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Z Preface 

This report describes a primarily experj~Qntal program concerning 

voice recognition using color encoded. voiceprints. The work was perfomeo <a.t 

Rensselaer Polytechnic Institute, Troy, N.Y. by Dr. Lester A. Gerhard.t, Associate 

Professor, Systems Division. The work was sponsored by the repartIIlf.mt of Justice, 

of the U.S. Law Enforcement A~t1istance Ad.ministl~a.tion, i'Tasnington, D.C., under 

its pilot grant program. A $10,000 grant, NI70-C65-PG-9, was a·.iarded i'or the 

period June 1971 to September 10, 1971. The financial support of the LEAA is 

gratefully acknowledged. 

.. 

/ 

"" 

3 

I 

, 



.. 

'JiI}d 

I 
I 

"''-;.'''. . '1 ":.,, .'. 

~"";;. 

I 
I 

I 
I 
• 

.1 
j 

I 
I 
j , 

"~...,, 

1 
J 

'f"' 
1 
I 

_, t 
\\\ 

t 

r I 

.. 

II. Summary 

" This report describes the results and conclusions of a pr~~arl.'ly .... eA1?~ri-

mental study concerned with the generation,use, and eValuation of color en-

coded speech spectrogrruns or "voiceprints". Although the use of conventional 

"voiceprints" for suspect identification has been severely criticized recently 

by s v o l' d' "d 1 2,7 . . e ~ra ~n l.V~ ua s, a belief that characteristic information or 

features are contained within the Time Varying Spec'eral Di3play (TVSD) of an 

individuals speech signal cOLtinues.T&e basic hypothesis of this study is 

that g~ven the speech spectrogra~ as a means of identification, impr.ovement 

over conventional spec:trograrn.s may be obtained using color encoding. 

Follovdng an introduction and a discussion of related research, ~h .. ,e 

report first describes the electro optical system used to transform a con-

ventional spectrogram to 7 color encoded display. Inputs to the system con

sisted of speech spe~trograms produced primarily on a Kay sonograph. The 
• 

output display appears in real time, on line with respect to the input on a 

TV type color display. BaSically, the system transforms different denSity 

levels to different colors. The range and values of this transformation are 

operator controllable. A variety of digital enr.oding procedures are also 

:possible. 
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a. Introduction 
lII. Technical DisGussion 

. ", 

At the recent Seventh International Congres~ of Phonetic Sciences held 

this summer, Prof. r.r:>rris Halle of the Massachusetts Institute of Tecr.nology, 

a noted l:i.nguistic scholar, in referring to voice identification techniques 

stated "Such techniques should remain within the realm of scientific investi

gation",7 It is in that context that this study was undertaken. 

The overall goal of the study is to formulate and test methods for :: 'll-

proving the display of conventional speech spectrograms (commonly called 

"voiceprints") with particular emphasis on color enhancement techniques. The , 

basic hypothesis is that given a conventional speech spectrogram as a means 

of suspect identification, a color enhanced display ~~ll improve their reada

bility. The work, therefore, is not initially concerned uith proving the 

usefulness of the spectrogram as compared to other methods of identification. 

Basic tests performe~ on hundreds of 9bservers show that the spectro

gr~s, or tL~e varying spectral display (T1SD), is advantageous as a display 

in permiting an operator to extract certain periodic and aperiodic features. 

It is superior to a tim,e domain representation, an instantaneous spectral 

display, or an acoustic signature in these respects. The a.dvantages gatned 

by using a color encoded T1SD are 1) the reduction of time needed to perform 

the feature extraction and classification and 2) the increased ease of reada

bility. Kowever, the color d~splay does not lead to a significant reduction 

in the probability of error of classification; 
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The color di:play also serv~s to emphaSize differences, fo~ example, 

'between spectrogra~s of the same speaker saying the sa~e word, in fact, from 

the same recording as ~ function of the dispaly parameters. It also enhances 

differences between the same speaker saying the same word on different 

occasions etc. for the srune display para~eters. In this regard it again2,7 

leads to a ~uestio!~ing of the credibility of the basic conventional spectro

gram. Therefore, in ke~p!~g with the idea of directing this study towards 

scientific in'lestigation, the basic means of generating a TVSD ~'Tas revievled. 

As a result, an improved real t~~ on line system concept using a 

digital implementation and a Fast Fourier Transform and color encoded display 

was developed. With the increased flexibility, resolution, accuracy, and 

the ability to produ~e a speech spectroeTam real time on line, this system 

offers the potential of a more realistic evaluation of improved speech 
I' 

spectrograms as a means of suspect identification. It is intended to continue 

this research but in the'direction of developing a :nore effjcient and useful 

system for generating speech spectrograms rather than with continued research 

u~ing the existing approaches and data. 

Thus this study, in addition to demonstrating the need for and capabil

ities of color encoded displays for reading speech spectrograms, has empha

sized the need for research in this field t01'lard-:; more basic understanding of 

the speec~ signal and more effective means of displaying its essential char

acteristicp. These characteristics must be present since both speaker and 

word id~ntification are a regular everyday occurrence by individuals, and 

techniques for extracting and di~pl&.ying them should~b~ studied. It does not 

appear that a conventional spectrogram is the best way. 
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The results fall into three categories. The first is a comparative study 

of the effectiveness of different types of displays for detectir.g simple 

fea.tures. Using the 'simple two hypothesis problem of detecting a Signal (in 

the acoustic range) in noise, the foll~Ning displays were compared a) a time 

domain representation b) a~ instantaneous spectrum c) listening to the signal 

'd) a TVSD and e) a color encoded TVSD. The effectiveness of the displays 

were measured using human observers and the results indicated that the most 

effective display was the TfSD and the effectiveness of the others appeared in 

the order as listed above. The results tended to substantiate the general 

use of a TVSD for data display. 

The second ~jor result was establishing the specific advantages of a 

color encoded display. A color encoded spectrogram was found to be easier 

and faster to read and in~erprete, but did not provide an extensive improve-

ment in reducing erro::'s of classification. As ar. example, for a siN of 

-10 db the color encoded display results in an average of 25% less time re-

quired to arrive at a decision with the sa.'ne level of confidence. Improve-

ment in reducing classification errors was not as large as expected previously 

because the tests revealed the observer viewed the color encoding as a pre

processing of ~he information which thereby lm'lered the processing require-

. ments on him, to which he accomodated. 
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Finally, hundreds o,f voiceprints ;'I'ere made and color encoded. The pre-

~iously mentioned results were Substrultiated on actual data. The color encod-

ed "voiceprints" were easier to read, ana.lyzed in a shorter time, but were 

not classified with a substantially lower error rate (although a slight 

improvement was noted) 0 Upon more detailed study, it became apparent that 

the techniq,ues being used were l:L'nited by the relative.ly poor quality of the 

original data, specifically its lir.lited dynamic range. Moreover, difficulties 

with conventional voiceprints reflecting their large variability and non

uniformity became more obvious ,.,ith the color encoded approach. As such, 
, 

since the techniques under study were being limited by the nature of the raw 

data, some effort was directed at ccnsidering new improved methods of gener-

ating speech spectrograms. 

As a result, a syste~s concept was formulated for a digital real time, 

on line processor using a T'l color encoded displa.y and the feasibility was 

investigated. It is antiCipated ~hat development of this system would provide 

a means for studying and evaJ.uating ch~acteristics of voiceprints and lend to 

a better understanding of them for use in suspect identifica~ion. Further, 

this system can be imple~ented for field use. 

In conclu~ion, it is felt that before the use of speech spectrograms is 

considered a dead issueJfurther research is required in the direction of 

developing a more effective means of generating speech spectrograms than is 
.. 

presently available to permit a more realistic eValuation. As a result of 

t~is study, the final system should d~finitely include a color enhanced dis-

play of the type described in this report. 
'" 
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b. Background and Past ~esearch 
\ 

Based on the relative ease with which individuals reco~~ize and interpret 

speech both with respect to words ~~d speakers, a large area'of research has 

for some years been devoted to the extraction and display of essential char

acteristics of speech patterns for subsequent recognition by individuals or 

automa'i;ic means.
l

,3,4,5,6 1here has alvlays been the underlying hope that 

speech characteristics are representative of' an individual and that they can 

be used for identification purposes.l,5 

Objection to this usage of interpreting voice characteriatics became 

most severe
2 

follOWing the case of the People'vs. Edward Lee King in 

California in which the State claimed to prove that the recorded voice of an 

unidentified youth w~o acknowledged setting fire to stores, was the same as 

that of the suspect, King}" who 1.,as being held on another chs.l"ge. A 

tr. • t" d f thO vOl.ceprl.n TN'as use or. l.S purpose, and L. G. Ke:rsta, sought to establish . 
their Similarities. Subsequent to this case, a great deal of con~licting 

views concerning the use of speech characteristics for suspect io.entification 

purposes have emerged. 
5 

To the author~'s knowledge, mear~s are continual1~ 
being SOU&~t to provide voice characteristics as admissable evidence in court 

for purposes of suspect identif'ication at least in the states of Minnesota 

and New York. As such, the use of voice characteristics is still very much 

an issue ~n the field of Criminology and Law Enforcement. 
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However, it is not the original intent of this study to establish conj 

blusively the use of voice characteristics as a means of suspect identifi~ 

cation. In a scien~ific view, the use of color encoding of a display of 

voice characteristics was explored to determine more effective means of 

displaying for operator interpretation the available information. The type 

of' display that ~ ..... as used is the speech spectrograms, or time varying spectral 

display TVSD, conventionally termed "voiceprint". It is thi.s display of 

voice chara.cteristics tha.t \-iaS used in all referenced studies previously 

r I 

cited above. Tae remainder of the Section reviews the methods avail~ble to 

generate this information and some basic theory. 

Whether listening to Sonar echoes, speech, or heartsouu,ds, the hearing 

sense is able to del~neate structural aspects (si@lal) in the presence of 

superfluous noise. The sense recognizes auditory patterns ~uch the way the 
I' 

eye recognizes visual patterns. The time varying spectrum might be viewed as 

a transformation from an acoustical pattern to a visual pattern which retains 

and enchances the information bearing components of the sound. The justifi

cation for using t.he particular transformation that follows r~flects back to 

the fundrunental notions of a Fourier Series. Given a periodic signal, it is 

well known that a signal may be decomposed into a linear sum of sinusoids, 

~ere 'the co'efficients are the information bearing elements containing the 

amplit~de, and phase information associated vrith each sinusoid. A. similar 
, 

tz;a.nsforma~ion of information-' is obtained whe? the Fourier Transform. is used I 

'd' 'al Unfortunately, :the signals of concern here are for aper~o,~c s~gn s. -

generally non-stationary, and aS,such a single spectr~, usually defined as 

". ~ th F ' Tr "f I'm of the s';gnal, r hereafter J'ust the magnitude o~ eour~er an~ 0 ~ ~ 

designated f(t)] does no~ exist. 
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Thus, in accordance, with the quasi steady state nature of such a Signal 
" 
f(t) the Fourier Transform is defined as a function of two variables w ana ) 
as 

t 
F(w, ~ )~J. :t(t) wet,) ) e -jw( t-) ) dt 

~ -1 m 

ibe :integral is taken over the limits , -J m to ~ rather than the standard 

infilli te lil.ni t s • These limits in conjunction with a wei~lting function, 

w(t,~. ), exactly specify how much of the total signal shou~d be used to 

generate the transform. at the instant) and how it shou~d be wei~lted. 

The r()le of a data window can be likened to the railroad pa,ssenger, 

seated by a idndow and faCing to the rear. The window frame perIni ts the 

viewer to see a panorama of present landmarks abreast of the train as well as 
I' 

some of ~hose that have been passed. 

'!he inferences or co.nclusipns d:!'awn by the observer will depend, in many 

casess on his memory. The mental record would tend to diseount, or forget, 

past events. Thv~, the observer who must rely on the retention of data in 

his human memory would tend to ,·reight his conclUSions in favor of present or 

recent events. In an extreme case, where the observer can only see the 

~resent values and does not enjoy the benef.it of a. memory, his estimate of 

any attribute of the phenomena will be as variable as the data itself. 
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Data w-indows are t~erefore characterize~, by the aJIlount of data observed 

. '\ as well as the "transmissivity". The length of data available fol' inspection 

1 / 

is directly related to the memory capacity; the "transmissivity'~ depends on 

the particular discounting schedule associated with the memory system. On a 

clear day, the railroad passenger would observe the passing scene through a 

window that was ess,entiaJ.ly rectangular 1 while on a hazy day, the observation 

wo~d be through a graduated ~indow vdth decreasing transmissivity as events 

receded into the past. 

If the weighting ~~ction is selected as exponential, for example, 
. 

(implying that the signal past is of exponentially decreasing importance) this 

"short tiIv,e" spectrum becomes 

F«(Il.~ ) =J' ret) e -<xC) -t) e -jru(t-) )dt = r(t)*e (-atjCl))t 

l-tm 

An alternate 7ievi of the windm.; or weighting function is that it reduces 

the error of a fini.te Fourier sum by modifying the coefficients of the series. 

This is done bymult~~lying the Fourier series coefficients by the window 

f'un,ction. A multiplica.tion in the time domain is a convolution in the 

frequency domain. The freq,uency content of a typical windo'w function is 

~rimarily concentrated in the main lobe. It smooths out the sharp transitions 

of the magnitude furlction. The small sidelobe~ cause a greater stopband 

attenuation. Several existing vrindow fun.ctions are presently used. Some of I 

the more prominent ones are the Fejer,;Hamming, LanczOs windows. 
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For any of the abov:e , the 'Short time power 1:tp'ectrum lo" s def" d I , lone as the 

magnitude squared of the quantity F(C!) ") and ~, , ' 
, , J co~ responds to 'the spectrum. of 

a selected portion of the total Signal weighted ~ th 
y e appropriate window 

function. 1b.e resulting spectrum is obviou,sly a function of" who" h 
) m' l.C 

corresponds to .f;he portion of' the Signal f" t,.. t 
o lon e.es. Thus, the idea of a 

short time spectrum leads directly 
to a three dimenSional representation of 

the Signal, Tl1here the po .... rer rspectrum It 
for a given I In. and w( t, 't) is plotted 

as a function of frequency and ~. F ," 
) 'or any specified valu~ of J , the cross 

section is just the conventlo"onal' 

the Signal. 

spectrum defined for th' 1 t ~ e as J seconds of m 

The effective width" f th 
, ,.Jm~., e window selected, for. any given shap~, is 

not arbit~.S:4'J- and does reflect in the frequency resolutlo",~n 
~ obtainable in the 

tran6form domain. For th; rectangular 
Ci,'" gate, ~ndt)w" for .exa.mple, the 

frequency resolution can be improved by wide " 'th " .' 
, n~ng e w~ndow, i.e.; using more 

'
of the signal history pe~ts evaluating low'er 

frequency components. In 
other words the F " Tr OUI'loer ansfo:rm of the ga.t.e function, +'he sJ,n" c - f'w7lction, 
"widens" as the t· d me omain wIndow' :function narrows. Thus 1 this is nothing 
but a restatement of the t 

uncer ainty principle and the trad,eoff between time 
and frequency., 

-;' -'-"'The shape of the lV'indow function will 
influence the degree of smoothness 

between tlle spectrum at time } " and ~ 
... J I j+l' 
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In a. more practical: li:~ht" the time varying spectrum defined IF(c.o,,) )\2 
'\ . 
can be s~mply generated by selecting a proper seg=ent of the total signal and 

fUterjJlg eitl~er uSing analog or digital filters to obtain the spectrum at a 

given instant. The window, the inverse transform of the filter function, 

selects the segme~t desired and dete~mines the way in which the sample should 

be weighted. Selected methods for prHctically generating the time varyi!.; 

spectrum are now discussed. 

The time varying spectrum, or sound 3pectrogram, may be obtained by 

repeatedly passing the prereC',)rded sample !"u.'1.~tion to be analyzed throug.~ 

a narrow-band superheterodyne receiver as its'local oscl.'llator ';s .... swept slowly 

through the audio band. With the oscillator set a~ 
¥ some frequency ~ and a 

e 
bandpass filter cent~red at c.oo' the component wo~e of the signal modulated 

by the local oscillator w)ll fall in the filter bandwidth •. As the original 

signal was prerecorded" any desired frequency band or subinterval 

total signal determined by the filter bandwidth may be analyzed. 

of the 

It may be 

easily shown that the output of such a bandpass filter is the desired function 

F(CJ.)" ~ ) • The spectrum at any prescribed instant- may be obtained by averagi.'1g 

the filter output in the neighborhood of the time 1 , while the input function 

is continually presented and the oscillator scans Sl.· 0.,01,,,. rm.. 
"-J S~~e concept here 

is to move the input si6~nal pa. st ~. d a ~~e filter set at c.o the center 
0" 

fr~quencYI shifting the baseband spectrum by modulation. (An alternative 

approach is to keep the signal baseband fixed, and move the filter center f 

frequency. ). 
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Several spectrum analyzers operating as above are available on a commer-

. "cial basis (e.g. Kay Electronic Company and Signetecton Corporation). Thes,e 

devices permit a total stored signal length of up to about four seconds. 

Analysis can be performed using filter bandwidths of from 40 to 300 Hz. '!he 

(~alysis is performed as a continuous function of 1 and tbe analysis time is 

about 1.3 minutes for a 2.4 second record, 'going up to about 16 minutes for a 

four second record on one device. Both the time varyinb spectrum is outputted 

as well as the instantaneous spectrum at an instant '1, as discussed above. 

A digital implementation is also available (Voiceprint Laboratories, Inc.). 

Since the convolution of ~~o functions in the time domain is equivalent 

to the multiplication of their respective spectra in the frequency domain, 

the operation of correlation of two signals fl(t) and f 2(t) must be equal to 

the multiplication of the,spectra of fl(t)" f 2(-t) or F1 (c.o) .. filtered by F2 (-<J.)). 

Thus" filtering can be viewed as equivalent to a correlation type of process-

ing. In this regard seve!ral references to the above type of filtering refer 

to it as heterodyning correlation. For the sake of completeness, it should be 

mentioned that there exists another realization of this correlation using a 

DELTIC corre1ator (Delay Time Compression). This approach is quite common in 

Sonar applications and can be realized both in analog and digital forms. The 

,use of correlation should not be surprising since we are searching for 

periodicities of the signal which are retained and enhanced in the correlation 

function. This latter technique produces an output on line real time as com-, 

pared to prerecording only a sma1l se~ent as in the former approaches and 

processing non-real time off line. 
" . 
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In all the approaches mentioned above, the output is marked on an . . 
electrically sensitized paper -- whose marking density is approximately 

proportional to the absolute value sC!uar~1d of the output of the filter. 

Unfortunately, the dynamic range of the paper that is usually used is quite 

poor, having a dynamic range of at best 10 db. The information present at 

the recording mechanism does exceed 35 db.' so that the method of display 

severely limits the use of this type of presentation. In an attempt to im-

'prove the resolution of the recording in the a~plitude axis, modifications 

have been made so that eC!uidensit~· contours of pOifer are displayed i:t:l the 

uniform grey level. The circuitry, is now al~o available commercially as plug

in modules. The number of distinct levels that may be displayed are still 

limited to the dynamic range of the paper. 

The color encoding methods used in this study extend th~ above systems 
I" . 

in that color is used to display equidensity colors, and a TV display is used 

to provide for wider dyn~ic range. It wi.ll 'be seen that the limiting con

straint on the obtainable performance is the quality of the raw data, the 

original speech spectrogram. 
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c. System Description and Procedures 

This research is fOlmded on the hypothesis that, given the voiceprint as 

a means of identification, color encoding and display of the existing infor-

mation will result in an enhanced voiceprint which is easier and faster to 

read and interpret. Consequently, the problem reduces to one of image en-

hancement where the image is an original voiceprint. 

Color enhancement techniques, as a possible me&~s of increasing the 

amount of information that'may be extracted from such recorded images is 

based upon the knowledge that the human eye :an distinguish between colors 

much more easily than between shades of gray.12 Developments in methods of 

producing color images in the infrared, microwave, and visible spectrums 

have already led to'advances in other fields such as medicine, enviro~Jnental 

protection, agriculture,l"and industrial production procedures~8,9,lO,1l,12 

For example, infrared sensors have been used to scan the body to reveal . 
color encoded variations in temperature that may be related to didturbances 

such as tumors, poor ci~culation, and inflamation caused by arthritis. 9 

Aerial photographs taken using infrared color film, have been used to show 

the discharge and distribution according to color of pollutants in rivers, 

lakes, and other bodies of water, by showing the different levels of concen

. tration. l1 In the field of agriculture, forests and crops may be checked for 

disease and healthiness by ~~ing color enhanced aerial infrared photographs. 
/ , 

Electronic circuits may be non-destructively scanned and the color enhanced 

image used. to detect "hot spots". --
fdrborR~ microwave systems"are presently used to scan the earth and pro-

duce a color image from the apparent temperatures of the earth's surface 

• that is scanned, This type of radiometer could become important in the 

collection of meteorological, glaciological, and oce~~ographic data. 
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In the visible spectrum, color enhancement techniques applied to black 

. 'and white photographs of the sun, ice fields, clouds, and portions of the 

earths surface bring out various features in each. These techniques when 

applied to x-rays have been used to point up the contrasts between the 

different tissues. lO 

Methods of producing color enhanced images from black and white ones 

var,y almost as much as the methods of obtaining them. Most techniques are 

costly a..'1.d reg,uire rela.tively lar-ge a."!lounts of time. One such technique 

starts with a black tmd 'fhi te photograph and requires about a week and $500 
. 

to produce a color enhanced version. The process consists of making overlays 

by repeatedly rephctographing the original with high contrast black and 

t:lhi.te film usj.ng a yariety of eXJ.)osures to establish different light· in

tensity levels. A selec1ed color is then added to each ov~rlay and the 

f th f ' al 't 10 overlays are combined to om e ~n p~c ure. . 
One pyroelectric detector uses optical mechanical wethods for color en-

hancement. In this system, the vertical scan requires 30 seconds and con

sists of 100 lines. The color is produced by placing a step color filter 

between the elements of the condensing lense. The filter is composed of six 

to ten sections bracketing the visible spectral range from blue to ~~ed. The 

. color of light is theniependent upon the position of a galvanometer that 

controls,the position of the filter. A camera and a wheel containing 8 

filters are synchronized to the scanning rate of an infrared detector in 

another sy'stem, and are used to prod~~e color thermograms by expOSing one 

frame of color film to a number.of different isotherm levclswith a different 

co+or filter in front of the camera for each level.8 
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A system produced by Spatial Data Systems13 provides more rapid color 

enhancement 11sing a black and white te1evi~ion camera, a special digital 

vidp.o processor, and a standard 525 line color monitor. The digital video 

processor in this system analyzes the shades of gray, produces a digital 

code for each shade, and classifies them into a certain category. A color 

Signal suitable for operation of the color monitor is then produced. The 

cost of this system is approximately $13,000.13 

Recently, an image proces~ing and/or enhancement system was developed at 

R.P.I. which among other features, also prov;des for real time color encoding 

of video signals. It transforms a range of densities or shades \Jf gray, 

corresponding to variations in amplitude of the black and white video: into 

arbitrary colors. 
. 

ihe color chosen to'correspond to a particular density range is unique 

and completely independ~nt of that density range. A.~ additive background 

signal, conSisting of the original black and white video, is also available, 

and makes it possible to display a portion of the voiceprint density color 

enhanced, while at the same time providing the unen.lJ.anced image in its 

original form. 

ihe system operates in real time, and many of the parameters may be 

'~aried while in operation to provide greater flexibility.and information. 

Image information such as t~e voiceP7ints, may be supplied in their original , 
form via a closed circuit TV camera or as 35 mm slides. 
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The RPI system that has been developed consists of a quantizer, a con-

sole color television that contains a slide viewer and a TV camera. This 

total system costs about $4,000. The slide viewer is a flying spot scanner 

which scans the slides producing a beam of light that is modulated by the 

slide and detected by 3 photo multiplier tubes which produce an electrical 

signal. This signal is then converted to a normal video color signaJ.. The 

flow of information is shown in Figure 1, where the system has been broken 

up into separate blocks for each function. Tne black and white image is 

first converted to an electrical signal in the first step by use of the 
" 

flying spot scanner, or the camera depending on the source. The quantizer 

produces 16 outputs which are then used as inputs to a programmable matrix 

poard. The matrix board then combines the 16 signals into three outputs 

which are returned to th~ color television to produce the colored image. 

The television and slide viewer are mounted in the same console, but 
• 

each has a separate chassis and power supply. The television is ~ Sylvania 

color television, chassis model D13-2. 

The flying spot scanner slide viewer is completely transistorized except 
., 

for the photo multipliers and the flying spot scanner tube. The circuits, 

Sylvania chassis H01-l, -2, for the slide vie\ier are broken up into three 

'basic parts and each part has a different function. The thr~e parts consist 

of the flying spot scanner and photo multiplier circuits, the preamplifiers 
, /' 
for each of the three photo mu~tipliers outputs, and a video processing I 

board that contains circuits for DC r~storation, automatic gain control, and 

matrixing tpe three color signals into one. It is in the slide viewer and 
'" 

camera output that the circuit modifications to enable the interconnection 

of the quantizer and mntrix board, were made. 
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The quantizer is model 606, produced by Colo~ado Vi~eo, Incorporated, 

and produces 16 levels of quantization. Inputs to the quantizer include, 

video, horizontal drive, external, and a keyed video input for the feedback 

connections. The outputs consist of sliced and keyed video, and horizontal 

drive. Controls for the quantizer are, input level, analog level, bias 

level, function selector, and 16 threshold levels. The video input for the 

quantizer is from the camera or scanner. 

'!he cont,rols for the quantizer are all mounted on the front panel, and 

provide control over the various outputs and functions. The function 

selector switch has three positions, internal, external, and test. The in-

ternal position is the position in which the system is normally operated. In 

the internal mode, the Signal is taken from the "ideo input and sent to the 

individual quantizerJ. '1he output in this mode of operation is the quantized 

video signal. l'he test position is used when a video signal is being 

quantized, and there is either a separate horizontal drive signal or the 

information is contained on the video Signal. This function allows the 

quantization levels to be adjusted, by generating a sawtooth wave which when 

quantized produces color bars on the television Jcreen. The quantization 

thresholds can easily be varied by adjusting the threshold potentiometers 

'While observing the width and position of the resulting transfor~ation of 

denSity to color (color bars) on the television screen. 
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, The input level control allows the amplitude of the i~put to the in-
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dividua.l quantizers to be varied. '1'1'.Iis is useful. in that it allows a linear 

chang~ in the accuracy of quantizatio,a for fixed levels by changing the per

centage of the signal. between each slicing level as shown in Figure 2. The 

brighter portions of the Signal may also b.e colored first by slowly turnitlt 

up the input level until just one or two outputs turn on. This is equivalent 

to very coarse quantization as the whole signal is contained in a few levels. 

~omhined with the bias control, this permits adjustment of the accuracy of 

quantization as well as the choice in the range of densities to be colored. 

~e result of varying the bias level can be seen in Figure 3, and is one of 

the more impoI·tant features of the quantizer. The following matrix bOaJ;'d 

~ also be used to'select the desired color coding scheme, and ordering. 

ihe analog level coRtrol is used to vary the ::Imount of' the black and 

white image that feeds through the quantizer t~ the television. The back-

ground level can be varied from a position that does not allow any of the 

signal to pass through to one that allm'ls the normal black and white picture 

to be shown on the television. 
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, Sixteen potentiometers that control the threshold voltage at which the 
. 

corresponding quantizers turn on can be varied in any manner desired. If 

the keyed video feedback is being used, the threshold level of one quantizer 

may depend on the threshold level of another. An example of this could be if 

the output of quantizer number 2 is used to turn off' quantizer number 1. In 

this case if the threshold of number one is set at a higher voltage than 

number 2, number 2 would turn on at the lower input voltage, and number one 

could never turn on. If the threshold levels are set in the normal fashion, 

the lower boundary of the slice is fixed by ~he thresh~~d of the particular 

quantizer, and the upper boundary by the threshold of the next quantizer. 

'!he thresholds may be set to aJJ.ow uniform or nonuniform. quantization as 1'Tell 

as varying the fineness. 

'!he many variable pG-ameters of the quan~izer provide a large amount of 

flexibility, and proper .use of the many controls can provide a very infOr::1-

ative color enhanced image • 

The quantizer outputs (16) are supplied to a programmable matrix board. 

The matrix board 16 x 3, ha.s t"TO' layers of parallel contact strips positioned 

so that the upper layer of strips is perpendicular to the lower layer. Holes 

have been positioned at points 'Vlhere, if the upper layer were projected on 

the lower layer, the contact strips would intersect. Pins are inserted 

through both layers of the m,i3.trix board to connect the 16 inputs to the 3 
~ / 

outputs which are in turn fed to the color display. 
r 

and selection of desired colors are obtained. 
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, For the color enhancement of voiceprints, both the c~era and flying 

spot scanner (FSS) inputs were used in conjunction with the color encoding 

system. In this way the original voiceprint as well as a 35 mm slide of the 

voiceprint could be accomodated. 

1he voiceprints ,,:ere produ.ced using a Kay Electr;i..c Sona-Graph 6061A. 

The Sona-Graph 6061A is an audio-fr.equency spectrum analyzer that produces 

permanent, graphic recordings of a:ny ty:pe of complex wave in the range of 85 

to 8000 hel'tz. Unlike conventional spectrum analyzers,the 6061A permits 

three different analyses to be displayed; the operator can select the display , ' 

that most accurately shows the parameters he is studying. The No.1 display 

gives an overall, three-dimensional picture of the- signal being analyzed; 

frequency, amplitude' and time are represented simultaneously on one display. 

The second tY];)e of analy-I"is, a No. 2 display, permits the individual intensit-J 

of each frequency component to be displayed at any preselected point in time • 
• 

This ty:pe of Dattern is referred to as a Section. The third analysis that 

can be performed is similar to an oscilloscope display; it shows the average 

amplitude of all frequencies present, relative to time. With this pa.ttern, 

the entire input signal can be examined for flatness, resonance peaks, or any 

amplitude study relative to time. Display ~o. 1 was used for all experimental 

work in this study. 
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, In this mode) ,this' unit will display any 2.4 second portion of audio in 

the 85 to· 8000 hertz range. The input Signal is first recorded on a contin

uous drum, and then ~layed back at a higher speed during th~ analYSis pro-

cess. A f.requency:~eterdyne technique is used for the scanning system, and 

there are two plug-in filters available for increased flexibility. Con-

strained by the uncertainty prinCiple, the narrow filter emphasizes frequency 

resolution, and the wide filter emphasizes time resolution. A build-in cali

bration-tone generator can provide frequency markers every 500 hertz along 

the frequency scale of the pattern, simply by depreSSing a switch. 

An adjustable AGe control is present and can be used to extend the 

dynamic range of the pattern; also the d~lmess ofthg llattern can be adjusted 

to obtain the best contrast. For mOnitoring purposes, a 'VU meter and a lOUd 

speaker can be used simu4:taneously either when recording tneinput.;iti;gnal and 

when performing the analysis. 
• 

After deciding on the experiment to be performed (explained in the next 

Section), an appropriate voiceprint. was made using the Kay Sona-Graph. The 

original was placed before the camera and en.l}anced in real time. When the 

desired result as vie;:;ved live by the operator was achieved, the col,or TV' 

monitor displ~y wasphotogt'aphed using a Nikon 35 nun camera at a speed of 

'1/8 second at jF 2.8 n~minal1y. As an alternative a black and white slide 

was made' from the voiceprint., and the scanner input used to enhance it in real 
" 
time~ Note tha.t in'both cases the Voiceprint, once obtained, is enhanced and. 

displayed,in real time; on line. 

--
The majority of experiments were performed in this manner. Methods for 

", 

ob'Paining other selected results are described in the next Section a.s required • 
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,d. Experimental Results 

As preliminary to evaluating the effectiveness of color encoded voice-

prints vs. conventional voiceprints, tests Here first conducted using human 

subjects to determine the contribution of different t~~es of data presen-

tations including a time varying spectral display (TVSD) of which the voice-

print is a prime example. The data consisted of different amplitude sinu-

soids imbedded in additive Gaussian ",hite noise of zero mean and com;,tant 

variance. The types of displays included a) the Signal and noise displayed 

as a function of time on an oscilloscope tI'a~e, b) the instantaneou.s 

spectrum of the signal and noise displayed on an oscillograph record, c) an 

audio display of the Signal and noise, d) the time varying spectrum of the 

signal and noise, and e) the time varying spectrum of the g,i.gnal and noise , . 
color enhanced. Two examples of presentations a) and b) are shown in Figure 

4a and 4b respectively •• The time display shows the signal in noise for a 

signal to noise ratio (SiN) of 5 db and -10 db while the frequency display is 

for a SiN of -6 db and -25 db respectively. The signal in noise displayed 

on a TVSD appears as a line (the' signal spectrum) parallel to the time axis 

against a background of "pepper and salt" white ncise. 

Several tests were run for each type of display on up to 20 individual 

subjects for SiN ratios varying from 12 db to -30 db. As a result, the 
• 

ability of the individuals to detect the presence of the signal in this .. ,/ . 

simple two hypothesis problem (signal or no signal) as a function of the 

, display type is sUllllL. . ...rized below. 
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b) Instantaneous Spectr~~_ 
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Figure 4 Display Comparison Test Formats 
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, Display ~n Order of Increasing Effectiveness 

1. Oscilloscope time domain display 

2. Instantaneous spectral display 

3. Listening to the acoustical signal 

4. Time varying spectral display 
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The least effective display was the direct time domain representation 

Which proyed useful for SiN ratios to about -6 db. Improvement was obtained 

as more cycles ''lere displayed to the subject, but a l;i,urit in performance for 

a specified SiN was reached when approxireately 10 cycles were shown. The , 

TVSD permitted detection of the signal at siN ratios as low as -25 db. Note 

that special high resolution intensity modulated display was used for these 

cases, since the dynamic range of the Kay equipment used is limited to, at 

best;) 8 levels. , 

The contribution of the TVS color encoded dispaly in this series of 

tests proved to be primarily in the reduction of time needed by the observer 

to detect the signal with the sa~e level of confidence. (This result was 

substantiated in similar tests on actual voiceprints.) The:attainable 

decectability as a function of SiN ratio was approximately the same as for 

the Black and White presentation provided the dynamic range was sufficient. 

The observation time necessary to arrive at a decision is demonstrated in 

Figure 5'. Here the percentc::ge of permitted maximum observation time (10 
~ / 

seconds) actually required (on average) by the subjects to detect the signa! 

'is plotted as a function of SiN ratio~for the conventional display and color 

d.isplay. ~e advantage of color is greatest at the poorest SiN ratio and 

r'educes the time required by over 25% at ~lO db • 
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The fact that significant differences in detection capability did not 

" result using the color display (although a few db improvement was obtained) 

reenforces the idea that color encoding can only dispaly information that 

already is present but does so in a more comprehensible form. 

The specific colors that were used did not,in general, effect the 

subject's performance (provided reasonable sensitivity to the eye was main-

tained to the hues selected). 

However, the number of colors used did effect the performance. Because 

of the limited dynamic range of the conventional sonagr~, only three colors 

or less were required. Most of the tests were, in fact, run with two colors, 

the threshold between them being set at the theoretical level to minimize 

the probability of error of detection assuming equal costs of errors and 

apriori specified probabtlities. In the cases where a CRT 'display was used 

and more dynamiC range was available, (thereby not limiting the number of 
• 

colors) an increase of performance still did not result by increasing the 

number of colors. More than about five colors tended in fact to confuse the 

subject and resulted in poorer performance. As a result, the subsequent 

tests on actual voic~prints use less than five colors. 
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The remaining res~ts of this Section deal with actual voiceprints. At 

this point, the basic hypothesis of this research should be reemphasized 

given the conventi9nal voiceprint as a means of suspect identification, color 

encoding and display of the existing information will result in an enhanced 

voiceprint which is easier and taster to read ~~d interpret. In all tests 

conducted in association with this project, the hypothesis was borne out. 

This does not, however, in any way SUbstantiate the use of the con-

ventional voiceprint. In fact, in several inst~~ces, the color enhanced 

voiceprints served to point out the shortcomings of the original data. 

Moreover, the results should not be interpreted as suggesting the use of the 

present color enhancement process for regularly converting conventional 

voiceprints to be used for suspect identification. What is shown is that 

color display of inform~ion "of this type" is more effect~ve in perm1tting 

a comparison to be made, but should be utilized with only the proper input 

" 

• information e.g. an improved voiceprint. 
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As general results. on actual voiceprints, all subjects tested were able 
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to classify the color enhanced voiceprints more easily and more rapidly than 

the conventionally displayed information. The errors made did not vary 

significantly whether the color encoded prints were used or not, regardless 

of the quality of the original information. However, it must be noted that 

in no case was the original iroiceprint information deemed sufficient to 

permit extraction, by color encoding, of the maximum amount of features 

usually found in similar applications. A-~y lack of anticipated improvements 

is attributed to the relatively poor quality and nature of the classical 

voiceprint. It is for this reason that a subsequent Section is solely con-

cerned with a new, more efficient, real time, high resolution, adaptive 

method for' producing voiceprints. Implicit in this approach is a color en-

coded display. 

Based on the literally hundreds of images considered, some basic obser-
• 

vations were made. These axe exemplified by the pictures shown in Figures 6 

through 12. 
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Figure 6 is an att~pt to demonstrate the effects 

\ 
i 
1 
I 

of alteration of the 

parameters available in producing a voiceprint from the same acoustical . 

recording as rec~orded in a color encoded format. 'lhe author t s name spoken in 

the sentence "This is Lester Gerhardt calling" served as this particular 

record for the voiceprint. Figure 6 a, b, and c are all voiceprints or more 

appropriately 'IVSD's of the same recording by the same speaker. The differ

ences lie only in the Sonagraph parameters used to make the TVSD. 

Specifica.lly I' the first used a. wide filter setting, the second an H-S filter 

setting, and the third a narrow filter settiqg. It is not the intent of 

these results to say unambiguously that 6a, b, and c are "obviously" made 

by the same speaker. They are provided for the- reader to make his own 

decision of similarity base~ on features that he may find. Figure 6d is the 

author t s name said in the same context but by a different speaker. Con

clusions at this point are left to the reader. 
• 

Figure 7 shows the color encoded quantization levels used to produce 

Figure 6. The arrow below the figure shows the range of the video signal 

and bias position used (as explained in a previous Section).: Only two 

colors were used here as a result of the prior tests already cited. 

Figure 8.is an alternate display of Figure 6a with a different set of 

color encoded parameters. The assod.ated color encoded quantization. levels 

should be self explanatory •• ,'lhe display is obviously different and was 
.. ,.-

adjusted such that selected contours were enhanced in yellow. 
. 

the retention of basic characteristics. 

• 
.. , 

" 
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Figure 9 shows additional versions of the same recording made into a 

iVS color encoded display. Here the "sl.ices" are comparatively m~.rrow, and 

show the nonuniformi ties in the background. as what might be considered as 

additional features, but which of course are not. The point of this Figure 

is to demonstrate that additional false "information" can be found by an 

operator of such a. device if he is not selective and knm'1ledgeable of the 

problem. 

Figure 10 shows the TV's color encoded displays made from conventional 

spectrograms for three different speakers. The phrase t~Who is this?" served 

as the recording. It is to be emphasized that no adjustments of the encoding 

parameters were made between the four cases. Once again, in all cases, 

subjects were able to classify color encoded,sonagrams easier and quicker 

than conventional formatJr to achieve the same classification error. Whether 

the differences between speakers A, B and C are greater than between A 
• 

disguising his voice is left to the interpretation of the reader. 

Figure 11 is a comparison of the same information as in the previous 

Figure but using different levels and more colors. Both more real and 

artificial information is seen to be available than in the previous repre-

sentation • 

Figure 12 is a final. alternate display with its associated color bars. 

It is to· be emphasized that all the same recordings were used for Figures 

·'lO, 11, and 12. 
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As already pointe~ out, a severe limitation of the conventional display 

is its limited dynamic range. In an attempt to see if an improved dispal:r 

would yield improved color encoded capabilities, sonagrams were contoured 

plotted usL~g the Kay plug-in module made for this purpose. Unfortunately 

as was expected, although contour plots do provide more sharp gradations in 

gray scale bet~.;een adjacent levels, the;y- are still recorded on the same 

paper with its limited dynamic range. As such greatly improved classifi

cation capabilities are not ac~ievable. Improvement in performance is only 

marginal co~p~red to the high resolution CRT,display used in the SiN 

experiments and the associated improvement in time responses observed there. 

There was no available means to generate a high resolution (in all three 

axes) Time Varying Spectral Display to effectively test the improvements 

gained by color encoding~this type of display of similar information. 

Continuation of the program toviard the developmer.t of a real time high 

resolution digital system \'lOuld permit such an eValuation to be conducted. 

One could conclude from these results, that with additional parameters 

such as those used in the color encoding process, the sonagrams can be made 

to sho-w- almost ,.;hatever the observer desires. vlhile this is not quite the 

case, sufficient variation and improper adjustment can lead to severe miJ

in.terpretation. It must be noted however, that "information" cannot be and 

is not created in such a pro~ess. ~~atever is displayed is present in some 
',' /' 

form in the original data. The fact that the reader finds he car~ot con-
. 

vincing state that all en."I1ancements are obviously mad~ from the same re-

cording (as ,they are noted) for~es him to question the validity of the very 
". 

nature of the original data, the sonagram. or "voiceprint". .. . 

. .. 43 
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, It is felt, therefore, that continued improvement in techniques of 

suspect identification using acoustical patter~s can only be gained by con

Sidering ne~ and improved methods of generating a Time Varying Spectral 

Display of speech signals. The results of this color encoding has served to 

bear this out, and the next Section describes a real time, on line concept 

for just such a system utilizing digital techniques. Based on the 

generally favorable results regarding ease and simplicity of analysis of 

valid data using color, the system will implement a color encoded disr1ay. 
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e. A Real Time System Concept , 

\ 
i 
I 

It is clear, by previous research and the results of this program, that 

recognition is optimized when all three variables of a voiceprint, frequency, 

time ~ particularly intensity are present with higher resolution than 

previously utilized. The use of higher resolution in the intensity axis wa~ 

initially provided by the Kay Electric Sona Graph plug in Contour Unit and 

later by more sophisticated Voiceprint Laboratories equipment. The main dis

advantage is that these techniques are off line and non-real time as previously 

pointed out. The enhanqement techniques discussed here permit easier ex-, 

traction of the previously cited contours and are real time on line with re

spect to the original voiceprint (which is itself produced off line). '!he 

ultimate system is one in which the speaker's voiceprint would be continuously 

generated on a real time ~lor encoded time varying spectral· display and is 

relatively inexpensive. It is with these object'ives in mind tha.t the proposed 
• 

system of this section was c~ .1ceived. 

The basic system usee digital signal processing techniques to produce a 

continuously varying time varying spectral dispaly of approximately the last 

three seconds of voice information with a color encoded format. It is antici-

pated that mor~ optimum processing, filtering and encoding (including adaptive 

techniques) can be easily instrumented in this system such that a much improved 

r f 

"voicepriilt" or signature can be obtained wilich contains more meaningful clues 
~ . 

or identifying characteristics, then enhancement of conventional voiceprints 

have been able to demonstrate. Becaus~ of the considerable use of digital 

techniques in this proposed system, some background in this area is first , 
". 

given followed by a description of the system itself • .. , 
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Recently, great strides have been made in the field of computing with , 

'.' 

strong emphasis on real time on line processing techniques. The Discrete 

Fourier Transform can be obtained rapidly using digital filtering techniques 

USing a Fast Fourier Transform algorithm. The discrete approaches are 

different in the sense that they deal with a sampled Signal a~d operate on a 

finite number of time domain samples. Regardless of the approach, given only 

a finite number N of time samples, a discrete spectrum results which itself 

can possess only a finite number N of discrete frequencies. Once defining a 

Discrete Fourier Transform, procedures for generating the time varying 

spectrum are basically similar to those explained previously. 

/ 

0 •• 
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To elaborate a little further, a digital filter is the algorithm by 

'which an input sequence of data is transformed into an output sequence. The 

. process is assumed to be linear and is defined as the convolution. 

n 

y(nT) = ~ h(mT) x(nT - mT) 

m=O 

where y(nT) = output sequence of numbers; 

x(nT) = input sequence of numbers; 

T = the sampling interval of the continuous signal x(t); and 

h(mT) = weighting sequence defining th~ digital filter. 

Tbe convolution is transformed into a multiplication in the frequency domain 

by the z-transform. The z-transform of an infinite sequence of number x(nT) 

is defined as: 

x(nT) 

n=O 
• 

where z = eST = unit delay operator 

s = joo for real frequencies. 

The convolution may be written as: 

-n z 

'/ (z) = H(z) X(z) 

H(z) is the frequency domain representation of the digital filter. The most 

general form of H(z) is the general recursive digital filter function: 

H(z) 

". 

• 

'" 

. . . 
• 

-n + a z n , 

, 

.#i!"~ 
~ ~ . , 

"Ioo.J..-'~' 

i 

1 
I 

A nonrecursive filter is defined with only the numerator I 
coefficients ak 

nonzero. A purely recursive filter is defined with only the denominator . 

coefficients bk nonzero and at least one numerator coefficient nonzero. fiS 

such, the z transform in the discrete case in analogous to the Laplace trans-

form in the continuous case. Therefore, filtering and general Signal pro-

cessing can be performed in the discr,ete domain quite Simply. 

As an. example of the analogy, assume the input is a pure sinusoid at 

frequency as 

x(t) = ejwt '. 

.' 

Let t=mT ",here m is an interger and T is the sampling instant. This leads to 

the DFT 

m ,. 
where hm corresponds to a set of smoothing weights. Note that H(jw) is 

periodic with period 2rt/T. If it were desired to average a particular 

sample with its two nearest neighbors so that 

it is clear that 

and 

.' 

1 . 
y(nT) = 3 (X(h~l)T + x(hT) + x(h+l)T) 

1 h -h -h --1 - 0 - 1 - 3 

1 H(joo) = 3(1+2 cos ooT) 

which acts as a digital low pass filter (which is also periodic) • 

" . 

• • 
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, Therefore, even by. these simple examples, it should be apparent that the 

desired processing of the audio signal can be accomplished in the discrete 

domain, ~lhich offers an inexpensive, reliable and efficient approach. The 

one di.stinct tool that makes it possible to accomplish this processing on 

line and in real time is the Fast Fourier Transform. Because of its im.-

portance and contribution to the proposed program, it is discussed next. 

This section presents the development of the FFT from the basic DFT for 

the case of N samples where ll=~. The material here is the foundatiorl for 

the digital processing used in the proposed system. 

The DFT (Discrete Fourier Transform) of N points, Xp for 0 5 p ( N is 

defined as 

n-l 

Ar = L Xp exp( -21tjrp!u) 
, p=0 

The A are the ~r complex frequency components derived from the Xp a.."'ld have r • 

the following properties: 

:' 

(a) If the Xp are sampled over a time i.'Pl.terval T at a rate 

(N/T) from a real signal, the A are separated in r 

(b) 

frequency by (l/T)Hz. 

. If the X are real values, the A , are symmetric about 
p r 

the (N/2T) value and therefore have only N/2 independent 

val'les. 
/' 

(A. = A . for 0 ~ i ~ N/2) • 1 .' n-1 . 

The computational reduction obtained by the FFT is basically derived from 
. 

decomposing the indices r and p into their prime fa~tors and then taking 
• 

advantage of! . the circular symmetry of the resultant exponential terms in the 

summation • 
• . 

... 

I 

For example, for any te~ 0 ~p < 2m the binary representation , 
tn-l m-2 

P=Pml +Pm22 + ••• +Pl 2+p, where Pi = 0 or 1. In compact notation we can 

write P=(Pm-1Pm-2" .PiPo) as a "conventional" binary number~ 

A similar procedure can be done for r. After a reasonable amount of 
. . * 

ma.m.pulat10n , and using compact binary notation can be rewritten 
1 
~ (rkrk+l···rm_l) 

Ar= ~ exp(-21tjpk m-k ) 
l1t=0 2 

An illustration for the case of N=8, M=3 will now be considered. 

1 1 

A(r
O
r
l
r
2

) = ~ exp «28j)po(rOrlr2»~ 
Po=o Pl=o 

, 
Using the notation.exp (21tj ~) = w! the terms reduce to 

1 p (r r r) 1 ( ) 1 
A = ~ Woo 1 2 ~ W Pl r l r 2 ~ P2r 2 ' 

(rOr l r 2) ~ 8 ~ 4 ~ W2 X(p p) 
Po-o Pl=o P

2
=0 2Pl 0 

The value of. A'( ) is iteratively computed according to this r
b

r l r 2 
equation in M=3 stages. At each state only two values of X are required for 

each intermediate A va~ue. For each intermediate level it is possible to 

compute a pair of current results from a pair of previous results directly 

:requiring no additional storage. 
I 

nle ~eneral iterative step in tt~ computation of the FFT involves a pair

wise operation in which two' new interruediate results~~e computed from a 

pair of results from the previous step. 

* K. W. Drake, Interof~ice Memo. Bell Ae C ~ . rospace.ompany, June 1971. 
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The system concept presented below uses digital techniques to provid~ 
, ' 
compatible generation and display of real time frequency spectra from aud~o 

range signals. First, the system configuration, performance parameters, and 

basic logic and timing features are delineated. Signal resolution, display 

features and the pertinent operati::lg parameters are given next. Detailed 
. ' 

logic and timing is then presented for the digital processor incorporated in 

the system. 

The system contains four basic elements, a console, a color display, oper-

ating controls, and electronics, and can be easily packaged in a desk type . 
unit. The color display can be a 525 line TV industrial type display (300 

line resolution) of approximately l2-inch size as determined best for the 

anticipated viewing distance. A turntable mounting can allow orienting the 

viewing screen as require~. All operating controls for display parameters and 

input levels adjustment and monitoring are placed in a separate control panel 
• 

to allow manipu1a~ion while monitoring the display. Both the analog and 

digital electronics along with their associated power supplies will be mounted 

in separate pull-out electronics drawers. These drawers sho~d inco~porate 

quick removal connectors and cables. All circuitry should ,be mounted on 

individual functional boards to enhance the ease of maintenance. 

The system will sample an analog acoustic signal at a rate of 8000 samples 

per second and convert each sampl~ to a 6 bit (2's compliment coded) digital 

word. /' 

The output rate will be consistent:~rith the standard TV rate of 30 frames 

per second. Each TV frame will Risp1ay approximately-the most recent 2.7 

seconds of re~l time data as shown in Figure 13. The scan line-to-scan line 

time difference in disp~y time is 10/8000 seconds (.00125). 
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The real time data signal is sampled at an 8000 Hz rate based upon the 

, . 
assumption that the signal is frequency limited to below 4000 Hz. The FFT of 

the data is assumed made upon segments of 256 samples yielding a frequency 

resolution of 8000/256 (31 Hz) between 0 Hz and 4000 Hz. These numbers imply 

that the FFT will operate on sequences of 256 samples for each scan line of 

the display. Each successive scan line will have ten samples replaced by new 

values. For eac:h ne,., 'N frame there i-Till be 60 new samples requiring the 

comp1...ltation of 6 ne,,, transforms for 6 new' lines o~ display. 

The system operation is best descrioed in reference to the TV frame rate of 

1/30 second. D~~ing this basic time period the following must occur (not 

necessarily in the order listed). 

(a) Sixty new data samples are taken and placed in the converter 

memory. , 

(b) The sixty samples from the last cycle are shifted into the trans-
• 

form memory and the sixty oldest words are dumped. 

(c) The FFT takes 256 word records from the transform memory and pro-

duces 128 word frequency spectra. , There is a total of six records displaced 

by ten words (256 + 50) in the 306 word memory. 

(d) The display memory is shifted six records (i.e., scan lines) with 

the oldest six records dumped and the newest six loaded from the FFT output. 

(e) The display memory is scanned once producing a 500 line by 128 

words per line by three bits per word TV frame. 

"" 

.. 
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The functional blocks F" 4 

, . 1 l.g1.lre 1 , are now described in more detail. 
' Signal conditioning circuits consist The 

" of preamplifiers and level control 1. 
f1ers for th amp 1-

e raw acoustic Sl.gnals as ~,ell as the m . t ' " " 
o~ or amp11fl.ers An AID 

converter is also contained in this section d • 
an operates under control of the 

master logic. Conversion back from ;/A . . 
l.S accompll.shed in the c 1 . cir "~ ( 0 or encodl.ng CUl.vS previously described) whiCh al 1 . 

- so evel select the Signal and . the c 1 dr . provl.de 
o or l.ve to the electror~c monitor. 

The monitor is a standard 525 line 
three color TV display v7hicl1 has all 

color and . syncnronization Signals 
digitally generated from the ~aster 

w logic. 
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Figure 14 Functional Block Diagram I 
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'!be Signal Processo~ Unit utiliz1as digital filtering techniques to pro

~uce a time varying spectrum for display on a television raster. In partic

ular, the signal processing imple~ented is the Fast Fourier Transform (FFT) 

so that a r~al time display is produced. In general, this block accepts in-

puts from the Analog-to-Digital (A/D) converter on the left. The digital in

formation is processed through this system from left to ri~t in the block 

diagram. Each line of information for the TV display is outputted through a 

D/A converter into the horizontal and vertical scanning circuitry_ In 

addit~~n to the displayed information, television control signals are provided 

to sync the television to the internal clock in the Si~~al Processor Unit. 

This unit is composed of only digital hardware which is run synchronously 

from an internal frequency standard. All the computations and shiftir.~g oper

ations, as well as the An~~og-to-Digital (A/D) and Digital-~-Analog (D/A) 

operations are controlled by an internal master clock, divided down to produce 

• the correct control frequency. . 

Under control of the Signal Processor Unit (SPU), the A/D converter is 

commanded by the Start Convert command to begin an AID conversion. When this 

data is ready, the End of Convert signal is retUTned to the SPU. Upon receipt 

of this Signal one shift pulse is gated through shifting the digital input 

word. This AID conversion cycle is done at a rate such that 60 data words 

are in the line computation cycle of 31.808 m sec. During the acquisition 
. 

time of the present 60 data words the previoup data words are in the compu- , 

tation registers. 

'" 

• #/1 
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, '!be computation ite~ation begins when the 60 input data samples are 

transferred from the input registers into the next set of registers. 
Fifty of' 

the data input samples are stored in one set of registers while the first 

samples are stored in still another set of registers. By the use of this 

shifting technique the 256 words of data are updated vrith ten new samples, 

shifting the oldest ten samples from the register. These updated 256 data 

words are now serially shifted. 

At the completion of the required 256 shift pulses to load the compu-

ten 

tation l'egisters, the computation c',rcle is initiated. Th t t. 
~ . .e compu a ~on cycle 

is Composed of four clock periods per data word or 1024 clock periods for the 

complete 256 data word computation. The computation process consists of 

many multiplications and additions in order to produce each FFT constant. 
In 

particular, the functions,A+WB and A-WE must be generated for each data word 

pair. The W is a constant supplied from a Read Only l>femory (ROM) during the 
• 

computation cycle • 

.' ./ 
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Because the FFT computation is a process requiring the use of complex 

arithmetic, each data word has both a real and an imaginary part and thus·two 

sets of computation registers are provided. Since in general, both W and B 

are complex quantities it is required that four multiplicative operations 

t~lke place. That is BRvlR, BaWR and BIWI must l')e formed. (R = real, 

I = imaginary.) A ROM is used to store and access WI and WR for higher speed 

multiplication to form these terms. Each of these products is stored in 

turn into four word Scratchpad memory. At the completion of this multipli

cation process, the real and imaginary terms are added along with the Aa and 

Ax terms to produce the terms 

and 

Aa - (BRWR + BIWI ) and ~ 

Aa + (BRWR + BIWI ) and ~ + (BRWI + BIWR) ,. 
The computation and shift cycle is repeated for eight iterations. 

At the como1etion o~ this cycle, the 256 FFT terms are contained in real . .-
and.imaginary registers. Then, the (magnitude)2 term is produced by applying 

the Aa terms to both parts of the multiplier to produce ~ 2 • Similarly, the 
2 Ax terms are also applied to the multiplier to produce AI' ~hen, the sum. 

~ + AI2 is produced and placed in a register. After the required shifting 

operation to return the data to the correct pOSition, the square root operation 

is performed. It is noted that the FFT process implemented here results in 

128 FFT constants \vhUe the remaining 128 FFT terms are redundant. Thus, the 

operations to perform the (magnitude)2:and magnitude operation are only on 

the first 128 numbers in the shift registers. 

. " 
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The basic operational devices in the Signal Processor Unit are the ,. 
arithmetic units. The operations that must be performed are multiplication, 

addition, subtraction, and square root. The addition and subtraction oper-

ations should be instrumented with dual carry-save adders in conjunction with 

look ahead carry logic elements to produce the sum and carry with minimal 

gate delays. For the multiplication, it is possible to reduce the total delay 

through two. logic levels to approximately 65 nseconds~ The square root oper-

ation may be performed by using the multiplier in conjunction with a binary 

up counter and comparator. The counter state is applied to both multiplier 

inputs producing the (counter)2 term. The comparator is used to indicate 

when the counter state is equal to Qr greater than the (magnitude)2 term. 

That is, the counter is incremented until the (counter) 2 > (magnitude) 2. At -
this time the counter is read and the square root of (magnitude)2 is present 

in the counter. .. 
The three most significant bits of the 128 FFT terms are now shifted 

into other registers and circulated for reordering of the FFT constants. At 

the completion of 256 circular shifts, the numbers appear in correct order. 

This 128 bits of information represents one line of data on the TV display. 

This data is t~mporarily stored to synchronize transfer into the TV line 

registers. 

.At the same time data is being shifted into the proper location after 
/ 

the magnitude operations, ten new samples are entered. This 8 iteration 

computation cycle is repeated. In 31.808 msec, 6 128 FFT constants are pro-
-.-

duced. Since the television frame rate is 1/30 sec., or 33.3 msec, ~.5 msec 
." 

is used as a. "rait period before the next computation cycles are initiated • 

• 
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In actuality, howe'ler, the TV system is an interlaced system. That is, 

'the odd lines are scanned first in 1/60 second and then the even lines are 

scanned in the second 1/60 second period. 

Each of the lines is clocked out is sequence (odd then even) by a high 

frequency clock. The output multiplexer in conjunction with the clock control 

places the selected data 011tput line into the n/A converter. AE. each 3 bits 

of data appears from the shift registers, a start convert command is generated 

by the Signal Process0r Unit. 

At the completion of the 500 lines of data to the n/A a complete TV 

display has been generated. As each line of data is read into the TV system 

it is restored in the same location in the register. At the completion of 

the frame, while the vertical trace is returnL,g to the start position, the 

shift registers are rotat,u six places. Enough shift pulses are applied to 

properly rota~e the data. The new data enters into ,a. register while the 
• 

oltlest data is lost. 

In addition to the above shifting control, the SPU provides the required 

control signals for the TV display. In particu1~\I', a vertical and horizontal 

$Ync signal are provid~d, for timing, as well as a horizontal and vertical 

blar~ing signal to control the picture tube during retrace time. 

It is anticipated that the type of system can be manufactured :i.n limited 

production quantities (about 100 units) for a pri~e of less than $10,000 per 

unit. The justification of this price is not based solely on a change from , 

prototype ,research and development to. production techniques. Also to be con-

--
sidered is the virtually assured- continued decrease 'in price of digital com-

pot;lents incl~ding inte~rated circuitry, v:hich is of significance since the 

bulk of the circuitry u~ed in the ~ignal processing is digital in nature. 
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The entire display matri:~ may be stored in 128 bit static shift regis~erS, 
as an example. These registers represent a considerable portion of the total 
, 

material costs. Within the next several years it is expected that quad. and 

even hex shift registers can be packaged in the same physical area as con

ventional shift registers at approximately the same cost. As a comparison, 

if hex units were used, the quantity of shift registers i~oLld be reduced from 

307 to 52 and would result in a direct hardware savings cf a,!?!,roxitnt'!.tely 

$2,000. 

As an other example, the multiplier instrumentation presently considered 
-

consists of 18 fast carry-save adders and 12 dual input nand gates. However, 

development is underWay to competitively produce a multiplier chip. The next 

few years, it is expected that a dual multiplier will be available at a price 

comparable to the price ~ a dual adder today. 

The two ROM's neede~ for the system require a $1,000 mask charge per 

ROM. In future units this mask charge is not present, reducing the 'total 

cost by still another $2,000. 

In addition, with the development of 'product techniques:and the many 

competitors in this area, it is quite realistic to expect 'approximately 10 

percent reduction in the cost of IC's over tile next three years. Thus, this 

would again reduce the material costs. 

If higher quantities of .each item were purchased as for a production buy, 
," / 

the prices could be reduced by at least anotlier 10-15 percent. ' 

Finally, the systenl design concept is based upon the use of. modular con---
struction ~~,modern integr~ted circuit devices. As a result of thiS, a 

minimum of labor costs are required in' component assembly. Consequently, it 
~ 

is, at this point, based on such factors as the above quite reasonable to 

estimate a. total SystClll cost of $10,000 for a limited unit production. 
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f. Conclusions , 
The effectiveness of color encoded sonagrams, speech spectrograms, or 

"voiceprints!! has been studied. It has been clearly established that the use 

of color greatly improves the ease and speed with which such recordings may be 

read. Using conventionally generated data, hO""eVer, the use of color encoding 

does not (except t:0l: a. few db) reduce the errors of· classification as may 

hav~ been anxicipated by the reader. This may be explained by considering 

that the observer who is claSSifying the original TVSD's is already performing 

a great deal of processing and feature extraction. The color enhancement of 

the data acts as a means of preprocessing the information, and thereby reduces 

the amount of processing re~uired by the observer. As such the advantages of 

the technique are easier and faster interpretations but not an overall lower 

classification error. Th€ observer apparently just automa·tica11y reduces the 

level ~~d amount of processL~g he performs to maintain the same overall level .. 
of processing betvleen the color preprocessing and his mom as he alone provided 

before. 

/ , 

• 
". 

#I . 

.. 62 

. ~ 

l~" 
I . 

\ j .., .. p 

In a larger scope, the study was severely restrictive in its use of , 
conventional "voiceprints" as raw data. The' success using a color encoded 

format cited in this study is not representative of what is potentially 

achievable due primarily to the lack of dynamic range in the original data. 

Other areas of application to which color encoded has been applied has 

yielded greater improvements because of the improved nature of the raw data 

used. Moreover, the color enhancement techniques served to point out the 

variability of the conventionally produced "voiceprint" and the suscept-

ability of it to misc1assification. It is for these reasons that the last 

part of the study was directed at investigating an overall new method of 

generating a TVSD or "voiceprint" with high resolution in all three axes. 

As a result a real time, on line system concept has been developed. 

Using a digital implement~ion and a FFT it will be possible to process voice 

signals so as to produce a TV type display of the TVS or "voiceprint" of the .. 
last three seconds of voice information in a color encoded format. (It is now 

possible to perform a 1024 point transform for 20 KHz signals in real time 

whereas the proposed sys'cem only requires a 256 point transform for 8 KHz 

signals.) The devel0Rment of such a system would permit the recording not 

only of the voice signal but the color encoded "voiceprint!! associated with it 

immediately using inexp~nsive video recorders. A conventional "voiceprint" 

can easily be reproduced on the same system if desired. Given a voice record-
". 

ing, the system may be used as a testbed for evaluating certain parameters of' 

the speaker, track formants, etc. It .1s intended to serve as a laboratory . 

research too~ to more critic'al1y'produce and evaluate "voiceprints" and to 
". 

measure qua.ntitatively their effectiveness in suspect identification, as well 

-as for field use once the feasibility has been established. 
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In s:uromary, this st.udy has served to establish the effectiveness of 

c010r en~oded displays of sound spectrograms, and at the same time has no:' 

encouraged the use of conventional "voiceprints" for suspect identification • 

However, useful and reasonable features or characteristics of a speaker are 

felt by the author to be detectable and classifiable provided a more effective 

means of generating and displaying this information is available. 

It is therefore, proposed that a program be sponsored by LEAA to provide 

for the development and realization of a digital real time TV format system 

using a color encoded display for presenting more meaningful sound ~pectro

grams similar to the one outlined in this report. The results of this study 

should be viewed positive in the respect that a) they substantiate the basic 

use of color encoded sound spectrograms displays and b) they provide a 

direction for developing more effective and realiab1e means, .of suspect ,. 
identification based on voice characteristics. ' 
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IV. ProfeSSional Recognition and Publicity 

fhe work conducted under this grant has been publicized and/or 

presented in part in technical papers as indicated in the quarterly progress 

reports. For convenience, a complete listing of these items is given in this 
'section. 

1. A newspaper article "Technological Watson Color Codes Voices" 

by Grace O'Connor, appeared in the Albany Times Union Sunday, October 18, 1970 

Which described the intent of the LEAA sponsored research. 

2. 
Two radio interviews with Dr. Gerhardt were conducted on WRPI, 

Troy, N.Y. on November 29, 1970 and December 6, 1970 discussing his work on 

voiceprint clas~ification sponsored by LEAA. 

3· An invited Paper "ProceSSing and Display of T~ 
Varying S!lectral 

Information with ApPlicat~on to VOice, Sonar, and Madical Signals" was 

by Dr. Gerhardt at the XXI
st 

Air Force Avionics Panel meeting in Rome, 
presented 

Italy, 
May, 1971. In part, it described voiceprint research and credited LEAA with 

partial support of this work. 

4. Dr. Gerhardt was invited to PartiCipate and present a paper 

''Voice Processing Research at BPI", at the upcoming Rome Air Development Center 

Workshop on Recongition Problems in Speech, September 22-23, 1971, Rome, N.Y. 

5. Dr. Gerh,ardt 'Was invited to organize and chair a session on 
...-

"Signal and Image ProceSSing for Societal Probiems" for the 1972 IEEE Inter-

n~tional Convention, March 1972. One of the prime are~s-of aRPlia~tion is 
• 

.. 
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In addition, s~veral discussions were held 'Jith the NIS Police 

, , tabord-toTies and the NIS Attorney Genera.l r s Office and Dr. C-erhardt on the 

recognJ.'tion based'on the ~ork being conducted under subject of voiceprint 

the LEAA grant. 

In all. of these, ,. OJ LEAA ~as alwavs cited as the sponsoring agency. 

It is felt that in all cases s thi resulted in favorable publicity for the 

LEAA pilot grant program. 
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