any danger (8).

PIN silicon photodiodes manufactured by
United Detector Technology have been found
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to have th-e best signal -to -noise ratio and
linearity over the greatest dynamic range,
and so are used in this system. It is quite
important that the gain in the photodiodes
not change with ambient light and that the
noise level not increase by much more than
theory would predict in order that the sys-
tem can have the highest signal -to -noise
ratio practicable. This, in turn, is neces-
sary in order to reduce size and weight.

Wratten 83C infrared filter material
placed in front of the photodiodes further
increases the signal -to -noise ratio by re-
ducing the photodiode noise generated by
high ambient light intensity.

Figure 4. Close
-up

of the Laser Cane.

Mechanical Embodiment

Fig. 4 shows a labelled close -up of the
C -5 Cane. The thin shaft is, of course, the
lower section, which contains no electron-
ics. Its tip is made of solid nylon and
screws into the bottom of the staff for easy
replacement as it wears. Tips of other ma-
terials have been explored, but they have
the wrong frictional "feel" on different
types of material, are too heavy, wear too
fast, or do not transmit "vibration" in a
manner familiar to the blind mechanical cane
user. The nylon tip thus chosen for this
cane is the same material that is conven-
tionally used in the "Typhlo" long cane used
by many blind people. Alternatively, a
metal furniture glide tip can be provided
for those who desire it. The staff can be
supplied in either aluminum or fiberglass.

It is desirable that the shaft should
plug into the upper electronic section of
the cane with considerable ease so that it
'nay be connected and disconnected rapidly,
but it is also necessary that the joint wear
well and that there be very little play. To
achieve this, the joint is made with "0"-
rings that press lightly against an aluminum



ferrule inserted in the upper end of the
shaft.

Cane length should be adjustable in ap-
proximately 1" (25 cm) increments over a
range of 12" (30 cm) from 42" to 54" (105 to
135 cm). This is achieved by cutting the
shaft to individual measure and then insert-
ing the metal ferrule.

Just above the joint in the upper section
appears a swelling containing the three len-
ses of the receiving optics. Halfway up and
to the rear as the cane is being carried is
a small panel containing several controls.
The lowest is a jack used for charging the
battery and also for coupling into the audi-
tory output signals for telemetering pur-
poses. This telemetering capability is
quite useful during the training period,
when the instructor may wish to trail the
student by approximately one -half block.
Output from this jack can also be fed to a
hearing aid, if required.

Directly above this jack is the sound
output volume control. Turned to one end,
it operates a switch that turns on a tone
whose volume indicates the amount of charge
left in the battery. When the battery check
tone can no longer be heard, approximately
30 minutes of use are left before recharge
is necessary.

Directly above the volume control is a
switch that turns on the tone associated
with the FORWARD channel. The tactile sti-
mulator is always in operation when the
FORWARD channel detects an obstacle, but the
tone is optional.

Continuing upward along the cane toward
the crook, one next comes to the on -off
switch, mounted in the right -hand side just
under the position occupied by the right
index finger of the user when he is carrying
the cane using conventional "long cane"
technique.

After operating the switch to turn the
cane on, the index finger is returned to a
resting position in which the ball of the
finger resides in a small depression in the
cane wall. At the center of that depression
is a hole through which the tactile stimula-
tor tickles the finger to warn of a forward
obstacle.

Near the top of the cane, another for-
ward- pointing swelling houses the lasers and
transmitting optics. It contains a small
switch that selects the FORWARD range.
Pushing the switch down (that is, away from
the user), sets the maximum range at 12'
(3.5 m). Pulling it u toward the user re-duces the range to 5' {1.5 m). Thus, in-

doors in cluttered surroundings or outside
in a crowd, the range can be shortened
enough to keep the obstacle detector from
alarming the user unnecessarily.

The space inside the cane between the
upper and lower optical housings is occupied
by printed circuit boards containing most of
the electronics needed to run the cane,
while above the laser assembly is the laser
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pulse drive circuit.

Proceeding around the curve of the crook,
a grillwork is located in the forward sec-
tion of the cane. Beneath this grillwork
are two tiny electromagnetic speakers which
beam the sound upward to the user's ear.
A special material with controlled micro -
porosity allows virtually unattenuated sound
passage while stopping water from penetrat-
ing into the cane.

The remainder of the crook houses a 6-
volt 225- milliampere -hour NiCd rechargeable
battery. This battery should last approxi-
mately three hours between charges and re-
quires 12 hours to recharge. Its lifetime
is one to two years, and it is easily re-
placeable with a new or freshly charged
battery, when required.

The upper section of the cane is 1" (25
mm) in diameter. The whole cane weighs just
over one ound (453 gm) as compared to 6 to8 ounces p(170 to 230 gmj for a conventional

mechanical cane. The area occupied by the
hand has -been knurled to provide a rough
grasp that will not slip if the hand becomes
sweaty. A conventional smooth white enamel
finish identifies the usual blind traveler's
"white cane."

Electronics

The block diagram, Fig. 5, shows the
electronic arrangement. Integrated circuits
are used for the logic, but the rest of the
system was built with discrete circuitry to
save power and to save money in limited
quantity production. When the total system
is in operation with both speakers at full
volume and the stimulator running, approxi-
mately 460 mW are consumed, of which the
lasers and associated drive circuitry use 60
mW, the speakers and the stimulator use 350
mW, and the rest of the electronics uses 50
mW. Since so much power is required to ac-
tuate the output, the time between charges
will be greatly dependent upon the amount of
time that the outputs are turned on.

It will be noted in the block diagram
that the laser drivers fire alternately in-
stead of simultaneously. The UP and FOR-
WARD- channel laser are connected in series,
and so are driven simultaneously, while the
DOWN channel is turned on only when the
other two channels are off. This prevents
the optical cross -talk that would be caused
by light scattered from the UP or FORWARD
channels being received by the lower chan-
nel; and it also, of course, reduces elec-
trical cross -talk.

The lasers are pulsed at a 40 -Hz rate for
200 nanoseconds. The receiving amplifiers
are all gated so that they are turned off
except when a signal can be accepted. This
reduces the likelihood of interference from
bright flashes of reflected sunlight from,
say, an automobile windshield, and optical
or electrical interference from fluorescent
lights. Incidentally, two Laser Canes poin-
ted at each other will respond only very
occasionally!
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Figure 5. Electronic Block Diagram of the Laser Cane.

The amplifier bandwidth is approximately
5 kHz to 2 MHz to maximize signal -to -noise
ratio.

Input signal level from a vertical white
target at 5' (1.5 m) is 90 mV peak for the
0.2 µsec pulse.' The poorest target material
for which the system is required to work is
clean black asphalt covered with a thin
layer of water. Signal return from this
material, viewed at a 500 angle, is only
0.5% of that for a vertical white target.

Outputs

The three cane output tones are nnharmon-
ically related to avoid blending. They are:
UP, 2600. Hz; FORWARD, 1600 Hz, and DOWN, 200
Hz. To further aid in discriminating these
tones, the waveform of the DOWN channel is
tailored to produce a "rasping" sound, as
compared to "pure" tones for the UP and FOR-
WARD channels.

It was found that small sonic transduc-
ers, either piezo- electric or electromagnet-
ic, are quite non- linear in frequency re-
sponse and, of course, have poor low -fre-
quency response also. Thus, if two or three
signals are transmitted at once, intermodu-
lation distortion occurs, producing entirely
different tones. The user then must memor-
ize not only the three solo tones for the
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three channels, but also their combination
tones. In the Model C -5 this has been over-
come by using two miniature electromagnetic
speakers. One speaker transmits the high -
pitched UP tone; the other transmits the
middle- pitched FORWARD tone; and both trans-
mit the DOWN tone. It is relatively rate
that either the FORWARD or UP tones are
sounded at the same time as the DOWN chan-
nel, while the UP and FORWARD channels are
sounded together fairly frequently (as when
one walks too close to a wall). Further-
more, by running both speakers at the same
time, the poor low- frequency response inher-
ent in a small electromechanical device can
be compensated for in the DOWN channel. In
addition, the acoustic chamber in which the
two speakers are lodged was designed to
resonate at this lower frequency.

The tactile stimulator is always connec-
ted into the circuit; so even if the volume
has been turned down too low to hear or the
FORWARD- channel audio tone has been turned
off, the user will feel a tactile response
to a forward obstacle. If his finger is not
covering the stimulator hole, he will hear
the tactile stimulator, which under those
conditions will not be silent.

Present Project Status

Eight veterans have been using an earlier



model (the C -4) of the Cane for one and one -
half years with apparent satisfaction. Con-
sequently, the Veterans Administration
placed an order for forty more canes, to be
finished by the end of 1973 for distribution
and further study. The C -5 Cane described
above has just been completed in prototype
form, and forty copies of it will be pro-
duced. It is expected that in 1974, when
the first production run of the cane can be
made for general distribution, its price
will be between $1,500 and $2,000. This
compares with a price of $3,000 to $4 9 500
for a trained dog; and, like the dog, the
cane will, of course, have to be subsidized.
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STUDIES IN GA IT IMPRO VEMEN T BY FUN CT ION AL ST IMULA TION OF  THE LAT ERA L POP LITIA L NERVE

by

J .  V re d e nb r e gt
Ins t i t ut e  fo r  P e rc e pt i o n Res e a rc h

Fi ndho ve n -  N et her l and s

As  t he  foo t  l i ft i ng mu sc l es  do  no t  c ont ra c t,  the  he mi pl e gi c  p a ti e nt  as -
su me s  a  t y pi c al  ga it . To  o v erc ome  t hi s  d i sa b il i t y  a  s i mpl e  e le c tro ni c
ne rv e-  mus cl e  s t imul at o r ha s  be en d ev el op ed . The  s t ar t  o f  t he  s ti mu l a -
ti o n,  as  wel l  a s  i t s  d u ra t io n,  i s  c o nt ro ll e d p ne u mat i ca l ly  b y a  ru bb e r
inso le .

Bec au se  t he  mo me nt s  a t whic h the  u na ff ec ted  foo t tou ches  a nd  le av es  t he
gro und co rr es po nd  cl os el y wi th t ho se  a t  whi ch t he  a ffe ct ed  foo t mu s t
s t ar t  a nd s t o p i ts  swing p has e , the  i nso l e  is  pl a ce d  i n t he  sho e und er  the
ball  of the non - affected foot.

A fe w y e ar s  e xpe r ie nce  ha s  d emo ns t ra t ed  tha t a  numb er  of  pa t ie nts  who
us ed  the  a p pl i anc e fo r  a  co mpa rat i ve ly  sho rt  pe r io d , ha v e a cq u ir e d a
ga it  whi c h ca n be  qu al if ie d  a s  a l mo s t no rmal  to  c ons i d erab ly  i mprov ed .
In a  no n - negli gi bl e  numbe r of  p at ients  t he  i mprov ement remai ne d ev en
wit ho ut  fur the r us e  of  t he  ap pl ia nc e.

Re fl e x s t u di es  in s o me  p a ti ent s  wi t h t hi s  gai t  i mp ro v ement  s ho w a ls o  a n
improv e me nt  of  t he  re c ov ery  c yc l e  of  the  Hof fma nn r e fl ex. Thi s  e ffe ct
is  p ro ba bl y ca us ed  b y an increa se  i n ne ural  i nhi bi ti on d ue  t o the  fu nc -
ti onal  s ti mu la ti on.

Typ ic al  he mi pl egi c  ga it  invo lve s  c i rcu md uc tio n of
the  l eg a nd  d ra gging of  t he  t oe , du e to  wea knes s  of  t he
do r s i f le xo r s . A pa ti ent wi th this  d is ab il i ty  ( so me ti me s
cal led  drop  -foot ) is  in dange r o f s tu mbl ing ov er  hi s  o wn
foot. The re fore ,  whe n wa lk i ng he  t e nds  t o  re ma i n s t a nd -
ing on the  so und  le g until  the  a ffe cte d one i s  s afe ly and
se cu re ly  on t he  grou nd . Thi s  ins t ab il i t y du ri ng wal ki ng
ne ce ss it a t es  t he  u s e  of  a  s ti ck , bu t e ve n wi th a  s ti ck  he
move s  o nly wit h d iffi cul ty.

It  has  bee n found that thi s  d isa bili ty can of ten be
la rge ly  o v erc ome i f a n e l e ct r ic  s t imul u s  i s  ap p li e d a t  the
ap pro pr i a t e  i ns t a nt  to  the  ne rv e  t hat  ca u se s  t he  mus c le s
inv olv ed  to  co nt rac t. A s ma l l p o rt a bl e  e l e ct roni c  mu sc l e
s ti mu lat or  has  be en de ve lop ed  a nd te s t ed by  the  Ins ti tu te
fo r  P e rc e pt i on Re s e arc h i n c oo p era ti o n wi th the  Re ha b il i -
ta ti on C e nt re  a t E indhov en, Ne ther la nd s .

Ou r  ma i n pro b le m was  t o s y nchro ni ze  a t  t he  c o rr e c t
poi nt of  t i me  the  per io dic al ly sup pl ied  s timul i wit h t he
swi ng a nd  s tand phas es  of  t he  a ff ect ed  l eg d uri ng t he  p a-
ti ent 's  wa lk i ng. In e a rl i er  i nve s ti ga t io ns  in thi s  fi e ld ,
exp er i ment s  we re  c ar r i ed  o ut  wit h a  mec ha ni c a l s wit c h
und er the  heel  of  t he  aff ec ted  fo ot (Libe rso n e t a l .  , 1961)1

It  is  ou r  e xpe r ie nce  tha t t he  di s ad v ant age  o f  t his  ar r ang-
me nt  was  that  t he  s t imul i were  swi tc he d on and of f a t  t i me s
whi ch c ame  t oo  so on with r es pec t to  the  de s ir ed  c ycl e  of
lif t ing a nd  lo wer ing t he  foo t. Ext ens i ve  gai t  s t ud ie s  ta ught
us  t ha t in no rmal  ga it  t he  p res su re  b e twee n the  foo t and
the grou nd  i s  a l mo s t re du ce d to  zero whe n the  ba ll  o f the
foo t l eav es  the  ground. At that  mo me nt  the  bo dy we ight
ha s  be en t ak en o ve r by  t he  o ther  l eg. He nc e , a  b et t e r
pla ce  for  the  swi tch wa s  und er the  ba ll  of  the  a ff ect ed foo t,
bu t owing to  t he  v ul ne ra bi li ty  a nd  r ap id  wea r of  t he  me-
cha ni ca l s wi tc h, whic h was  p la ced  o ut s i de  the  sho e (a nd
s i nc e  t hi s  o nl y  wo rk s  p ro pe r ly  on ha rd  l e ve l  gro u nd ),  the
sol ut io n wa s  no t s a t is fa ct ory.
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We  hav e no w ob ta ined  v ery go od  r es ul ts  wit h a  so rt
of  p ne umat ic  s wi tc h b y whic h the  s t imu la ti on i s  op erat ed .
The  s wit c h i ts e lf  is  op e ra t ed  by  the  a i r p re s su re  o f a
sma l l  a i r  c hamb e r  i n a  rub b e r  i ns o l e . T he  l a t t e r  i s  no r -
mal ly  p la ced  i n the  s ho e of  the  unaf fec te d fo ot,  b ec au se
thi s  fo o t  s ho ws  a  no rmal  o r  a l mo s t no rmal  p a tt e rn du r i ng
wal king. The inso le  f i ts  i n ev ery  s ho e wi thou t  a ny  c ha nge
of the  shoe  i ts e l f. The  a ir  c hamb e r  i s  s i tu a t e d u nd er  t he
bal l  o f the  foot ; the  ins t ant  a t  whi ch the  b all  t ouc he s  a nd

le a v e s  t he  gro u nd  or ,  t o  b e  mo re  e xa ct ,  t he  i ns t ant  a t
whic h t he  wei ght  of  the  b ody  is  pla ced  on the  i nso le  and
re mo ve d a ga in, co i nc id e wit h the  s ta rt ing a nd  s to p pi ng o f
the  swi ng o f t he  a ffe cted  fo ot. The i ns t ant s  a t  whi ch the
mu sc l es  of  thi s  fo o t c ont ra c t and  r e la x a r e  thu s  c ont ro l le d
from the non- affec ted foot.

Fi gu re  1  s ho ws , in a  sc hema ti c  v i ew, t he  ap p li a nc e
wi th t he  swit ch. The  we ight  i s  1 1 0  grams . T he  g e ne ra t o r ,
i .  e .  t he  s ti mu l at o r  p ro p e r ,  i s  c ar r i e d  o n a  b e l t  aro u nd
the  pa tie nt ' s  wai s t or in a  t ro use r -  po cke t. It  s up pl ie s  a
re ct angul ar  p u ls e  o f a  re p et it iv e  r a t e  o f 50 1 1z, 0. 6  mse c
du ra t io n a nd a  ma xi mum amp li tu d e o f 1 00 V ( r a t e d c ur r ent
6mA ). Fo r r ea s ons  o f  c o nv e ni e nc e,  onl y t he  amp li t ud e
of  t he  p u ls e  ca n b e va ri e d by  me ans  of  a  po te nt i omet er ,
not  the  s ha pe of the  p uls e . An e la s t i c  b a nda ge  imme d ia t e -
ly  u nd e r the  k ne e of  the  af f ec te d  l eg c a rr ie s  t he  t wo  el ec -
trod e s  whi c h a re  ene rgi ze d  b y  t he  p ul s es . The po s it iv e
(p as s i v e)  e le c trod e  i s  ma d e of  e l ec tr i ca l co ndu ct ing rub -
be r and i s  in d ir e ct  c onta c t wi th t he  sk in. The  o t he r
(a ct iv e)  e le ct ro de , to  whi ch a  maximum o f 10 0V c an b e
ap p li e d,  is  ma d e o f s il i co n ru b be r  wi th a  c ore  o f  s t a i nle s s
s t ee l and  mak es  c o nt ac t wi t h the  sk i n thro ugh

a

d a mp
sp onge  i n orde r to  prov id e an a lmos t e qu al  p ot enti a l  o ve r
the  e l e ct ro d e ar e a  and t o av o id  hi gh c ont ac t r es is t ance .

The ap pl ia nc e is  s emi-  a ut omat ed  b y us ing a  crys ta l
as  a  p ne u ma t ic  swi tc h. This  has  t he  a dv anta ge  t ha t the



s t i mul a t io n s t a r t s  a u to ma ti c a l ly  whe n the  p at i e nt  b egi ns
to  wa lk  a nd s t o ps  when he  s to p s  wa l ki ng. Mo re o v e r ,  t he
ad j u s t me nt  o f  t he  ins o l e  r e ga rd i ng t he  p re s s u re  i n t he
pne u ma t i c  s y s t em i s  no t  c r i t ic a l ,  whi c h a l so  c o nt r i b u t e s
to  an ea s y  a nd c onv e ni e nt  us e . Ev e n when t r i gger i ng b y
the  he e l c o nt a ct  i s  p re fe ra b le ,  whi ch ma y  oc c u r  i n a  f e w
ca s e s ,  t he  i ns o le  c a n b e  u s e d  und e r  t he  he e l .

F i g. 1 . S c he ma t i c  v i e w o f the  ne rve  - mus cle
s t i m u l a t o r .

A-  gene rat o r , B- pneumatic s w i t c h ,
C -  s t i mu l a t i o n  e l e c t ro d e s ,
D-  i ns ol e .

The  s ys t e m ha s  p ro v e n t o  b e  v e ry  r e l i a bl e  a nd  t he
swi tc h o p e ra t es  on a ny  ki nd  o f  f l oo r  co v er  or  p av e me nt
wi tho ut  be i ng d a ma ged . Thi s  i s  a  ve ry  i mp o r ta nt  p o i nt ,
s i nc e  i t  giv es  the  p at ie nt co nfi de nce  i n t he  ap pl i ance .

The  a p pl i anc e  ha s  b ee n us e d a t v a ri o us  re ha bi l it a ti o n
c e nt r e s  fo r  a  n u mb e r  o f  y e a r s . A s  a  r e s u l t ,  ma ny  p a t i e nt s
ha v e  d e v e l o p e d  a  mo re  o r  l e s s  no rma l  ga i t . An i mp o r t a nt
co nt ri bu to ry  f ac to r wa s  fo und  t o be  t ha t the  af fe ct ed  foo t
is  b e tt e r d ir e ct ed  whe n t he  fo ot  is  pl a ce d  o n t he  gro und
be fo re  t he  s t imu l a t i on i s  s wi t c he d o f f  a nd ,  t he re fo re ,
s t a nd s  mo re  s e cu re l y  i n t he  s t a nd i ng p ha s e .

It  i s  a n int e re s t i ng p oi nt  to  no te  t ha t  a ft e r  s o me  t i me
a  r a t he r  gre a t  nu mb e r  o f  p a t i e nt s ,  u s i ng t he  a p p l i a nc e ,
re t a i n i mp ro ve me nt  in t he ir  wa l k e v e n wi t ho u t fu r t he r  u s e
of  t he  ap pl i ance . As  an e xa mp le ,  4 5  of  6 0 p at i e nt s  ov e r
40  ye a rs  o f a ge  who  und erwe nt  the  t r e at ment  fo r  3  to  6
we e k s ,  ha v e  r e c ov e re d  c omp l e t e l y o r  s ho we d  c o ns id e ra b l e
i mp ro v e me nt  i n t he i r  wa l k i ng. S i mi l a r  r e s u l t s  w e re  a l s o
re p o r t e d  b y  Ub e r s o n e t  a l .  , 19 612 and  Vo do nik  e t  a l . ,
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19653 . The r es t o f t he  p a ti e nt s  r es p onde d  we ll  whil e

wa lk i ng wi t h the  a p pl i ance ,  b u t s ho we d  no  l a s t ing i mpro ve -
me nt . A r ep re se nt a t i v e  nu mb e r  o f  t he  l a s t grou p  ha v e
be en us ing t he  ap pl i ance  co ns t antl y  for  mo re  than two
ye ar s  a nd are  wa lk i ng wi th co nf i de nce .

The fac t t hat  a  non - negl igi ble  number  of  pa tie nts
sho we d  mo re  o r l e s s  co mp l e t e  i mp rov e me nt  o f  t he ir  ga i t
is  y et  one o f ou r  s ub je c ts  o f  i nt e re s t . T o  ga i n s o me  i n-
s i ght  i nto  t his  pheno me non, sp inal  re fl exe s  of  the  Ac hil le s
te ndo n a nd r e fl e xe s  o f  the  M.  ga s tro cne mi c u s  (Ho f fma n
re fl ex)  a re  be ing s tu d ie d i n co o pe ra t io n wit h r ef le x
sp e c i a li s t s . Ev ok i ng s p inal  re fl e xe s  has  the  a dv ant age
that  o ne  i s  s t imul at ing a  co mp arat iv el y we ll  -known
st ru c t u re  i n t he  ne rv o u s  s y s t e m. A s  a n e xa mp l e ,  f i gu re
2 shows t he  r ec o ve ry  c yc l e  of  t he  Ho ffma n r ef le x o f the
le gs  o f a  r ight  - s i de d  hemip aret i c  pa ti ent,  as  fou nd  b y
Brunia  (1971) 4 . A mo re  r ap i d  r e c ov e ry o f  t he  Ho f fma n

re f le x is  de mo ns t ra t e d i n t he  a ff e c te d  l e g, whi c h wa s
al so  r ep or t ed  b y Di a ma nt op ou l os  e t a l . (1966)5 , Ma gl a de ry ,
(1952)6 a nd  T a k a mo r i , (1967)7 . It  ap p e are d t hat  a  hi ghe r

fa c il i ta t i on le v el  i s  r ea c hed  in the  he mip a re t i c  l imb .
This  co nce rns  b o th the  Hof fma nn and  t e nd o n re f le xes .

Re c e nt  p rel i mina ry  r e f l ex s tu d i e s  i n p a t i ent s ,
de mo ns t ra t i ng l as t i ng ga i t  i mp ro v e me nt,  a l s o  ind i c a t e
an i mp ro v eme nt o f  the  r ec o v ery  c yc l e . Thi s  i nd i ca t io n
co ul d be  d er iv ed  f rom t he  f ac t that  t he  re co ve ry  c yc le  o f
the  re fl ex o f  t he  a ff ec t ed  l eg b efo re  a nd  a ft e r us ing the
appl iance dif fers  le ss  fro m t hat of the  no n - aff ect ed leg
be fo re  t he  a pp li ance  was  u se d. T he  p re l i mi na r y  c o n-
cl us i on is  tha t a  d e cre as e  o f  t he  fa c il i ta t io n o r  a n i ncre as e
of the  inhi bi ti on is  i ni ti a t ed  by  a pp ly ing fu nct io na l s t imu-
la ti on.

The ap pl ia nce  i s  a l s o be ing us e d on c hi l dren wit h
a  d ro p - fo ot  di sa bil i t y due  t o a  b ra in de fec t co ntr ac ted  b e-
fo re  o r  d u ri ng b i r t h. The s e  c hi l dre n we re  ha rd l y a b l e
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F i g. 2 . RAcovery c y c l e  o f the  Ho f fmann
r e f l e x (H) o f  a  p a t i e n t  w i t h  r i g h t  -
s i d e d  h e m i p a re s i s . Ev e ry  p o i nt of
t h e  c u r v e  i s the  me a n o f 1 8  r e s p o ns e s
( Bru nia , 19 7 1 ) .



to  l e arn t o  wa lk  no rma l ly . So me o f t he m we re  pa ral y ze d
at  onl y o ne  s i d e  a nd  ha v e b ee n u nde r  t r ea t me nt for  se v era l
mo nt hs  and  s ho w a n i mp ro v ement  i i i  ga it .

The r es ul t s  ob t a i ne d  wit h t he  ap p li anc e ha v e de mon-
s t ra t ed  i t s  he l pful  ef fe c t in a  nu mbe r o f ca s es . Ho we v er ,
it  shou ld  b e  me nt io ne d that  funct io na l s t imul at io n wi ll
a l wa ys  ha ve  i t s  r e s tr i c t io ns .
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A MINIMUM ENERGY  EXOSKELETON

by

Eu ge ne  V.  Ko s s o
El e c t r i c a l  Engi ne e r i ng D e p a r t me nt

Uni ver s it y o f N eva da
Re no,  Ne v ad a

Int ro d uc t io n

F o r  t he  p a s t  f e w y e a r s  wo rk  ha s  b e e n p ro gre s s i ng
at  t he  Ins t i t u te  Mi ha i lo  P u p i n i n Be lgra d e  u nd e r  t he  d i r e c -
ti o n o f P ro f . Ra j k o T o mo v i c  o n t he  d e s ign and  co ns tru c -
ti on of  a  po wered  exos k el e to n for  the  r ehab i li t a t io n o f
pa ra p l e gi c  a nd  he mi p l egi c  p a ti e nt s . The l oc o mo t io n i s
und e r  t he  co nt ro l  o f  a  c o mp u t e r  a l go r i t hm fo r  wa l k i ng
and  s e v e ra l  o the r  a mb u l a t o ry  fu nc t i o ns . T he  g e ne ra l  a l -
go r it hmic  co nt ro l  is  de s c ri b e d b y Vu ko b rat o vi c  (1 ) .

The  maj o r  ef fo r t t o  da t e  ha s  b ee n t o s t a bi l i ze  t he
ga i t  by  i mpo s i ng a  mot i o n o n t he  u p pe r  t or s o . The  d evi ce
ha s  b e e n d emo ns t r a te d  wi t h hea l t hy  a nd  a  f e w p ara l yze d
su b je c t s  a nd whil e  i t  has  b ee n de mo ns t r a t e d  t ha t a  ga i t
ca n b e  i mpo s ed  on a  s ub j ec t  whi ch is  s t a bl e  fo r a  f e w
st e p s ,  i t  wo u l d a p p e a r  t ha t  co ns i d e ra b l e  work  r e ma i ns  t o
be  d one  b efore  t he  de vi ce  is  a cc e pt ed  by  t he  pa ti ent s  and
the i r  p hy s i c i a ns  as  a  nat u ra l a i d  to  r e hab i l i t a t i o n. T he
p r i nc i p a l  p ro b l e ms  t o  b e  o v e rc o me  a re :

1. The genera l re l uc t ance  of  p a ti e nt s  t o ac c ep t
ar t i fi c i a l  a id s . This  r e lu ct a nc e is  co mp o unde d
by the  s lighte s t  unde pendab il ity  o f t he  de vic e .
If  a  p at ie nt  has  had  a  b ad  e xp er ie nc e wi th a n
or thos is  he  l ik el y wi l l  ne ve r us e  t he  d ev ic e
a ga i n,  no  ma t t e r  wha t  i mp ro v e m e nt s  a r e  ma d e .
This  re l uc t anc e i s  magnif ie d  i n t he  c as e  o f  a n
ext ernal l y c o nt rol l ed  d ev i ce  su c h a s  i s  d e -
s c r i b e d  he re .

E. The  ma c hine  -ma n int e rf a c e  i s  cr i t ic a l . Since
the lo c omot io n i s  i mp os ed  exte rna ll y o n the
pa t ie nt t he  fo rce  mu s t  b e  t r ans mi t te d  t o  t he
l i mb s . Pa r t i c u l a r  c a re  mu s t  b e  e xe rc i s e d
in t he  f it t i ng a t the  fo rc e  po ints  t o prev ent
da nge ro u s  b ru i s i ng of  the  p a ti e nt . Unfo rt u -
na t e l y ,  p ara l y ze d  pe r s o ns  s ee m t o  b e  p a r t i c u -
la rl y  s u sc e pt i bl e  t o  b rui s ing, a nd  it  is  l i a bl e
to  ha v e d angero us , las ti ng ef fec t.

Figure 1.
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3. The fe as i bi li ty  of  t he  co nc ep t has  b ee n d emon-
s t r a t ed ,  b u t mu c h wo rk  re ma i ns  t o  b e  d o ne
be fo re  the  " wa l ki ng ma chi ne " i s  an ac ce p te d
o r t ho s i s . Whil e  a n a tt emp t ha s  b ee n mad e  t o
s t ud y  na tu ral  ga it s  a nd du p li c at e  t he m v i a  c om-
p u t e r  p ro gra ms ,  t he  ga i t  a l go r i t hm s  d e mo n-
s t r a t e d  t o  da t e  a p p ea r  to  be  f ar  f ro m na t u ra l .
This  le a ds  to  fu r the r r e l u ct a nc e  o f  p a ti e nt s  t o
accept the orthosis.

4. As  i s  p ro b ab ly  ev id e nt  i n F ig. 1 ,  t he  o r t ho s i s
is  pne u ma t i ca l ly  p owe red ,  wi t h t he  s ix c yl i nde r s

op era ti ng the  j oi nts . They  a re  c o nt ro ll ed  b y
the  s ervo - va lv es  arou nd  t he  u ppe r bo dy  c or se t.
Thi s  ne c e ss i t a t e s  an e xt e rnal  p re s s u ri ze d  ga s
bot tl e  wi th i ts  a tt ende nt  umbi li ca l co rd  c onne ct ed
to  t he  o r t ho s i s . T hi s , of  c o u r se ,  r e s u lt s  i n a
li mi t ed  r a nge o f amb ul at i on.

Proposal

If the  de vi ce  i s  to  b e  an a ut onomou s  sy s t em i t  wi ll
prob ab ly  hav e to  b e  re de s i gne d to  b e  e l ec tr ic al ly  p owered .
To  mak e  t hi s  d ev el op ment po s s i bl e  i t  wi ll  be  nec e ss ary
to  de v el o p  s mal l , p o we r fu l  e l e ct r ic  mo t o rs  to  op e rat e  t he
joints . At  t he  s ame t ime  t he  ene rgy  c ons ump ti on sho ul d
be  mi nimi ze d  i f  t he  e nergy s ou rce  (b a t te r ie s ) i s  t o b e
ca r r i e d  b y  t he  u s e r . This  nec es s i ta te s  the  choi ce  o f
p ro p e r ,  mi n i mu m e ne rgy ,  ga i t  a l g o r i t hm s ,  a n d  t he  c o n-
se rva t io n o f  e nergy b y r e t u rni ng to  the  s c arc e  s ome  o f
the  expe nd e d energy . It  i s  this  c once pt  that  i s  the  su bj ec t
of  t his  r e po r t .

Procedure

If we  e xa mi ne  t he  e ne rgy flo w in t he  j oi nt s  of  t he
lo wer  li mbs  du r ing a mbu l at i o n,  su c h a s  c an be  de r iv e d
f ro m P e i ze r ,  e t  a l .  , (2)  for  t he  ki ne ti cs  of  t he  knee , i t
ca n be  not ed  t ha t du r ing a  la rge pa rt  o f  t he  gai t  cy cl e  the
ene rgy  f l o w i s  nega t iv e , t ha t  is  the  mu s cl e s  a re  a ct i ve l y
us ed  to  "b rak e " t he  b o dy  mo ment um. In the  b o dy ,  a s  i n
the  p ne uma t i c  s ys t e m,  t hi s  e ne rgy  i s  no t r e c o v e re d ,  b u t
leads to further expenditure from the energy source.
Ho wev e r , i t  mi ght  b e  p o ss i b le  to  r ec o v er  a nd  r e t u rn t o
the  s o u rce  t hi s  ene rgy  i n a n e l e ct r i c  s y s t e m,  mu ch a s  a n
el e ct r i c  l oc o mot i ve  o r e le v a to r  c a n r e tu rn e nergy  t o  t he

Figure 2. For constant -field servo--motor,
normally operating on part (a)
of the mechanical power curve.
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p o w e r  s y s t e m  o n  a  d o w n h i l l  t r i p , b y  u s i n g  r e g e n e r a t i o n .

R e c o v e r y  o f  N e g a t i v e  E n e r g y

Co nv e nt io nal l y,  e l ec t ri c  s ervo  - mot or s  a r e  e i t he r
fi e ld -  co nt ro l le d ,  o r  mo re  u s ua l l y,  a rma t ure - c o nt ro ll e d
wi t h c o ns t a nt  f ie l d  c u r re nt  o r  pe rmane nt f i e l d  ma gnet s .
Ho we v e r,  t hi s  d o e s  no t  p ermi t  the  r e ve r s a l  o f  e l ec t r i c
ene rgy  f l ow, s i nce ,  whe n t he  me cha nic a l  e nergy  f l o w i s
re v e r s e d  t he  r e s u l t  i s  a n i nc re a s e  i n i nt e rnal  e l e c t r i c
lo ss es  s o that  i ns te ad  o f Pe l e e be i ng r e v e r s e d  i t  i s  me re l y
i nc re a s e d . Thi s  i s  i l l u s t r a t e d  i n F i g.  2 .

I f  t h e  e x t e r n a l  l o a d  f o r c e s  W nega tive  wit h +T dev
the  c u rr e nt  i nc re a s es  fu r t he r  a nd t he  e le c t r i c  p o we r
so urc e mu s t no w s up p ly  t he  inc re as e d I2 R lo ss e s  pl u s  the

external mechanical load (part B of the curve).

In o rd e r  t o r e v e r s e  the  e l e c t r ic  e ne rgy  fl o w,  i t  i s
ne ce s sa ry  to  o p erat e  o n p ar t  ( c)  of  t he  cu rve . In s imp l e
t e rms ,  i n  o rd e r  t o  r e c ha rge  t he  p o we r  p a c k ,  t he  ge ne r -
a t e d v o lt a ge mu s t  b e  grea t e r t han t he  t ermi na l  vo l t age ,
wi th the  s a me  po l ar i ty . To ac hie ve  this  t he  fo llo wi ng
sc heme  o f  f i e l d  a nd a rma tu re  p ol a ri t y c ont ro l  i s  p rop o se d

Fi gu re  3  i nd ic a t es  a  me t ho d  pro p os e d  fo r  r e c ov e r -
ing t he  e l e ct r ic  ene rgy  when t he  mec hani ca l  e nergy f lo w
is  r e ve r s e d  (me c hani c a l  p o we r  a i d i ng o r  r e t a rd i ng t he
de s i r ed  di r ec t io n o f  mo ti o n) . The lo gi c  of  the  op erat io n
is indicated in Fig. 3 and Table 1.

Re fe r ri ng to  t he se  d i agra ms,  t he  b a s i c  (d e s i r e d )
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angu l ar  v e l oc i t y  o f  t he  ma c hine  i s  s e t  wi t h if ,  whic h i s
a l way s  p o s i t iv e . F r ro r s  o f  a ngu l a r  v e l o c i t y  a r e  ma ni -
f e s t e d  i n A if. De pe ndi ng on whet her  t he  l oa d t orqu e  i s
a i d i ng o r  r e t a rd i ng t he  d e s i r e d  d i r e c t i o n wi l l  d e t e rmi ne
the  d ir e c t i on o f  the  i ncre me nt o f  i f , a s  i ndi c at e d  i n t he
lo gic  ta b le . The  di r e c ti o n of  rot a t i on i s  d e t ermi ned  b y
the  p ol ar it y of  v a - It  wi l l  b e  ob s erv e d t hat  whe n t he  e x-
te rnal  l oa d  a i d s  t he  d e s ir e d  d i r ec t i on o f ro ta t i on v g > va
s o  t ha t  t he  ma c hi ne  i s  ge ne ra t i ng,  a nd  e l e c t r i c  e ne rgy
fl o ws  t o t he  a rma t u re  s u p p l y . Whe n t he  ext ernal  lo a d
re t a rd s  t he  d e s i r e d  d ir e c t i o n o f  ro t a t i o n v g <v a so that
t he  ma c h i ne  i s  m o t o r i ng.

A b lo c k  d i agra m fo r i nv e s ti ga ti ng t he  o p era ti o n a nd
s t a b i li t y  o f t he  sy s t e m i s  giv e n i n F i g. 4. It  i s  i mm e d i -
a t e l y no ti c e d t hat ,  e ve n if  t he  f lu x -f i e l d c u rr e nt c hara c -
t e r i s t i c  i s  l i n e a r , the  sy s t e m is  f if t h - ord er , as  i ndi ca te d
by  eq u at i ons  (1 ) , d es c ri b ing a  s e t  of  s t a te -  va r ia b le s  fo r
the  s y s t e m,  and  no nli ne a r  d u e  t o t hre e  mu l t i pl i c a t io ns  o f
v a r i a b l e s . Thi s  i s  u nd o ub t ed l y a  po wer ful  re a so n fo r
us i ng onl y  a rma t ure  - c ont ro l l ed  se rvo -  mo t or s , c a re ful l y
l i ne a r i ze d .

Ho we v e r ,  i n the  i nt e r e s t  of  e ngi ne e r s  wi t h a p p l i c a -
t i o ns  r e q u i r i ng mi ni mi za t i o n o f  e ne rgy  u s a ge , su c h a s
fo r  s y s t e ms  s u c h a s  d e s c r i b e d  he re i n,  t he  s y s t e m wa s
ana l oge d  to  d e te rmine  t he  mo de  o f o p e ra t i o n a nd t he  p o s -
s i b le  s ta b i li t y  o r  ins t ab i l i t y .

xl= x2

X2=
- tx� +

j x3x5
+

7x4x5- _JTL

0 R � 1 0
x3 = - x 3 t i v i

0 1 R2 1
x 4 + C2vi

0 Ra MK 1 M 2
x5= - a  x ,  + = 1 xl x3 +La  2 x l

MR 2 M• M
= x l x4 - *1 x 2x 3 - >ra x ?x4+ va

whe r e :

X = 0.
x 2 = � o
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Xl = 9So

( 2 )
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F i gu re 5 . Mode 1 . F i gu re 7. Mode 3.

Re su lt s

The  r e s ul t s  o f  a n a na lo g c o mpu t er  s tu d y a re  i nd i -
ca te d b y Fi gs . 5 -8,  on whi ch ar e  p lo tt ed the  i np ut  angl e;
0 i , t he  ou tpu t a ngle; 0 0 9 a nd  t he  a rma t u re  c u r r e nt ;  i a ,
for  the  four  p oss ibl e  c ombinati ons  o f i npu t a ngle  and  lo ad
to rq ue . F o r  t he s e  r e s u l t s ,  no mi na l  p a ra me t e r  v a l u e s
we re  u se d ,  a s  i nd ic a te d .

The se  re s ul t s  c ou l d b e  c hara ct e ri zed  as  a  p os i ti v e
"po ss ibi li ty"  s tud y. Si nc e  t he  a rma t u re  c u r r e nt  r e v e r s e d
for  p lo ts  6 and 8,  the  indi cat io n is  that  t he  po we r fl ow
ha s  b e en r e v e rs e d  fo r t he s e  c a s e s . Al s o ,  a t  l e a s t  fo r
the  v al u e s  o f  p ara me te r s  cho s e n,  t he  s y s te m was  s t ab l e .

At  t he  p re s e nt t i me ,  wha t  might  b e  c ha ra c te r i ze d
as

a "f ea s ib il i t y " s t u dy  i s  b ei ng ca rr ie d  o ut . An ef fo rt
is  b ei ng ma d e to  ge ne rat e  Lya pu no v  func ti ons  t o d et er -
mi ne t he  ma xi mal  r egi o n o f  s t a t e  sp a c e i n whic h the  sy s -

te m mo d e l  i s  s ta b l e  a nd  a l s o  t he  re gi on o f  p a ra me t e r
sp ac e  i n whic h t he  sy s te m mo de l i s  s ta b le .

If  the  s y s t e m mod e l i s  s t ab l e  o ve r  t he  r ange o f
va r i a bl e  a nd  p a ra me t e r v a l ue s  o f i nt e re s t ,  a  p hys i c a l
sy s t e m wi l l  b e  co ns t ru c te d  a nd  te s te d t o de t ermine i f a
s i gnif ic ant energy  e co nomy is  i nd ee d ob ta ined .
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STOCHASTIC ANALYSIS OF EMG SIGNALS FOR MULTI - FUNCTIONAL PROSTHESIS CONTROL PURPOSES

by
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Summary. A stochastic analysis of EMG signals is described in terms of a
time- series analysis. Following an analysis of the p.d.f. of the inno-
vation of the EMG signals, an ARMA model for various recorded EMG signals
is derived, and subsequently a K -B filter model is obtained. It is
demonstrated that recognition of various limb funtions is facilitated via
this analysis and the resultant identification, as is required for multi-
functional EMG control of prostheses. Realization problems are discussed.

1. Introduction

A major problem in reliable multi- functional
prosthesis control via EMG signals is that of the
filtering of the EMG signals from noise and from
other interacting EMG signals and of recognizing the
EMG signals related to different limb functions. For
adequate and reliable such filtering and recognition,
a rigorous statistical EMG analysis is essential.
However, the EMG analysis presently available in
the literature is mostly restricted to ad hoc meth-
ods of spectral density and correlation evaluations
[1] -[9]. Noting the recent progress in applying
time - series analysis techniques to EEG analysis [10]-
[12], a similar philosophy is presently being at-
tempted to be applied to EMG analysis, noting that
d.c. levels or amplitude analysis alone cannot facil-
itate separation of various interacting signals.

1.1 Hypotheses

The present approach to EMG analysis recognizes
the non - stationary nonlinear nature of the EMG sig-
nals. Furthermore, it recognizes the practical con-
straints in any realization of filtering and iden-
tification or recognition, when employed in conjunc-
tion with a realistic prosthesis, these constraints
being those of time duration available for proces-
sing and of cost and weight of computational hard-
ware to be carried by the amputee (say, in his
pocket). Certainly, these constraints must and will
lead to compromises and to simplifying assumptions
in any analysis that will detract from the rigor of
the analysis. The present investigation is just
aimed at checking if the compromises made may still
yield adequate and reliable recognition, filtering
and (subsequently) control.

The present analysis is based on the following
hypothesis: (I) The EMG signals related to at least
some different limb functions (not necessarily all
functions) are detectable (by surface electrodes).
(II) at least some parameters, that can be identified
for the EMG time - series that are recorded, differ
significantly in value or combination of values for
different limb function. These two hypotheses imply
that the information on at least some different limb
functions is available and resolvable by identifying
the time - series parameters. In other words, if we
wish to resolve say, three different functions
(functions a,b,c), then we assume that if we record
the EMG signal at several locations (somewhere along
the upper arm, shoulder or neck - for upper elbow
prosthesis use), at some of these locations the

time - series parameters have a certain stationarity
feature such that at least some of the parameters of
the various functions do not change in time so much
that the various functions become indistinguishable.
In other words, for a two function case (functions
a,b), the range of time variation of the parameters
for function a is such that the parameter space
which the parameters of a may occupy at some time
does not overlap that of function b (at least one
parameter of a will not overlap or be overlapped
by the corresponding parameter of b ). The hy-
potheses above will all be tested, since if they
prove to be incorrect, the present analysis will be
useless.

We comment that the parameters considered above
need not be similar for similar functions for dif-
ferent patients. To overcome this, complete offline
identification (to set parameter ranges) must be
made for each patient prior to connecting his pros-
thesis controller to the identification and filtering
micro - computer that is to execute the recognition.

Obviously, since external or biological non -EMG
noise (say noise due to ECG, to fluorescent lights,
etc.) may have overlapping parameters, this should
be filtered first.

2. Experiments

For the present analysis, EMG signals have been
recorded at three different locations (L1,L2,L3)
along the upper arm of a volunteer. (Later the same

was repeated on a second volunteer.) The signals
related to different limb functions: F1; complete
rest (no arm bending), F2; load of one pound on hand
during arm bending, F3; squeeze action (no arm bend-
ing) and F4; same as F2 but five pound load - See
Tables of Section 4.

Functions F2, F3, and F4 were selected to
examine if various loads for the same function may
not be confused with another function, and to check
how load change affects the hynamic parameters of
the time - series.

We comment that although an amputee cannot
perform the above functions (without a prosthesis) he
can, or can be trained, to produce (above the
amputation) muscular tensions and flexions related
to the above functions.

This work was supported in part by the Veterans Administration, Department of Medicine and Surgery, Prosthetic

and Sensory Aids Service, under contract V1O1(134)P -111.
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The sampling rate of the EMG when fed to the
computer was 2000 samples /sec which is well above
the relevant upper frequency limit of interest in
EMG, namely 1000c/s [7], the lowest frequencies
containing useful information being about 30 c /s.

3. Analysis

Our analysis was concerned with steady state
data. Obviously analysis of transient data is more
appropriate if one wishes to actuate prosthesis
movements by EMG signals. However, without any
steady state analysis otherwise available, the au-
thors felt that they should first analize the steady
state and leave the transient analysis to a later
stage after the steady state has been studied.
Furthermore, it was hoped that identification may be
complete after about 0.15 - 0.25 sec of steady state
data, noting that the lowest frequency containing
information is about 30 c/s [7], and that such a
delay in actuating a prosthesis may be acceptable.
We will return to this point in Section 5 below.

3.1 Test for Distribution

The constraints mentioned in Section 1.1 make
it obvious that if a linear analysis can be even
weakly justified, it should be used, since otherwise
computation will be too lengthy and complex to en-
able practical prosthesis application. However, a
linear model is the correct one only in the Gaussian
case. Hence, and to avoid the complex testing of
the joint distribution, our testing was as follows:

Let Yk denote the measured time- series
(k = 0,1,2,..., denoting time interval). Noting
[13], the whitening filter for Yk of any distri-
bution is a linear pure autoregressive (AR) filter
which is in theory of infinite order, but whose
parameters converge for bounded Yk . Since this is

our case, it was sufficient to use 15 -20 AR terms to
obtain a white residual as follows:

S
Yk a i y k  - i ' } ' k

i =1

ai being the AR parameter, s being the order of
AR filter and wk being the white noise residual.
Eq. (1) can be written in operator form as

a(B)yk = wk (2)

B being a delay operator; namely, Biyk = Yk -i

The parameters ai where identifiable as in Chapter
12 of [13] using a least squares algorithm. Their
identification can be shown to be consistent (con-
vergent in probability) for the correct AR order,
and to otherwise yield an error that can be bounded
as required by appropriate selection of a [14],
[1 5 1 , [ 1 6 ] .

Subsequently to the whitening, the marginal
p.d.f. (probability density function) was checked,
noting that if the p.d.f. turns out to be Gaussian,
wk is independent and no joint p.d.f. is required.
Figures 1 -a, 1 -b indicate that wk is in fact very
close to Gaussian for various limb functions and rest
situations. Although the p.d.f. is not exactly
Gaussian (and was not expected to be), the con-
straints mentioned in Section 1.1 and earlier in
Section 3.1, at least justify a linear approach to be
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adopted. (We comment that in an experiment that has
been made, EMG reconstruction via the Gaussian as-
sumption has yielded a prediction error of less than
one percent)
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3.2 Identification of Input /Output ARMA Models for
the EMG Signals

Once the Gaussian assumption has been justified
as a reasonable approximation, as was shown in Sec-
tion 3.1, the way is open to identify linear EMG
models. This model will be derived in terms of an
ARMA (autoregressive - moving- average) formulation,
which is transformable into a KB (Kalman -Bucy) fil-
ter form for further filtering of noise. We note
that the KB filter is optimal in the Gaussian case
and optimal linear otherwise. The identification



of the ARMA model follows exactly the procedure out-
lined in Section 12.6 of [13] and in [15] and will
not be repeated here. This procedure yields the
following ARMA model:

�(B)�Yk�=�6(B)wk (3)

wk being the white noise (innovation) process of
(1) and �(B)�,�6(B) denoting the n'th order AR and
the MA (moving- average) parameters of the ARMA model
Assuming that a(B) of (1),(2) are consistent (by
[14] see Sect. 3.1 above) the model of (3) can be
consistently identified noting [17] and theorem
2 . 3 . 3 o f [ 1 8 ] .

The procedure above is applied to all EMG
recording locations such that for location u
(p = 1,2,...,r) Yk of eqs. (1) -(3) becomes Yk ,
¢,(B) , 6(B) , -(B) become 0 (B) , 6 (B) , k

a (B) respectively, and the pwk abode becomes

wk(u) The complete EMG model thus becomes a

multi- output model, whose outputs are spatially
distributed. The treatment of each output is, how-
ever, a single- input - single- output treatment. A
multi- input - multi- output treatment, whose theory is
outlined in [19] is certainly possible and will be
more complete but it is far lengthier. It therefore
is not recommended as long as the single- input-
single- output applied to all y(u) facilitates
adequate resolving of functions, and noting the con-
straints of Section 1.1. We whall return to this
point in Section 5 below. For results and their
discussion - Section 4.1

3.3 Derivation of Kalman -Bucy Filter Models for
the EMG Signals

In Section 3.2 the identification of the ARMA
model for EMG signal was discussed. However, yk
of eqs. (1) -(3) contains non -EMG measurement noise
This can be expressed as follows:

Yk = x + n k ( 4 )

nk being non -EMG measurement noise. Due to the
nearly deterministic form of ECG, any ECG interfer-
ence can be filtered out and is considered not to be
white noise. This assumption is rather restrictive
and can be relaxed. However, it is convenient (and
very common) to filter some measurement noise. Con-
sequently, and since the results available at this
time are related to this assumption, we shall re-
strict the present discussion to nk being white
noise. Hence, substituting xk from eq. (4) into
(3) yields [20]:

� (B ) x k = 6 ( B ) u k ; E [ u V . 1 = 0  iF  k , R ( 5 )

uk being white noise, 6(B) being of order m < n ,

and
m -h n -h

2
1

2 p �
2 n -h on a= 16a6a+h + ov i = =O i i+h

ow E* i � i+ h ( V  0 < h < m)
i =0 2 n -h (6)

ov i 0� ''� �i�+h (V m <  h < n)

=

0. being 1. The solution of eq. (6) noting from
Sect. 3.1 that wk tends to a metrically transitive
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process for appropriate s to yield a consistent
estimate of o [21] [22] gives consistent esti-mates of 61, wau , ov . Once these are available,

transformation into the state space form required
for K -B (Kalman -Bucy) filtering is straightforward
[18], and all the required parameters of the K -B
filter are available. Hence, linear - optimal (and in
the Gaussian case, optimal) filtering is possible.
Howver, for our EMG problem, the derivation of the
��,�6�parameters�as�in�Section�4�is�our�main�pur-
pose. For results and their discussion - see
Section 4.2 below.

4. Computational Results for Recorded EMG Data

4.1 ARMA Models of yk (eq.3)

EMG data for the experiments discussed in Section
a (and for which the results of *Section 3.1 are valid)
have been employed to derive the models of eq. 2.
The identified models obtained are tabulated in Table
1 - below for various assumed AR orders s . In
these tables L1, L2,... denote locations 1,2,...
and F1, F2 .... denote functions 1,2,.... Whereas,

63 denote the identified parameters of ¢(B) ,
and 6(B) , where Q(B)yk -�yk�+��lyk�-1�+�....,etc.

Table l(a,b,c,d) indicates that already for small
s (s =5) most models have settled to the neighborhood
of the ARMA parameters and error variance (a2) ob-
tained for high s . Hence, and noting that high s
involve long computation time and long samples, the

ARMA model for s =10 is adopted which hardly im-
proves when s is further increased. In fact, im-
provement is evident especially for L2,F1 but the
resulting parameter changes are far smaller than the
changes for even high s•�between�identifications
obtained for L2,F1 at different times. Similarly,
and examining different orders of ARMA models we can
conclude that s =10 with an ARMA model where �(B)
and �(B) are both of order 2 is both adequate and
convenient. The effect of increasing s is demon-
strated by observing AR models for different s .
For this purpose we consider only L1,F1 (see Table

2), since the other location and functions yield
similar behavior with respect to increasing s . We
also note that the identification of Table 1 at
location L1 is for AR and MA orders of n =2 ,
whereas at L2 for F2,F3 it is for n =3 . A dis-
cussion on order determination is given in [13],[15].
Consequently, and since in the present case, AR and
MA orders of n =3 at Ll (and L2,F1) give hardly

any reduction of variance, orders of n -2 were
selected at that location. At L2 (for F2,F3) orders
n =3 gave a considerable variance reduction, whereas
n =4 gave no further improvement. Hence, n =3 was
chosen there. Other criteria discussed in [13],[15]
similarly point to the same choices of orders as
above. From [15] and from that fact that eqs. (3),
(4) must lead to eq. (5), it can be easily shown that
�(B) and *(B) must be of the same order.

Table 1 (say 1 -C) indicates that each of the
functions F1,F2,F3 is distinguishable from the
others by its parameter pattern in at least one loca-
tion considered, and sometimes in more (since some
of the parameters or of their combinations are suf-
ficiently distinct from the respective parameters for
other functions). This argument is further estab-
lished if we consider the change in the parameters
for the same function and location when using data
recorded at different times, as shown in Table 3 for
L1 , s =10 , where the ranges observed in four sepa-
rate recordings are given (obviously, the number of



TABLE 1 -a Model of Eq.(3); s = 3

� l � 2 X3
1

� 2 � 3 aw x 10-3

L1, F1 - .6750 - .2919 + .1505 - .1159 4.452
L1 ,F 2 - 1 . 7 7 2 + .8235 - .3937 + . 2 0 7 1 1 . 2 5 0

L1, F3 - 1 . 9 2 2 + .9505 + .0434 + .0 02 1 2 . 57 0

L2 , F1 - .7686 + .2009 + .1592 + .0170 5 . 4 3 6

L2 ,F 2 - .6009 - .27 64 - .1117 + .3174 + .0298 - .0210 6 . 83 9

L2 ,F 3 - 1 . 6 7 6 +1 . 21 0 - .3200 + .03 57 + .0217 + .0083 7 . 36 5

TABLE 1 -b Model of Eq.(3); s = 5

� 1 � 2 � 3 � l � 2 � 3 a 2 x 10 - 3

L 1 , F 1 - .5296 - .4325 + .2 9 9 1 - .13 13 4 .4 52

L1 ,F 2 1 . 7 9 4 + .8445 - .43 86 + .1942 1 . 2 4 0

L1 ,F 3 - 1 . 9 0 1 + .9 30 8 + .0 00 73 + .3082 2 . 23 2

L 2 , F 1 - 1 . 4 9 0 + .5040 - .57 75 + .0659 5 . 3 1 5

L2 , F2 - .7925 - .0630 - .13 15 + .1407 + .0835 + .20 15 6 . 5 6 8

L2 , F 3 - 1 . 6 6 0 + .8145 - .07 83 + .1132 - .36 16 - .23 03 7 . 0 7 1

TABLE 1 -c Model of Eq.(3); s = 10

01 � 2 � 3 q)i � 2 � 3 a x 10 - 3

L1 , F1 - .89 23 - .0809 .07 00 - .0817 4 . 3 8 8

L l , F 2 - 1 . 8 0 1 + .8517 .4635 + .20 23 1 . 2 1 3

L1 ,F 3 - 1 . 9 0 6 + .9354 - .03 03 + . 3 1 1 1 2 . 15 2

L 2 , F 1 - 1 . 3 7 7 + .3937 - .4764 + .06 98 5 . 14 5

L2 ,F 2 - .8812 - .02 48 - .0816 + .0506 + .0412 + .2299 6 . 48 5

L2 , F 3 1 . 7 8 7 + .9486 - .11 68 - .01 52 - .4562 - .2703 6 . 9 9 1

TABLE 1 -d Model of Eq.(3); s = 15

� 1 � 2 03 � 1 � 2 � 3
aw x 10 - 3

L 1 , F 1 - .8 6 4 1 - .1074 - .04 28 - .08 68 4 . 36 5

L1 ,F 2 - 1 . 8 0 7 + .8566 - .4834 + .19 73 1 . 1 8 3

L1 ,F 3 - 1 . 9 0 6 + .9358 - .03 18 + .3100 2 . 14 4

L 2 , F 1 - 1 . 5 0 2 + .5152 - .61 85 + .0707 5 . 0 8 8

L2 , F2 - .9123 - .05 17 + .0192 + .01 92 + .0126 _ .23 40 6 . 45 9

L2 ,F 3 - 1 . 7 1 6 + .8720 - .0934 + .0597 - .4019 - .25 92 6 . 9 1 5

tests performed is not enough, but it certainly es- different patients differently (different parameters
tablishes a trend to support our argument. Conse- make the same function distinguishable). Therefore,
quently, for s =10 in our case we may conclude that calibration runs must be made on each patient for the
F1 is distinguishable from both F2 and F3 by its functions required and the locations used, all of
�l�, �l in L1 and by ;2 and possibly �l in which depend on the individual patient.
L2 . We comment again that these conclusions affect
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Table 2 AR Parameters; L1,F1

Autoregressive
Parameters al a2 a3 a4 a5 a6 a7 a8 a9 a10 all a12 a13 a14 a15

s = 3 .8252 .0521 .0904 - - - - - - - - - - - -

s = 5 .8293 .0530 .1235 -.0244 -.0154 - - - - - - - - - -

S = 10 .8231 .0562 .1349 -.0286 .0134 -.1151 .0156 .0301 .0396 .0012 - - - - -

s = 15 .8215 .0559 .2195 -.0291 .0271 -.1216 .0153 .0225 .0463 -.0306 .0601 .0152 -.0485 -. 0242 .0302

Table 3 Model for Eq.(3); s = 10; Ranges of Parameters

� 1 � 2 01 02
G x 10 -3

L1,F1 - .8923 ± .1120 -.0809 ± .1230 -.0700 t .0880 -.0817 ± .0631 4.388 ± .261

L1 , F 2 - 1 . 8 0 1 ± .04 80 +. 8 51 7 ± .0160 - . 4 6 3 5 ± . 2 1 - . 2 0 2 3 ± .025 1 . 2 1 3 ± .265

L 1 , F 3 - 1 . 9 0 6 ± .0 10 +. 9 35 4 ± .0 1 3 - . 0 3 0 3 ± .29 + . 3 1 1 1 ± .016 2 .152 ± .69

We may train the amputee to exert always similar
force for various functions and control amplitude
(at will) independently. Amplitude control is how-
ever a subject by itself, and has also other solutions
(such as having one separate function for amplitude
control which may be toe actuated as in [201).
However, it is interesting to observe that, within a
range of amplitudes, parameter patterns for some
functions in some locations are sufficiently distin-
guishable, such that they can be identified. In
these cases, oW can serve as an amplitude calibra-

tor (see Table 4).

We note that the force /sample- variance relation

is not linear and requires calibration, but this does
not detract from our argument. In the case of Table
4, the parameter combination pattern at L1 is
similar to that of F3 , but ow makes these distin-

guishable, noting that for five pounds the pattern of
F3 changes significantly (Table 1 gives F3 for
one pound). At location L2 , function F2 is
distinct (at five pounds) from F3 also in the dy-
namic parameters.

4.2 Models for K -B Filtering (eq. 6)

Following the discussion of Section 3.3, the

coefficients for the model of eq. (6), which are
equivalent to the u -R filter parameters are given in
T a b l e 5 .

Note that the orders for F2,F3 at locations
L1 and L2 differ for the same reasons as indicated
in relation to Table 1 above. Table 5 shows, as ex-
pected, that the filter model of eq. (5) may yield
easier resolution of functions than does the model of
eq. (4). See F2,F3 at L2 .

5. Conclusions

In conclusion, it is emphasized that the present
study is of initial nature, and the number of signals
and patients examined is certainly not sufficient.
However, some insight has been given into the sto-
chastic properties of the EMG signals and into the
possibilities of time - series analysis of these sig-
nals. It is shown that different functions can be
resolved from the identified parameters of their
ARMA and K -B filter models.

It is noted that the present analysis is only a
first step towards a reliable use of the above
method in practical EMG control. The problem of re-
solving sevetal functions being performed simultan-

Table 4 Amplitude Effects (for F2, s = 10)

� l � 2 � 3 � l � 2 TP3
2 - 3

a x 10

1 l b . - 1 . 8 0 1 +. 8 5 1 7 - - . 4 6 3 5 + . 2 0 2 3 - 1 . 2 1 3

L1

5 l b . - 1 . 8 9 5 + . 9 3 1 8 - +. 1 97 9 +. 3 24 7 - 3 . 89 3

1 l b . - .88 12 - . 0 2 4 8 - . 0 8 1 6 +. 0 5 0 6 +. 0 41 2 +. 2 29 9 6 .4 85

L2

5 l b . - .9 60 4 - . 5 9 5 9 +. 6 2 2 3 +. 2 20 7 - . 1 9 5 9 +29 11 7 .8 35
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Table 5 Filtered Model; Parameters of eq.(6); s = 10

B2 83 a x 10 -3 a2x10-3

L1,F1 + .4189
-

3.308 .8264

L1,F2 + .0360
-

1.0806 .1601

L1,F3 + .0527
-

2.535 .0 05 81

L2,F1 - .2621
-

3.325 .9122

L2,F2 + .4464 +.07811 5.4705 1 . 2 8 6

L2,F3 2.829 -.5129 42.65 16 . 1 8

eously has not yet been attacked. For control pur-
poses the latter problem may be by- passed by per-
forming one function at a time. Avoiding this
problem in this way is justifiable in view of the
practical constraints of Section 1.1. The problem
can be attacked if required by either resolving new

parameter combinations, at least for (this must be
first shown possible) discrete number of Combination
levels. The resultant complexity will be propor-
tional to the number of levels thus considered, and
which should therefore be kept to a minimum. An
approach as in Ref. [19] can also be considered,
though it again adds considerable complexity and is
time consuming. However, all these considerations

are beyond the scope of the present study, and the
investigation is still of interest without detract-
ing from the usefulness of the results of this work
(especially noting that by- passing the problem is a
possibi'lity).

It has been stated that the present analysis
considered only stationary EMG signals. An investi-
gation of transients is important. However, its
increased complexity justifies the present approach
when considering the practical limitations, in pros-
thesis applications, as stated in Section 1.1. Here
we note that the present identification requires
only about 150 -300 samples to yield adequate results,
thus identification can be completed within .15 -.25
seconds noting the sampling rate employed (see Sect.
2). Such identification speed may be practical for
prosthesis applications with adequate special pur-
pose micro - computer hardware. As long as the model
complexity is kept to the one considered in this
work, micro - miniaturization via using advanced inte-
grated circuits can facilitate the realization of

this identification within cost, weight and volume
limits that will allow an amputee to carry the micro-
computer in his pocket. The controller itself can
thus be of the type discussed in Ref. [20].

We reemphasize that recalibration of the para-
meter space for different functions must be performed
for each patient individually, due to the individual
parameter -to- function relations. Also the functions
to be used are chosen on the basis of considerations
that differ from patient to patient are the elec-
trode locations. Hence, there may or may not be a
1:1 relation between the function actuating the EMG
and between the actual prosthesis function (namely
if the patient generates a signal relating to a
squeeze movement, the control computer may actually
actuate a squeeze movement but may alternatively
actuate another prosthesis movement, say, an arm
bending movement). Obviously, 1:1 relations are pre-
ferable from point of view of convenience of the
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amputee, but make no difference to the computer and
controller.

The above discussions point out to considerable
further work in identification, recognition and the
related control. However, we hope that this work has
demonstrated an approach that has statistical rigour
(in view of considerable practical constraints) and
still has proven to yield results of considerable
practical usefulness. Therefore, we hope that we
have established a case for further research whose
importance is not only beyond statistical analysis
and control, but extends also to many other diagnos-
tic EMG applications [23], related to muscular and
neural disturbances and disabilities.
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D E V E L O P M E N T  O F  A  P R O G R A M M A B L E , R ES P O N S I V E

C A R D I A C  P A C I N G  S Y S T E M

b y

R e e s e  S .  T e r r y ,  J r .
C o r d i s  C o r p o r a t i o n
M i a m i ,  F l o r i d a  3 3 1 3 7

C o r d i s  O m n i c o r  S y s t e m  o f  p r o g r a m m a b l e
c a r d i a c  p a c i n g  h a s  b e e n  d e s i g n e d  t o  m e e t
t h e  f o l l o w i n g  o b j e c t i v e s :

(1) Ab i l i t y  t o  v a r y  o u t p u t  c u r r e n t  a n d
p u l s e  r a t e  o f  a n  i m p l a n t e d  p a c e r  o v e r  a
w i d e  r a n g e ,  w i t h o u t  p e n e t r a t i n g  t h e  s k i n .

(2) S i m p l e  a n d  r e l i a b l e  p r o g r a m m i n g .

(3) D e c r e a s e d  s t a n d b y  c u r r e n t  d r a i n

o n  t h e  p a c e r  b a t t e r y .

(4) I n c r e a s e d  r e l i a b i l i t y .

(5) D e c r e a s e d  v o l u m e  o f  e l e c t r o n i c s

p a c k a g e .

(6) R e t e n t i o n  o f  r e a s o n a b l e  c o s t .

T h e  O m n i c o r  S y s t e m  c o n s i s t s  o f  a n
i m p l a n t a b l e  p a c e r  w i t h  i n t e g r a t e d  c i r c u i t s
a n d  a n  e x t e r n a l ,  b a t t e r y  p o w e r e d  p r o g r a m -

me r .

T h e  p a c e r  c a n  b e  p r o g r a m m e d  a t  a n y  o f
s i x  r a t e s  a n d  a t  a n y  o f  f o u r  o u t p u t
c u r r e n t  l e v e l s .

T o  p r o g r a m  t h e  p a c e r ,  t h e  p h y s i c i a n
p l a c e s  t h e  p r o g r a m m e r  o v e r  t h e  i m p l a n t e d
p a c e r ,  d i a l s  t h e  d e s i r e d  r a t e  a n d  c u r r e n t ,
a n d  p r e s s e s  t h e  p r o g r a m  b u t t o n .
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A  3 3 0  H z  m a g n e t i c  p u l s e  t r a i n  w a s
c h o s e n  a s  t h e  c o m m u n i c a t i o n  l i n k  t o  a  m a g -
n e t i c  r e e d  s w i t c h  i n  t h e  p a c e r .

T h e  p r o b a b i l i t y  o f  a c c i d e n t a l  p r o g r a m -
m i n g  i s  e x t r e m e l y  l o w . E n v i r o n m e n t a l  m a g -
n e t i c  f i e l d s  o f  t h e  s t r e n g t h  a n d  f r e q u e n c y
r e q u i r e d  t o  p r o g r a m  h a v e  n o t  b e e n  d i s -
c o v e r e d .

Th e  h a n d - h el d  p r o gr a m me r  t r a ns m i ts  a
pu l s e t r ai n  o f h i gh -  in t e n si t y  m a g ne t i c
p u l s e s . E a c h  m a g n e t i c  p u l s e  c h a n g e s  t h e
p a c i n g  r a t e ,  a n d  e v e r y  e i g h t  p u l s e s  c h a n g e
t h e  o u t p u t  c u r r e n t  l e v e l . T h u s ,  t h e  t o t a l
i s  a  m u l t i p l e  o f  t h e  t w o  f u n c t i o n s .

T h e  c o d i n g  w a s  d e s i g n e d  i n  t h i s  m a n n e r
s o  t h a t  a  p o s s i b l e  e r r o r  i n  p r o g r a m m i n g
c o u l d  b e  e a s i l y  d e t e c t e d  a s  a n  i n c o r r e c t
r a t e  o n  a n  e l e c t r o c a r d i o g r a p h  m a c h i n e .

Th e  p a c er  de c o de r  i n p ut  is  a  w a ve  -
s h a p i n g  f i l t e r  n e t w o r k  w h i c h  d i s c r i m i n a t e s
a g a i n s t  s l o w e r  m a g n e t i c  s i g n a l s ,  s u c h  a s
1 2 0  H z  a n d  d i r e c t  c u r r e n t  m a g n e t i c  f i e l d s .

T h e  d e c o d e r  m u s t  r e c e i v e  e i g h t  p u l s e s
a t  3 3 0  H z  t o  e n a b l e  p r o g r a m m i n g . E a c h
a d d i t i o n a l  p u l s e  i s  c o u n t e d  b y  a  b i n a r y
c o u n t e r  w h i c h  c o n t r o l s  s o l i d  s t a t e  s w i t c h -
in g .

T h i s  s w i t c h i n g ,  w i t h i n  t h e  d e c o d e r
s e c t i o n  o f  t h e  p a c e r ,  s h o r t s  o r  c o n n e c t s
r e s i s t a n c e s  i n  l a d d e r  n e t w o r k s ,  t h e r e b y
c o n t r o l l i n g  t h e  c l o c k  r a t e ,  t h e  p a c i n g  r a t e
a n d  t h e  o u t p u t  c u r r e n t  l e v e l  o f  t h e  i m -
p l a n t e d  p a c e r .
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Pa c i n g  c i r c u i t r y  c o n s i s t s  o f  a  C O S  / M O S
m o n o l i t h i c ,  i n t e g r a t e d  c i r c u i t  w h i c h  i n -
c l u d e s  a  c l o c k  m u l t i v i b r a t o r  r u n n i n g  a t
51 2  t i m e s  t h e  o u t p u t  p a c i n g  r a t e ,  a  n i n e  -
s t a g e  c o u n t e r  a n d  l o g i c  g a t e s  t o  s e t  t h e
p u l s e  w i d t h  a n d  r e f r a c t o r y  t i m e .

T h e  i n t e g r a t e d  c i r c u i t  a l s o  i n c o r p o -
r a t e s  a  m o n o l i t h i c ,  l i n e a r  s e n s i n g  a m p l i -
f i e r  t o  d e t e c t  e l e c t r i c a l  s i g n a l s  o f  t h e
h e a r t ;  a n d  a  n o i s e  a n a l y z e r .

F o u r  m o d e s  o f  p a c i n g  a r e  a c h i e v e d  w i t h
t h e  o n e  l o g i c  c h i p : v e n t r i c u l a r  s y n c h r o -
n o u s ,  v e n t r i c u l a r  i n h i b i t e d ,  a t r i a l  s y n -
c h r o n o u s  a n d  a s y n c h r o n o u s . T h e  m o d e  o f
t h e  p a c e r  i s  f i x e d  d u r i n g  m a n u f a c t u r e .

T h e  i n t e r v a l  b e t w e e n  c l o c k  o s c i l l a t o r
p u l s e s  i s  u t i l i z e d  t o  f i x  t h e  w i d t h  o f  t h e
o u t p u t  p u l s e .

T h e  r e f r a c t o r y  ( i n s e n s i t i v e )  s e g m e n t
for all hea rt -  re spon sive  mo des is thre e -
e i g h t h s  o f  t h e  p a c i n g  c y c l e ,  o r  1 9 2  c o u n t s .

In  t he  v en tr ic ul ar  - sy nc hr on ou s mo de ,
an  R  - w a v e  i n h i b i t e d  s e g m e n t  f o l l o w s  i m m e -
d i a t e l y  a f t e r  t h e  r e f r a c t o r y  s e g m e n t .
T h e  p u r p o s e  o f  t h e  i n h i b i t e d  s e g m e n t ,  w h i c h
is  o ne  - ei g ht h o f th e  p ac i ng  c y cl e,  is  t o
p r o v i d e  a  s u f f i c i e n t l y  l o n g  a l e r t  s e g m e n t
(f i v e -  e i g h t h s  o f  t h e  p a c i n g  c y c l e )  b u t  t o
p r e v e n t  n o i s e  f r o m  c a u s i n g  t h e  p a c e r  t o
s t i m u l a t e  d u r i n g  t h e  v u l n e r a b l e  p a r t  o f
t h e  h e a r t  c y c l e .

I n  t h e  t h r e e  m o d e s  w h i c h  a r e  r e s p o n s i v e
t o  t h e  h e a r t ,  O m n i c o r  p a c e r s  u s e  a  u n i q u e
m e t h o d  o f  t e s t i n g  f o r  e l e c t r i c a l  n o i s e ,
and res1lond by reverting to asynchronous
operation when noise makes accurate sens-
ing of heartbeats impossible.

A counter is enabled during the final
one -sixth of the refractory segment. If
four or more noise pulses are received
from the amplifier during the testing
segment, the pacer remains refractory until
the end of the pacing cycle ane.. a pacing
pulse is issued.
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C O S M O S  l o g i c  c i r c u i t s  i n  t h e  d e c o d e r
( t h e  p r o g r a m m a b l e  p o r t i o n  o f  t h e  p a c e r )
a c c o u n t  f o r  l e s s  t h a n  a  t e n t h  o f  o n e  p e r -
c e n t  o f  t h e  t o t a l  b a t t e r y  d r a i n . T h e
t o t a l  s t a n d b y  c u r r e n t  d r a i n  o f  t h e  p a c e r
h a s  b e e n  r e d u c e d  t o  s i x  m i c r o a m p e r e s  b y
u s e  o f  i n t e g r a t e d  c i r c u i t s  i n  p l a c e  o f
d i s c r e t e  c o m p o n e n t s .

Th i c k - f il m ,  h y b ri d  c ir c u it  t ec h n iq u e s
a r e  u s e d  t o  a s s e m b l e  t h e  i n t e g r a t e d  c i r c u i t
a n d  c a p a c i t o r  c h i p s . All active circuitry
is hermetically sealed in two metal pack-
ages. External thick -film resistors,
which are insensitive to moisture, are
trimmed to the operating parameters spec-
ified for the device. The volume required
for the electronics has been reduced to
one cubic inch.

Si n ce  d ev i ce s  of  th e  CO S  / M O S l og i c
f a m i l y  c a n  o p e r a t e  i n  a  w i d e  r a n g e  o f  v o l t -
a g e s ,  t h e  p a c e r  c a n  b e  p r o g r a m m e d  a f t e r  t h e
l o s s  o f  p o w e r  s u p p l y  v o l t a g e  e q u i v a l e n t  t o
t h a t  o f  t w o  o f  t h e  f i v e  c e l l s  i n  t h e  p a c e r
b a t t e r y  p a c k .

I m p e n d i n g  b a t t e r y  d e p l e t i o n  i s
i n d i c a t e d  b y  a  d e c r e a s e  i n  f i x e d  r a t e .
R e t e n t i o n  o f  c a p t u r e  d u r i n g  v o l t a g e  d e c l i n e
i s  m a i n t a i n e d  b e c a u s e  t h e  d u r a t i o n  o f  t h e
o u t p u t  p u l s e  i n c r e a s e s  i n  p r o p o r t i o n  t o  t h e
d e c r e a s e  i n  i n t e n s i t y  o f  t h e  o u t p u t  p u l s e .

B y  p r o g r a m m i n g  t h e  o u t p u t  c u r r e n t
i m m e d i a t e l y  a b o v e  t h e  l o w e s t  s e t t i n g  t h a t
m a i n t a i n s  c a p t u r e ,  t h e  l i f e t i m e  o f  t h e
i m p l a n t e d  p a c e r  c a n  s a f e l y  b e  m a x i m i z e d  f o r
g i v e n  p a t i e n t  c o n d i t i o n s  a n d  b a t t e r y  c a p a -
b i l i t y .



COMPUTER IMPLEMENTATION

OF A

PARAMETRIC MODEL FOR BIPED LOCOMOTION KINEMATICS

By

Thomas Charles Hartrum, Ph.D.*

Abstract

Although many different aspects of locomotion have been studied,

no one has combined all gait aspects into a complete mathematical model

of locomotion. The primary contribution of this paper is the parametric

representation of the kinematic motion of biped locomotion incorporating

all aspects of biped gait, and a computer implementation of this represen-

tation. First the human body is represented by a series of connected

links. A set of body variables, for example joint angles or joint

coordinates, is chosen to form a set of basis variables. Most of these

variables are dependent only on time during the entire gait cycle and

are called independent variables. During that portion of the gait

cycle when both feet are on the ground, more constraints are added to

the body, and some of these otherwise independent variables become

dependent on other variables. Thus these so- called semi- independent

variables are independent during only a part of the gait cycle.

Experimental data for these independent and semi- independent variables

has been recorded from actual human beings by other investigators.

Their resulting curves are approximated here by first order sinusoidal

functions. The magnitudes and phases of these functions, along with

the physical dimensions of the body, form a gait vector whose components

are 101 gait parameters. These 101 parameters completely specify the

gait for this model. In particular, they specify the independent and

semi- independent variables. Next the three - dimensional coordinates of

all the body joints are calculated as a function of these variables.

A computer implementation of this model is then used which allows either

printed data of body joint coordinates and angles, or a pictorial

representation of a figure walking using the computer graphic display

*This work was supported in part by the National Science Founda-

tion under Grant GK- 25292, at The Ohio State University, Columbus,

Ohio, 43210. The author is currently assigned to the U.S. Army

Electronics Command, with home address 261 B Eaton Crest Drive,

Eatontown, N. J. 07724.
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unit. The resulting motion for normal locomotion is presented and

compared with experimental data. Finally, some consideration is given

to the simulation of pathological gait with this model.

1. INTRODUCTION

The art of walking, taken for granted by most people, has never

been duplicated mechanically. The potential applications of artifi-

cially simulating the walking process are many and varied. Robots

could replace men for carrying heavy loads or for working in hostile

environments. The simulation of locomotion could provide a basis for

the design of better protheses and orthoses. A better understanding of

gait disorders might result, which could lead to computerized analysis

of pathological gaits. This could provide a tool for use by the physi-

cian for diagnosing gait disorders. Although many different aspects of

locomotion have been studied, no one has before combined all gait aspects

into a complete mathematical model of locomotion. This author [1] has

developed a parametric representation of the kinematic motion of biped

locomotion incorporating all aspects of biped gait. A computer program

is used to implement the equations of this model.

In developing a locomotion model, two fundamental questions need

to be answered. First, what features need to be included ? Secondly,

how are these features to be simulated 2 The answers to these questions

are based on the work of two authors. First, J. B. Saunders, et al, [2]

have defined six "determinants," or features, of gait. These are (1)

pelvic rotation, defined as the rotation of the pelvis in a horizontal

plane about a vertical axis; (2) pelvic tilt, the rotation of the pelvis

in the frontal plane about a horizontal axis; (3) knee flexion in the

stance phase, which is the bending of the knee of the weight - bearing

leg as the body passes over that foot;(4 & 5)foot and knee mechanisms,

the combined action of the foot rotating first around the ankle joint,

then around the ball of the foot, and the flexing and locking of the

knee of the weight - bearing leg;(6)lateral displacement of the pelvis,

the side -to -side motion of the hips during forward locomotion. In

simulating these six determinants of gait, the data of M. P. Murray, et

al, [3,4]is used. This data is presented as time- dependent curves of

the motion of many of the body angles and the coordinates of the joints.

These curves show the need for other features in the model beyond the

six gait determinants of J. B. Saunders, et al, [2] . These include leg
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motion during the swing phase; foot angle, measured between the foot on

the ground and the direction of travel; base width, the lateral distance

between the feet; and upper extremity motion, including both forward and

lateral tipping of the trunk, chest rotation, and arm movements. M. P.

Murray [3,11] presents data for more variables than are needed to com-

pletely specify body motion. Thus one set of these variables can be

simulated as time - dependent functions, and the remainder of them used

to evaluate the resulting motion of the model.

In this paper the physical model is first determined. Then a

choice of variables is made which will specify the motion of the model.

These variables are then simulated as a function of time based on the

data of M. P. Murray [3,1] . The coordinates of all the body joints

are then calculated as a function of these time - dependent variables.

Finally, a computer simulation is used to implement these equations,

with pictorial output on a graphic display terminal of the model walk-

ing. The magnitudes and phases of the time- dependent variables, along

with the physical dimensions of the body, form a gait vector of dimen-

sion 101. These 101 gait parameters completely specify the motion of

the model. A discussion of the parameter values for normal locomotion,

and a comparison of the resulting motion with experimental data are

presented. Some consideration is also given to the pathological capa-

bilities of the model.

2. DERIVATION OF A KINEMATIC MODEL

2.1 PARAMETRIC SIMULATION OF INDEPENDENT VARIABLES

The physical model is a stick figure of sixteen straight -line links.

These are the toes, feet, lower legs, upper legs, pelvis, trunk, neck,

shoulder link, upper arms, and lower arms. The toe, foot, lower leg,

and upper leg are constrained to be coplaner. The heels are separated

laterally by a fixed distance B, known as the base. The hip joints are

separated laterally by a distance W. The resulting pelvis is a straight

line of varying length between these hip joints. Specifying the lateral

separation rather than the actual length of the pelvic link is equiva-

lent to a small angle approximation for the pelvic angles, and simplifies

the equations somewhat. The trunk is connected to the center of the pel-

vie link. At the top of the trunk is a short neck link which is always

vertical. The shoulder link is also connected at this point. It can
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Fig. 1. The physical model of MAN

rotate about this point, but it is constrained to a horizontal plane.

The arms are connected to the ends of the shoulders'and are constrained

to move in vertical planes. Figure 1 shows the resulting physical model.

At any given instant of time the position of the body can be

completely described by specifying a set of variables. One such set

would be the coordinates of all the joints. Both for comparison with

available data and for consideration of future instrumentation, however,

the angles between body segments form a more practical set in many cases.

The chosen set forms an independent basis for describing the body, and

these variables are termed "independent variables." The remaining

variables (coordinates and angles) are determined by these independent
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variables, and are called "dependent variables." During different por-

tions of the gait cycle the number of constraints on the system varies.

For example, there are less constraints when one foot is raised than

when both feet are on the ground. Thus it is necessary for some varia-

bles to be dependent during part of the cycle and independent the rest

of the time. These variables are called "semi- independent variables."

The primary basis for choosing independent variables is the availability

of existing data, such as presented by M. P. Murray [3,4] . The second

basis for selection is a consideration of possible instrumentation. Thus

angles tend to be chosen instead of linear coordinates. The selected

independent variables are the hip angle 9Hi, the knee angle 9Ki, and

lateral displacement of the pelvis. Semi- independent variables are

ankle angle 9Ai, pelvic tilt 9P, and pelvic rotation 9R.

In order for the figure to move, the independent variables (includ-

ing the independent portion of the semi- independent variables) must be

expressed as mathematical functions of time. In order to best simulate

real biped locomotion, these time functions are formed by mathematical

approximations of actual data measured from walking humans, primarily

the data of M. P. Murray [3,4] • As an example, consider the general

waveform for the hip angle 9H1 as shown in Figure 2. Since this is a

periodic function with period P, it could be represented as an infinite

series with period P. However, if the gait cycle is divided into

subintervals at the switching times T D
, 11

T r  , and T9 1, the f unc -

tion can be represented separately within each of these subintervals

instead of over the whole cycle. Closer examination of Figure 2 indi-

cates that within each subinterval the function can be represented by a

simple first -order sinusoid instead of an infinite series. When all of

the data of M. P. Murray [3,4] is considered in this light, it appears

that the various curves can all be represented by first and second order

functions in subintervals of the gait cycle.

Since these subintervals are chosen to coincide with extrema of

the sinsusoidal curves, there is no phase information necessary. All

that is needed to describe the function is the period of each sinusoid

and its magnitude, The period can be determined by specifying the

subinterval boundaries as a percentage of the total gait cycle. These

"switching times" are the values such as T5 shown in Figure 2. The

magnitude can be determined by specifying the maximum and minimum values

which occur at the end points of the subinterval. These "magnitudes"
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for the left hip would be the values of %lmin, 9H1dip, Nlmax, and

GHlover as shown in Figure 2. What is of importance here is that not

only can these curves be represented by a finite number of functions

instead of an infinite series, but also they can be specified by a set

of magnitudes and switching times that have physical significance

instead of a set of meaningless coefficients of a series expansion.

These magnitudes and switching times, together with the physical dimen-

sions of the body, are defined as "gait parameters." The total set of

all gait parameters needed to specify the motion of the body during

locomotion is called the "gait vector y . "

The hip angle shown in Figure 2 is made up of four first -order

sinusoids. For example, for TD , 1P --t -<T5, 1P

GH1 - � ( G H1 max + 0 H1 d ip ) - (QH 1m ax - � � H1 d i p ) ' c o s T T ( t - T D, 1P ) ( 1 )I

( T5,1 - 'r D , 1 )P

This is for the left leg. For all of the variables the right leg

P_
CD
a>
as

a .
x

o T T T 1
D,1 5 ,1 9,1

Time (Fraction of Cycle)

Fig. 2. Waveform for the hip angle of the left leg.
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Fig. 3. Waveform for the knee angle of the left leg.

equations are similar, but are delayed by an amount   P, where § is the

phase of the right foot with respect to the left foot. The value of

is a gait parameter. The contribution to the gait vector due to the

hip angles is the set (9Himin N i d i OHimax , ,' p' ' eHiover' TD i' T5 i'

T9'i) for i =1,2. The knee angle 9K1 is shown in Figure 3. It is also

made up of four sinusoids. The contribution to the gait vector due to

the knee angles is the set (0Kimin1' 9Kimax1' eKimin2' " Kimax2' T2,i'

T342 T7,i) for i =1,2. In Figure 4 the waveform for lateral pelvic

displacement YHO is shown. This is made up of two simple sinusoids,

and its contribution to the gait vector is the set (YHOmin' YHOmax'

TH,1' TH
,

2 ). These are the three primary independent variables.

The first semi- independent variable to be considered is the ankle

angle 9A1 as shown in Figure 5. During that portion of the cycle

between T1,1 and T 1 the ankle angle is completely determined by the

hip and knee angle functions. Thus the values for 9A1T1 1 and 9
Al T4,1

are determined and serve as boundary values for the independent functions

in the adjacent subintervals. The first and last segments of the curve

of Figure 5 are linear functions, while the remaining two independent
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segments are quadratic functions. The total contribution to the gait

vector from the ankle angles is the set (AAiTO,i' 9AiT6,i' 9AiT8,i'

T1 i' T 4 i, Tb i, Tg i) for i =1,2. The next semi - independent

variable, shown in Figure 6, is pelvic tilt 9P. During those portions

of the gait cycle when both feet are in contact with the ground (known

as the double stance phase), the locations of the two hip joints are

completely determined. Therefore the angle of pelvic tilt is determined,

and 9P is a dependent variable as shown by the dashed portions of Figure

6. The values 9Pinitial1' 9Pfinal1' 9Pinitial2' 9Pfina12 are specified

boundary conditions. During the swing phase for each leg (when the

corresponding foot is off the ground), pelvic tilt 9P is an independent

variable. Consider the swing phase of leg 1, for T6, 1 P < t -< P. Since

the extremum can occur at any time during this interval, both magnitude

and phase information is needed. Therefore 9P can be written

O
x

a�
U
cd

r i
R .
W

A
U

r—I
N

a

s�a�

8 =9 +A . s i n ( 2  n t +T (2 )
P Pav P

0 TH 1 + H, 2 1 .

Time (Fraction of Cycle)

Fig. 4. Waveform for lateral displacement of the pelvis.
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Fig. 5. Waveform for the ankle angle of the left leg.

where APav, A, and TP are unknowns. The three known conditions

required to solve this are the initial and final values, and the minimum

value 9Pmin which is a gait parameter. Since the value of the sine at

9pmin is -1, then at that point equation (2) becomes

ePmin - ePav - A (3)

Solving for A and substituting into equation (2) yields

9 P = 9 + ( e P a v  - e P min ) -  s in ( 22 tt + T P) ( 4 )

Pav

Next the boundary values are used to obtain

and

ePfinall - ePav + ((3Pav - 9pmin)'sin( P) (5)

GP i n i t i a l 1 = e Pav + (e Pav - 9Pmin ) •s i n(2 iT T 6 ,1 + TP ) (6)
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Fig. 6. Waveform for pelvic tilt angle 9p.

Equations (5) and (6) can be solved for 9Pav and TP. The resulting

equations are
6 = e P f i na l 1 + 9 pl,,i n . s i n ( Tp) (7 )

Pav 1 +  s i n(  T P)

and

C  e P i n i t i a l l +9 P f i na l l  +  ( e P f i na l l - 9 Pmin ) . cos(2 n T6 ,6 , 0 1 sin( GY P )

+ C( e Pf i na 1 1  -  9p i n ) -s in (2 Tr T6 0 1 co s(  T P )

= e P i n i t i a l l  7 9 P f i n a l l

Equation (8) is of the form

(8)

a s in (x) + PCos(x) = y (9)

whose solution is

x = sin -1( a-2 + s ) - ta n-7_27 ' (  a  ) ( 10 )

Due to the different quadrants in which tan-1( 0 /a ) can lie, and due
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This value for T can then be substituted into equation (7) to calcu-

late 9Pay. This specifies AP during the swing phase of leg 1. A simi-

lar set of equations is used for the swing phase of leg 2. The contri-

bution to the gait vector from pelvic tilt is the set of magnitudes

(9Pmin' 9Pmax).

The remaining semi - independent variable is pelvic rotation 9 ,
R

shown in Figure 7. The situation for 9R is similar to 9P. However,

the extreme values occur at the end point of each swing phase, so that

no phase needs to be calculated. For the swing phase of leg 1 the

angle 9R can be written

1- cos(21Tt /P)
e

R -eRmin + (C) -9- eRmin) 1- cos(2
1T T

6 1) (14)

A similar equation can be written for the swing phase of leg 2. The

contribution to the gait vector due to pelvic rotation is the set of

magnitudes (9Rmin' 9Rmax). A l l of the independent and semi- independent

variables have now been completely specified by a set of gait parameters.

2.2 KINEMATIC EQUATI0NS OF MOTION

To describe the instantaneous position of the body the standard

aircraft coordinate system is used. The X -axis points in the direction

of travel, the Z - axis points vertically downward, and the Y - axis points

to the right. The origin of this system is located on the ground such

that the X -axis lies midway between the Y coordinates of the two heels.

Thus the origin is centered below the figure when it is standing at

attention. When the figure is moving, the coordinate system moves for-

ward with constant velocity v equal to the average velocity of the

figure. The upper leg, lower leg, foot, and toe are coplaner, as shown

in Figure 8. The hip, knee, and ankle angles are measured in the plane

of the leg. If a new coordinate system (X'1',Y "',Z "') is defined with

its origin at the ball of the foot and the X"' -Z"" plane coinciding

with the plane of the leg, as shown in Figure 8, then the two coordinate

systems can be related as follows.

X X"' XF1

Y = T -1 Y111 + YF1 (15)

Z Z'" Z
F1
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where

( ' g n Y 1 ' Z mH1' H1' H1 }

' OH1

I$ 1

nr rn nr(XK1� YK1�ZK1)

eH1

L I i eK1

nr rn nr

T
oe

1 nr II I nr

0V T i ' X r r r

g nr m nr( F 1 ' YF 1 ' ZF1 }

Z rrr

F i g. 8. - -  Leg i n  t h e (X  r rr ,Yrr r, Zlrf ) sy s t em.

Cos (9F1} sin(9F,1)cos(9L1) - sin(9F,1)sin(eL1)

T-1 = - sin(9F1) cos(9F1)cos(9L1) - cos(9F1)sin(9L1) (16)

0 s i n ( 9 L1 ) cos(eL1 )

In equation (16) the angle 9Fi (i =1,2) is the angle between the foot

when it is flat on the ground and the X -axis. The values of 9F1 and

9F.2 are gait parameters. The angle 9L (i =1,2) is the angle between

the plane of the leg and the horizontal X -Y plane. The derivation of

an expression for 9I will be discussed below. In equation (15) the

coordinates (XF1, YF1' ZF1) are the position of the ball of the foot in

terms of the (X, Y, Z) system. Here ZF1 is zero since the foot is on

the ground, YF1 = - !gB -F-sin(E)Fl) where B is the lateral distance between

the heels and F is the length of the foot, and XF, = Y1 + F.cos(9F1)- vt

where Y1 is the initial position of the foot (derived later) and v is

the average velocity of the body as described above. As can be seen

from Figure 8, the coordinates of the leg joints can be written easily

in the (Xrrr, Yrrr , Zrrl) system. Then they can be transformed into the

(X) Y, Z) system using equation (15). This is done for all the joints

in Figure 8. One expression is of particular importance, that for YH1'



After equation (15) is applied, YH1 is a function of the unknown 9L1-

But since the lateral distance between the hips is a constant W, then

YH1 =YHO - Ig W, where YHO is the midpoint of the pelvis. But YHO is an

independent variable. Therefore YH1 is known as a function of time.

The coordinate equation for YH1 can be solved to give an expression for

9L1. This discussion, as can be seen from Figure 8, is valid only when

the ball of the foot is on the ground. Similar equations can be derived

for those times when only the heel is on the ground, and when the foot

is off the ground. Then the motion of the leg is described for all of

the gait cycle. During the stance phase it is a function of the constants

Y i (the initial foot position) and v (the average velocity o f the

figure). The initial position of foot 1, Y1, is calculated by assuming

that the coordinate origin is located directly below the center of the

pelvis at t =0 and calculating the position of the left foot. Next the

stride length of each foot is calculated. These are added together and

divided by the length P of the gait cycle to determine the average

velocity v. Then the-initial position of foot 2 can be found by calcu-

lating the location of the right foot at t =   P. This completely

specifies the motion of each leg during stance phase.

During swing phase the leg is specified with respect to the hip

joint position. But the hip joint of the swinging leg is easily related

to the hip joint of the stance leg by the angles of pelvic tilt and

pelvic rotation, and by the pelvic width W. Since 9P and 9R are inde-

pendent -variables during the swing phase, the lower extremity motion is

thus specified for the entire gait cycle P.

The upper extremities are controlled by a set of independent

variable angles. The magnitudes and switching times of these angles

are all elements of the gait vector. The motion of the trunk has two

angles associated with it. First is trunk leaning 9L. This simulates

the side -to -side leaning of the trunk, with one excursion to each side

during one gait cycle. The trunk tipping angle 9T represents the for-

ward and backward motion of the trunk. The trunk tips forward twice

during each gait cycle (once for each heel strike) and rearward twice.

The shoulder link rotates in a horizontal plane by an angle 6O, the

chest angle. The upper arms are controlled at the shoulder joints by the

shoulder angles 9S (i= 1,2), and the lower arms are moved by the elbow

angles 9Ei (i =1,2). It should be noted that although upper extremity

motion may be important for balance in actual locomotion, for the
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kinematic model the upper extremity motion is completely independent of

lower extremity motion.

3. IMPLEMENTATION AND RESULTS

The computer simulation MAN uses the equations described in the

preceding section to simulate the motion of a biped during locomotion,

and to output the results in several useful forms. Any of the 101 gait

parameters can be varied. The output can be printed data for many of

the body angles and coordinates. Alternately, a computer graphic display

terminal can be used to display a walking stick figure which can be

viewed from the side, front, top, or obliquely. Or the graphic display

can be used to view the time- dependent graph of many of the body varia-

bles.

The parameter values for the physical dimensions of the body are

based on a diagram by R. Drill-is and R. Continif51. The remaining

parameter values are based on data by M. P. Murray [3,4] , R. Beckett

and K. Chang [6] , and D. H. Jacobson and C. K. Chow [7 ] . Where data

conflicted, that of M. P. Murray [3,4] usually prevailed. The results

for the independent variables matched the data of M. P. Murray [3,4]

very well, as seen for hip, knee, and ankle angles in Figures 9, 10, and

11 respectively. However, some of the dependent variables were less than

satisfactory. The 101 gait parameters were then manually tuned one at a

time to achieve a satisfactory set of results. Graphs for pelvic tilt,

pelvic rotation, and the vertical path of the heel are shown in Figures

12, 13, and 14 respectively.

As can be seen from Figures 9 through 14, a reasonably close repre-

sentation of normal locomotion can be attained with the model. The model

is designed to allow for unsymmetrical motion so that it can be used for

some pathological gaits. A complete analysis of this capability is im-

possible due to the lack of data from pathological cases. However, M. P.

Murray [3] does present some limited data which permits some consideration

of the pathological capability of the model. Figures 15, 16, and 17 show

the simulation of the hip, knee, and ankle angles for a patient with

bilateral residuals of advanced paralysis agitans.

4. sum=

The MAN simulation provides a fairly complete model of human loco-

113



motion in that all of the primary features of human locomotion are repre-

sented. The physical model consists of straight rigid links for most of

the body segments. These links can be changed in length, and the leg

and foot lengths can be independently changed for each side, allowing

for unsymmetrical body structure. The hip angles, knee angles, and

lateral body motion are independent variables, whose magnitudes and

switching times are controllable gait parameters. Ankle angle, pelvic

tilt, and pelvic rotation are independent during parts of the gait cycle,

and their magnitudes and switching times also contribute to the gait

parameters. These variables all combine to provide simulation of the

six determinants of gait of J. B. Saunders, et al. C2, . Combined with

the upper extremities, 101 gait parameters completely specify the motion

of the human body during the locomotion cycle. Some capability for

pathological gait simulation is also possible with this model.
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Fig. 9. Hip angle results for initial set of gait parameters.
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Fig. 12. Pelvic tilt angle results
for final set of gait parameters.
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VOCAL SWITCHING AID FOR QUADRIPLEGICS

by

Robert A. Curtis

Summary. A switching device is described which uses an appropriate
timed sequence of audio noise bursts to control electrical relays,
and hence, aid a quadriplegic to perform minor tasks. The versa-
tility of the unit is enhanced by the binary counting of the noise
bursts and by the ability to add dependent functions to the vari-
ous output relays.

Introduction

In order to aid a quadriplegic, a relatively
simple means was sought to allow the quadriplegic
to switch on or off, several different electrical
items independently. Another important consider-
ation was to keep the cost of the unit as inexpen-
sive as possible and yet to allow for future ad-
ditions and more sophistication.

Several items were considered in the design of
the unit. The first consideration was the method
of switching. For economy and ease of construction,
it was decided to use a timed series of audio noise
bursts. Second, the quadriplegic should be able to
switch on or off any relay independently of the
other relays. Third, a fairly large number of re-
lays should be available or be able to be added with
• minimal amount of difficulty. In line with having
• large number of choices available, a minimal
amount of effort should be required to switch on or
off any particular relay. A binary timed sequence
of audio noise bursts was found to be easy to imple-
ment and to easily control a large number of relays
in a minimum amount of time.

Operation

The operation of the unit depends on a properly
timed sequence of audio noise bursts, which will be
referred to as "clicks" in this paper. Each relay
is assigned two numbers; one number is for turning
that particular relay on, and the second number is
for turning it off. The "clicks" are used to count
up to a particular assigned relay number. If the
sequence of "clicks" are properly timed, that par-
ticular relay will be turned on or off independently
of the other relays. The sequence of "clicks" is
binary in nature and is arranged so that a slight
pause between "clicks" will double the value of each
"click" counted. The timing of the "clicks" is de-
pendent only on the last "click" so that no overall
timing sequence is required. As an example, the
number four would be either: "click" - "click" -
"click" - "click" or "click" - "click" - pause -
"click ". If a long pause occurs with no "clicks ",
the unit will set the relay, using the number just
counted. The actual timing is such that the count
will double if the space between "clicks" exceeds
about .3 seconds and will reset the counter and set
the appropriate relay if more than one second
elapses with no "clicks ".

Block Diagram Description

An overall block diagram is shown in Figure 1.
The audio processing is very simple and consists of
an audio amplifier and /or rectifier circuit. The

BEC1TP2E7i P � �

MICROPHONE AM PLIFIER AND A
PULSE
SHAPER

1 SECOND
RESET

1 Ms
PULSER

COUNT

.3 SECOND DOUBLE RESET
COUNTER COUNTER

SEQUENTIAL O+1 =Y
DECODER 0 +1+2=Z
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FIGURE 1. Block diagram.

rectifier drives a .1 second multivibrator which
prevents multiple pulses in less than .1 second.
The next section consists of the timing circuits
and the counter drive. The .3 second count detects
a pause greater than .3 second between "clicks" and
advances the doubling counter. Each advance of the
doubling counter doubles the value of each "click ".

The counter section consists of a series of
flip - flops, FET switches, a one out of sixteen (or
greater) decoder, and flip -flops to hold a particu-
lar relay position. The FET switches are used to
apply the count pulse to the appropriate flip -flop.
Each time a pause occurs between "clicks'f, the value
of each 'fc lick" is doubled by applying it one soep
further along the flip -flop counter.

When one second is exceeded with no "clicks ",
set pulse turns on (or off) the appropriate output



I /

FIGURE 2a. Schematic,

flip -flop and relay. A slight delay is introduced
between the reset and the set so that the flip -flops
are not reset before the output is switched. In
connection with the delay, the flip -flop counter
does not see the first "clicks so that the one out
of sixteen decoder must be connected accordingly.
This could be overcome by introducing a slight delay
in the "Count" line if necessary. The missing first
click wasn't required for the operation-of an ex-
perimental unit. As the unit was initially config-
ured, one number was set aside that would turn off
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all the output flip- flops. A complete schematic of
the original unit is given in Figure 2. All the
logic used is standard COSMOS logic.

Future Suggestions

The switching unit as described is quite useful
in aiding a quadriplegic to turn several electrical
items on or off. With the addition of another
switching unit which is dependent on a particular
relay of the above unit being turned on, several ad-
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FIGURE 2b. Schematic.

ditional functions could be realized. For instance,
a simple high or low frequency detector could be
used to adjust a radio or television volume control.
A simple addition to the switching unit could be set
up to both dial and to answer a telephone. Dialing
a telephone would require that a number higher than
ten be set aside for the telephone. Once this num-
ber is selected, numbers one through ten could be
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used without triggering the relays normally assigned
to the numbers one through ten.

Bed adjustments could also be done with an ar-
rangement_ such as that used with a telephone plus a
high or low frequency detector. It must be remem-
bered, however, that as the unit does work off audio
pulses, a random noise in the vicinity may turn on



or off some particular relay. The possibility of
accidentally triggering both a high number relay and
also a dependent function of that relay become rather
remote and can probably be used quite safely. Here,
however, the safety of the person operating the unit
should be considered in light of an accidental relay
switching. Good microphone placement and level ad-
justment would help to minimize false triggering.
An experimental unit worked with very few false
triggerings when operating either a TV or a radio.
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Conclusion

This unitts basic usefulness lies in its rel-
ative inexpensiveness and its ability to easily pro-
vide a fairly large number of switching functions.
A second advantage is the ability to easily add many
dependent functions to those already present. While
the unit has a disadvantage of false triggerings,
its inexpensiveness and many functions offer a quad-
riplegic considerable aid in performing minor tasks.
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S u mma ry . A ne w mo bi li ty  a id  for  q ua dr ip le gi cs  i s  prop os ed  whi ch d oe s
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ne ar l y i nv i s i b le . The  d e vi c e  i s  b as i c al l y a  t e le met e r ing s y s t e m whi c h
us e s  e le c t ri c al  f re q ue nc y c ha nge s  co r re s p ond ing to  re l a t i v e  d is p l ac e me nt
of  t he  j aws  a s  b ont ro l  v ar i ab l es . Pa s s i v e  r es o na nt  c ir c u i t s  a re  wo rn i n
the  mo ut h a nd a re  mo re o r l es s  d e tu ned  by  the  r e la t iv e  mo ve ment  o f  a n
ind uc tiv el y c ou ple d rea ct anc e. The  c ir c u i t s  a r e  p e r i o di c a l ly  t r i gge re d
into  o s ci ll a ti ons  whi c h ar e  s ub s eq ue ntl y r ec ei v ed  t hro ugh a n e as il y  c on-
cea lab le  one - tu rn coi l  aro und  t he  nec k.

Pro c e ss i ng c i r c u it ry  whi c h ma y  b e  wo rn in a  ga rme nt o r  ins t a l le d  i n
a  whe e l c ha i r d e r i ve s  c o ntro l  s igna l s  f ro m the  f r e qu e nc y  me a s u re me nt s
whic h ma y  b e us e d to  c o nt ro l t he  mov eme nt s  of  the  whe el  c ha i r or  o f
ot he r  a s s i s t  d e vi c e s .

INTRODUCTION

Qu a dr i pl e gi a  i s  t he  p ara ly s is  of  a l l  f o ur  ext re met i es .
A p er so n in t hi s  co nd it io n is  in d es pe ra te  nee d of  hel p wi th
almos t eve ry  functi on a nd he  c annot  a fford  t o be  choo se y;
he ha s  to  ac ce pt  t he  a i d of  whoe ve r is  av ai la bl e . The
ps yc hol o gi c al  s t r es s  r e su l ti ng f ro m t he q ua d ri p le gia  it s e l f
is  o fte n c omp ounded  by  te ns io n d ue to an inc omp ati ble
re l a t ionship which c an de vel op  be tween t he  qu adr ip legic
and  hi s  he l pe r . The wel l -me ant f ri e nd l y cha tt e r o f a
vo lu nte e r hel pe r  ma y f ru s tr a t e  t he  p at i ent b ec a us e  he
knows that  he  ca nnot  e sc a pe  u nd er  his  o wn p ower . On the
ot he r hand,  the  pa t ie nt  ca nno t te ll  the  f ri endl y  v ol u nt ee r
to s hut up. The re fore , i f we want  to  pro vi d e t he  qu a dr i -
ple gi c  wi th a  mo bi li ty  a id , we mu s t  d ev elo p a  de vi ce
whic h inc re as es  the  nu mbe r of  o p ti ons  for  i nd e pe nd ent
ac ti vi ti es  a va il ab le  t o hi m.

A whe e l c ha i r whi c h mere l y r e l i ev e s  a  he lp e r o f
so me  of  t he  phy s i ca l  b urd en re qu i re d for  mo vi ng the
qu ad ri pl egic  a pp arentl y is  not  e no ugh. The whe el  chai r
bec omes  a  mob il it y a id  o nl y if  i t  is  po we re d by  a  mot or
and  i f a ll  mot io ns  ca n be co nt ro lle d by  the  qu ad rip le gi c .
The re  a re  a l s o  o t he r  r eq u i r e ment s  whi ch mu s t  b e  c o n-
s i de re d if  t he  ga ins  ar e  not  t o be  of fs et  b y t he  d amages :

a The  mo bi lit y a id  s hou ld co ntr ib ute  t o t he
use r' s  inde pe nde nc e wi thou t a dd ing to  his
bu rd en.

It  mu s t  b e  s i mpl e  to  u se ,  be  as  v er s a ti l e
as  p os s i bl e , and abo ve a ll , i t  mu s t  b e
ac ce pt ab le  t o the  us er .

The exis ti ng d es igns  o ft en v io la te  o ne  o r mo re  o f
t he s e  r e q u i r e me nt s ,  f o r  i ns t a nc e , a  de vi ce  whic h r eq ui re s
su rgi c al  int erv ent io n or sp ec ia l sk il l s  fo r the  i ns ta ll a t io n
of  e le ct ro ni c  de vi ce s , su c h a s  my o-  e l e c tr i c  t ra ns du c er s ,
is  not  s impl e  to  u se  a nd  may  not  b e  ac ce pt ab le  t o the  us er .
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Si nc e the  q ua dr i pl egic  is  a lr e ad y ve ry se ns i ti ve  a b ou t hi s
cond iti on, co ntr i v anc e s  whic h di s f igu re  t he  u se r  ar e  ju s t
as  u nd e s ir a b le  a s  d e v ic e s  whi c h i nte r f er e  wit h imp o rt a nt
se ns ory fu nc t io ns  a nd  whic h qu ic kl y  f a t igue  d e li ca te  mus -
c l e s , su ch as  is  the  c as e  wi th mo s t  ey e - mov eme nt  de t ec -
t o r s . Any d ev ic e  c ons is ti ng of  vi s ib le  wi re s  hanging f ro m
t he  mo u t h,  no s e ,  o r  e a r s ,  d i s f i gu re s  t he  u s e r  a nd  i s  no t
lik el y t o be  ac cep te d. Any t hi ng t ha t r e q ui r e s  t he  u s er  t o
be ha ve  od dl y a nd  c ons pi ci ou s ly  o r r eq ui re s  v is ib l e  te ch-
nic al  a pp enda ge s  is  a l so  not  a cc ep ta bl e . Al t ho u gh wa r s
and t he  inc re a s i ng nu mbe r  o f  a c ci d ents  on ou r  hi ghway s
ha v e ma de  p eo p l e  b e co me  mo re  o r l e ss  a cc u s to me d t o
se e ing t hei r  f e ll o w ma n i n a  whee l  c hai r , they do tend to
s t ar e  a t a  p e rs on wi t h unu su al  ap p enda ges . Eve n i f none
of  the se  dra wba c ks  exi s t s , a  de vi c e  ma y s ti l l  be  u na c ce pt -
ab le  i f i t  has  " a  mi nd  o f i t s  o wn " , in o ther  words  i f i t s
du ra bi l i t y i s  lo w o r if  i t s  c ontro l fu nct io ns  ar e  u nrel i ab le .

METHOD

The de vi ce  whi ch i s  i nt ro du ce d in t his  p ap er  d oe s  no t
re q ui r e  s p ec i a l t ra i ning fo r  i t s  u s e  o r a p pl i ca t i ons . It
co ns e rv e s  t he  u s er ' s  e ne rgy ,  a nd  a l l o ws  fu l l  v i s u a l c o n-
tro l of  i ts  funct io n and is  nea rl y invi s i bl e . The de vi ce  i s
ba s ic a l ly  a  s i mp l e  p a ss i v e  t r ans po nd er  s ys t em whi c h
te le met e rs  re l a t iv e  c hanges  in t he  p os i ti o ns  o f  t he  j aws
and  u s e s  t hes e  to  d er i ve  c ont rol  v ar i a bl e s  fo r t he  o p era -
ti on of  a  mo t or i ze d whe e l cha ir .

The  s y s te m re l ie s  on t he  co mp one nts  sho wn i n
Fi gu re  1 . The  u s e r  wea r s  s e v e ra l e l e c t r i c al  r e s o na nt
ci r c ui t s  i n his  mou t h. The s e c i rc u i t s  c a n e a s i l y  be  i nc o r -
po ra te d i nt o a  c os me ti c  s pl int whi ch i s  a tt ac he d  t o the
up pe r t ee th, s i mil a r  t o  co s met i c  t e e th c ov e r ings  u s e d b y
mo v ie  a ct o rs  t o hi de  bl e mis hes  i n t hei r  na t ura l t e e t h. A
s i mi l ar  de vi c e  i s  a t t ac hed  to  t he  Iower  te e th. It  i nco rp o -
ra t es  in t he  po s i ti o n o f  t he  l o we r  c e ntr a l i nci s or s  a  s ui t -
ab le  d et uni ng d ev ic e  s uc h as  a  p i ec e  of  f er romagne ti c
ma te r ia l  o r  a  sma ll  co ndu c ti v e  s he e t a ro u nd  the  ne ck . A



F i gu re  1 . The  s y s t e m c o mp o ne nt s .
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one  - t urn co i l ,  wo rn a rou nd t he  nec k  a nd  e a s i l y c o nc e al e d
i n a  s hi r t  c o l l a r , ac t s  a s  a  t r a ns mi t ti ng a nd  r e c e i v i ng
ante nna  indu c ti v el y  c ou p le d  t o t he  c i r cu it s  i n t he  mo u th.
A c u r r e nt  p u l s e  i n t he  c o i l  tr i gge r s  t he  c ir c u i t s  i n t he
us e r ' s  mo u th p rod u c i ng o s ci l l a ti o ns  whi c h d e c ay  a s  s ho wn
i n F i gu re  2 .

Fi gure  2 s hows  the  tr i gge r  pu l s e  ( t op  l ine )  a nd  t he
tr i gge re d o s ci l l a t i o n b e lo w. By cha nging the  L -C r a t io of
the  re s o na nt  c i r cu i t  t he  d u rat i o n o f  t he  d e c ay  c an b e a l -
te r e d  as  s ho wn i n t he  l o wer  p a r t  o f  F i gu re  2 . A ga i n,  t he
tr i gge r  pu l s e  a nd t he  mu c h s l owe r  d e c a yi ng o s c il l a ti o ns
a re  s e e n. Si nc e i t  is  ne ce s s a ry  t o  o b t a in c o nt ro l  c o m-
ma nd s  fo r "l ef t  " , "ri ght " , "fo rwa rd ", " r e v e r s e "  m o v e -
me nts  a nd  fo r  "no  mo v eme nt " , the  sy s t e m mu st  b e  a b l e
to  s e ns e  c o r r e s p o ndi ng j a w mo v e me nt s . Thi s  c a n b e
do ne  i n va r i ou s  wa y s , one  o f whic h is  indi ca te d in
F i gu re  3 .

Fi gu re  3  s ho ws  t he  u p p e r  d e nt a l  a r c h a s  s e e n f ro m
be lo w. T he re  a r e  t hr e e  c i r c u i t s , A, B,  a nd  C . The
de tu ni ng de vi c e  on the  lo wer  t e et h ca n b e s it ua te d  a t a
po i nt  whe re  i t  wi l l  ha ve  a  grea t e r e ff e c t o n c i rc u i t  C  tha n
on B o r A . S i mi l a r l y , the re  is  a  p o int  whe re  it  wi l l
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Fi gu re  2 . (a )  T r igge r p ul s e (b ) Tr igge re d os ci ll a t io n.
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Fi gu re  3 . Up pe r d enta l  a rc h a nd  the  re l a t iv e  p os i ti ons

of  c i rc u it s  A , B and C.



af f e c t c i r cu i t  A  mo re  t ha n c i r c u it s  B o r  C . The de tu ni ng
dev ic e  then c an b e mo ve d into  a  t hi rd  p os it io n where  it
wi ll  ha v e a  mi ni mum ef f ec t o n a ll  thr ee  c i r cu i ts , and ,
co nv e r s e l y,  a  ma xi mum e f f e c t . This  s uf f ic es  t o  d er iv e
the c ommands  "fo rward  " , "r ev e rs e  " , "l e ft " , "right " ,
and "s t op  " ,  whe reb y the  u se r  may  de ci de  whet her  he
wa nt s  t he  u p pe r or  the  l ower  j a w to  be  t he  "d ir e ct io n
pointer " .

Fi gu re  4  r e p re s e nts  a  b a s i c  d i a gra m o f  t he  pro c e s s o r
whi ch can be  worn in a  co at poc ket  o r whic h c ou ld be  bui lt
into  the  whe e l cha ir . Whe n the  s wi tch b el ow the  ant enna
coi l  is  i n the  T  p os it io n, it  di s cha rge s  a  c ap a ci t o r whi c h
in t u rn i s  cha rge d f ro m a  b a tt e ry , thro u gh a  r e s i s t o r .
Whe n t he  swi t ch r e tu rns  t o  "It " , t he  r e c ei v e  po s i ti o n, the
os c il l a t i ng s i gna l  f rom one  o f  t he  r es o na nt c ir c ui t s  i s
rec ei ved  t hrough the  a nt enna co il  whic h i s  now t uned by  a
ca p ac i to r , se l ec te d by  t he  f re qu ency  s wi tc h Sf , to  t he
pro p er  f re q u enc y . The s i gna l is  a mpl if ie d  i n A a nd  p ro -
cessed in P. The three resonant circuits are interrogated
in a  s eq u ence  d et e rmined  by  a  c lo c k in P . T he  r e s u l t s  a r e
the  c ommand s  for  t he  fou r  d i re ct i ons  a nd " s t op "  a nd a ls o
fo r a ny  i nte rme di a te  s i tu a ti on su c h as  "go s lo wly  r i ght
forward ".

The c ir cu i t  wi l l  a l s o de t ec t a ny  e l ec tro ma gne ti c
int e r f e r e nc e  t hro u gh t he  i nt e r f e r e nc e s e ns o r ,  IS . An
exce s s i ve  s i gna l fro m he re  wi l l  tu rn of f  a ll  fu nc t io ns  and
so u nd o r  fl a s h a n a la rm. Ho we v er , it  i s  e xt re me l y  u n-
li ke l y tha t an extr a ne ou s  f i e l d c ou ld  re ac h s uc h p ro p or -
tio ns  t ha t i t s  magne ti c  co mp one nt  wil l  indu ce a  vo lt age in
the  ante nna  c oi l  high e no ugh to  inte rf e re  wit h p ro pe r
ci r cu i t  o p era t io n. Fu r t he rmo re ,  i t  i s  p o s s i b l e  t o  u s e
"re ce i v er  ga t i ng"  s y nchrono u s l y  fo l lo wing the  t r i gge r
pu ls e  and a  de c ay  d et ec to r for  t he  r ec ei ve d  s igna l whic h
wo ul d di s t ingui sh i t  su ff i c i entl y from inte rf er ence . All
"s wi t che s "  in t he  d i a gram a re  s e mi c ond u c t or  c i r cu i t s .

It  wo ul d no t re qu ir e  mu ch a dd it io na l e l ec tronic s  to
det ec t op ening o f the  mo ut h a s  in s pe ak ing o r ya wning.
One c ou ld  inco rpo ra t e  a  memory  i nt o  t he  c i rc u it  whic h
igno res  s u ch ev ent s  and  ho ld s  t he  la s t  re ce i ve d  c ommand
unt i l  p rop e r  op e rat i o n i s  re s t ore d . The mouth - opening
de te ct or  c ou ld  a ls o  b e  us ed  t o de te ct  ce rt a i n pa tt erns  i n
rapidly repeated mouth openings and closings which could
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serve  a s  tu rn -on a nd  t urn -o ff s i gnal s  fo r the  eq ui pment.

The d ev ic e  a s  s ho wn is  a  pro du ct  of  a n e xp e ri me nta l
s tu dy  t o pro ve  f ea s ib il i t y. It s  b as ic  co mp o ne nt s  hav e
been operated with resonance frequencies of approxi-
mat el y 20 MHz. There  i s  no  me as u ra bl e  a t te nua t io n o f
transmit or receive signals when the resonance circuits
are  i ns e r te d  i nt o  t he  mo u t h,  ne i t he r  hav e  s a l i v a  o r  mo v e -
ments  of  t he  to ngue any eff ec t. The  f re qu ency  s ta bi li ty
is  hi gh d ue  to  the  t hermos t at i c env i ro nme nt  o f t he  o ra l
cavi ty. A t r i gge r  ca p a c i to r  whi c h is  c ha rge d  to  a p pro xi -
mately 5 volts produces a received voltage of approxi-
mat ely  50  mi lli vol ts  pea k - to -pe ak for  the  f irs t  c ycl e .
The resonant circuits consist of one -turn coils with
ap p ro p r ia t e  c a p ac i t o r s . The r ea r p or ti o n of  the  c oi l
cu rv es  u p wa rd  t o c onfo rm wi th t he  s hap e of  t he  pa la te .

The de vi ce  d es cr ib ed  a bo ve  i s  inte nd ed  t o re li ev e the
bu rd e n of  the  p arap l egic , to  ma k e  hi s  l i fe  mo re  t o le r a bl e ,
and, above all, to restore his sense of dignity by giving
him the  a bil i t y t o func tio n ind epe nde ntl y.



MO BILIT Y OF  T HE BLIN D
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S u m ma ry . In t hi s  pa pe r I shal l  t ry  t o gi ve  a n ov erv ie w of  t he  s ub je ct  o f
Mob ili ty of  the  Blind. Bl ind p eo pl e  s omet i me s  a re  r ep u te d t o be  a b le  t o
ge t a ro u nd  wi tho ut  us i ng any e xt e rna l a i d s  a t a ll . It  i s  f e lt ,  ho we ve r , that
a  t ot a ll y  b l ind  p e rs o n r ea l ly  is  una bl e  grac e fu l ly , safe l y, and ind ependently
to  ge t  a rou nd i n a n a r ea  ou t s i d e  o f t he  c onf ine s  o f f ami l ia r  s u rro und ings
wi t hou t  emp l oy i ng s o me mo bi l i ty  mea ns . It  is  tr u e  t ha t  a  bl i nd  pe r so n
tr a ine d  i n b a s ic  mo b i li t y s k il l s ,  o ft e n t he  f ir s t  t hings  t a ught  when o ne  ge t s
mo b i l i ty  t r a ini ng, is  a bl e  wi t ho ut  a ny  v i s i bl e  exte rna l a i ds  t o  get  a ro und
af t e r  a  f a shi o n i n l imi t e d  c i r cu ms t a nc e s . Fo r  exa mpl e ,  b y  t he  u se  o f t he
fo rea rm p os i t io n, whi c h i s  a  wa y  o f  ho l di ng t he  fore arm u p  a t  ab o ut  fa c e
le v el ,  pa l m fo rwa rd a nd  a cro s s  t he  b od y  in su c h a  way  as  t o d e te c t o b s t a -
c l e s  whi c h might b ump  t he  b od y , a  bl i nd  pe rs o n c an ne go t ia t e  wi t h s ome
sa fe t y  i n s o me  s u r ro u nd i ngs . He wi ll  a ls o of te n tr a i l  wit h one of  his  hands
al ong a n a dj ac e nt  wa ll . Thi s  mea ns  o f  mo b i l it y ,  ho we v e r ,  no t  e mpl o y i ng
any  e xte rna l  a i d  a s  s u c h, ca nnot  be  c ons id ered  su it a bl e  fo r  e xt end ed  o r
fr e q ue nt  t r a v el  i n u nfami l ia r  l oc a t io ns , and  i s  no t re al ly  a  gra ce fu l wa y of

t r a v e l i ng.

The  Si ght ed Gui de

A v e ry  wi de l y  u s e d  t r a v el  mea ns  is  t he  s i ght e d
gu id e. Us e  o f  t he  s ighte d  gu id e  i s  a  le a rne d s ki l l  whe n
do ne  a t  i t s  be s t , and  i nv ol v e s  more  t ha n wa l k i ng a rm i n
a rm wi t h a  s i ght e d  p e r s o n. Ra t h e r , t he re  i s  a  p a r t i c u l a r
gr i p ,  whe re  t he  b l i nd  p e r s on gr i ps  t he  e l b o w of  t he  s i ght e d
gu i d e b e t we e n hi s  thu mb a nd  f i nge r s , and  whe re  he  s ta nd s
a bi t  b e hi nd t he  s i ght e d gui d e s o a s  t o nar row the  f ront  o f
the  a p p ro a c hi ng p a i r  e na b l i ng be t t e r  nego t i a t io n o f  r es t r i c t -
ed  p as s a gewa y s  a nd  d o o rwa y s . The b li nd  pe rs o n ca n f ee l
the  mov e me nts  o f  hi s  s i ght e d  gu i d e  a nd  c an s o met i me s
se ns e  so me  o f  t he  t hings  t he  s i ght ed  gu i d e s e e s . Thus  the
el b ow of  the  gu id e  in a  s pe c ia l ly  co ns tru ed  se nse  be c ome s
an ana t omi c al  e le me nt  i n t he  v i su a l  s y s te m of  t he  b li nd

p e r s o n.

The  Lo ng C a ne

A ra t he r  c o mmo nl y  u s e d  e xte rna l  mo b i l i t y  me a ns  fo r
the  b li nd i s  t he  lo ng c ane  o r  t y phl oc a ne , or  Ho o v er  ca ne
(1). Thi s  d e v ic e ,  p ro b ab l y  a  fol l o w -o n f ro m e a rl i e r
a t t e mpt s  a t u s i ng s t a ff s  a nd  wa l ki ng ca ne s  i n t he  p a s t,  wa s
de v e l op e d  es s e nti a l l y i nt o i t s  p r e s ent  form i n t he  l a t e r
ye a r s  o f  Wo r l d  Wa r  II a nd t he  e a r ly  p o s t  Wo rl d  War  II
y e a r s  wi t hi n t he  A rmy  a nd  l a t e r  t he  Ve t e ra ns  A d mi ni s t r a -
ti o n s ys t e m fo r  b l ind  r e ha b i l i ta t i o n. The  c a ne  i s  mu c h
lo nge r  t ha n a n o rd i nary  o r t ho p ed i c  c a ne , me a s u re d  ro u ghl y
from the  t i p o f t he  s t e rnu m t o the  s i de  of  the  fo ot  ext end ed .
The t ec hni q ue  of  us ing t he  c ane  i s  t o  hav e  i t  c e nt e re d  o n
the  b o dy  and  p roj e ct i ng fo rwa rd a nd  do wnwa rd , and then
swep t  f rom s i d e  t o s id e  i n a n a r e  a bo u t t he  wi d th of  the
body, to u c hing t he  gro u nd  a t  t he  e xt r e me s  o f  the  a r e  s u c h
that  the  c ane  t i p to u che s  whe re  the  foo t  wil l  ne xt  f a ll .
T hi s  a r r a nge me nt  e n a b l e s  t he  b l i nd  p e r s o n t o  a s s u re  hi m-
se l f o f  t he  p re se nc e o f  t he  gro und , and  a l s o giv e s  hi m
info rma t io n as  t o t he  na tu re  o f  the  gro u nd  whe re  hi s  fo o t
wi ll  ne xt  fa ll . It  c a n b e  s e en t ha t t hi s  p ro v i de s  fo r r e l a -
ti v e ly  s afe  pa s s age . If  the re  i s  s o met hi ng i n t he  wa y i n
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the  r e gio n tr a v er s e d b y t he  s wingi ng c ane , col lis ion wi th
su ch ob j ec t  u su a ll y  s i gnal s  i t s  p re se nce  to  the  b li nd p er -
son s uff ic ie ntl y ea rly  t ha t he  ca n a vo id  bo dy  c ont ac t. Also
the t ou c hi ng of  the  gro u nd  at  t he  l a t e ra l e xt r emes  of  the
arc  e nab l e s  t he  pe r s on to  de t e ct  the  o c c ur r enc e o f  a  cu rb
or  d ro p -o ff  i n su f fi c i ent t i me  t o pre ve nt  s tu mb li ng o r
fa ll ing a t  t he  c urb. The ca ne ti p  t ou c hi ng the  gro und  p ro -
vi de s  info rmat io n ab ou t the  na tu re  o f the  grou nd , and  t he
shaf t of  t he  c a ne  t ou ching o bj ec ts  whi ch ma y inte rv ene
al s o giv e s  i nfo rma t i on as  to  t he i r l oc a t io n a nd s o me t ime s
thei r  i de nti ty .

A ty pi ca l lo ng c ane whic h ha s  be en s ta nd ard fo r
so me  ye a rs  no w wi thi n t he  Ve t era ns  Ad mini s t r a t i on (2 )
ha s  a  s ma l l cro ok  a t  t he  to p e nd . This  c ro ok  ca n be  u se d
to  hang the  ca ne  o n a  do or  o r ho ok  whe n it  i sn ' t  nee de d.
Peo ple  ha ve eve n b een known to  ho ok the  ca ne in the  ba ck
of  t hei r  c ol l a r  whe n tr a v e rs i ng a  c a fe t e r i a  l i ne  r e q ui r i ng
the  u se  o f bot h ha nd s  to gu id e the  t ra y a l ong t he  l ine .
The  gri p of  t he  c ane is  mad e of  a  mod if ie d go lf  c lu b gr ip
usu al ly  o f so me  rub be r -l ik e  ma te ri a l  wit h a  fl a t  s id e  to
he lp  i n or ie nt a t io n of  t he  c ane. The  gr ip  a l s o s e rv es  a s  a
re s t  fo r  t he  ind ex fi nge r whi c h po i nt s  d own t he  s ha ft  cr e at -
ing t he  f ee li ng t ha t t he  c ane it se lf  i s  a n exte ns io n of  t he
inde x f inger ; so rt  of  a  na tu ral  p rob ing a nd  se ns i ng d e vi ce .

The ho ll ow s ha ft  o f the  ca ne is  general ly  mad e of  a n
al u mi num al l oy  and  s o me t ime s  i s  c ov e re d  wi th a  s pe c ia l
ta pe  t o prov id e li ght re fl ec ti ng c ap ab il it ie s  a t  night . The
lo wer  po r ti o n i s  o f te n c o l ore d r ed  i n a cc o rd a nc e  wi t h p ra c -
tic e  re la ti ng to  c anes  us ed  b y bl ind  p eo pl e , and  the  t ip
it se l f in the  VA' s  s ta nda rd is  ge neral l y ma d e o f ny l on.
So me  pe rs o ns  se em to  p refe r fu rni t ure  gli de  ti p s  bu t  VA
expe r ie nc e  i ndi ca t es  t hat  ny lo n p rov id e s  a  goo d  c omp ro -
mi s e  b e t we e n a  ma te r i a l  whic h mi ni mi ze s  c a t chi ng a nd
s t i c k i ng i n the  grou nd ,  ye t  whic h ga the r s  so me  i nfo rma -
tio n abo ut  the  gro und i t  is  to uching.

A l ong - c ane  u s er  pro pe r l y t ra i ne d , i t  i s  f e l t , can



su c ce s s fu ll y  ne got i a t e  a l mo s t  a ny t ra v el  ro u t e  wit h a  re a -
sonab le  d egre e  of  s af e t y, gra c e , and sp ee d. When us ing
a lo ng ca ne , a  b li nd  pe rs on na tu ral ly  s hou ld  b e  ful ly  aware
of  hi s  s u rro und i ngs  a nd mus t  us e  a l l  c ue s  to  co mpl i me nt
the  ca ne and a chie ve  a  go od  mo bi li t y pe rfo rmance . He
mu s t  u s e  hi s  e a r s , se ns e  o f s me l l ,  hi s  k i ne s t he t i c  s e ns e ,
and t he  ta c ti le  se nse , incl ud ing f ee li ng wa rmth o n t he  s ki n
or  t he  p a ss a ge  o f  a ir  a cro s s  t he  fa c e . A c o mp o s it e  sy s -
te m i s  thu s  ac hie ve d  whi c h pro vi de s  r ea s onab l e  mo b il it y
ca pa bi l it ie s  for  the  bl i nd  p e rs on.

The D og G uide

Anot he r we ll  known and re a so na bl y wi de l y us ed  s ys -
tem of  mobi lit y for  bl ind p eo ple  is  t he  dog guid e. T he
te rm d o g gu id e  wr i tt e n wi t h s ma l l  l e t te r s  i s  u s e d a s  t he
ge ne r i c  t e rm refe r r i ng t o  a  nu mb e r  of  s p e c ia l  d o gs
tra ined  b y organizat io ns  su ch a s  The  S ee ing.  Ey e,  G ui de
Dogs  for  t he  Bl ind, Pi l o t  D o gs ,  o r  Le ad e r  Do gs  for  t he
Blind (3). The do g is  a  mo bi le , int e l l i ge nt ,  t r a i na b l e ,
ha rd  work i ng, and fri end ly kind o f mobil ity  a i d a nd can do
a r e mark a b l y f i ne  j o b  in ma ny  c i r cu ms t anc e s . The  do gs
ge nera ll y  a r e  s p ec i a l l y  b red  and  s e l ec t ed  in t he i r e ar l y
yo u t h, gi v en s p ec i a l  t r a i ni ng a t t he  t r a i ni ng ce nt e r,  a nd
the n a f t er  r ea c hing a  c e rt a i n a ge  a r e  b ro ught  t o get he r
wi t h t hei r  pro sp e c ti v e  b l ind  ma s t er  a t  t he  t ra i ni ng c e nte r .
Bo th ar e  giv e n a dd i ti ona l t ra i ni ng so  that  the  p a ir  c a n p er -
fo rm a s  a  t e a m. The do g i s  a  work ing d og, a nd  a t  b es t
pe r forms  whe n the re  i s  a  c l o se  r e la t i ons hi p wi t h hi s
ma s t e r . So me ti me s  t hi s  c l os e  r e l a t io ns hi p  p os e s  p ro -
bl e ms  and  t he  u se r  o f  t he  d og mu s t l ea rn t o o ve rco me
su c h t hi ngs . The do g be ing a  li vi ng cr ea tu re  has  t o be  f ed ,
a i r ed ,  and  wa l ke d , and  so me t ime s  he  b e co me s  i l l .
Peop le  wit h d og pho bias  ob vio us l y a re  not goo d c and ida tes
for  do g -gui de tra ini ng. A s ma l l p e rc e nt a ge  o f b li nd
pe o pl e  a r e  i n f a ct  d og us e rs ,  pe rha p s  o nly  two  p e rce nt o r
l e s s , but  t ho se  who  d o us e  the  dog a nd  u se  him wel l ce r-
ta inly  f ind  him t o b e  an e xc e ll ent me a ns  t o a i d  i n thei r
achie ving indep endent mo bil it y.

Ele ctronic  Mob il ity  Ai ds

Pro ba b ly  a s  e ar l y  a s  p ho to s ens i ti v e  ma te r ia l s
be ca me  k no wn a nd  e le ct ri ca l  c ir cu it ry  c ou ld  b e  us ed  a s
ad ju nc ts  to  t he m,  inve nt or s  hav e tho ught  o f u s i ng s uc h
co mb inat io ns  a s  mo bi li ty  a id s  fo r the  bl ind. We know
that  a s  ea r ly  a s  19 12 , D o c t o r  E .  E .  F o u rni e r  d ' A l b e
dev el ope d his  o pt ophone i ni ti a ll y as  an e nvi ro nme nt al
sens ing device  (4) . Throu gh t he  y e ar s  s i nce  t he n v a r io u s
at t emp ts  ha v e b ee n ma de  to  us e  e l ec t ro nic  me a ns  to  pro -
vide  a  mob ili ty a id  fo r t he  bli nd. Du r i ng t he  l a te r  ye a r s
of Worl d War 11,  whe n t he  pub lic  wa s  we ll awa re  of the
env iro nme nt al  s ens i ng d one  b y  ra d a r a nd s o na r , inv ent or s
re ne wed  the ir  ef for t s  t o a pp ly  s i mil a r p ri nci p le s  i n
dev elo ping a  mo bil ity  d evi ce  for  the  b lind. By 1946,
La wre nce  Cra nb e rg,  who was  t he n wo rk i ng a t  the  S i gna l
Co rp s  La b ora t o ri e s  i n N ew J e rs e y , devel oped  his  mobi lity
device  (5). This  uni t  wa s  ha nd -hel d and ab out the  s ize  of
a  l a rge  c a me ra . It  e mp lo ye d an i nc ande sc ent l i ght so urce
whi ch was  i nt er ru pt ed by  a  c ho pp er  d is k. The l ight so u rc e
was  foc us sed  b y a  lens  to  i l l umi ne  a  s mal l re gi on ahea d of
the  de vic e . Energy  p ul s es  wou ld  re fl ec t ba c k from a n
obj ec t ahea d int o the  re ce ivi ng o pt ic s . Phot oce lls  wo uld
se ns e the  p ul se s  and  c onve y t he  i nformat io n to  the  us er .
The  d evi ce  wo rk ed on the  pri nc ipl e  of op tic al  tr ia ngu la tio n.
Ra nge  informat i on wa s  r e co v e re d  b y  p a ss i ng the  r e tu rn
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li ght  t hro ugh a  cho pp er  whe el  ha vi ng d if fe r ent  numb er s  o f
ho l es  a t d if f e re nt r a di i . Dep endi ng on t he  t ri angul at io n,
the  r e tu rn b ea m wo ul d  t hus  b e  i nt e rru pt e d a t a  f r eq u enc y
de pe nd ing o n the  r ange  t o  t he  r e fl ec ti ng ob je ct . The
info rmat io n was  c onve ye d  t o the  bl i nd  p er so n b y vi brat io n
of the  handl e  o f the  d ev ice  a cc ord ing to the  f re qu enc y of
int e r ru p t i o n o f  t he  r e tu rn e ne rgy .

The  u s er  t hu s  l e arne d o f t he  p re s enc e o f  o b s t a cl e s
and o f t he ir  ra nge  b y  f e el ing v i brat i ons  t hro ugh t he  ha ndl e
of  t he  s y s t e m. He  k new the d ir e ct i on o r  a zimu th b y  k now-
ing whi ch wa y he  wa s  po int ing the  d ev ic e . The  S ignal
Corps  d evi ce  was  co ns truct ed  b y RCA  i n abo ut  2 5 c op ie s ,
but  i t  wa s  fo und to  b e  so me wha t he av y to  c ar ry  a nd  not
pro du ct iv e  of  t he  k inds  a nd  q uanti ti es  o f info rmat io n that
wou ld  c ompe ns at e  fo r the  trou bl e  of  u s i ng i t , thu s  i t  nev e r
bec ame  wi del y a cce pte d b y b lind p eop le . A fe w y e ar s
l a t e r  a  p re c u r s o r  f i rm t o  Bi o ni c  Ins t ru me nt s , Inc .  t r i e d
to  c ons t ruc t  a  s i mil a r  d e v i ce  u s i ng the  so me wha t  la t e r
tec hnol ogy then av ai la bl e . This  re su l te d  i n t he  Mo de l
G -5  O bs ta cl e  De te ct or  whic h wa s  so me what  l ight er ,
wo rk ed  wit hou t me chani ca l chop p er  d is ks  a nd us ed  a n
imp ro v ed  so u rc e  of  i l l umi na t io n. This  de v ic e  wa s  b ul k ie r
and  hea vi er  t ha n one wou ld  hav e li ke d for  t he  k ind of  i n-
fo rma t i on i t  r e t u rne d , and it  a ls o  d id  not  r e ce iv e wi de -
sp re a d  u s e .

In t he  ea rl y f if t i es , a  s pe ci a l  e le ct ro ni ca ll y eq ui pp ed
ca ne  wa s  d ev e lo p ed  a t  t he  F ra nk l in Ins ti tu t e  i n Phi la d el -
phia . This  c ane  had  t he  ca pa b il it y o f se ns i ng t he  ca pa ci -
ta nc e  t o  t he  gro und  f rom i t s  t ip . The hop e  wa s  tha t t hi s
ca ne,whe n a p p ro a chi ng a  c u rb  fo r  e xamp l e ,  wo u ld  gi v e
ea rl y wa rning b y an a ud ib le  s i gnal  a ct iv at ed  by  t he  c ha nge
of  c ap ac it ance . This  wou ld  e na bl e  the  pe rs on t o ha nd le
the  s i t ua ti on wi th a  l i t t l e  mo re le ad  ti me  than wi th a n
ord i na ry  c a ne . The  e a rl y  wa rni ng p rov i de d  b y  the  s y s t e m
was  s o s l ight  t ha t this  c ane to o ne ve r fo und it s  wa y into
rou tine  u se  by  bl ind  pe opl e .

The  i nhe re nt l y e xce l le nt  c hara c te r is t i cs  of  t he  lo ng
ca ne  a s  a  mo bi l i ty  a id ,  and  t he  p ro mi se  t ha t  env i ro nment a l
sens i ng a t a  di s t ance shou ld  b e  ab le  t o c ontr ib ut e  to  t he
mo bi li ty  pe rformance , l ed  i n 19 6 2 to  t he  thou ght  t ha t
e l ec t ro ni c  s e ns ing me ans  s ho u ld  b e  b u il t  i nt o  a  c a ne . T he
engi ne e r s  a t Bi o ni c  Ins t ru me nt s ,  Inc o rp o ra t e d , d e c i d e d  t o
mo u nt a n e nv i ro nment a l s e ns i ng s y s te m i n a  ca ne . The
co nc ep t wa s  to  i mp ro ve  u po n t he  o rd inary ty phlo ca ne .
This  was  a cc ompl is he d by  hav ing the  ne w ca ne  " lo ok " ou t
in t hre e  d ir e c t io ns ; u p wa rd  t o  "c l e a r"  t he  r e gio n t hro u gh
whi ch t he  hea d wou ld  p as s , s tra ight -out  ahe ad to det ect
ob s t ac le s  be yo nd the  re ac h o f the  ca ne  t i p whic h mi ght
co me  i nt o  t he  tr a v e le r ' s  p a t h,  a nd d o wn a t  t he  te r r a in t o
det ec t d is co nti nu it ies  s uc h a s  curbs  a nd drop  -o ff s . It
sho ul d be  not ed  t hat  t he  o rd inary ca ne do es  not  p ro vi de
sa fe ty  f ro m co ll is io n wi th o b je ct s  a t  hea d le ve l su ch a s
bo u ghs  o f  tr e e s  or  s t ru c t u res  p roj e c t ing f rom wa ll s  i n
pa s s age way s . Whil e  t he  o rdi na ry ca ne do e s  de t ec t t hi ngs
ahe ad ,  i t  c a n d o t hi s  o nly  by  to u chi ng the m,  whe re a s  i f
se ns ing co ul d be  a cc omp li shed  a t a  di s t ance , a  p e r s o n
mi ght  b e  a bl e  gra ce ful ly  to  a v oi d s tr ik i ng t he  ob j ec t r a t he r
than c oming into  c ane co nt ac t wi th i t . The  o rd i na ry  c a ne
al s o  c a n se ns e  d i s co nt inu i t ie s  in t he  t e rr a i n, b u t t he  t i me
the n r e mai ni ng for  t he  b li nd  p e r so n to  r ea c t  i s  qu i t e  s hor t .
By  ha vi ng an e l ec tro ni c  s ys te m " lo o ki ng"  s ev e ra l f ee t
ahea d o f the  c ane ti p , ad di t io na l e ar ly  wa rning c an b e
ob t ai ned  whi ch mi ght  ena bl e  the  p e rs o n t o t ra v el  mo re



c o mfo r t a b l y  a nd  mo re  s e c u re l y .

Pa s s i ng thro u gh se v e ra l  mo d e l s  a nd  e xt e ndi ng o v e r
a  p e r i o d o f  y e ar s ,  t he  l a s e r  c a ne  f ina l l y  ca me  i nto  b e i ng
in i t s  mo s t  c u r r e nt fo rm i n 1 9 7 3  (6 ) . It  is  not  mu c h
gro s s e r  i n a ny  o f  i t s  d i me ns i o ns  t ha n a n o rd i na ry  c a ne ,
be i ng onl y  a  b i t  t hic k e r  and  s o me wha t  he a v i e r t o  a cc o mmo -
da t e  t he  e l ec t ro ni c s  a nd b a t t e r i e s . The t hree -  c ha nne l
i d e a  i s  p r e s e rv e d  i n t he  c u r r e nt  v e r s i o n. One c ha nne l
lo ok s  u p  a t t he  zo ne throu gh whi ch the  hea d  wo ul d p as s  a s
t he  t r a v e l e r  m o v e s  fo rwa rd . If  t he re  i s  s o me t hi ng t he re ,
re f le c te d  e nergy s i gna ls  the  c a ne  whi c h p ro d uc e s  a  hi gh -
pi t c he d b e e p ing t o ne  whi ch t he  u s e r  he a r s . If  the re  i s
so me t hi ng ou t  a he a d , the  c ane  a ls o  s ens e s  t hi s . It  p ro -
vi de s  a n i ndi c at io n b y  gi vi ng a  t ac t il e  s t imul a ti o n a ga i ns t
the  fi nge r he ld  a l ong the  f la t  o f the  c ane and a ls o op t io na ll y
by  gi v ing a  t one  o f  i nte rmed i at e  p i tc h.

The  t hi rd  cha nne l d i r ec t s  a  b e a m d o wn t o wa rd  t he
gro u nd , re ac hing t he  grou nd s ev era l fe e t a he ad  of  the  c ane
t i p . If  the  gro u nd  i s  t here  and  ad e q ua t e  e ne rgy  is  r ef l e ct e d
ba c k  i nt o t he  r e c ei v i ng o pt i c s , t he  c a ne  gi ve s  no  s igna l
ind i c a t i ng a l l  i s  c l e a r  a s  f a r  a s  t he  t e r r a i n i s  c o nc e rne d .
If ,  ho we v e r , so me t hi ng d i s t u rb s  t hi s  b e a m, su c h a s  a
cu rb  o r drop  -of f, the  u ser  wil l  b e  s igna le d b y a  l ow -
pi t che d b e ep i ng t one , i nd i c at i ng s ome  d i sc o nti nui t y  i n t he
te r r a in o r  a t  l ea s t  in t he  t e r ra i n - s e ns i ng be a m pa t h.

Ana l y s e s  o f  a c t u al  u s e r  e xp e r i e nc es  wi t h a  s i mi l a r
ea r l ie r  ca ne  o f  thi s  ty p e , b u il t  in t en c o pi e s  a nd  e mp lo y e d
in an e va l u at i o n p rogra m i nvo l vi ng e i ght  b li nd ed  v et e r ans ,
ha ve  y et  t o be  p ub li shed . Indi ca ti ons  ar e ,  howev er , that
fo r  s ome  p e rs o ns  the  a d de d  i nfo rma t io n p rov i d e d by t he
ca p a b il i t y  to  s e nse  a t  a  d i s t anc e  may ,  wi th p ra ct i c e , c o n-
tr i b u t e  t o a  l e s s  s t r e s s fu l  a nd  mo re  gra c e fu l  mo b i l i t y

p e r fo rma nc e .

De v i ce s  emp l oy i ng s o und  ene rgy  t o p rob e  the  env i ro n-
me nt ha ve  a ls o  be e n c o ns i d e re d  as  mob i l it y  a i d s  fo r  t he
bl ind. Se v e ra l  y e a r s  a go , Pro fe s s or  Le s l i e  Ka y  o f
Bi r mi ng ha m, Engl a nd ,  no w o f  C hr i s tc hu rc h,  N e w Ze a l a nd ,
dev el op ed  his  b and -hel d to rc h fo r the  bl ind. Thi s  d e vi c e
lo o k s  s ome wha t  l i k e  a  l a rge  fl a s hl i ght  a nd  ha s  t wo t r a ns -
du c e r s  mo u nt e d  i nt o i t s  fo rwa rd  p o r t i on,  o ne  t o  t r a ns mi t
ul t r a s o ni c  e ne rgy  i nt o  t he  e nv i ro nme nt ,  t he  o t he r  t o
re c e iv e  e cho e s  f ro m o b je c t s  i n i t s  f ie l d . T he  u s e r  i s
ap pr is ed  o f the  pres ence  o f su ch o bj ec ts .  by  hav ing a  to ne
pre s e nt e d  i n a n e a rp ho ne . The d ev ic e  u se s  s wep t f re qu e nc y
ul t r as o ni c  e nergy  to  i ns o ni fy  t he  e nvi ro nme nt  a nd  t he n
co mp a re s  e cho e s  wi t h t he  tr a ns mi t t e d s o u nd  t o  p ro d uc e  a
di ff er ence  - to ne  a u di o indi ca ti on t ha t  s omet hi ng i s  ou t
ahe a d . The  gre a t er  t he  r a nge  t o  t he  ob j e c t  d e t ec t e d ,  t he
lo nge r the  t i me  o f  f li ght  of  t he  s ou nd  and i ts  ec ho  and
he nc e t he  gre a te r  t he  d if f e r enc e  in f r eq u e nc y  b et we e n t he

tr a ns mi t t e d  a nd  r e c e i v ed  e ne rgy  a nd  he nc e  t he  hi ghe r  t he
pi t ch o f t he  a u di t ory  s i gnal  hea rd by t he  u s e r .

A ha nd he l d to rch s u ch a s  t his  o ne pro ve d not  t o  b e
the  b e s t  co nfi gura t io n fo r t he  de v ic e , and  t he  i nv e nt o r next
wo rk e d t o p ro d uc e  a  p a ir  of  sp e ct a cl e  mou nte d  d e vi c es ,
no w c a ll e d t he  Bina ura l S e ns o ry  Ai d . The  Wo rma l d
Vi gi la nt  C o mpa ny  o f  C hr i s tc hu rc h,  N e w Ze a l and  ha s  bu i l t
a  pi l ot  ru n o f the se  d e vi c es  whic h hav e  b ee n u se d  i n
se v e ral  c o u nt r i e s  t hro u gho u t  the  wor l d  for  e v a lu a t i o n p u r -
po s es  (7 ) . At  t he  pre s e nt  t i me ,  i n r e s p o ns e  t o  fe e d b a c k

fro m t he e v a l u a ti o ns  a nd  a  d e s ir e  t o  inc o rp o rat e  s o me
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de s ign c hanges ,  t he  c omp any  is  bu i ld i ng a  new de v ic e ,
gi v i ng p ro mi s e  o f  b e i ng a n i mp ro v e ment  ov e r  the  fi r s t
mo d e l . The ne w unit  i s  expe ct ed  t o be co me  a va il ab le  i n
mid -1974. The  e val ua tio ns  co nd uct ed  to  d ate  i ndi ca te
tha t fo r s o me  pe o p le ,  af t e r t he y  ha v e  a d e qu a te  t ra i ning,
this  a id  p ro vi de s  us eful  a dd it io na l info rmat io n ab ou t the
env iro nme nt t o  e nha nc e mob i l it y . It is not  be lie ved  that
the  Bi na ura l  S e nso ry  A i d  a l o ne  c an s erv e  a s  a  ge ne ra l
mo b il i t y d e vi c e  fo r  a l l  c i rc u mst a nce s . At  t he  p res e nt
ti me  i t  ca n b e us ed  b es t  i n co nj unct i on wit h a  l ong ca ne  o r
po ss ib ly  wi th a  d o g to  giv e  a n ov era ll  mob il i ty  s ys te m
co ns id ered  s afe  a nd  e ff ec ti ve .

Anot her  a i d t o mo b il it y  f rom N e w Ze a la nd is  the
Mo wa t So na r Se ns or . This  is  a  sma ll  de vi c e  a bo ut  the
s i ze  o f a  pa ck age of  k ing -s ized  c igaret te s , inte nde d to  be
a se co nda ry  mo bi l it y a i d , ke p t in the  po c ke t mos t o f the
t i me . When i t  i s  ne ed e d,  i t  i s  ta ke n o ut  a nd us ed  to  s ca n
the  c lo se  -by  envi ro nment. It  c oul d b e  help ful  in lo cat ing
do orwa ys , va r io u s  p o le s  in the  s t r ee t , bu s  s t o p s ,  t e l e -
pho ne bo oths , sp a c e s  b e t we e n p a rk e d c a r s ,  a nd  s o  fo r t h.
It  works  b y inso ni fy ing the  e nv ironme nt  o ut  a he ad  wit h
ul t r as o ni c  e ne rgy  and  r ec e i v ing ec ho e s  f ro m t hings  whi c h
ma y be  i n i ts  f ie ld . Ind ic at io n of  s omething ou t ahea d is
gi ve n b y the  who le  de vi ce  vi bra ti ng i n t he  us er 's  ha nd . It
ha s  a n a rmat u re  ins i d e  whi ch whe n ac t iv a te d u po n b y
re ce ip t of  a n ec ho  wil l  ca us e  the  whol e  ca se  t o vi brat e  and
thu s  t r a ns mi t  t he  i nfo rma t i o n. So me  i nd ic at i on o f ra nge
is  gi v en as  the  v i bra ti o n r a t e  o f  t he  c as e  i s  i nve r se l y
re l a te d  to  t he  r ange . An o bj ec t or  s t ru ct ure  2 0 fe et  a wa y
wi ll  ca us e  v ib rat io n a t  a bo u t 16  He rt z , a nd  a s  t he  di s t a nc e
dec re ase s  to ab ou t o ne  fo ot  t he  fr equ ency go es  up  t o a bo ut
56  He r tz . Fo ur  o f t he se  u nit s  ha v e be en p u rc ha se d  b y the
Ve t era ns  Ad mini s t r a t i on and  a re  c ur r ent ly  be i ng ev a lu a te d ,
one e ac h a t  t he  three  bl ind  r e ha b il it a ti o n c ente r s  a nd  one
at  t he  c e nt r a l s e ns ory  a i d s  l a b o ra t o ry . Re s u l ts  a r e  no t
yet  av ail abl e  t o e na ble  one t o s ay jus t wha t t he  val ue of
thi s  i ns t ru me nt wi l l  b e .

Ano the r mob i li t y a id  us i ng ul t ra s oni c  e ne rgy  is  the
Li nd s ay  Ru ss e ll  Pa ths ou nde r d ev e lo pe d  b y  Lind sa y  Rus s el l
in co nj unc ti on wi th t he  Se ns ory  A id s  Eva lu ati on a nd
De ve l op me nt C ente r  a t  MIT . The  p a ths ou nd er  is  wo rn o n
a ne ck  s t ra p  and  hangs  d o wn o v e r  t he  c he s t,  l oo k s  so me -
wha t  l i k e  a  l a rge  c a me ra  wi t h two  horns  on i t , t he se  fo r
proj e ct ing a nd re c ei v ing t he  so und  u po n whic h t he  se ns i ng-
at -a -  d is t ance  sy s t e m de p ends . If there  i s  no thi ng o ut
ahe a d  of  t he  u ni t ,  i t  r e ma i ns  s i l e nt . If an o bj ect  c omes
int o i ts  fi e ld ,  a t  a  di s ta nce , it  f i r s t  s i gna l s  t he  u s e r by a
se r i e s  of  c l i c ks  whi c h a r e  hea rd  f rom t wo  sma l l  s pe a k e r s
mo u nte d  i n t he  ne c k s t r ap  c lo s e  to  t he  u s er ' s  ea r s . A s
the  us e r  c o mes  c lo s e r t o  t he  o b j ec t , a t  a bo ut  t hre e  fe et ,
the  r a t e  a t  whic h the  c l i ck s  ar e  he a rd  i nc re as e s  no ti c e ab l y
indi ca ti ng t ha t the  pe rs on i s  qu it e  c l os e  to  t he  o bj ec t. T he
de vi c e  s ee ms t o hav e  p romi se  as  a  mob i li t y a dj u nc t  s i nc e
it  is  worn o n the  che s t ,  le a v ing b o t h hand s  f r e e ,  do e s  no t
impe d e the  u se  of  a not he r  mo bi li t y a i d  s uc h a s  a  c ane  o r
a  do g, and  wa rns  wit h a  s i mp l e  s i gna l o f o bj ec t s  o ut  a hea d
be yo nd  t he  r ea ch o f a  ca ne . At  t he  pre se nt  t i me  the  u ni t
is  be i ng p hys i ca l l y i mpro v ed  to  mak e  it  s ome wha t  s ma ll e r
and  l i ght e r a nd  t o mak e  the  ho rns ,  t o  whi ch so me  p e op l e
ob j e ct e d  fo r  c o s met i c  r e a so ns ,  a  l i t t l e  l e s s  no ti c e ab l e .

Ano the r r ec e nt d ev e lo p me nt  i n t he  gene ral  ar e a  o f
mob il it y a i ds  for  t he  bl ind is  t he  e ye gla ss - mo unte d Mi ms
Seeing Aid. This  d ev i ce  i s  ac t ua ll y a  p ai r of  s p ec ta cl es .



Two b ra s s  t ub e s  co nta i ni ng e le ct roni c  a nd  op ti c al  pa r ts ,
on o ne  s id e  a  t r ans mit t i ng t ub e ,  o n the  ot he r a  re c e iv i ng
tu b e ,  a r e  mou nt e d  i nt o  t he  t emp l e  fr a me . The  t u b es  co n-
ta i n b a tt e ry p o we r  so u rce s , a  l ight - emitting diode (LED)
whi ch se nds  ou t  a  be a m t o p ro b e t he  env iro nme nt ,  a nd a
phot o se ns i ti v e  r ec e iv ing c e ll . Re ce ip t of  r e fl ec te d LED
energy pro du c es  a  bu zzi ng s i gna l whi ch is  de li v ere d to  the
us e r t hro ugh a  s ma l l t ub e  l e ad i ng t o t he  ea r . Thu s  t hi s
smal l,  l i ght,  he ad  -  mou nte d uni t  wa rns  t he  p er s on a t a
di s t a nc e o f the  p re s ence  of  s o me thi ng i n t he  ar ea  be ing
il lu mi nat ed . It  d o es  s e em to  ha ve  promi se  a s  a n a dj u nc t
mo bi li t y a i d  a nd  is  c u rr ent ly  b ei ng ev a lu at e d fo r  t hi s  p ur -

po se .

Aud ibl e  and  Ha pt ic  Map s  for  the  Bli nd

Ano ther ki nd  of  mobi li ty  a i d for  t he  bl ind whi ch
se rv es  t he  o ri e nt a t io n fu nc t io n of  mob il it y  i s  of  c ou rs e
the  ma p . Map s  u sab le  by  bl ind  p eop le  can b e e ither in
the  a u di b le  fo rm o r i n t he  ha p ti c  fo rm. In the  pa pe r by
Bruc e  Bla s ch a t  t hi s  C onfere nc e,  the  a ud ib l e  ma p  wil l  b e
di sc u ss e d in de t a i l;  so  I sha ll  no t c ons id er  i t  fu rt her . The
ha p ti c  ma p,  in us e  fo r q ui t e  s ome  t i me  in ed u ca t ing t he
bl ind,  has  r ec e nt ly  b ee n de v el op ed  i n a  new form to  b e
use d as  a  mob il ity  t oo l in c er ta in lo ca ti ons  (8 ). One of
the  f i rs t  e xamp le s  o f  t his  me t ho d  i s  a  fa i rl y  l a rge  ma p o f
the  MIT c amp us  ma d e  o n a  pl a s t i c  mat e r ia l  a b ou t  a  qu a rt e r
of an inc h thi ck conta ini ng informat ion o n b oth s i de s  o f_t he
she e t . On one s id e  i s  a  p la n o f the  c amp us  wi th bu il dings
and  ro a d wa y s ,  t he  r i v e r , and  ma ny  o t he r b i ts  o f  i nforma -
tio n indi ca te d in r e l ie f. There  i s  a l so  a  sp e ci a l sy mbo l ogy
us ed  to  ma rk  t he  ma p  i n r e l ie f  a nd  to  e xpl ai n t he  fe at u re s
of  t he  a re a . On t he  b ac k  o f  t his  ma p , i n c or r es p ond ing
loc at io ns  j us t be ne at h the  sp ot on t he  f ro nt  whe re  a n ob je ct
o c c u r s , the re  ar e  fu rt her  exp la na ti o ns  as  to  wha t i s  a t
tha t po int. Spe ci a l  s ymbo lo gy  a nd  b ra il le  not a t io ns  a re
us ed  o n the  ba ck  t o expl ai n de ta il s  fu rt he r. Maps  of this
ki nd  ar e  a l so  cu r re ntl y  b e ing e va l ua t ed  to  de t ermine  t hei r
us eful ne ss  a nd  v al ue  a s  mo bi li t y ad ju nc ts  for  b li nd  p er so ns .

Concl us ion

Fro m t hi s  b r ie f  s u rv e y o f mo bi l it y  fo r t he  bl i nd ,  o ne
ca n se e  t ha t there  a re  a  .numbe r o f me tho ds  whi ch ca n a i d
the bl ind pe rs on t o ge t arou nd . Pa ramo u nt  a mo ng t he m o f
c o u r s e , ar e  tho s e  me tho d s  whi ch mak e  us e  o f t he  r e ma i n-
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ing s e ns es  o f  t he  b l i nd  p er s o n,  t he  s e ns e  of  he a r i ng,  s e ns e
of  t o u c h,  s me l l , and  ki ne s t he s i s ,  a nd  t ho se  whi c h ma k e
us e  o f  s o meo ne e ls e ' s  e ye s , su ch a s  the  do g gui de  o r the
s i ghte d gu id e. Whe n us i ng a ny  me t ho d , o f  co u r s e ,  t he
bl i nd  pe r so n mu s t b e  a le r t  t o  i nte rpre ti ng a l l  o f t he  cu e s
pro v i d e d b y  t he  e nv i ronme nt  s o a s  t o  i ns u re  a  s a f e , gr a c e -
fu l ,  a nd  l e a s t  s t r es s fu l  p ro gres s i o n t hro u gh s p a ce  fo r
hi ms e lf  a nd if  ac c ompa nie d b y s omeo ne fo r  t he  gu i de , t oo .
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A THIRD GENERATION SELF - TIMING PAGE MARKER

by
Deane B. Blazie

US Army Human Engineering Laboratory
Aberdeen Proving Ground, Md. 21005

Summary. The history of page marking is brief ly discussed from the f irst L -C
oscillator page marker through the f irst self - timing Page marker to the third
generation page marker using CIVICS integrated circuitry. The third generation
page marker, described in detail in this report, provides the following
improvements over previous devices.

Higher reliability
Less distortion
Lower switching transients
Lower cost

It is hoped that this device will encourage those recording printed matter for
the blind to use some form of indexing or page marking.

Page marking came into need when magnetic tape recorders
first came into the hands of the blind. As the price of magnetic
tape recorders dropped and the size became more practical, moreand more of the blind community, aware of the advantages of

these recorders, began using them.
Students found them useful in the classroom. Blind

housewives found them useful for shopping lists and other note
taking. Soon magnetic tape recorders were a necessity for blind
individuals.

But even before this widespread use, some of the
cumbersome aspects became apparent. Unlike most printed
reading matter having location markers (e.g. page numbers), (for
the blind) a magnetic tape has only a beginning and an end.
There are no marks to distinguish one section from another. This
means that the listener has to search for a particular passage.
Surely, the listener may know the approximate location of  the
passage, but even dividing a 2 -hour tape into 8 sectors means that
he must search a 15- minute sector for perhaps a 1- minute
passage. Consider further a classroom situation where a week's
worth of notes are taken on a single tape. Before each class, a
tape must be mounted, threaded (in the case of open reel
recorders) and the end of the previous session found in order for
the new session to  fo llow i t. Well, it didn't take long for blind

MOMENTARY

users to devise techniques to index or "mark" tape passages. As
far back as the early 1950's, blind users were recording thumps,
pecks and low frequency noises that during fast fo rward or
rewind would catch their attention and mark recorded passages.
One ingenious user even cultivated a low frequency f lutter of the
lower lip to mark passages. This f lutter was not as objectionableduring playback as a thump on the microphone but during

rewind it produced a distinct mark. Soon it was discovered that
an open micropphone jack, when touched by the hand,
introduced 60 Hz hum into the tape, providing a mark. This
method gave a mark which was only moderately audide during
playback but produced a clearly audible tone when the recorder
was in the fast - forward or rewind mode. A 10 to 1 increase in
tape speed in these modes produces a 600 Hz tone which
becomes audible when the playback electronics are allowed to
operate while the machine is rewinding or running fast- forward.

This technique of recording a low frequency sinusoid and
playing it back at 10 times the speed to mark a tape led to the
development of the first page marker in 1970.

My first marker was designed in conjunction with the
Kentucky Department of Education for use by volunteers
making recordings for the blind. It consisted of a single L -C
oscillator with a push button and level control potentiometer

MICROPHONE RECORDER
INPUT INPUT

First Page Marker — L -C Oscillator

Figure 1
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enclosed in a mini -box with appropriate connectors. The
oscillator produced a 50 Hz tone when the button was held
down. A schematic diagram is shown in Figure 1.

While simple and relatively inexpensive, after one year's use,
some undesirable features became apparent. First, the circuit
drew approximately 25 ma from a 9 volt transistor radio battery.
This caused short battery life and unreliability since it was not
obvious to the user when the battery was bad. Second, the
waveform produced was relatively rich in harmonics which made
it audible when the source material was being read by the blind
listener. While this is not a serious defect, it was undesirable and
eliminated.

Finally, the most serious defect of the page marker was that
the volunteers required training to hold the button down for a
prescribed period of time. Whileseeming simple, this procedure
required the attention of the volunteer while reading the source
material being recorded. We found that even with training, large
variations occurred in the duration of the mark. At a record
speed of 1 -7/8 i us (speed of most cassette markers used by
Department of Education) and a fast - forward end rewind speed
of greater than ten times this, a one second recorded tone will
r i

roduce a .1 sec mark which may not catch the attention of the
stener.

The latter problem led to the idea of designing a self- timing
page marker. Such a page marker would begin oscillation when
the button is pushed, remain on for a prescribed length of time
and then turn itself off, no matter how long the button was held.
It needed to be foolproof in that if  the button was held down,
only the single mark would be produced, Similarly, if  the button
is only momentarily pushed, the oscillation will remain on until
the time period has ended.

Conferences with the Department of Education, Division of
Services for the Blind, and its users led to the f inding that a tone
duration between 3 and 5 seconds was optimum. Further, a tone

Figure 2
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frequency between 30 Hz and 50 Hz was agreed upon for the
following reason. Frequencies below 30 Hz, while acceptable to
the user, became problematic when tapes were duplicated in that
when the master tape is recorded, a +10 db signal is required at
20 Hz due to rolloff of the electronics to achieve a level of OVU,
but when the tape is duplicated, the 20 Hz tone is reproduced at
OVU and is duplicated at 10 db below OVU. Tones above 50 Hz
began to be audible at normal reading speed and therefore were
undesirable.

Other considerations in the design of the self- timing page
marker were:

1. Output waveform
2. Switching transients
3. Battery life
4. Reliability

The output waveform affects audibility at normal playback
levels. A pure (less than 1% distortion) 40 Hz tone played
through the machines used by the Department o f Education
cannot be heard when the recorder is set for normar listening
level. This is due to poor response of the speakers, rolloff of the
playback electronics and relative insensitivity of the human ear
at this f requency. However, unless the distortion is low, the
overtones will be audible.

The recorders used by the Kentucky Department of
Education have automatic gain control (AGC) with a time
constant of approximately 10 seconds. When the page marker is
operated, it must no t disturb the AGC or else the recorded
material will have a reduced level for some time after the mark
until the AGC recovers. Switching an oscillator on and off can
cause such transients unless care is taken in the design.

The self- timing page marker should draw as little current as
possible to conserve battery life and hence be as reliable as
possible with battery changes on a yearly basis.
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Third Generation—Self Timing Page Marker

The self- timing page marker was designed and built in 1971
and has been used since then by Department of Education
volunteers to prepare reading matter for the blind. This
particular page marker was described at the Carnahan Conference
on Electronic Prosthetics in 1972 by T. V. Cranmer, Director of
Services for the Blind, Kentucky Department of Education, and
will not be described here.

After having been used by over 100 volunteer readers for
over a year, new markers were needed and it was felt that an
updated design could be attained using the recently available
CIVICS integrated circuits. While the second generation marker
uses three separate active devices, the third generation marker
would use a single CMOS chip.

The integrated circuit chosen is from the digital series using
complimentary MOS elements. These devices present a high

Figure 3

input impedance, a relatively low output impedance and can
operate on supply voltages from 3 Vdc to 15 Vdc. The particular
device chosen is the 4007 dual complimentary pair plus inverter,
shown in Figure 2.

Circuit Description

The circuit is composed of four major elements as shown in
Figure 3:

1. Trigger circuit
2. Monostable multivibrator (one shot)
3. Phase shift oscillator
4. Output circuit
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Schematic Diagram of Third Generation Page Marker
Figure 4
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A schematic diagram is shown in Figure 4.

The trigger circuit simply supplies a negative going pulse to
trigger the timing circuit. If  the switch is inadvertently held
down until the mark is completed, releasing the button will not
re- trigger the multivibrator.

The multivibrator is composed o f the f irst two transistor
pairs in the 4007 package. The time constant is established by
the ,47 of capacitor and the associated 11 megohm resistors to
give a 4 -5 second output pulse. Output is taken off the second
transistor pair to give a ground going pulse to  turn on the
oscillator.

The phase shift oscillator uses the third transistor pair as the
active element. It is a phase shift oscillator using a twin -T
network composed of the .01 mf capacitors and the 100 K ohm
resistors. Note that the high input impedance of the CMOS
device allows a high impedance phase shift network so that
reasonably sized capacitors can be used. Output of the oscillator
is approximately 4 volts P -P with less than 1% harmonic
distortion. Frequency stability, while not critical, is good. The
oscillator is turned on by grounding the source of the n- channel
transisto r of the oscillator and by providing a ground fo r the
phase shift network. Previous page markers controlled the
oscillator by controlling the B+ supply to it- However, this
created large transients requiring heavy filtering with large
capacitor R -C networks, The CMOS page marker requires only
moderate filtering to produce a purer output.

The output circui t is composed of a low pass f ilter and
adjustable attenuator. The low pass filter is used to  further
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reduce the switching transient and harmonic distortion in the
oscillator. R12 is a 2 megohm ten turn trimpo t to  adjust the
output to OVU on any of  the recorders used in the Kentucky
Department of Education Volunteer reading program and also to
provide isolation between the output circuit and the
microphone.

The page marker draws only 2 ma during a mark and less
than 1 ua during idle.

Performance

In conclusion, the third generation self- timing page marker,
using the latest MOS devices provides:

1. Higher reliability

a. Lower component failure rate
b. Greater battery life

2. Less Distortion

3. Lower switching transients

4. Lower cost

These new markers are being built for the volunteer readers
in Kentucky. It is hoped that this device will encourage recording
tapes for the blind to use some form of indexing or page
marking.
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13 3 51 P r o c e e d i n g s  o f  t h e  K e n t u c k y  H i g h wa y  C o n f e r e n c e ,  F e b r u a r y 17 -18, 1959,
13 4 52 K e n t u c k y Fl e x i b l e P a v e m e n t De s i gn St ud i e s ,
14 2 54 Hys t e r s i s Lo o p An a l ys i s
14 3 55 A n Inve s t i ga t i o n of t h e  P r o d u c t i o n of Ro c k D u s t  f r o m K e n t u c k y Li me s t o n e

f o r  U s e  i n Co al  Mi n e s .
14 4 56 P r o c e e d i n g s  o f  t h e  K e n t u c k y  H i g h wa y Co nf e r e nc e ,  Ma r c h  1  - 2 , 1960.
15 1 57 Va r i a t i o n  o f  S o i l  Te m p e r a t u r e  a t  L e x i n g t o n ,  K e n t u c k y  f r o m 1952 -1956.
15 2 58 Ma t h e m a t i c a l Th e o r y of a P e l t i e r Re f r i g e r at o r a n d a Th e r mo e l e c t r i c G e n -

e r a t o r .
15 3 59 Th e r m a l  An a l y s i s  o f  t h e  F r e e z e  - Th a w Me c h a n i s m s  i n Co n c r e t e .
15 4 60 P r o c e e d i ng s  o f t h e K e n t u c k y H i g h w a y Co n f e r e n c e ,  M a r c h 1 -2, 1961.
16 1 61 So l ar E n e r g y  M e a s u r e m e n t s 1951 -1960 a t  U n i ve r s i t y  o f  K e n t u c k y .
16 2 62 A S u r ve y  o f  C o m p o n e n t s  a n d  S y s t e m s  f o r  M e a s u r i n g  D y n a m i c  L o a d s .
16 3 63 S t u d y o f  Tr a ve f  P a t t e r n s i n Tw o Le x i n g t o n , K y . Re s i d e n t i al Ar e as .

16 4 64 P r o c e e d i n gs  o f  t h e  Ke n t u c k y  H i g h wa y C o n f e r e n c e ,  F e b r u a r y  2 7  - 2 8 , 1962.
17 1 65 A S h o r t  D e s c r i p t i o n  o f  K e n t u c k y Co al s .
17 2 66 Fo r e c as t i ng Zo n a l  Tr a f f i c Vo l u m e s  f o r  L e x i n g t o n , K e n t u c k y , I n d u s t r y .
17 3 67 Re du c t i o n o f  R e c o r d e r  Se n s i t i vi t y  i n  P r e l o ad e d El e c t r o n i c  W e i gh i ng  Ma c hi n e s .
17 4 68 P r o c e e d i n g s  o f  t h e  K e n t u c k y H i g h wa y Co n f e r e nc e , M a r c h 5 -6, 1963.
18 1 69 Me t h o ds  o f  C o al  St o r a ge ,
18 2 70 P a s s i ve  a n d Ac t i ve An a l o g s wi t h M u l t i d i s c i p l i na r y Ap pl i c at i o ns .
16 3 71 A La b o r at o r y In ve s t i ga t i o n of t h e P r o pe r t i e s of Co al -  Bi t ume n P a v i n g Mi x-

t ur e s .
19 1 73 K e n t u c k y  H i g h w a y R e s e a r c h  P r o g r a m .
19 2 74 An al ys i s o f  a  P r o p o s e d So l a r  - E a r t h H e a t  P u m p .
20 1 75 In t r o d u c t i o n t o Th e o r y of Te ns o r s .
20 2 76 P r o c e e d i n g s  o f  t h e 1 6 t h  An n u a l H i g h w a y Ge o l o g y  S y m p o s i u m , Un i ve r s i t y of

Ke nt uc ky ,  Ma r c h 2 5  - 2 6 , 1965.
20 3 77 Th e  P ho t o e l as t i c  In t e r f e r o me t e r .
21 1 78 P r o c e e d i ng s  o f  t he  K e n t u c k y  Hi g h wa y  Co n f e r e n c e ,  No ve mb e r  1 6  - 1 7 , 1965.
21 2 79 La b o r a t o r y I n ve s t i g at i o n an d  R e s e a r c h  o f  Th r e e -  D i m e n s i o n a l  F l o w.
21 3 80 A N e w Di r e c t Me t ho d f o r C o m p u t i n g t h e Re s i s t an c e t o F l o w i n O p e n

Ch a n ne l s .
21 4 81 Th r e e  H yd r a u l i c  L e c t u r e s  D e l i ve r e d  at  U . S .  I n s t i t ut i o n s .
21 5 82 Vi b r a t i o n  Re s p o n s e o f  a  Dy n a m i c  Te n s i o n  - Te s t  M a c h i n e .
22 1 83 St r a i n  - Ra t e  Se ns i t i vi t y  Te s t s .
22 2 84 An Ex p e r i m e n t a l In ve s t i ga t i o n of a Co u pl e d Vo r t e x Tu b e a n a Ra d i a l F l o w

Di f f us e r .
22 3 85 P r o c e e di n gs o f  t h e  K e n t u c k y  H i g h wa y Co n f e r e nc e , N o ve m b e r 15 -16, 1966.

Bu l .
D a t e No . TI TL E S

Au g . 1968 86 P r o c e e di n gs o f  t h e 1 9 6 8  C ar n a ha n  C o n f e r e n c e o n  E l e c t r o ni c Cr i m e C o u n -
t e r m e a s u r e s .

M a r . 1969 87 Wo r k H a r d e n i n g  M o d e l f o r  t h e Ef f e c t of G r a i n Si ze o n t h e F l o w St r e s s
o f  Me t al s .

M a y 1969 88 P e a k  P o o l Bo i l i n g H e a t F l u x o n Ho r i zo nt al Cy l i n de r s .
J u n e 1969 89 P r o c e e di ng s , 1969 C a r n a h a n Co nf e r e n c e o n El e c t r o ni c C r i m e C o u n t e r -

me a s u r e s ,
Oc t . 1969 90 P r o c e e di n gs , K e n t u c k y  H i g h wa y Co n f e r e n c e s .
F e b . 1970 91 An a l y t i c a l  P r o c e d u r e s f o r P r e c i s e  D e t e r mi na t i o n of Ag , S n , H g , C u a n d

Z n i n De n t a l Am a l g a m s .
M a r . 1970 92 P r o c e e di n gs , 1970 C a r n a h a n Co nf e r e n c e o n El e c t r o ni c Cr i m e Co u n t e r -

me a s u r e s .
Ap r . 1970 93 A S t u d y o f t h e P r e s s u r e Br o a d e n i n g of Th r e e P ur e -  Ro t a t i o n Li ne s of

HC l .
Se p t . 1970 94 P r o c e e di n gs , K e n t u c k y H i g h wa y Co n f e r e nc e s .
Ap r . 1971 95 A Las e r R a m a n  S t u d y  o f  T w o Hal i d e s  o f Su l f u r .
Ap r . 1971 96 P r o c e e di ngs , 1971 C a r n a h a n Co nf e r e n c e o n El e c t r o ni c Cr i m e Co u n t e r -

me as ur e s .
J u l . 1971 97 P r o c e e di ngs , K e n t u c k y H i g h w a y Co n f e r e nc e s .
Ap r . 1972 98 P r o c e e di n gs , 1972 C a r n a h a n Co nf e r e nc e o n El e c t r o ni c Cr i m e Co u n t e r -

me a s u r e s .
J u n e 1972 99 P r o c e e di n gs , K e n t u c k y H i g h w a y Co n f e r e nc e s .
N o v. 1972 100 Vi s c o u s  H y d r o d y n a m i c  I n s t a b i l i t y  T h e o r y  o f  t h e  P e a k  a n d  M i n i m u m  P o o l

Bo i l i n g  H e a t Fl u xe s .
N o v. 1972 101 E n e r g y  Tr a n s f e r i n  F u r .
Ap r . 1973 102 P r o c e e di n gs , 1973 C a r n a h a n Co nf e r e n c e o n El e c t r o ni c Cr i m e Co u n t e r -

me as ur e s .
J u l . 1973 103 P r o c e e di ngs , Fi r s t In t e r n a t i o n a l El e c t r o ni c Cr i m e Co u n t e r m e a s u r e s C o n -

f e r e nc e .




