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advanced development model is capable of op era t ion wi th input speech which has
been limited to telephone bandwidth. It will accept di gits and control words

as spoken by either male or female talkers. No training of the system by a
speaker is necessary . By the use of an alpha—numer ic output disp l a y ,  a sp eaker
using the system can verify tha t each d igit spoken into the system was
correctly recognized . Errors can be corrected through the use of the control
words. in addition , the system can detect and correct many single di git errors
which occur within six digit code groups. This error correction algorithm
uses check digits which are included in the code groups to detect errors. The
system then corrects the errors when possible or requests a reentry of the data
by the talker.

To confirm system performance , f i n a l  tes ts were made by the use of tape
recorded digits and control words and by a group of talkers directly inputting
data. Individual digit accuracy in the tests conduc ted by the use of tape
recordings was 96.85 percent for 182 talkers. Tests of control words spoken
by 37 talkers resulted in an accuracy of 95.74 percent. in both types of
tests all vocabulary words were viable. In final tests at RADC eight talkers
direc tly inpu tt ing 300 d igits each had a combined accuracy of 95.4 percen t .
All tape recorded data were passed over actual telephone loops which included
two centrals and a connecting trunk as well as lines to and from centrals.
The system was tested with a total of over 56 ,000 words spoken by 193 male and
female talkers.

A speaker dependen t software package also was developed which provides for
the recognition of up to 200 words. ç~This software is a structured vocabulary
program which allows recognition of~%~p to 30 words in any node of the structure
Up to 30 nodes can be included in t’~se\sentence structure. This program operate
in the VICI system .
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EVALUA’I’ I ON

This report represents a significant achievement in the area of

automatic speech processing . It has proved that it is possible to

attain high word recognition scores in real time using a limited

vocabulary with words spoken in a discrete manner and independent of

both male and female speakers regardless of geographic accent. In

addition the system has the capability to successfull y recognize the

vocabulary over telephone bandwidth speech.

The Voice Input Code Identifier (VICI) system has the  c~~p ab i I i t v

of recognizing the English digits and several command words Indepen-

dent of speaker. The purpose of this automatic word recognizer is t ’

develop a front—end for the Base and Installation Security System ’s

(BISS) automatic speaker verification system. In this manner the BISS

requirement for a completely voice—oriented technique for a requester

to claim his identity will be fulfilled . The VICI subsystem would

eliminate the need for picture badges, keypunching code numbers , and

other fallible mechanical methods of entering an identifica tion number .

The speaker would simpl y utter his code numbers (sequence of four

digits and one or two check digits) and if correctl y entered into the

system automatic speaker verification (ASV) would then  be performed by

having the speaker utter a group of key phrases which would he compared

to his reference file. Based on this comparison the  speaker is either

v e r i f i e d  cr  r e j e c t e d  as an impos to r  to the  ASV syst e m .

~-R~-. ~~~~~~~~~~~~~~~~~~~~~~~

RICHARD S. VON t S ~\
Pr j i (’t Eng i n.’cr
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Section I

BACKGROUND AND INTRODUCTION

A very accurate spoken digit recognition system previously was developed
for the Air Force by Threshold Technology Inc. (TTI) under contract F306O2-
74-C-O l7l.~ This system was capable of recognizing English digi ts spoken in
isolation by male talkers with an average accuracy of nearly 98 percent . This
was achieved without any type of adaptation to any talker ’s voice. The Voice
Input Code Identifier (VICI), as the digit recognition system has been called ,
was developed to provide a front-end for the Base and Installation Security
System 1 s (BISS) automatic speaker verification system. This was accomplished
in order to provide a voice oriented system to allow a person requesting base
entry to claim his identity and be verified. A complete voice entry system
could obviate the need for picture badges , keypunching of code number and
other fallible mechanical identify verification . The original VICI system
development was based upon the UI VIP-lOO isolated word system . This system
normally requires training (adaptations) for each talker.

The original VICI system while achieving high accuracy was limited to
male talkers and required high quality input speech with a bandwidth of 200
to 8 kHz. For an operational application in an actual BISS system , a VICI
system must recognize digits spoken by female personnel as well as males.
Also , it may be necessary to locate the major portion of the VICI system at
a considerable distance from the input microphone with the connection between
the input and recognition system provided by local telephone lines . Because
these important constraints tend to reduce recognition accuracy the use of
error correction could be helpful . During the effort reported herein , the
VICI system was modified to accommodate female as well as male talkers , to
allow good accuracy with speech input limited to telephone bandwidth and to
provide a measure of error correction by the use of check digits. Extensive
modifications have been made in both software and hardware to achieve these
improvements. The software operates in less than 8K of core memory in the
Nova 1200 computer which is included in the system .

Also developed during this program was a software system with the capa-
bility of recognizing up to 200 words as spoken by a particular operator.
This system was designed to recognize up to a maximum of 30 words in any node
in a syntactic structure. Up to 30 nodes are possible with any arrangement
of the 200 vocabulary words . The 200 word software system is speaker depen-
dent but will run on the VICI system provided that the operator trains the
system for his or her voice for the vocabulary. The system modification to
allow speaker-independent VICI operation did not preclude operation as a
speaker dependent system. It has been necessary for III to supply 8K of
additional core memory to implement this software on the VICI system .

Section II of this report describes the original wideb and VICI system
followed by the modifications in both hardware and software to allow operation
over telephone bandwidth lines , to accommodate female as well as male talkers
and to provide error correction by the use of check digits. A description
of final system tests both live and from tape is included in Section III.

1
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Conclusions and recommendations are l is ted in Sec t ion  I V .
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Section I I

TECHNICAL DISCUSSION

A. I ntroduction

In order to expand and improve upon the capabilities of the \‘ICI digit
recognition system , pr ev iously devel oped for the  Ai r  Fo rce by TTI , a ser ie s
of modif ica t ions  based on expanded studies have been perfo rmed. Pr incipal
modi f icat ions performe d upon the VICI sys tem include redesign of feature
recognition networks to accommodate both male and female speakers as we l l  as
provide for operation with telephone bandwidth speech , development of new
master reference arrays sui table  for recognit ion of both male and female
speech , development of an error correction a lgor i thm which  operates by the
use of check digits added to the basic four dig it code , and developmen t of a
structured 200 word speaker-dependent program which w i l l  operate on the VICI
system without hardware modifications. In order to test the effectiveness of
the modificat ions made to the system , tape recordings were made of nearly 200
talkers both male and female speaking dig its in code groups . Extensive test-
ing was conducted by the use of large number of speakers from this group of
recordings for each test series throughout the development program. A special
set of transmitting and receiving modules was developed which allowed test-
ing over actual telephone line connections . Both terminals provided complete
electrical isolation from the telephone line by the use of input and output
transformers so that there would be no disturbance of normal telephone service
by connection of the terminals. All testing throughout the major portion of
the program was conducted by the use of speech data passed either directly
over telephone lines by the use of these terminal modules or by tape recorded
speech previously passed over the telephone lines by the use of these modules.
In the following paragraphs , a review of the previous program leading to the
develo pm en t of the or i g inal VIC I system is presented f i r s t .  Considered in
succession are problems encountered in universal talker recognition over tele-
phone line bandwid ths connections , recogni tion of both male and female talkers
on the system previously designed for male talkers only, and the development
of an algori thm which accomplished error correction by the use of check di git s.

B . Previous V IC I Lxperiments

[‘he au t o m a t  ic  speech r e c o g n i t i o n  sy s tem developed for  the  .\ir Force by
‘I’T I u n d e r  the  f i r s t  V I C I  program (cont rac t  F 3 0 6 0 2 - T 4 - C — O I T 1  ) was based on the
V I P —  100 - pcech r e c o g n i t i o n  sy s t e m  m a n u f a c t u r e d  by TTI for commerc ial appli —
ca t  i o n s .  The VI I ’ — 101) was on final lv desi gned to re co gn i :e a vocahu l  ar~’ es’~en -

t i a l l v  u n r e s t r i c eJ in  con t ent at r e s t r i c t e d  i n  s i :e  by the s t o r a i ~e l i m i t a —
tions of the core niemor~’ ot t h e  a s so c i a t e d  m i n i  computer. the VI P— 1~

)() is a
~peakcr ~tependenr i~~o1 ed . )rLt r e c o g n i t i o n  sy s t e m  w h i c h  ‘ ; ‘ I Ii:es a t r ainin f
{ i ~tar~tati on ) runt inc for m d  i v i d i , a l  s p e a k e rs  and wo rds . V I P — l O t )  5 stem c o n —
si st s of a speech pre r cssor m d  f e i t  i i r u  ext ract ion sect ~n i n  wh i c h  a l l

:c’~s lof i s donc in ha r~Im ~a re :mn~l a cl as s f l e e in  w h i c h  a r t  h e r  proct ’~ ‘ ng
i s e r  t r o d  in  So ’ t w a r e  hr a P i t a  t ; e n e r m I  N ia a 1 2 I ~ I~ a i f l i c u n p i m i c ! ’ . •\ b l ock
il agrim u t  the V T t — 1 0 ~ ~ v s t e n i  is shown in Fi gure  1. The mmni: rnutcr also
time n irm :mli :es word durat ions ma d pr ov ides core s to r m ~~e t e  a ’ reference

~—.- 
—.--~~~~~~~~ — ‘— - - - --- ---—------- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ rn --- -
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arrays necessary for recognition of each word in the vocabulary . A detailed
description of the operation of the VIP-l00 is included in the final report
for the above referenced contract .1 In order to achieve the goal of the first
VICI, program of recognition of digits and control words by an unlimited set
of male talkers (high quality speech), it was necessary to perform extensive
modifications in the hardware and the software associated with the V1P-lOO
system.

A principal series of investi gations during the development of the origi-
nal VICI system was concerned with achieving a universal reference array set
which would be applicable to the recognition of single digits and for control
words as spoken by any male talker with little or no training by each user.
In the normal speaker-dependent operation of the VIP-100 system , reference
arrays of acoustic features are established for each word in the vocabulary
set by the person using the system at any particular time . These reference
arrays are generated during an adaptation or training phase in which the
speaker preparing to use the system pronounces severa l (usually 10) repeti-
tions of each word in order to insure maximum recognition accuracy. During
the recognition of an unknown input word a feature array is established for
the input word . \ correlation process is then used to decide which reference
array most closely resembles the array caused by the input word . The highest
correlation score , if above a fixed threshold , indicates which word was spo-
ken .

In order to develop a system which will accept identification codes as
spoken by any male talker it was necessary to greatly modify the procedure
used to establish reference data. It has been observed that a single train-
ing word for each vocabulary word is often adequate for good accuracy with
the VI P-lOO if training words are spoken in close time proximity to test data
input . Therefore , a possible mode of operation of the VIP -lOO system in the
VICI applica tion would be to require a complete single-word training phase
prior to the input t ing of the VICI four-di git ide n t i f i c a t i o n  code by a person
desiring to have his identity verified by the VICI system. Such a procedure
is undesirable from an opera t ional standpoin t , however , because of the t ime
required for inputting the required number of samples. Therefore , it became
necessary to develop a reference array set which would allow accurate recog-
ni tion from an unlimited speaker set without elaborate training. A number
of different approaches were explored before the final technique was devised
for an optimum array set. One of these involved the use of several alternate
reference arrays for each v o c a b u l a r y  word . These arrays were chosen such
that each array represented a wide variety of expected pronunciations for
each word . In many of the commercial applica tions in which the \‘IP-lOO has
been used , i t has been noted that a particul ar talker has often been able to
achiev e h i g h l y  a c c u r a t e  recognition for a number of words , espec ia l ly  d ig its ,
when u s i n g  a n o t h e r  t a l k e r ’ s s tored  re ference arrays . This phonomenon occurs
most f r e q u e n t l y  when t he  t w o  speakers are n a t i v e s  of the same geograph ica l
a rea so that t h e i r  p ron h i nc  i a t i o n s  are s i m i l a r .

A n o t h e r  t e ch n i que explored  i n v o l v e d  merg ing  of reference data from each
of several talkers for each vocabu lary word . Th i s merging process is similar
to the n o r m a l  t r a i n i n g  r o u t i n e  used with individua l talkers when forming a
s i n g le reference a r ray  by pronouncing 10 repetitions of a vocabulary word .

S
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An extensive number of experiments were conducted by the use of reference
arrays derived from each of 20 male talkers for each of the 10 digits and the
four control words in the required VICI vocabulary . These experiments ex-
plored the use of alternate reference arrays from multiple speakers , merging
arrays from specific sets of speakers , use of merged arrays for each of
several alternate arrays and finally the merging of all data from 20 speakers
to form one average reference array. The latter technique resulted in the
best recognition accuracy achieved in all of the experiments which were con-
ducted. Several additional experiments were conducted to determine quanta-
tively, if any additional improvement in recognition accuracy might be afford-
ed by the use of a limited number of single training samples to augment the
universal reference array which was achieved by merg ing arrays from 20 talk-
ers. The most extensive of these experiments involved 50 speakers each in-
putting SO groups of four digits without any training data and then with the
single repetition train on the digits one , three and nine , wh i ch had proved
most troublesome in recognition accuracy . Recognition accuracy was margin-
ally improved by the use of three single training digits.

To augment these studies which led to a universal reference array , a
number of major maodifications in both hardware and software of the conven-
tional VIP-l00 system were necessary . For example , a major modification of
the VIP-100 recognition software was made to allow additional correlations
to take place after the initial recognition decision . These additional cor-
relations known as a “second-look” involve only the initial portion of the
feature array of an input word and selected reference arrays. Hardware modi-
fications involved development of alternate feature recognition networks for
phoneme and phoneme-like sounds and a major rearrangement of the set of 32
acoustic features used to construct reference arrays. The VIP-lOO origina l ly
included in its set of 32 recognition features, 17 spectral maxima which
covered almost the entire wide-band spectrum capability of the system from
200 to 8000 Hz. It was found that the spectral maxima above 2 kHz vary
greatly from talker to talker. Therefore, although maxima above this fre-
quency region serve as effective recognition features in a speaker dependent
system, they had a negative effect in a speaker independent design for VICI.
The seven maxima features in the region above 2 kHz were eliminated and re-
placed with additional phoneme and spectral features.

The resulting VICI system had the ability to recognize with very high
accuracy (single word accuracy just under 98%) digits and control words
spoken in isolation by a total of 85 male talkers ranging in age from 16 to
65 years. The hardware and software developed during the initial VICI pro-
gram served as the basis of the further experiments conducted during the
improvement program reported here .

C. System Optimization for Operation Over a Wide Range of Conditions

Modifications to the VICI system to allow operation under less than
ideal conditions were concerned principally with operation over telephone
line bandwidths and response to either male or female talkers . Of these
two problem areas the more difficult was operation over telephone line band-
widths. Figure 2 illustrates a typical frequency response characteristic
measured at Threshold Technology Inc. (TI!) over an area telephone connection

6 
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Response

200 300 400 600 800 1K 2K 3K 4K

Frequency in Hertz

Fig. 2. Typical frequency response characteristic
of telephone loop used for band-limiting
VICI data. Solid curve is response before
compensation. Broken curve shows response
with low frequency boost added by receiver
module.
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which was subsequently used to band-limit all data used for both experimental
and for final test purposes. The telephone connection included two exchanges ,
461 and 829 in the area code 609 (Southern New Jersey). During the time
period in which this effort was conducted , TTI maintained several lines to
each of these two exchanges. It was therefore, possible to place a call to a
TTI number in one exchange from a number in the other exchange . The frequency
response characteristic illustrated in Figure 2 is typical of a number of
measurements made on a similar telephone connection several times during this
program. This response characteristic does not include frequency response
characteristics of the transmitter or receiver transducer in any telephone
instruments. These measurements were made by driving the telephone instru-
ment through a matching transformer connected in lieu of the transmitter
transducer in the handset of a Western Electric SOOD telephone instrument . A
voltmeter was connected across the receiver transducer in another 5000 instru-
ment at the other end of the connection , usually located in the sane labora-
tory area at TTI. Measurements were made at a level of lower than 9 dB below
1 mw. it was necessary to construct notch filter sections at 60 Hz and 180
Hz in order to eliminate fundamental and third harmonic of hum on the tele-
phone connection. These notch filter sections were subsequently integrated
into a receiver module used for passing speech data over the telephone con-
nection . These data are in good agreement with data published by the Bell
Telephone Laboratories for a similar telephone connection including twq local
ioops , two central offices and a trunk connecting the central offices.~

After initial measurements were made with bread-board driver and receiver
elements , a set of digit data recorded during the first VICI effort by male
talkers plus a new set of data recorded by female talkers were passed over
this telephone connection and re-recorded. This new band-limited data were
used in a study of the effects on speech recognition by the VICI system . It
was possible to compensate to a reasonable degree for the low frequency droop
in the response characteristic shown in Figure 2. The use of a low frequency
boost circuit resulted in the dotted line response as shown in this figure .
The high frequency cutoff however , could not be compensated for because of
the steepness of the curve . The principal recognition effects due to the
very limited high frequency response were noted in the digits 6 and 7 as well
as the control words ERASE and CANCEL. The major portion of the energy in
the fricatives in these four words was effectively eliminated by the severe
high frequency restriction on the telephone connection as would he expected.
During examinations of the spectral energy of these fricatives it was  diffi-
cult in many cases to discern even a trend of increasing energy with fre-
quency (positive slopes) because of the effects of the close ta lking noise
cancelling microphone with which the data were recorded . Blasting effects
were often noted which  generated spurious low frequency energy dur ing  fri-
catives. It was obvious t hat an alternative method of fric ative detection
as compared wi th  energy ra t ios  previous ly  u t i l i z e d  in the V I C I  development
would be necessary . Ideal ly a voiced-unv oiced decision which could le
based on the periodicity or lack o f per i o d i c i t y  of the speech waveform to
indicate the presence of fricatives could be used. The development of’ a
satisfactory voiced-unvoiced detector based on p eriodicity, however , was
beyond the scope of t h i s  effort . Therefore , it was determined that the m c x l
best approach would be to include :t s m a l l  amoun t of preprocessing i t  t h e
transmitting end of the telephone connection . Because of t h e  i n t e n d e d  a pp l i -

8
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cation of the VICI system as an input terminal to the BISS system , operational
control over the type of terminal to be placed at an input station would be
possible. Therefore, it is not unreasonable to propose a terminal at an in-
put station which can accomplish some preprocessing of the speech signal
before it is transmitted over telephone lines .

A simple zero-crossing network detector for hi gh frequency energy was
constructed which served to gate a 2.8 kHz oscillator the output of which
could be impressed upon telephone lines to signal the presence of a fricative
at the transmitting end of the connection . Subsequently, a complete trans-
mitter module with self-contained power supply was constructed to be used in
further experiments and ultimately to be supplied at the end of the program
with the VICI system for further use by tT”e Air Force. Fi gure 3 illustrates
a block diagram of the finished transmitter module. The microphone preamp-
lifier provides proper compensation for a Telex 1200 or similar noise cancel-
ling microphone. The zero -crossing detector is adjusted to provide an out-
put to control the gated oscillator whenever fricatives with substantial
energy above 3 kHz are spoken. The 2.8 kHz tone from the oscil lator then is
mixed with the input speech for transmission along over the telephone lines
to the receiver module which is then connected to the VICI system. The re-
ceiver module built for the project is shown in block form in Figure 4. It
includes the preamp l if ier , two notch filters , and low frequency boost pre-
viously mentioned as well as a differential output enabling direct connection
to the line input to the VIP preprocessor. These two units were used at ends
of the telephone connection for all subsequent dubbing of tape recording data
done to band-limit the. data and for live tests at TTI and final tests at
RADC . Tape recording dubs were made by connecting the tape recorder at the
receiving end across one side of the differential output which was connected
to the VIP-100 preprocessor.

As outlined in paragraph B of this section , an extensive study during
the first VICI contract of the possible means of generating a master refer-
ence array for male talkers resulted in the conclusion that the best array
was generated in a relatively simple manner. That is , a reference array
which is generated by the merging of arrays derived from a fairly large set
of talkers. Data from 20 male talkers were used for final arrays. Therefore,
during this program early experiments conducted to determine the recognition
accuracy achievable for female talkers involved the use of master reference
arrays derived from a number of female talkers , in this case , 10. This num-
ber of female talkers was used initially because 10 female talkers were read-
ily available to record data which could be used for a generation of indi-
vidual reference arrays and because studies during the preceding program had
disclosed 10 as being the minimum number of talkers who could be used to
effectively to derive merged arrays. Comparisons of the reference array
matrices generated by female talkers through the merging process , and tho se
generated by male talkers disclosed significant differences between the com-
parable arrays. These diffe r nces were especially obvious in the set of 10
spectral maxima as might be expected. First and second vowel formants which
are reflected by the maxima features were generally higher in vowels for the
female talkers . Also , the phoneme-like feature recognition networks which
were optimized for males speaking digits and control words in high quality
speech showed signific antly different responses for many female phoneme s.

9



~
- -  

~~
- - - -

~~~~~~~~~~
- - -

-~ I-I

1111

——I I

o u ~

‘-I —

_~I x  ~~~~~ ~.4

~~~~~ 04.) 0

x ~ DO n.

U

d

10



0

o I ~~~~~.

)-4 —

-4

-4 14
a)

~~ ~~1
a) ~~~l-4
$4 4.) .~4
a) n ,-4

—4 .~0

U a)
-4

~~~ a ) U~o~~~~ o
0/
14

- a)
.,4
a)

14 0a) a)
1.4
a)

-4 0
0

a~ —N 14
~~~~~~~ on .

I’ ~~ 0 ’—4 a)

~~~~U 4 J  14 1.44.) ,-)
( 0 0- 4

•~-4 U)
‘-4

1.4 U a )a) o~~~.-4 — o44.4

Ill

11



The initial tests were conducted with high quality speech . However, subse-
quent investigations and especially those involving modification of phoneme
recognition networks were conducted with bandlimited speech. Table I illus-
trates the two classes of recogn ition features, spectral features and phoneme-
like features for both the original wide-band VICI and the modified feature
set for narrow-band male and female VICI. The number of spectral features
has been decreased for narrow-band use although the .number of maxima has been
increased by one channel. The maximum in channel 1 has been deleted for
narrow-band operation because the telephone bandwidth restriction at low fre-
quencies renders the first channel maximum as virtually useless. Two maxima
in channels 11 and 12 have been added to the set in order to accommodate the
higher second forman t s generally found in the front vowels of the female
talkers. In addition to the added features in the phoneme-like category , all
phoneme-like feature recognition networks have been modified to some extent .
Append ix A of th is report presents logic equations for the modified and newly
developed feature recognition networks. The most obvious characteristic of
these networks is the lack of energy inputs from any channel above 16. Be-
cause of the tel ephon e bandwidth restrict ions , no high frequency energy was
available so the channels above 16 are of little use except to indica te end
effects. The gradual roll off at the low frequency portion of the spectrum
due to telephone line characteristics mandated a rearrangement of spectral
feature inputs to phoneme-like feature recognition networks in the low fre-
quency portion of the spectrum. The final configuration represents features
which gave best test results for large numbers of male and female talkers
whose speech had been telephone bandwidth limited.

D. Error Correction by the Use of Check Digits

As previously stated , the VICI system was modified to consistently
recognize with high accuracy a four digit ID code spoken by any speaker under
less than ideal conditions. Obviously, the higher the recognition accuracy
achieved for each digit in the ID code, the higher the resultant accuracy
will be obtained for entering a complete four digit code. For a given digit
accuracy , however, it is possible to improve code recognition accuracy by
adding additional check digits to the code which can be used to correct
errors. The proliferation of automatic data processing in business and finan-
cial transactions has given rise to a variety of self-checking number systems
for identifying transactions and people. Self-checking number systems are
based on the introduction of at least one digit to a basic number code to
generate a self-checking number. The introduced digit is calculated such
that when the self- checking number code is manipulated by a specified mathe-
matical procedure the result will meet the established criteria for the
system. Self- checking number systems vary because manipulations and/or cri-
teria used in di fferent systems vary.

There are three types of errors wh i ch these systems are desi gned to re-
duce : transcription , transposition , and random errors. Transcription (or
substitution) errors involve incorrectly inputting or transmitting one number
of a code ; for example , the substitut ion of the number 3 for the number 8 in
the four dig it ID code 8574 to produce the erroneous code 35 4. Transposition
errors occur when two digits are interchanged , that is , the 5 and the 7 in
the aforementioned code to result in the erroneous code 8754. Random errors

12 
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TABLE I RECOGNITION FEATURES FOR
WIDE-BAND AND NARROW - BAND VICI

Spectral Features Phoneme-Like Features

Wide Band Narrow Ban d Wide Band Narrow Band

MAX 1 MAX 2 Long Paus e Lon g Pause

MAX 2 MAX 3 Slope Gap Slope Gap

MAX 3 MAX 4 Energy Gap Energy Gap

MAX 4 MAX S UVNLC UVNLC

MAX S MAX 6 Zero Crossing Zero Crossing

MAX 6 MAX 7 i i

MAX 7 MAX 8 I I

MAX 8 MAX 9 E
2

+ 
~~

MAX 9 MAX 1O w w

MAX 1O MAX 11 3

PSB 2 MAX 12 n~~ 4 n 3 n

PSB 3 NSB 2

NSB S PSB 3

NSB 6 NSB 8 r

NSB 7 s 0
4

NSB 8 U 2

NSB 1O u

Stop-Fricative
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are any multiple numbers of errors of either or both of the first  two types .
Commonly used check digit systems apply a weight or mult ipl ier  to each colum-
nar position of the entry . The sum of the products of the weights and cor-
respond ing digits is divided by a modulus and the remainder must meet the
previously specified criteria.

In many commercial and financial applications, check digits are added
to a basic identification or transaction number to serve as an error flag ,
that is, to serve as an indication that an error has occurred in the tran-
scription of a set of numbers but not in any way to modify or attempt to
correct the error. Because the goal of the VICI program has been to achieve
efficient entry of a four digit ID code with a high accuracy, a self-checking
number system in this applicat ion should have the power to correct at least
some of the errors attributed to the speech recognition system .

The goal of error correction imposes additional limitations- on the self-
checking number system to be used for VICI. In order to implement a reason-
able system with a small number of check digits , assumptions must be made as
to the type of errors which may occur during the speech recognition process-
ing. Therefore, all errors have been assumed to be of the transcription type
as described above. Transposition errors will not be considered because the
latter type would not be expected to be made by the speech recognition equip-
ment since each digit is individually considered. Transposition errors can
be expected to be made only by the person speaking the digits and will not
be further considered . Furthermore , no attempt will be made to correct more
than one error in a four digit group . Any attempt to correct more than one
error per group by the use of check digits would he unweildy and probab ly
unnecessary . Test results achieved during the fifst VICI development pro-
gram indicated that only in a very small number of cases did more than one
recognition error per four digit code group occur. In the live tests held
at RADC, with 21 speakers each speaking 75 four di git groups , during final
tests for the first VICI development program there were a total of 134 in-
correct four digit codes caused by a total of 142 incorrect dig its.

Another important assumption which has been made is that the error cor-
rection dig it or di gits will always be recognized correctly. A number of
additional steps have been taken to insure the accuracy of the error correc-
tion dig its as will be explained.

The check-dig it correction algorithm which has been established for
VICI consists of two principal parts; first , detection that an error has
occurred in the four digit ID code port ion of the total inputted number , and
second , an attemp t to make a correction by substitution for dig its which are
likely to he an error. The routine which has been developed for the initial
detection of errors in the ~D code is of the prime number wei ght type with
modulo 13. This type of error checking system was ranked second~ in a group
of seven self-checking number systems in a recent paper by Herr .’ Actually.
his ranking was based on a modu lo ii rather than modulo 15 system. h owever ,
the larger the modulus , the fewer errors will go undetected . Because the
modulus is greater than 10 , it has been necessary to use two check di gits
rather than one. There is an added advantage in addition to the higher modu-
lus in the use of t~.mm check digits . Tt is TiITh possible to use c o m b i n a t i o n s
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of just four digits which will be least likely to be confused with each other
in the two check digit positions. The four digits which have been found in
previous VICI investigations to be least likely to be confused with each other
are 0, 4, 6 and 8.

The format for the augmented identification code is simple, the first
four digits in the six digit code are the four identification digits with the
fifth and sixth digits representing a coded version of the numbers 0 through
12, the check digit. The recognition algorithm for the fifth and sixth digits
limits the possible choices to the four digits listed above for further in-
creased accuracy. The actual operation of the check digit scheme is as fol-
lows. The weights for the first four code digits are one, three, five and
seven respectively. For a particular code group the check digit is calculated
by multiplying each ID code digit by the associated weight , suming these pro-
ducts and then subtracting the sum of the products from the next largest mul-
tiple of 13. For example , the check digit for the code 6859 would be calcu-
lated as follows:

6 x 1 =  6

8 x 3 = 2 4  13 x 10 = 130

5 x 5 = 2 5
9 x 7 = 6 3  12

118

so the check digit  is 12.

The check digits calculated by the above scheme are encoded with the
four allowed di gits shown in Table I I .

TABLE II CHECK DIGIT ENCODI NG PAIR S

Check Digit Encoding Pair

0 00
1 04
2 06
3 08
4 40
S 4ô
6 48
7 60
8 64
9 68
10 80
11 84
12 86

Table III illustrates 50 groups of six digits used in all system tests
including the final tests as is described in Section 3 of this report . These
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TAB LE I I I  L IST OF SO S I X  DIG I T GROUPS USED FOR TE STING

5 2 5 1 6 8 6 3 1 4 4 0  0 3 5 8 8 4
7 5 9 0 8 4  3 4 9 5 6 8  4 7 7 0 4 6

1 0 1 7 8 0 5 6 5 9 4 8  6 8 0 5 0 4

6 2 6 2 6 8  1 1 3 1 4 6  5 0 6 8 0 6

2 0 2 7 4 0  4 6 0 7 6 0  9 1 5 4 0 0

7 2 7 0 4 0 8 9 2 6 4 0 7 8 2 3 0 8

3 6 6 8 8 ( )  9 6 4 2 4 ( )  2 4 8 5 0 8

0 4 4 1 0 0  0 7 6 9 0 8  8 8 90 ()

8 - 1 3 2 0 8  2 2 8 3 6 8  9 3 9 8 ~~~~l

4 1 8 5 6 8  7 3 7 0 0 4  (~~9 2 4 S 4

9 9 0 7 4 8 0 0 5 7 1 ( 1

5 8 3 1 0 4  l 4 0 ~~~~S ( )

1 7 1 4 S 0 8 1 9 3 0 0

0 9 8 6 6 4

2 5 2 9 b 0 3 3 — S (~ .1

6 7 0 9 0 - I  2 1 2 5 0 6

8 5 4 1 0 6  5 3 1 4 8 6

3 8 6 2 6 ( )  1 6 1 3 - I S

7 9 5 0 4 8  4 5 3 1 8 - I

4 2 9 6 6 0  3 0 5 3 8 6
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digit groups are the same as used during the initial VICI development pro-
gram with the addition of the two check digits to each four dig it ID code .

The error correction mode is one of two modes available in the operation
of the modified VICI system. The other mode is normal recognition with no
error correction . When the error correction mode operation is selected , an
orderly digit inputting routine must be closely followed in order to properly
input the four identification digits of this six dig it code . The routine
requires that each digit of the six digit code be inputted within 10 seconds
of the preceding digit  and that  any errors made by the machine or the speaker
which are obvious to the speaker be cancelled by restar t ing the input t ing  of
the code group by the use of the control word “Cancel” . For purposes of this
investigation , the error checking mode of operation is initiated by a comman d
from the Teletype console. In an operational installation this initializa-
tion would be automatic. By the use of the contro l word CANCEL , it is possi-
ble at any time to reinitialize the cycle. The following paragraphs describe
the complete recognition and error checking cycle with the aid of the flow-
charts in Figures 5 and 6.

The error correction algori thm is in i t i a l i zed  either by Teletyp e keyboard
input command or by recognition of the control word CANCEL and the Self-Scan
display associated with the VICI system displays the message “Input Code”.
The ID code storage registers in the program are initialized and the word in-
put and recognition section of the program is enabled. At this point a 10
second counter is started . Failure to input a digit within 10 seconds will
result in reinitialization of the program with the Self-Scan display showing
the message “Repeat Code”. After the first word is inputted the word is
tested to determine whether the word CANCE L was recognized which will reini-
tialize the system as previously mentioned. If CANCEL is not recognized ,
the first digit is stored in a buffer and once again a timer is started to
insure input of the next digit within 10 seconds. This process is iterated
until four dig its have been inputted . After the four digits which comprise
the ID code section of the complete code group have been inputted , the system
expects two more digits each of which must be either zero , fou r, six or
eight . CANCEL is also acceptable. After an initial recognition pass with
each of the fifth and sixth inputted digits , a test is made to determine
whether the digit recognized is one of these four or some other digit. If a
prohibited dig it is recognized in either instance the correlation table as~o-
ciated with the inputted word is modified , that is , the correction score for
the prohibited word initially recognized is set to zero. The normal corre-
lation maximum selection routine used for recognition then selects the high-
est correlation score of those remaining and a recheck is made to determine
whether an allowed or prohibited word has been recognized. If again a pro-
hibited word has the highest correlation score remaining, the process is
iterated in an attempt to establish a correct recognition of an allowed
digit. After three iterations through this process for either the fifth or
sixth di gits (the first or second check digits) the algorithm will be rein-
itialized with the display showing the message “REPEAT CODE”. It is then
necessary to input the complete six digit code .

If one of the four allowed di gits is recognized in each of the two check
digit  posi t ions the two recognized check d i g i t s  are then converted to the
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Fig. 5 Flow chart of error detection routine of check-dig it error correction
algorithm. Exit from this routine to start of error correction routine .
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Fi g. 6 Flowchart  of error correction routine of check-digit  error correction
algorithm . Entrance to this routine is from the exit of the error
detection routine shown in ‘:ig . 5.
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modulo 13 check digit (zero through 12) which is used by the erro r checking
routine. Next, the ID code digits are retrieved from buffer storage and the
check digit which is expected for those four digits is calculated . The cal-
culated and the inputted check digits are then compared to determine whether
an error has been detected or not. If the two check digits agree, the four
ID code digits are displayed on the Self-Scan display for the user to verify .
At this point no correction by the talker is possible. If a two digit error
occurs the complete code must be reentered after a CANCEL. If the check
digits do not agree, then the error correction subroutine is initiated (Fig-
ure 6). The first digit inputted in the identifier code of four is tested
for the poss ibility of error. This test is performed by compar ison to a
reference table of probable digit confusions. Table IV illustrates the dig its
which have been found to be likely ~~

- be confused based during this and dur-
ing the first VICI program . If the recognized digit appears in this table ,
then the substitution (or substitutions) indicated for this digit is made .
For example , if the first digit is initially recognized as 8, a 3 would be
substituted for the 8 because this has been found to be a likely confusion .
A new check digit is then calculated and compared with the inputted check
digit. If the calculated check digit matches the inputted check digit the
four ID code as corrected is displayed for verification on the Self-Scan dis-
play. If the check digits do not match, the process is iterated for the
second digit and subsequently for the third and fourth digits in an attempt
to correct a recognition error. If, after all four of the ID code digits
have been tested , and using probably subsituttions, and no match of check
digits has occurred, the display will show the message “REPEAT CODE” and the
algorithm will be initialized for another try.

TAB LE IV DIGIT SUBSTITUTIONS USED IN ER ROR CORRE CTION

Recognized Substitute
Digit Digit(s)

0 2
1 4 and 5
2 0
3 8
4 1
5 l and 9
8 3
9 5
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This approach occasionally can lead to the generation of erroneous cor-
rected codes. For example , the codes 5831 and 5335 have the same check digit,
that is , 1. If the former code was inputted with the final digit of the four
recognized as a 5 rather than a 1, then the error subroutine would sense an
error and go into operation. The first substitution would be a one for the
initial  S. However, the resultant check digit would be 3 so the substitution
for the second dig it of the code would be tested. In this case , a 3 would
be substituted for 8 and the proper check digit would be calculated and no
further substitutions would be made . Therefore , the display would show the
code 5335, a code with not one but two errors. The person desiring verifi-
cation would then be required to reenter the complete code after viewing the
faulty code on display. During the development of the error correction al-
gorithm a study was made of the number of possible occurrences of this phe-
nomenon . As a basis for this study it was assumed that the digits 0, 2, 6,
7 and 8 would be either correctly identified or would be misrecognized oii a
random basis. During the first VICI development contract, occasional 0-2,
0-7 and 2-8 confusions were noted. Such confusions were so infrequent rela-
tive to the confusions for which the error correction algorithm was desi gned
that these possible confusion pairs were ignored. Of the 10,000 codes possi-
ble with a group of four digits, 625 include only the five “good” digits , 0,
2, 6, 7 and 8. For these codes, the check digit algorithm would be unneces-
sary. However, 2500 groups will contain three good digits and one “bad”
(error prone) digit .  The “bad” digits were defined as 1, 3, 4 , 5 and 9. In
previous VICI tests confusion between 1 and 4 , 1 and 5 , 5 and 9 were found
in both directions in addition to the misrecognition of 3 as an 8 (but rarely
the reverse). The remaining 6875 code groups contain two or more “bad” dig-
its. The erroneous corrections mentioned above can occur in approximately
1100 of these remaining groups or 11% of all groups. Therefore, error cor-
rection by the use of check digits should correct all single digit errors in
8225 of 9325 codes from digit groups which contain one or more “bad” digits ,
an effectiveness of 88.27% .

The number of group s including non-correctable digits (1100) was calcu-
lated by the use of a computer program written in the BASIC language. This
program examined each entry in a previously constructed table of 10,000 four-
digit codes with check digits and detected each group for which an erroneous
correction could be made by the check digit  error correction algorithm . It
should be noted that all  calculations have been based upon the premise that
only one recognition error would occur in a four-di git group , that the two
check digits would always be correctly recognized , and that 0, 2, 6, 7 and 8
would be correctly recognized. Error correction could occur in many of these
1100 groups because many include one or more correctable as well as non-cor-
rectable digits. For instance , in the example shown above with the identifi-
cation code 5831, if the S were recognized as a 1 the error correction algo-
rithm would function properly.

This study was made before the bulk of the system tests were conducted
and , therefore , some of the basic assumptions on which the study was based
are no longer valid. System tests disclosed a significant number of 0-2
confusions (in both directions) . Also , the digit  8 was recognized incor-
rectly as a 3 with about the same frequency as the reverse which was not the
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case with the wide-band VICI tests. An analysis has been made of the effec-
tiveness of error correction when applied to the list of 50 code groups used

~s. for all tests for this VICI program. It should be noted that most of the
system accuracy tests conducted with data generated by nearly 200 talkers did
not include error correction . System performance figures are based on single

- 
- digit accuracy rather than code group accuracy resulting from the action of

the error correction . Therefore , analysis of the effective error correction
upon the 50 code groups can be used as a guide to project overall system
accuracy when error correction is appl ied. For this analysis , the substitu-
tions shown in Table IV which were included in the f inal error correction
program were assumed in all cases. Correct recognition of the last two digits
in the six digit code group which represented the error checking digit was
assumed. It was also assumed that the digits 6 and 7 occuring in the ID code
portion of the group would be correctly recognized. The results of this study
are shown in Table V. The left  column in each section of the table shows the
complete six dig it code group including the identification code and the check
digit code. Eighteen of the 50 code groups appear with one of the first four
digits underlined. Two groups show two of the first four digits underlined.
The remaining 30 groups show no digits underlined. An underlined digit in
a group indicates a digit which could not be corrected by the error correc-
tion routine and would result in the erroneous code being displayed as shown
in the center column of each section of the figure. For example , the first
group in the left hand section of the table is 525168. Misrecognition of the
second five in the first group of four digits would result in the erroneous
code 5011. This phenomenon would occur because the iterative substitution
process begins with the first digit and ends with the fourth of the ID code.
Anytime that a correctable error occurs in the first digit position with no
other errors, then the error correction algorithm will function propt~rly.

~ However , errors occurring in the second , third , or fourth position ot the
identifier section of the group can result in an erroneous code . In this
example , it was assumed that the system recognized 5251 incorrect ly as 5211.
Substitution of a one or a nine in the first position would not result in a
correct check dig it of nine (encoded by the last two di gits in the group , 68).
However, the substitution of a zero for a two in the second digit position
would result in a correct check dig it and , therefore, the display of the
erroneous code 5011.

For the above example , it is possible for the check dig it algorithm to
make a maximum of 7 substitutions in an attempt to correct the code group .

~~ This number of substitutions is possible because three of the four digits in
a group can be substituted for by more than one number , that is , each digit
5 can be substituted for a 1 and a 9 and the digit 1 can he substituted for
by a 4 and a 5. The only allowable substitution for the 2 is the digit 0.
The maximum number of substitutions possible with the four identification
digits would he eight. This phenomenon could only occur with the group corn-

~ posed of l’ s, 5’s or a conb ination thereof in which the fourth digit was an
error and in which the algorithm did not generate an erroneous code by sub-
stitutions in the first three positions. The number of substitutions pos-
sible for each of the 50 test code groups is shown in the ri ght column of
each section of the table. There is a total of 200 substitutions possible in
these 50 codes. Twenty-two of these substitution s involve the underlined
digi ts which would result in erroneous codes being g e n er a t e d .  Of t h e  SO codes ,
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TABLE V NON-CORRECTABLE DIGITS IN TEST CODE GROUPS

Resulting Resulting
Erroneous No. Erroneous No.

Code Group Code(s) Subs Code Group Code(s) Subs.

5 2 5 1 6 8  5011 7 8 9 2 6 4 0  3

7 5 9 0 8 4  7992 4 9 6 4 2 4 0  3

1 0 1 7 8 0  1257 5 0 7 6 9 0 8  2765 2
6 2 6 2 6 8  2 2 2 8 3 6 8  4

2 0 2 7 4 0  3 7 3 7 0 0 4  2

7 2 7 0 4 0  2 0 0 5 7 4 0  0297 4

3 6 6 8 8 0  2 1 4 0 6 8 0  4426 4
0 4 4 1 0 0  24 11, 0415 5 8 1 9 5 0 0  6
8 4 3 2 0 8  4 9 7 4 6 8 6  2
4 1 8 5 6 8  4535 6 3 5 7 8 6 4  4

9 9 0 7 4 8  3 2 1 2 5 0 6  0129 6

5 8 3 1 0 4  5335 6 5 5 1 4 8 6  7

1 7 1 4 8 0  S 1 6 1 5 4 8  1641 6

0 9 8 6 6 4  3 4 5 3 1 8 4  4181 6

2 3 2 9 6 0 0829, 2825 4 5 0 8 3 8 6 9088 5

6 7 0 9 0 4  2 0 3 3 8 8 4  4

8 5 4 1 0 6  8515 6 4 7 7 0 4 6  4

3 8 6 2 6 0  3 6 8 0 3 0 4  3

7 9 5 0 4 8  4 3 0 6 8 0 6  3

4 2 2 6 6 0  4056 3 9 1 S 4 0 0  6

6 3 1 4 4 0  4 7 8 2 3 0 8  3
3 4 9 5 6 8 5 2 4 8 3 0 8 2188 4

5 6 5 9 4 8  5 8 8 7 9 0 0  3

1 ! 3 4 4 6  5434 6 9 3 9 8 8 4  5398 4

4 6 0 7 6 0  2 6 9 4 2 8 4  6540 3
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20 or 40% could contain one or mo re digits which could not be corrected. This
fi gure is considerably hi gher than that derived from the study mentioned above .
However, on a single digit basis , 22 out of 200 single di gits could not be
corrected (11%) .
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Section III

FINAL SYSTEM TESTS

A. Background of Test Data

The VICI system , modified for operation under adverse conditions , was
tested with a total of more than 56,000 words , both digits and control words
spoken by 193 different talkers. This group included 139 male talkers and
54 female talkers . The ages of the talkers ranged from 16 to 65 years. Most
tests were from tape recordings although a limited number of live input tests
were conducted at RADC upon equipment delivery . All tape recorded data were
telephone band-limited by dubbing over actual telephone lines.

Data were initial ly tape-recorded by use of a Telex 1200 noise cancel-
ling microphone connected to either a reel-to-reel recorder or a cassette
recorder. Data were then passed over an area telephone loop by the use of
the two terminals constructed for this purpose. Figure 7 illustrates the
complete ioop configuration . These terminals are described in detail in
Section II of this report . The telephone 1oop included two exchanges , 461
and 829, in area 609 (Southern New Jersey. Dubbing of data tapes for use in
testing and for establishing the original reference data base was conducted
over a period of approximately a year. Therefore , the tests results do not
reflect any short term conditions of the telephone circuits. Frequency re-
sponse tests made at several times during this period show reasonably simi-
lar telephone line characteristics . Background noise did vary from dubbing
session to dubbing session , but did not have a discernible effect upon recog-
nition results. In order to provide additional data for acceptance tests at
RADC , 12 new talkers were recorded. Each talker spoke the 50 groups of six
digits. These data were then passed through the base telephone system by the
use of the transmit and receive terminals previously described . No frequency
response measurements were made on the loop used for this bandwidth limiting
dub.

The live tests of eight talkers held at RADC did not include telephone
bandwidth limiting. The transmit terminal was used with the direct connec-
tion to the VIP-l00 preprocessor. An internal low pass filter provided in
the VIP-lOO was used to bandlimit the high frequency portion of the speech
spectrum. For the test , the element from a hand-held noise microphone (Shure
model 488B) mounted in a telephone handset was used.

B. Test Results

Final test results involving several conditions are shown in Table V I .
In this table , the data is divided into six groupings on the basis of the sex
of the talkers , telephone line conditions , and the type of the data input ,
that is , four di g it groups , six di git groups or contro l words. The bulk of
the data used for testing was recorded at TTI through the two local exchanges
with the connecting trunk line. It included a total of l~’O talkers both male
and female most of whom spoke a total of 300 di g its , that is , the SO group s
of six digits each. Included in the group of data from 170 talkers were four
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digit groups recorded during the previous VICI program by 21 male talkers.
The measure of recognition accuracy derived from tests involving the six digit
groups is biased somewhat when calculated on a per di git basis. Two of the
six digits in these groups (the check digits) were combinations of only four
different numbers , that is , zero , four, six and eight. Therefore , any tendency
of the recognition system toward higher , or lower accuracy , for these four
digits as compared with the other six would bias the results obtained with the
six digit groups. Testing with a set of four digit groups provided a measure
of reference because the digits in shorter groups were the same as the first
four of the six in the longer groups. Single di git accuracies for the total
group of 101 males who recorded six digit groups were nearly the same as 21
talkers speaking four digit groups as is shown in the table. Twenty-six male
and 11 female talkers were tested on control words only. The control word
recordings were taken from a group recorded during the previous VICI contract.
Bandlimiting was the same as for the first three groups of di gits recorded
and dubbed over phone lines at TTI.

The two tests conducted at acceptance of the equipment at RA Il” in c l uded
in most cases the same talkers but were conducted under somewhat ,! i f f ’- nt
circumstances. Therefore , they have been grouped in two different categories .
The RADC data which was first tape recorded was also passed over the local
telephone ioop . However , telephone bandlimiting was not used during live
tests , but bandlimiting at the high frequency portion of the spec t rum ~as
accomplished with a low-pass filter. As mentioned above , the l ive  test s were
also conducted with a different microphone. This hand-held mlcroj)hone was
subsequently found to have variable high frequency characteristics depending
upon its position relative to the talkei1s lips . The effect was rendered
errat ic t he a b i l i t y  of th e transmit module to detect high frequency energy
caused by fr ica t ives in the di gits 6 and 7 and the cont ro l  word C A\ C E L .
Therefore, the  recogni t ion resu lts fo r four t a lke rs who pa rt i c i p a ted in bo th
tape recorded and l ive tests varied considerably because of the mic rophone
and transmission line differences. The average accuracy , however , was simi-
lar in both cases and was somewhat lower than the results achieved at ITI.

Error matrices for the various condition s shown in Table VT are illus-
trated in Figures 8 through 12. Figure 13 is the error matrix for 26 male
talkers talkers speaking a random mixture of di g i t s  (not in groups) and con-
trol words. These data were used to derive the results of Data  Set 6 in Table
VI. A composite error matrix for all final tests involving both four and six
digit groups is shown in Fi g. 14.
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Section IV

CONCLUSI ONS AND RECOMMENDATIONS

A. Conclusions

The VICI system developed dur ing a previous program as a front-end for
a BISS automatic speaker veri fication system has been modified during this
program f or op eration un de r less than ideal conditions. The investigations
con ducted dur in g this program w h i c h  subsequently led to the modifications of
the system have been centered upon accurate recognition of both male and fe-
male speech as well as accommodation for the effects of telephone line band-
width restrictions. An impor t an t  factor i n  the enhancement of system accu-
racy has been the development of an error correction al gor i t hm w h i c h  operates
by the use of check di g i t s .  Error  cor rec t ion  provides  an i n c r e a s e  in II) code
accuracy for a given d~~ i t accuracy . Another hi ghligh t of this effort has
been development of the software to allow speaker dependent operation of the
VICI system with the vocabulary of up to 200 C~ords .

The modified system will now operate using telephone line bandwidths
wi th  good recog n i t ion accuracy for both male and female talkers without ad ap-
tation . It has been necessary to provide a small measure of preprocessing
at the transmission end of the telephone connection in order to insure good
accuracy over a telephone line bandwidth. A transmitting module for connec-
tion at the sending end of a telephone connection was designed and constructed

L to allow this preprocessing and to provide for compensation for a noise cancel-
ling microphone as a speech input device to this system at a remote terminal .
A receiver module to allow interfacing at the receiving end of a telephone
line connection to the VIP-lOO , upon which the system is based , has also been
constructed. This module provides compensation for the low frequency losses
of the telephone line. These two terminal modules allow the system to be
used with any area telephone connection without interfering with normal tele-
phone operations.

The error correction algorithm has been developed to increase the speed
and accuracy of the inputting of four digit talker identification code groups.
This algorithm necessitates the addition of two dig its to the four digit ID
group to form a new code group of six digits. This algorithm has been de-
signed to detect all single digit errors occurring in the four digit ID por-
tion of the code group and to correct between 80 and 90% of these single
digit errors occurring in the ID group. This automatic error correction is
independent of an error correction which can be made by a speaker viewing
on an alphanumeric display the recognition decision immediately after a digit
is spoken . The lat ter  method of error correction is still possible )%ith the
VICI system as an al ternative to automatic erro r correction .

The mod if ied VICI system is now capable of s ing le  d ig i t  accuracy und er
less an ideal condition wi thin  approximately 2~ of the very high accuracy
achieved by the VICI system originally developed by UI for high quality
speech and ma le ta lkers only.
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B. Recommendations

The u l t i m a t e  goal for the VICI system developed under two programs by
TTI has been as a front end for the BISS speaker verification system. T h i s
system as currently configured will fulfill these requirements. A field oper-
ational system could be the result of a modest additional desi gn effort ex-
pended on the development of a suitable remote terminal which could he located
at an input station for the BISS system . Such an input terminal would incor-
porate the present telephone transmitting module together with an automatic
level control which would obviate the need for any gain adjustment at the
transmitting terminal. This input station would also provide a means for con-
trolling the user display via signals suitable for telephone-line transmission
from the processor end of the telephone connection . In the present confi gur-
ation of the advanced development model VICI the display used by a talke r to
veri fy the accuracy of recognition is hardwired to the VI P-lOU processor. For
field operation of the system it would he necessary to control the dis pl ay by
the use of tones which could be impressed upon the telephone connection at
the processor end of the loop . The desi gn of such a complete remote output
stat ion would be relat ively simple and involve s no state-of-the-art techni que
advances.

The capabilities of this system to operate in a wide range of BISS en-
vironments could be enhanced by an additional development program whi ch would
eliminate the use of preprocessing at the remote terminal end of the telephone
connection and would lead to the use of a telephone handset as an input trans-
ducer rather than a noise cancelling microphone. Such a development program
would explore the design of an accurate voiced-unvoiced detector for the VICI
processor which could be used to detect the presence of friction in the sev-
eral words in which fricatives appear in the VICI vocabulary . If an ordinary
telephone were to be used as the complete remote input station , an alternative
to the disp l ay now included in the system would be necessary to indicate re-
cognition decisions to the talker at the remote input station . A relatively
simple voice-response unit operating over the telephone connection from the
central processor back to the input station would suffice to fulfill this
requirement at modest cost. The speed with which an input code could be
entered and thus the verification process expedited could be improved slightly
if the system were modified for operation in a continuous speech mode . How-
ever , in order to maintain the versatility of the VICI system as currently
implemented such modifications for continuous speech must include concatena-
tion s of all digits. The present approach with four digit codes spoken in
isolation allow up to 10,000 codes to be used and recognized by the system.
Any restriction of digit concatenations to accommodate a continuous speech
recognition algorithm would reduce the usefulness of the system .
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Appendix A

NARROW BANDWIDTH FEATURE RECOGNITION LOGIC

The modified and new feature recognition networks developed during this
program to respond to talkers speaking over telephone l ine bandwidths can be
described by the use of logic equations. The log ic equations for all of the
new feature networks are presented in Table A-I. These logic equations can
be translated into equivalent logic diagrams . The notational rules for these
logic equations are as follows :

1. An expression of the form (JXQ1 - JYQ2) indicates that the
Tl T2

excitatory quantity Q1 and the inhibitory (subtractive) quantity Q2
are integrated with time constants T~ and T2 and employ ga in factors
X and Y , respectively.

2. The analytical expression for the binary AND function wi l l  be of
the form C = A~B , where C represents the digital output of the AND
gate for the two inputs A and B which can be in analog or digital

form .

3. The expression for a logical OR function will be the form C = A -‘- B.

4. The summation symbol Q wi l l  be used to indicate a p l u r a l i t y  of

(analog) input signals of the same type to an ATL element. In each

case Q represents the type of input signal , m and n represent the

interval over which the feature is summed.

An example of the relationship between the logic diagram and the logic
equation for a particular feature recognition network is shown in Fig. A-i.
The network shown in the figure was designed to recognize IUI in narrow-band
speech. This network includes as inputs both binary and analog representa-
tion of negative slopes . Design considerations for this network are outlined
in the follow ing paragraph .

This vowel is characterized typically by a first formant in the region
of f ilter channels 2 to 3, with a second formant in the vacinity of filter
channel 6. The effect of telephone bandwidth on this vowel is not severe .
The expected positive slope in channel 1 is enhanced by the rolloff of the
telephone line at low frequencies. Energy above the second formant can be
expected to decrease more rapidly than above the first formant because the
third formant is located at the upper end of the telephone pass band in the
vacinity of filter channel 12.
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This requirement is implemented by an AlL element with negative slopes in
channels 6 to 8 as excitatory inputs and negative slopes in channels 3 to 5
as inhibitory inputs. The numbers shown next to the ATL inputs in Fig .  A-i
indicate the input resistors (in thousands of ohms).  The unity gain resistor
values for the ATL elements is 34K ohms . Lower values of resistance wi l l
result in gain factors of greater than unity as can be seen in Fig. A-l.

PSB NSB
1 3 6 7 8 3 4 5

LJ,L4i
( 29 .4sf ¶29.4

) ) NSB
BV V/VL PSB 1 

2 
S 6 7

~~~~~~ ++ .4
V
\~~~/

8 5
U = (1.15 PSB1 - 1.7 PSB3). BV .V/VL .PSBI . 1.15 (~ NSB - ENSB). NSB (4 .5 .6 .7 )

6 3

Figure A-i Logic diagram and equivalent logic equation
for narrow-band 1(1/ recognition network .
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The logic equations shown in Table A-i illustrate all of the new recog-
nition networks as well  as the modifications made in many of the networks for
operation under less than optimum cond itions. For every mod if ied network ,
two equat ions are shown ; the equation for the original wide-band mal e talker
condition ; and the equation for the network as modified for telephone speech
with both male and female talkers . It is very diff icul t  to categorize the
changes in the networks as being either for telephone speech or for female
talkers . The extensive testing and experimentation process which led to the
development of these new and modified networks was conducted by the use of
telephone band-limited data from both male and female talkers. Therefore,
the resulting networks combine compensation for both conditions together .
The following networks were modified : V/VU lu , ,ii, / ~ i,  /3/, /w/ , IJVNLC
and /A/ • These network s were not changed : By , Energy Gab, and Slope Gap .
The new networks include /E

2 
+ 

3/) lu/ 1 / I J/ ,  /a! and / / t
4

/ )
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Appendix B

DESCRIPTION AND OPERATING INSTRUCTIONS -

STRUCTURE D VOCABULARY WORD RECOGNITION PROGRAM

This speech recognition program is designed to operate with the VICI
system or any other TTI VIP-100 which includes a Nova 800, Nova 1200 or Nova
2 with 16K of core memory . This program has the capability of recognizing
up to 200 separate words in a syntactic structure . This structure allows
recognition of a maximum of 30 words in any one node of the structure . Up
to 30 nodes can be included in the sentence structure . The words to be in-
cluded in each mode as well as the node sequences can be changed at will by
the use of Teletype input . The program is speaker dependent ; it therefore ,
requires the input of training data by a speaker.

Once a part icular  node structure has been established , two types of
operation are possible , Sequent ia l  and Optional . In the sequential operation
a talker must follow the predetermined sequence of nodes when inputting
speech data. Any number of words in a particular mode may be inputted . Each
node is terminated and the next node in the sequence is made active by the
command word GO. The optional node type of operation allows the operator
to choose by voice command , any of up to 30 nodes for use at a particular
time . The node chosen is made active by inputting the two digits of the
node number. Another node may be subsequently made active by exiting from
the current node by the use of the GO command and then speaking the two
digit node number. Figure B-i is a set of flowcharts of the program.

The following paragraphs describe operation of the structured program .

A. Genera l Operating Procedures for Program

1. \ o c ah u l ar v

Ihe total vocabulary capability is 200 words . The first 13 words
are fixed; the remainder of t h e  vocabu la ry  may be selected by the user .  Up
to a n d i n c l udi n g 30 n od es may be included in the structure with up to and
including 30 words in each node . .\ particular vocabulary word may be in-
chided in any number of nodes. l iv ery  vocabulary  word has a number from 0
t h r u  199 which must be used fo r constructing nodes , for training and for con-
St ru ct in g d i s p l a y  m e s s a g e s .  An~- v o c a b u l a ry  word (except the f i rs t 13) may
he represented on the output disp l ay by up to 16 le t ters  (or d i g i t s  or corn-
hination thereof). Vocabulary words 0 to 9 are reserved for dig i t s  0 to 9 ,
word 10 is the command GO word , 11 is the comman d ERAS1~ and word 12 is the
command CANC1~L. Al 1 other words are chosen by the  opera tor .  The command
GO is alicavs a c t i t - e .  It  se rves to t e rmina te  the a c t i v e  node and to mak e
active the next node in sequential or a l l o w  input of a node number in option-
al operat i on . The command ERASE is alway s active and erases the las t spoken
word . In s e q u e n t ia l  o p e r a t i o n , the  node number and name cannot he erased.
The command ( A\CEl ,  i s  :a lt -. a s  a c t i v e  hut  has s l i g h t l y  different functions in
optional and in sequenti al operation . In optional  operation CANCE l deletes
all spoken inputs in the active node as well as the node itself. In sequen-

49
-4

- - 
-— - ---

~~~~
--5 --- - --- -_ 

~~~~~~~~~ 

--



START

OPTIONAL OPTIONAL
OR SEQUENTIAL

SEQUENTIAL ~

GO TO FIRST
ACTIVE NODE

DISPLAY NODE NAME

INP UT AND I GO TO
RECOGNIZE WORD NEXT NODE

NOr
is 

~~s 
WAS

I WORD GO? E THIS THE
LAST NOD E ? ES

INDICATE
REJECT NO

ISr WORD VALID
FOR NODE?

DISPLAY WORE)
ON SELF-S C-\ N

F i g .  B-I Flowchart of 200 word p rogram ~! i r s t  Shee t )

5 (1 

~~~~~ -- - - - - - ‘- - -~~~~~~ - - -‘ -~~~~~~~~~~~~~~~



--—-5-— -5- ~- - 5 -

INPU T AND
RECOGNIZE WORD

INDICATE]

NO

DISPLAY DIGIT
INPUT AND

RECOGNIZE WORD

IS NOWORD A ____________

DIGIT?

YES

Is
TWO DIGIT
COMBINATION NO

A VALID NODE
NUMBER?

YES

MAKE WORDS IN
THAT NODE VALID

Figure B-i Flowchart of 200 word program (second sheet)
51 



INPUT AND
RECOGNIZE WORD

IS YES CLEARWORD GO? DISPL AY

NO

INDICATE NO WORD VALID 
2

REJECT FOR NODE ?

YES

[ 

DISPLAY WORD

Figure B- i Flowchart of 200 word program (shee t three)

52

-5- _ 
-— -- -



~~~~~~~~~~ 5 5- _ -5 5 - 5 - _~~~~~~~~~~~ -—-- - -- - - - - - - - 5 - . —~~~~~~~~~~ -5---5— —-- ~~~---~~~~~-_ - - -~~~~~~~

tiál operation , CANCEL deletes all spoken inputs in a node but cannot delete
the node .

B. Node Structure

As mentioned above , up to 30 nodes may be included in a sentence struc-
ture. Each node must be identified with a two digit number from 00 to 99.
Any node may be also given a name for display purposes. A node name may be
up to 14 characters in length . A node name wi l l  appear on the output dis-
p lay along with the node number when the node is made active in either the
sequential or optiona l nodes of operation . In sequential operation , the
order of nodes is from lower to higher node numbers . When the program starts
in the sequential mode, the lowest numbered node is always active first.
After all nodes have been completed , the program reverts again to the lowest
numbered node.

C. Starting the Program

The starting address of the program is 40 (octal) .  This add ress is auto-
matically available on the Turnkey Console of the VICI Nova 1200 computer.
Pressing the Reset and the Start switch causes the following message on the
TFY :

TYPE 1 FOR INSTRUCTIONS

Typing a 1 will result in the following Teletype message :

STRUCT U RE D RE COGN I TION PROGRA M FOR 200 WORDS

TYPE :
T - TRAIN
I - INPUT TRAINING DATA
0 - OUTPUT TRAINING DATA
A - INPUT NODE DATA
B - OUTPUT NODE DATA
G - GO TO RE COGNITI ON PHASE
S - START THE SYSTEM
M - MODIFY DISPLAY MESSAGES FOR WORD S IN VOCABULARY
H - PRINT ACTIVE NODES TOGETHER WI TH WORDS IN EACH ACTIVE NODE
V - PRINT VOCABULARY
Q - EDIT NODE STRUCTURE
C - MODIFY NODE DISPLAY MESSAGES

The above commands and the operations which they each activate are ex-
plained in the following paragraphs.

1. Command T - for training the system

The training routine is usually the first to be executed . It has
two primary functions:

(1) To specif y the number of words in the vocabulary ;
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(2) To adapt the recognition system for the voice characteristics
of the par t i cu la r  user.

The training mode is accessed by typ ing  the le t ter  “T” (remember
that all keyboard entries must be terminated w i t h  a carriage re tu rn ) .  The
Teletype will reply “NO . OF REPS? ” . The user should reply with a number
from 1 to 10 to indicate the number of repet i t ions of each vocabulary word
which wi l l  be spoken to train the system . The most reliable recognition
results are obtained when 10 training samples are used. Once the number of
training samples has been specified , the Teletype will print “A OR I” to ask
whether the operator desires to train all words (A) or an individua l word
or words (I). In initially operating the system , train all words by respond-
ing with the letter “A” . The Teletype will respond by p r in t ing  “VOCABULARY
SIZE?” . The operator should respond with a number between 1 and 200 to in--
dicate the first word to be trained. At this time the operator for whicL
the system is to be trained should properly position the microphone and set
the volume to the appropriate level. Speech entered into the system prior
to pressing the return key will be ignored by the system . The system is
now ready to accept the previous ly specified number of training repetitions
for each of the vocabulary words . Consecutive samples of a given vocabulary
word are entered in sequence. That is , all samples of the first vocabulary
word should he entered f i rs t . The di splay w i l l  then indicate the second
word to be trained and continue disp l aying that word until all training
samples have been entered. The process will be continued until the entire
vocabulary is trained . Af te r  t r a in ing  one or more words individuall y (1)
training is terminated by reply ing with the word number 200.

The system wi l l  after training respond in the same manner  as i t  w i l l
to the S command. The Teletype will typ e one of the  f o l l o w i n g  two messag e-
(depending on past operation) :

(1) SYSTEM IS SET FOR SEQUENTI-~l NODES , IF  OK TYPE 1; or
( 2 )  SYS TEM IS SET FOR OPTIONAL NOI)IiS , IF OK TYPE 1

If a node s t ructure has been a l ready  selected (or inpu t t ed  from
tape), as outlined below , then the desired operation may be selected by
typing a 1 (or another character) as is appropriate , followed by a carr i ige
return . If nodes have not yet been se lec ted , then they must be seh’cted  in
the fo l low ing manner .  Firs t type a “1” w h i l e  ho ld ing  the  CONTRO l ~C )  I~l .)
button . Then type  Q for edi t  and proceed as o u t l i n e d  below .

2. Command Q - for e d i t i n g  node s .

I ) i a 1 low s a s i m p l e  e d i t  in  t a n  ~~t ni  r th e nodes  and the r~k
a~ suc i i t ed  is I th each rn )d ( -

i’he mc- -~~ai~e:

A ,l) .T?
is ~~~~~ :in d t ) n  I , c i  I ~~~~ -

~ f l i~ e I) I h~~ 
i )  n e  - s i] e c  a - : i i c ~ i -

________ -- 

. . Z ~~~~~~7 — a .



A - Add a node
D - Delete a node
T - Terminate the edit

Note - to change the vocabulary of a node , first delete the node
then add it.

(a) The ADD function - A - typing an A causes the TTY to respond :
“NODE” - the valid response is any number 0-99. If a NODE exists with that
number, the program repeats its request. Every NODE must have a number be-
cause in the optional node operation nodes are activated by saying the two
digit number.

“Name of this NODE” - input is up to 14 alphanumeric characters
and is the message which will appear on the display when this NODE is acti-
vated in either sequential or optional operation . No more than 14 charac-
ters will be accepted. If no name is required , type a carriage return .

“Word Set Same As NODE #?“ - allows this NODE to have the same
conditions as an existing NODE . Typing a valid NODE # completes the ADD
function , and the TrY responds with “A , D, T?” typing a non-existent

causes the program to advance.

“1 FOR DIGITS” - Type “1” to attach the single digit vocabulary
0-9 as a set of conditions for this category. Typing anything other than 1
sk ips the digit vocabulary. In both cases , the program advances .

“WORD #“ - Typing any number which corresponds to a vocabu lary
word attaches that word as a condition to the category. To terminate this
process the user types 200 and the program requests:

A ,D,T?

Message which may appear during the ADD function :
W~UTh !2 T TC!’ t~T T  ~~~~~~ •I~~’JU~~ b I~~~~ ~~ibLI ~u there is no room for the node. The pro-

gram can accommodate up to 30 nodes.

NOTE - It is extremely important that only a well ordered exi t
be made from the ADD fun ction . If an error is made during ADD , complete the
function and do not type “Control P”.

(b) The DELETE function - D -

Typing a D causes the TTY to respond with : “NODE #“ - the number
of the category to be deleted , an illegal number causes the request to be
repeated. It is also possible to make a well ordered exit from the Edit
function at this point by typing “Control P”.

Messages which may appear dur ing DELETE :

ALL NODES DELETED
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(c) The TERMINAT E function - T - typ ing  a “T” “auses the ed i t ing
of nodes to be terminated and the TTY will type the message:

TYPE 1 FOR INSTRUCTIONS”
after which another command can be issued.

3. Command C - for modify ing  node names w i thou t  changing node structures.
The TTY responds to a “C” by ou tputt fng  the message :

“NODE #“ - the number of the node whose message is to be changed .
Typing a non-existent category number causes this function to terminate.
Typing a valid number causes a line feed and the program waits for input of
up to 14 characters followed by a carriage return .

4. Command B - for outputting node data to paper tape.

The node structure entered by the  use of the command Q may he saved
for future use , on paper tape . After turning on the paper t ape punch , type
the command B. The node structure data tape will be punched with leader at
both ends . Turn off the punch before further operation . Dis p l a y  messages for
vocabulary data is included on node structure data tapes.

5. Command A - for inputting a node structure from paper tape.

A node structure and reference which have previously been outputted
on tape as outlined above may be inputted when needed. Place the node
structure data tape in the tape reader of the TTY and turn on the reader.
Then type the comm and , A and a carriage return . The tape w i l l  he read .

6. Commands S and G - for inputt ing speech data.

The system can be put into one of two speech recognition states by
the use of the command S - to start the system. As previously mentioned
(under training) the system will respond with a message telling the operator
that the system is set for either sequential or for option operation . The
operator can either accept the type of operation indicated by typing 1 and
a CR or can go to the other choice by typing any other character and CR.
The command G will go directly to recognition without the option of changing
the manner of operation .

7. Command 0 - for outputting to paper tape of training data.

The reference data compiled during training may be saved on punched
paper tape for future use. The resulting tape will retrain the system for
the particular operator and vocabulary when it is read into the system with
the appropriate command. The reference data tape is produced with the out-
put “0” command. Type the “0” command followed by carriage return and turn
the Teletype punch on. The computer will punch the paper tape . The refer-
ence training data will be punched out- complete with leader at both ends of
the tape . The Teletype will print “TYPE 1 FOR IN STRUCTI ONS” when t he  tape
is completed. Turn the punch off before further operation . The system will
still be trained for the operator when the output routine is completed since
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execution of this routine does not modify the training data.

‘8. Command I - for inputting training data from tape.

The system may be trained from a previously produced reference data
paper tape by use of the “I” command . The reference data tape should be
placed in the tape reader first; the reader control should then be set to
the start position. The “I” command should then be entered on the keyboard
followed by a carriage return . The paper tape will be read. The training
data from the tape will replace the current training data (including vocabu-
lary size) for the selected speaker. CAUTION, do not press any Teletype
keys while the tape is being read.

9. Command M - to modify display messages for vocabulary words (regard-
less of node structure).

The display characters and the corresponding Teletype keys are shown
in Fig.B-l. The characters enter the display at the right and overflow from
the left . Thus, if less than 16 characters (including spaces) are entered
into the display, the previously displayed message will not be erased but
merely shifted to the left a corresponding number of character spaces. This
mode of operation allows the results of severa l consecutive word recognitions
to be displayed ; thus, an entire string of individually entered di gits or
other commands may be displayed simultaneously.

Two message modify entry techniques are available if the operator
does not wish to retain any of the previously displayed message . He may
enter a full 16 characters during the message modify instruction by using
spaces to fill character positions not needed for the actual message. As
an alternative , he can enter contro l A (hold down control key while pressing
the A key) as the first character of the message and then enter the message
he wants displayed. The control A character will cause the display to be
clea red o f a l l  pr evious ly d isp layed ch aracters be for e the n ew message is
displayed. The operator must enter the correct number of leading spaces
with either technique if the message is to be centered in the display .

The message modify routine is called by typing M on the Teletype.
The Teletype will respond with “WORD NO.?” . The operator should reply with
the number of the first word for which the display message is to be modified
(remember that the first word is word number 0) .  The Teletype will respond
with a carriage return and line feed. The operator should then enter the
new message to be displayed for the particular vocabulary word . A total of
16 or less characters including spaces and control characters should be
entered ; the message should be terminated with a carriage return . The Tele-
type w i l l  then ask for the word number of the next word for which the dis—
play message is to he modified. The rub-out feature is not operational
during the character entry procedure ; if pressed , it will appear as a “? “

in the displayed message .

Three special control characters are available during the character
entry procedure . They are called:
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Di sp lay  Ke yboa rd Dis p lay Keyboard Disp l ay Keyboard
Character Entry Character Entry Character Entry

O Shift P U Ii + +

A A V V
B B W IV - -

C C X X

D I) Y Y I /
E E : : 0
F F Shift K 1 1

G C Shift L 2 2

H H Shift M 3 3

I I Shift N 4 4

J J Shif t O 5 5
K K Space Space 6 6

L L 7 7
H M I ’ U 8 8
N N It 9 9

O 0 $ $ :
n 0 0

r r 0 0 ,

Q Q Shi f t ,
R R = =

S S ( ( Shift .

T T ) ) ? ?

* *

Fig. B-2 I)isplay Character Set with

Corresponding Teletype
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Entry Symbo l 
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Control A--clears the display of current message
Control B--blanks the display for approximately 250 milliseconds
Control C--backspaces the current message one position

Control may be returned to the selection routine when all desired
message modifications have been completed. This is accomplished by answer-
ing the “WORD NO.? ”  reques t wi th 200 .

10. Command H - for printing node vocabulary .

Typing the comman d H w i l l  result in a Teletype printout of each node
vocabulary l is t .  The nodes will appear in numerical order. Each node list
will be headed by the node number (to the left) and the node name (to the
right). Below the node number will be numbers of the words in the node
vocabulary . Below the node name will be the display messages for the node
vocabulary words.
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METRIC SYSTEM

BASE UNITS:

Quantity Unit SI Symbol Formula -

lengt h metre m
mass kilogram kg
time second
electr ic cur -rent ampere A
t hermodynamic temperature kelv in K
amount of su bstance mole mol
luminous intens ity candela cd

SUPPLEMENTARY UNITS:
plane angle radian red
solid ang le steradian sr

DER IV ED UNITS:
Acce leration metre per second squared - rn/s
activity (of a radioactive source) disintegration per second - (disintegration (is
angu lar acce leration radian per seco nd squared - - - tad /s
angu lar velocity radian per second - - .  re d/s
area - square metre . -  m
density kilogram per cubic metre kg/rn
electric capacitance farad F A.s/V
electrical conductance Siemens S AN
electric field strength volt per metr e . . -  Vim
electric inductance henry II V.s/A
elect ric potential difference volt V W/A
electric resistance ohm VIA
electromotive force volt V WIA
energy jou le J N.m
entropy jou le per kelvin - ((K
force newton N kg.m/s
frequency hertz Hz (cycle lls
illuminance lux lx (rn/rn
luminance candela per square metre - -  - cd/ rn
luminous flux lumen Im cd.ar
magnetic fie ld strength ampere per metre — A/m
magnetic flux weber Wb V.s
magnetic flux density tes la I WbIm
magnetomot ive force ampere A - - -

power watt Jls
pressure pasca l Pa N/rn
quantity of electricity coulomb C A.s
quantity of hea t joule I N.m
radiant intensity watt per stera dian - WIsr
specific heat joule per kilog ram-ke lvin - JFkg.K
Stress pasca l Pa N/rn
t hermal conductivity watt per metre-kelvin - - -  WIrn.K
ve loc ity metr e per setond mis
viscosi ty, dynamic pascal- second - Pa.s
viscosity, kinematic squar e metre per second - , mis
vo ltage volt V WIA
vo lume cubic metr e m
wavenumbe r reciproca l metre - - -  (wav e)i m
wor k t oule N.m

SI PREI IXES:

Multi pl ic at ion Fa .t o rs l’reIk SI Symbo l

1 000 000 000 000 = 11)12 t ia ra
1 000 000 000 III’ gigs (;

000 000 = 10~ mega M
1 000 = 10’ kIlo k

100 = 102 hitcto ~ h
10= 10’ deke ’ da

= 11) — ’ dpcl’ d
0_el = 1 0 2  s:en t i C
0.001 = in - , mi lil m

0.000 001 = ic-’ micro
0.000 000 001 = )0’ 001)0 fl

0.000 000 000 001 = 10 12 pica p
0.000 000 000 000 001 = 1 0 - ’  fnmto

(1 000 000 0011(101) 000 001 = 10 ’S Silo a

To be avoided w here possible

~
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MISSION
qi

Rome Air Devek~pn wnt Genter

RADC plans and conducts research, exploratory and advanced
development programs in command, control, and colrununications
(C3) activities, and in the C3 areas of information sciences
and intelligence. The principal technical mission areas
are communications, electromagnetic guidance and control,
surveillance of ground and aerospace objects, int&ligence
data collection and handling, information system technology ,
ionospheric propagation, solid state sciences, microwave
physics a.nd electronic reliability, maintainability and
compatibility .

•

~.T)

‘.‘16.)91~

hIIlIIb - - _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~ --1-*-J 4


