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verify that each digit spoken into the system was correctly recognized. Errors 
can be corrected through the use of the control words. 

To confirm system performance several final tests were held, two of which 
included live inputs rather than tape recordings.  Individual digit recognition 
accuracy in each oi two tests from magnetic tape was 98.7 percent for a total 
of 65 speakers.  In the live tests a total of 30 speakers each spoke into the 
system's 75 groups of digits, each group consisting of four digits followed by 
the word VERIFY to simulate operational conditions.  Individual digit accuracy 
in these tests was 97.9 percent for 30 speakers. Approximately 92.5 percent of 
all digit groups were innutted and verified without error. The remaining 
groups were corrected aiUä properly entered. With feedback verification and 
error correction all talkers were able to enter all digit groups correctly. 
Most codes, together with the verify command, were entered in four to seven 
seconds when no errors were detected. Typically, 10 to 12 seconds were required 
to observe and correct a digit error and enter the corrected code. 

The VICI system is based upon the VIP-ICO isolated word recognition system which 
normally requires the input of training data by each talker who uses the system. 
For use in the VICI application both hardware and software modifications were 
made to a VIP-100 system to allow recognition of the VICI vocabulary spoken 
by a large speaker population without adaptation or training by any speaker 
from a large population of General American males. 
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samples of each vocabulary word by each user. The VIP-lOO which served as 
the basis for the VICI system was modified in both hardware and software to 
allow operation without the necessity of entering any training data for each 

speaker. 

The VIP-100 system includes a speech preprocessor and a minicomputer, 
the Nova 1200 manufactured by Data General which includes 8K of core me^ry. 
For verification, a display module based upon a Burroughs Self-Scan alphanu- 
meric display P^el is included. The display has a 32 character memory and is 
capable of displaying 16 characters at a time. The microphone used in the de- 
Äient ofXe VIC? system is a Telex model 1200 which is * -**— "^ 
unit  An ASR 33 Teletype has been supplied for control and data input/output 
functions. Figure 1 is a photograph of a VIP-100 system. 

Section II of this report describes the basic approaches to speech recog- 
nition which led to development of the VIP-100, together with a description of 
Se operating principles of the VIP-100. Next, the development of universal 
ta!ke? data characteristics is discussed. Experiments ^th single-repetition 
training samples are described, followed by a description of the hardware and 
softer! modifications necessary to accomodate a large taker set wxthout in- 
dividual training. A description and the results of final system tests, both 
Uve and from tape are included in Section III. Conclusions and recommenda- 

tions are listed in Section IV. 
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Section II 

TECHNICAL DISCUSSION 

A.  Introduction 

In order to best meet the requirements of ^is program in the development 
of an Advanced Development Model Voice ^put Code Identxfier ^f^/11' 
100 word-recognition system was modified xn ^^^^^^/^y TO for com- 
i-hi*  «nnlication  The VIP-100 system was previously developed oy in  xox uu 
neiciafi e a a" liSted-vocabulary isolated-word ^^^Jl^llfj^ 
Station for each speaker using the system as a ^qulremant for ^ ^rf^a. 
In the following paragraphs of this section the £actors fading to tneoevei 
^ If 11 V^iOoVe presented foUowad by ^Tlf s^TJ^n. 
^f a  vTP-inn  The investigation leading to tne narawcuc euiu = 

1- "of*; Vl5!l00 systL for use «"^.^S^s^ech^r Ss i. a 
The VIP-100 system supplied to this program includes a sPeecn prop      , 
Jova 200 minicomputer manufactured by Data General Corporation «th »K °f 
core memory, and a 16 character alphanumeric display -odule  A^^»^ a 

Sret^i^rer^J^l i^fd^confr^^dT^fi^output factions, 

B   Basic Approaches to Automatic Speech Recognition 

TRANSDUCER 

I 
PREPROCESSOR 

I 
FEATURE 
EXTRACTOR 

I 
CLASSIFIER 
(DECISION 
LOGIC) 

Figure 2.  Pattern recognition process. 
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FFT. The choice of the window is similar to the choice of the filter response 
in the analog spectrum analyzer. A "picket fence" effect can occur both in 
the FFT and the analog spectrum analyzer representing the contributions of the 
individual filters in the analog analyzer or the separate coefficients of the 
various terms in the FFT calculation. Analogous problems are introduced using 
linear predictive analysis in the selection of the number of coefficients em- 
ployed in the process. In all cases, however, spectrum analysis is only the 
first step in the feature extraction process. Considerable additional pro- 
cessing is required in order to achieve the detection and recognition of the 
information-bearing elements (significant features) of the speech signal which 
has been transformed to accentuate these elements in the spectrum analysis 

process. 

The final processing level after the recognition of the elemental speech 
units is the word decision logic. For isolated words, it is possible to exam- 
ine the phonetic sequences produced by a feature extractor and to determine 
the closest match to a set of stored reference samples. The decision involv- 
ing the closest match is made at the end of the word and can be achieved with 
relatively simple processing techniques. These reference samples can be ob- 
tained from a particular talker as in a trainable speech recognition system 
or can be universal samples as have been developed during this investigation. 

The VIP-100 speech recognition system, designed by TTI as a general pur- 
pose speech recognizer has served as the basis for the VICI advanced develop- 
ment model developed during this contract. The VIP-100 employs the processing 

functions just described. 

C.  Description of the VIP-100 

The VIP-100 was originally designed to recognize a vocabulary, essential- 
ly unrestricted in content (but restricted in size by the storage limitations 
of the core memory of the associated minicomputer) with automatic adaptation 
for individual speakers and words. This system has been modified to allow 
the recognition of a specific fixed vocabulary by an unlimited speaker set 
without adaptation to.individual speakers. The modifications which were made 
to the VIP-100 are described in-Section II.F. 

Operation of the basic VIP-100 is described in the following paragraphs. 
Figure 3 is a block diagram of the system as originally designed. Both the 
oreprocessor and feature extractor functions are hardwired. The classifier 
function is performed by software in a Data General Nova 1200 minicomputer. 
The minicomputer also time normalizes word durations and provides core stor- 
age of the reference patterns for each word in the vocabulary. 

1.  Preprocessor 

The initial section of the preprocessor shapes the output from the 
microphone to remove irregularities and produce a normalized speech spectrum. 
This equalized signal is then passed through a real-time spectrum analyzer 
consisting of a bank of 19 contiguous active bandpass filters ranging m 

center frequency from 260 Hz to 7626 Hz. The outputs of the filters are full- 
wave rectified and logarithmically compressed. This latter operation provides 

i 
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Figure 5.  Reference array for word ERASE resulting from 
merging training data for talkers MH and EC. 
Encircled points are not common to both talkers, 
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Figure 6.  Reference arrays for two talkers for word ERASE 
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TABLE I TEST DATA WORDS IN RANDOM ORDER 

8 7 VER1M 

0 TERMINATE 8 

4 7 3 

5 4 6 

1 0 1 

ERASE 3 2 

5 2 9 

ERASE ERASE 3 

CANCEL TERMINATE 9 

5 2 CANCEL 

3 0 1 

4 TERMINATE 6 

VERIFY 0 0 

1 VERIFY 2 

3 CANCEL VERIFY 

3 0 3 

VERIFY 7 6 

7 ERASE 9 

ERASE 9 8 

VERIFY 9 1 

1 TERMINATE 5 

i 5 7 

4 2 5 

CANCEL TERMINATE 4 

TERMINATE 8 3 

6 7 6 

1 3 ERASE 

1 6 4 

3 CANCEL 

2 ERASE 

1 9 

5 6 

VERIFY 2 

0 CANCEL 

9 VERIFY 

0 8 

8 3 

CANCEL CANCEL 

TERMINATE 5 

8 TERMINATE 

8 4 

6 7 

4 7 

5 1 

4 CANCEL 

9 6 

0 ERASE 

VERIFY 8 

2 VERIFY 

CANCEL ERASE 

9 6 

4 9 

7 2 

TERMINATE 0 

5 TERMINATE 

2 ERASE 
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testing.    Recognition aocnracy for 29 "ikers «as llf^ZZ^h.Ti 

S:i0 - - - - "r" =nted in the minin8 set'accuracy 
was 96.6 percent. 

Next,  a ,0-v.ora reference ray set »--Sn"^^: fro. 

s%r re-s^srss"" ^ 
.Tnrrav set for the test just described. A test ot        test indicate 

Srct nithlhis 70 word -ference array st- ^esuts^o s 

that the use of the ^parate entrx s taken    ^ .^ training data from a 
nreferable to merging these samples. effective for estabiisn 
?ar« set of talkers subsequently fs, ^'^        set by the use of 

Ing reference arrays as ^^^^^tonwas derived from the results of another 
correlation matrices. This «^^f/^ays resulted from merging the com- 
29 talker test in which ^^f^^^Lsults from the previously reported ^t5 

plete 20 talker training data set  Res ^ ^.^ sets is shown below to 

Five Merged 
(14 Ref. Words) 

97.45 

Five Separate 
(70 Ref. Words) 

98.47 

20 Merged 
(14 Ref. Words) 

98.35 

96.6 

97.15 

97.65 

98.22 

97.73 

98.16 

20 talkers (in 
training set) 

Nine talkers (not in 
training set 

29 Talkers overall 

,     ■  t 4.U0, on talker merge were the best, 

all  _ JTesfs Z^^ZtT^^lr - 5se Of .0 cai.r 

merge techniques. 

One Word Training Sample Experiments 

As outUnea before, «,c use of sinfe -o^ ^^{llX^ 
um vorabulary is precluded on tne oabi-s seconds has been al- 

is possible to replace znv f maximum of three Qigx      /       , 
set'with a single «arnrng sa^le each^    ^^ experi-ents were    orf    « :r    age training sa^le each fer * —   — „„» conf t , 
lining the fivl second^trainrng P^;„S

nf tr^^ition accuracy^atforde 

■.•.S'i.S.sr,"" s...... -. •— - ~ 
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TABLE  II     LIST OF 50 FOUR DIGIT GROUPS USED 
FOR TESTS WITH TRAINING DIGITS 

5 2  5 1 

7 5 9 0 

10  17 

6 2  6 2 

2 0  2 7 

7 2  7 0 

3 6 6 8 

0 4 4 1 

8 4  3 2 

4 18 5 

9 9 0 7 

5 8 3 1 

17 14 

0 9  8 6 

2 3 2 9 

6 7 0 9 

8 5 4 1 

3 8 6 2 

7 9 5 0 

4 2 9 6 

6 3  14 

3 4 9 5 

5 6 5 9 

113 4 

4 6  0  7 

8 9  2  6 

9 6 4 2 

0 7 6 9 

2 2  8  3 

7 3 7 0 

0 0 5 7 

14 0 6 

8 19  5 

9 7 4 6 

3 5 7 8 

2 12  5 

5 5 14 

16  15 

4 5  3  1 

5 0  8  3 

0 3 3 8 

4 7 7 0 

6 8 0 3 

3 0 6 8 

9 15 4 

7 8 2 3 

2 4 8 3 

8 8 7 9 

9 3 9 8 

6 9 2 4 
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TABLE III  RESULTS OF SINGLE DIGIT TRAIN EXPERIMENTS 

Number of 
Speakers 

12 

Net Digit 
Errors Before 

Train 

Net Digit 
Errors After 

Train 

Errors Deleted 
With Train 

Errors Added 
With Train 

0 0 0 0 

5 0 5 0 5 

3 9 9 0 0 

14 57 4 53 0 

7 38 16 30 8 

8 16 16 10 10 

1 1 2 1 2 

50 121 52 94 25 
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PSB 

8 9 10 12 13 14 
QQO Q 0 Q 

PSB 

6 7 9 10 UVNLC 

0 Q P 

S = UVNLC PSB4 ■ PSB5 

(/Z PSB- /S PSB) 
5 8       5 12 

PSB6  '  PSB7  •  PSB8  '  PSB9 

11        Topic diagram and equivalent logic 
Fxgure 11.      ^.^f^ n/ reCognition net word. 
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TABLE V 

...^:,::/r^t-\>-^J-*-""" 

TTST OF 75  FOUR-DIGIT GROUPS USED FOR LIST OF   /b  ^uu AT j^oc 
FINAL LIVE TESlb Ai   i^ 

J      I 

5 2 5 1 

7 5 9 0 

10  17 

6 2  6  2 

2  0  2  7 

7 2 7 0 

3 6 6 8 

0 4 4  1 

8 4  3 2 

4 18 5 

9 9 0 7 

5 8  3  1 

17  14 

0 9  8 6 

2  3 2 9 

6 7 0 9 

8 5 4  1 

3 8 6  2 

7 9  5  0 

4 2 9 6 

2 4 9 6 

8 9  3 9 

9 7  8 8 

3 8 4 2 

3 2  8 7 

4 5  19 

8 6 0  3 

3 0  8 6 

0 7 7 4 

8  3 3 0 

6  3  14 

3 4 9  5 

5 6 5 9 

113 4 

4 6  0 7 

8 9 2 6 

9 6 4 2 

0 7 6 9 

2 2 8 3 

7  3 7 0 

0 0  5  7 

14  0 6 

8 19  5 

9 7 4 6 

3 5 7 8 

2 12 5 

5 5 14 

16 15 

4 5 3 1 

5 0 8 3 

0 7 3 7 

3 8 2 2 

9 6 7 0 

2 4 6 9 

6 2 9  8 

7 0 6 4 

4 3 11 

9 5 6  5 

5 9 4  3 

4 13 6 

0 3 3 8 

4 7  7 0 

6  8 0  3 

3 0 6  8 

9  15 4 

7 8 2  3 

2 4  8  3 

8 8 7 9 

9 3 9 8 

6 9 4 2 

15 2 5 

0 9 5 7 

7 10 1 

2 6 2 6 

7 2 0 2 
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