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‘January 28, 1980

TO: The Honorable John N. Dalton
Governor of Virginia

and

The General Assembly of Virginia

I herein transmit to you the report of the Departmerit and
Board of Commerce on the desirability and feasibility of
licensure of Audio Stress examiners. This study was authorized
by HR 45 of the 1979 session of the General Assembly.

The report concludes that, based on the study conducted to
date, no action be taken to license in this area, but that
further study be conducted.

Sincerely,
Ruth J. Herrink

Attachments



RECOMMENDATIONS AND FURTHER ACTION

The Board of Commerce recommends that no legislative action
be taken this year to license Audio Stress Examiners under
Chapter 27, Title 54 of the Code of Virginia. The investigation
to date concerning voice stress analysis has not found it to
be clearly an effective method for the determination of deception.
Upon completion of the field evaluation, the Department of
Commerce will make further recommendations and a final report
prior to the 1981 session of the General Assembly.

The use of such machines can have profound consequences for
the individuals examined. Truth detection devices have been
used to screen prospective applicants for jobs, conduct criminal
investigations, terminate employees suspected of theft. These
devices can also be used covertly and final recommendations on
their use, should the method prove to be wvalid, will likely
include certain restrictions on their use if licensure is
recommended.

The Board of Commerce will continue to study this matter
under its general mandate to evaluate professions and occupa-
tions in Virginia in order to fulfill the intent of House

Resolution 45.



EGUSE RESOLUTION NO. 45

Requesting the Dzepariment of Commezrce to conduct a study of the desirability and

Sfeasibility of licensure of audio stress exarniners.

Patron-Czllakan

WHEREAS, the practice of certain professions and occupations is reguiated by State law
for the protection of the health, safety, and welfare cf the public; and
WHEREAS, current State law, and regulation promulgated under such law, regulates the
activities of polygraph examiaers; and
-~ WHEREAS, through the operation of an-audio siress evaluator it has been allegsd that
an audio stress examiner can perform much the same tasks as are presently being carried
out by polygraph examiners; and
WHEREAS, it is highly desirable that an unbiased and informed study of audio stress
examiners be coanducted prior to a decision as to the need for -State regulation of their
profession; now, therefore, be it
"RESOLVED by the House of Delegates, That the'Departm—:-nt of Commerce is requested
to study the desirability and feasibility of State licensure, certification or regulation of
audio stress examiners. The Department is requested to lay its findings, tcgether with any
legislative recommendations, before the nineteen hundred eighty Session of the General
Assembly.



BACKGROUND

This issue of audio stress examiners revolves around two
problems: (1) The ability of the devices to indeed record voice
characteristics that result in detection of deception (2) The
needed training and/or examination of individuals to operate
devices, assuming such are valid.

At the present time audio stress machines are not permitted
for use in Virginia. Such activities are restricted to polygraph
examiners who may only use a machine measuring at least two
physiological reactions which relate to deception. An individual
cannot be examined without his knowledge by use of the polygraph.

Unlike the polygraph, however, audio stress devices purport
to detect deception by measurement of the presence or absence of
"microtremors'" which are reflected in the voice. Responses to
questions may be tape recorded and then charted or converted by
the actual devices to a pattern. Patterns are then "read" by
trained individuals. Some devices bypass the taping procedure
and produce an indication of truth or deception immediately. The
devices could be used without the subject of the examination being
aware that such examination is being conducted.

Pursuant to House Resolution 45, the Department of Commerce,
through the Board of Commerce, spent the last year in study of an
audio stress device manufactured in Virginia, has surveyed the

literature and is conducting an evaluation in conjunction with



the State Police to compare this device to the polygraph.

The issues involved are substantial. If the device is
approved for use, it will be used for criminal investigatioms,
employment purposes, and may, upon stipulation, be introduced as
evidence in legal proceedings. Since a review of the literature
offers no conclusive evidence as to its wvalidity, completion of
the formal evaluation should be a prerequisite to its licensure.

While the evaluation began in August 1979, after a
period of planning, a number of technical difficulties were
encountered. It is apparent that the device may require controlled

procedures to work effectively.

DESCRIPTION OF STUDY AND FINDINGS

Pursuant to House Resolution No. 45, the Department of
Commerce is studying the feasibility and desirability of licensure
of audio stress examiners.

In March of 1979 a subcommittee of the Board of Commerce was
appointed to conduct the study. The appointees to the study are
Mrs. Polly Y. Campbell, Mr. Zack T. Perdue, and Mr. Alan
McCullough, Jr., as Chairman. The Department assigned three staff
members to assist in the study.

The staff began the study by gathering all available informa-
tion and literature on the subject of audio stress analysis. Those
persons recognized in the field of detection of deception were

notified of the study and were requested to make all information



available. The studies and reports received were reviewed for
all pertinent information concerning the use of the audio stress
machines.

Voice stress analizers are widely used in the private
sector, and by law enforcement agencies; however, their use
remains controversial. Investigation of research literature
indicates conflicting opinions of the reliability and wvalidity
of coice stress analyzers. The accuracy rate of the machines and
the operators to detect deception range from 32 percent to one of
100 percent.

Michael P. Kradz, now an employee of Dektor Counterintelli-
gence and Security, Inc., the manufacturer of the Psychological
Stress Evaluator, conducted a study in 1972 to determine the
validity of the machine. At that time he was a police polygraﬁh
examiner with Howard County, Maryland. Of the 43 subjects tested,
he had a correlation of 100 percent between the polygraph and the
PSE instrument.

In 1973 the Army Land Warfare Laboratory contracted with
Joseph H. Kubis to conduct a study comparing the polygraph with
the PSE and the Mark II. The conclusion of the study was that
neither of the presently existing voice analysis devices were
accepted as valid within the constraints of the experimental
design. However, it should be noted that the experimental design
of the study has been highly critized. The weakness in the experi-
mental design is often cited as a factor which caused the PSE to

rate a 32 percent accuracy.



In 1975 Dr. John W. Heissee, Jr., M.D., conducted a study
using the alternate criteria supplied by the Army Land Warfare
Laboratory for the Kubis Study. The PSE was tested for the
validity and examiner-interevaluator reliability against known-
solution criminal cases. The results of the study indicate that
the PSE is a very useful instrument in the hands of competent,
well trained examiners who adhere to a prescribed format in
determining truth and deception.

Dr. lMalcolm Brenner, Research Associate with the University
of Oregon, and Harvie Branscomb, Graduate Studies with the
Massachusetts Institute of Technolory, conducted research on the
PSE. Based on their research they found the PSE not to be of a
technical quality to be used in the detection of deception.

In 1975 Gordon Barland, Ph.D, conducted a study to determine
the validity of the polygraph and the PSE in detecting deception
in suspects involved in criminal investigations. Barland found
that the accuracy of each physiological measure recorded with
the polygraph instrument exceeded chance level, whereas the
accuracy of the PSE did not exceed chance level.

Frank Horvath, Ph.D, conducted a study in which he compared
the validity of the polygraph to that obtained with an audio stress
evaluator. His research does not support the contention that audio
stress analysis is useful in detecting deception. The PSE yielded
an accuracy rate at only chance level.

From the literature available on the subject of voice stress
analysis, it is reasonable to conclude that the effectiveness of

the method in accurately detecting deception has not been resolved.
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At the present time, of the twentv-five states that license
polygraph examiners, only one, North Carolina, issues licenses
to voice stress operators. Four states, Alabama, Mississippi,
Oklahoma and Oregon, have opinions from their attornevs general
to the effect that the PSE and similar devices may not be used.
In Illinois a circuit court has issued an injunction against
their use. UNew York has passed a statute specifically pro-
hibiting the use of the PSE and similar devices in the employment
context. In Pennsvlvania it is illegal to use these devices
surreptitiously. 1In Texas voice stress operators have been jailed
and fined for using their equipment within the state. 1In
Virginia recently a voice stress operator was fined for illegal
use of the machine within the state. The state of Florida held
public hearings in 1974 concerning the Psychological Stress
Evaluator. The hearing officer concluded that the PSE in the
hands of a competently trained operator is equallv as credible
as the polygraph. At this time, however, audio stress examiners
are not required to be licensed.

The Department of Commerce is presently conducting a field
evaluation to assess the reliability of voice stress analysis
procedures and instrumentation using the Psvchological Stress
Evaluator marketed by Dektor Counterintelligence and Security, Inc.
Springfield, Virginia. Because of the inconsistency of con-
clusions reported in previous studies, the Department determined
that conducting this field evaluation would best fulfill the

intention of FHouse Resolution 45.



Initial contacts for the study were made in March, April
and May to Dektor and the Virginia State Police seeking their
assistance in the study. Dektor agreed to allow department in-
vestigators to attend an 80-hour course in the use of the PSE.
The Virginia State Police agreed to tape record actual polygraph
examinations for the purpose of charting through the PSE
instrument. Investigators attended the two-week training
course May 14 - 25, 1979.

There are two courses offered by Dektor, 40 hours and 80
hours. The 80 hour course is offered for those persons who
desire additional training and wish to apply for an audio stress
examiner's license to operate the PSE in North Carolina. Upon
conclusion of the course, one investigator provided the Depart-
ment with a descriptive analysis of the PSE instrument (Appendix).
In June a representative from Dektor appeared before the Board
of Commerce. Mr. Michael Kradz, instructor, demonstrated the
instrument and spoke to the Board concerning its operation.

A meeting was held at the Department of Commerce on
August 9th to formally establish the field study and to delineate
the areas of responsibility to those participating in the field
evaluation. Representatives of the Department of Commerce, the
Virginia State Police and Dektor were present and agreed sub-
stantially to the design of the evaluation.

In accordance with the study, two assumptions were made by
the Department: (1) that the General Assembly licensed polygraph

examiners and the use of the polygraph machine in Virginia;



ciierefore, thce polygraph process is assumed to be reliable in
detecting deception; (2) that both the PSE operator from Dektor
and the State Police polygraphers were competent in their field.

It was decided that the Virginia State Police polygraph
examiners, using their equipment, would tape record polygraph
examinations. The results of the examinations and the tapes
would be sent to the Department. The tapes would then be
distributed to a PSE examiner of Dektor Counterintelligence
and Security, Inc. and the investigators of the Department to
be charted through the PSE process. The results obtained by
the PSE examiners and the polygraph examiners would then be
correlated by an independent statistician from Psychological
Consultants, Inc. for comparisons of the voice stress analysis
method for the polygraph.

On August 23, August 28 and September 12 meetings were held
at the State Police Headquarters. There were repeated technical
problems with the equipment which was being used by the polygraph
examiners to record the examinations. On September 27 arrange-
ments were made to take an examination tape to Dektor to have it
charted on a PSE instrument. The results were of an acceptable
quality which could be charted on the PSE.

It was decided that a total of forty tapes would be charted
through the PSE process. The Department has received these forty

tapes and is now evaluating them. The Department had hoped to



have the tapes completed sometime ago; however, technical pro-
blems repeatedly set the study back in the schedule. It is

expected that the report will be completed within three to

four months.



LIST OF PARTICIPANTS

ALAN McCULLOUGH, JR. - Chairman of the Subcommittee and
member of Board of Commerce

POLLY Y. CAMPBELL - Board of Commerce
ZACK T. PERDUE Board of Commerce
BARBARA L. WOODSON - Department of Commerce
S. SUZANNE FALLS - Department of Commerce
ROBERT L. HARP - Department of Commerce
RODNEY D. GRIMES - Virginia State Police

PATRICK B. GURGANUS - Virginia State Police

LARRY W. BARDEN Virginia State Police
THOMAS A. SNEAD - Virginia State Police
GILBERT W. GRAY - Dektor Counterintelligence & Security
EDWARD W. KUPEC - Dektor Counterintelligence & Security

DAVID PURDY - Psychological Consultants, Inc.



ABSTRACT OF RESEARCH

Kubis, Joseph F. "Comparison of Voice Analysis ané Polygraph as
Lie DEtection Procedures.” Final Report, Contrﬁct No. Daanp5-72-0217,
Technical Report No. LWL-CR-03B70, August 1973, ¥. S. Arzy Land
Warfare Laboratory, Aberdeen Proving Cround, Marvland 21005. Research
conducted at Fordham University. Reprinted in 2olvarzch 3 (1) (March
1974): 1-47.

Two yoice analysis techniques were evaluated as lis detection
devices in a simulated theft experiment which "ulllzzd 174 subjects.
One group of subjects (n=137) were examined with the polygraph at
the same time as voice recdrdings were taken. 2 smaller group (n=37)
was tested only with voice recordings. The results failed to demonstrate
that either of the voice analysis techniques (Psvchological Stress
Evaluator and Voice Stress Analyzer) was effective above chance.

s



ABSTRACT OF RESEARCH

Brenner, Malcolm and Branscomb, Harvie "The Psychological Stress
Evaluator: Technical Limitations Affecting Lie Detection.” Paper
delivered at the Hearing on S. 1845, Sub-Cormitt=e on the Consititution,
Committee on the Judiciary, United States Senate, Washington, D. C.,
‘September 19, 1978. Reprinted in Polygraph 8 (2)(June 1979).

The authors conducted research on the PSE at Harvard University
and the University of Oregon. They found five basic shortcomings of
the PSE, First, they found that the scoring is highly subjective.
Considering an inter-judge reliability coefficient ¢f R = .80 as a
minimum for psychological tests to be acceptacls; they reported
that four independent studies of the PSE reportzd coefficient values
of R= ,56, R= .54, R= .39, and R = .38. S=scond, thay found that the

-scoring of words spoken changed according to the linguistic properties
of the word. For example, the number nine gave a high stress
response over the low response of the number eight, on the order of
two to one.  Third, they found that the scores é=pended on the quality
of the tape recording, with a poor tape showing less stiress. PSE
analysis from tapes sent over the telephone, a routine PSE procedure,
would characteristically show low stress. Fourth, the transcription
speed of the tape varied the PSE scores. Using the two most common
speeds, 1 7/8 ips and 15/16 ips, and comparing the results, inter-judge
reliability ranged from R = .43 to R = .47 for sach subject. 1In 8% of
the cases, one speed showed high stress, and tha other speed showed
low stress. Last, they found that subjects may be able to control

. their voice stress. Duplicating a .study by Pr. David Lykken in

which he obtained 100% accuracy with the GSR, detecting 20 out of 20

when subjects attempted to control their resconsss; the authors using

PSE and the same testing method were wrong in 13 out of 20,



ABSTRACT OF RESEARCH

Horvath, Frank "An Experimental Comparison of the Psychological
Stress Evaluator and the Galvanic Skin Response in Detection of
Deception,” Journal of Applied Psychologv 63 (3) (1978): 338-344.

A Psychological Stress Evaluator (PSE) and the GSR unit of a
field polygraph were used to detect lies about numbered cards with
30 male and 30 female college students. The detection rates for the
PSE were at chance rates.

The inter-rater agreement between two examiners who had formal
PSE and polygraph training was R = .38 for PSE analysis and R = .92
.for GSR evaluation.



ABSTRACT OF RESEARCH

"Detection of Deception in Criminal Suspects:
"A Field Validation Study"

Gordon H. Barland, Ph.D. University of Utah,
1975

This study examluved the accuracy of the pelygraph tech-
nique lor the detection of deception by criminal suspects. Scv-
enty-seven suspects involved in 67 different-cascs were
cxamined by a private poiygraph examiner using the federal
madilication of the znne compartsnn contral question technigue
Standard ficld polygraphs were used to record respiration, the
skin conduclance response (SRR, and eardiovascular activiiy
by meany of nceluston plethysmapraphy, A miplmum of three
polygraph charts were obtained from cach suspect. Addition~
ally, the suspects’ answers to the test questions were tape re-
corded for voice strcss analysis with the Psychological Stress
Ewvaluator, Model PSE-1. During the pretest Intervicw, the
MMPI L-scale, K-scale, Pgychopathie Deviancy (Pd) scale,
Depression (D) scale, aud Hypocondrlasis (Hs) scale were
orally administered. The polygraph and PSE charts were
numerically evaluated using standard (ield scoring practices.
The signiticance level for all tests in the study was .03, two-
tailed.

The examiner concluded that 55 (71.4%) of the 77 suspects
were deceptive (DI) when they denied having committed the
act of which they were accusad, 10 (13.0%) of the subjects had
no deception indicated (NDI), and the remaining 12 examina-
tlons {15.6%) were inconclusive. Excluding the inconclusives,
84.6% of the decisions were DI. When the charts were re-
scored about six months later, the scores were significaatly
more conservatlve. -Sixty-five (84.4%) of the decisions re-
mained the same upon rescoring. In no case was a decision
reversed: the main changes wete from a decision to inconclu-
sive. The mean absolute value of the scores of the NDI sub-
jects (M= 3.8) was significantly smaller than that of the DI
subjects (M=-10.5). :

In 17 of 19 cases (69.5%), the examiner correctly predicted -
the polygraph outcone by observing the suspect’s pretest be-
havior. In 27 examinations confirmed by the confession or
guilty plea of the suspect, the skin resistance response was the
single most accurate pnysiological measure, being correct in
25 of 26 declsions (96.2%).

The sign of the PSE Mode Il score agreed with the sign cf
the polygraph score in 34 of 52 cases, which was significant.

The accuracy of the examiner's decisions was assessed by
comparing the decision to the consensus of a parel consisting
of 5 attorneys and judges who had been presented with all avail-
able evidence concerning each case with the exception of the
polygraph examination result. The examiner's decisions
agreed with the direction of the panel’s decision in 37 of 47
cases (78.7%), which was signiticant. When higher levels of
agreement within the panel were required for 2 panel decision,
the agreement between the panel and the polygraph examiner’s
decisions was generally about 85%. When unanlmity of the
panel was required for a panel decision, the rate of agreement
between the panel and the polygraph outcome was £3.3%. The
three disagreements occurred on suspects considared inrocent
by the panel. When the examiner’s decisions were compared
against the judicial outcome in those cases in which the judi-
ciary was uninformed of the polygranh ouctcome, the rate of
agreement was 26 out of 29 cases (89.7%). Again, th2 disagre=-
ments occurred on suspects acquitted by the judicial process.

Nane of the following biographical variables was related to
autonomic responsivity as recorded by the polygrach: age, sex,
education, number of previous arrests, numbear of previous
polygraph examinations, depth of religious convictions, and
type of crime committed. No practical effect vron autsnomic
responsivity of the suspects’ scores on the MMPI scales was
found, including the psychopathic deviancy scale.

It was concluded that, within the limitations inherent in 2ny
attempt to validate the polygraph technique outside of the lato-
ratory setting, the results of this study support the propositicn
that carefully administered control question polygragh examina-
tlons are highly accurate in assessing the credibility of crim-
inal suspects. Orcer No. 75-29,874, 72 pages. '



THE PSYCHOLOGICAL STRESS EVALUATOR

by

3. Suzanne Falls

June 20, 1979
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INTRODUCTION

It is the intent of this report to provide a concise descriptive
analysis of the Psychological Stress Evaluator marketed by Dektor
Counterintelligence and Security, Incorporated, 5508 Port Royal Road,
Springfield, Virginia 22151. 1In this description the electronic,
psychological, and physiological terminology which describes those
aspects of this machine has been reduced to terms which may more
readily be understood by persons who are not electronics engineers,
psychologists, or physicians by profession. The sources of information
for this report which are not cited in either the reference section of
the report or the bibliography include the following:

a. A two-week instructional course in the use of the Psychological
Stress Evaluator provided by Dektor,
b. Dr. Glen L. Bull, Assistant Professor of Speech Pathology at
the University of Virginia, Charlottesville, Virginia, and
c. Mr, Wes McDonald, a Research Engineer at the University of
Virginia,
The Psychological Stress Evaluator will hereinafter be referred to by
its initials (PSE).

The PSE was invented by Allan D. Bell, Jr., Wilson H. Ford, and
Charles R. McQuiston. A patent was granted these men for the PSE by
the United States Patent and Trademark Office on July 20, 1976. A
copy of this patent is included in the reference section of this' report.
According to.this patent the PSE provides a method of detecting psych-
ological stress by the conversion of vocal utterances into electrical
signals. These signals are processed to emphasize specific inaudible
characteristics of the voice, These inaudible characteristics are
said to change with various psycho-physiological changes.

The P3E as described above is used in the detection of deception as
well as in the field of Behavioral Science for psychological testing.
One of the current uses cited by Dektor is the testing of air traffic
controllers to determine the stress levels associated with various

types of air traffic handled by *:c controllers.



MICROTREMOR AS DEFINED BY DEKTOR

The muscle microtremor is the physiological basis for the develop-
ment of the Psychological Stress Evaluator by Dektor. Dektor defines
this microtremor as an inaudible wave form resulting from the physio-
logical tremor described by Lippold as occurring in the voluntary
muscles. This wave form is an infrasonic (inaudible) frequency mod-
ulation which modulates the carrier wave (the audible portions of the
voice).

The muscles associated with the vocal folds and the cavity walls of
the larynx are subject to mild muscular tension when an individual is
under slight to moderate stress. -This tension is sufficient to lessen
or to dissipate the physiological tremor of the voluntary muscles of
the larynx.

In the muscles of a relaxed or unstressed person the extent of the
microtremor is at a maximum of eight to fourteen Hertz. The amplitude
of this tremor diminishes or ceases entirely when the amount of stress

experienced by an individual increases.



WHAT IS A PHYSIOLOGICAL TREMOR?

The source for the definition of a physiological tremor is an
article entitled 'Physiological Tremor' by Olof Lippold, which was
published in the Scientific American, March, 1971. A copy of this

article is included in the reference section of this report.

The phenomenon identified by Lippold's article as a physiological
tremor consists of minute oscillations varying between eight and
twelve cycles per second which accompany the contraction of a
voluntary muscle. This tremor varies from one individual to another,
and in the same individual from time to time. The amplitude of a ..
normal tremor can be reduced by resting the muscle or increased by
strong contraction of the muscle. The frequency of a normal tremor can

be altered by warming or cooling the muscle.



HOW SOUND IS PRODUCED IN HUMANS

In the larynx are two folds or bands of tissue called the vocal
folds, When not in use in the production of speech these vocal folds
are laid back with a wide opening to allow for respiration. They are
connected to the interior of the larynx by muscles: the Cricothyroidei
muscles, which cause tension and elongation of the vocal folds; and
the Thyroarytenoidei muscles, which shorten and relax the vocal folds.

In normal speech air in the lungs is at first contained by the clos-
ing of these vocal folds. The vocal folds then open slightly to emit
short puffs of air. This air resonates through the remainder of the
larynx, the pharynx, and the sinusoidal cavities, is modified by the
teeth, tongue, and lips, and results in the production of a sound wave.

During the course of normal speech in the average human male the
vocal folds open and close approximately one hundred times per second.
Each time the vocal folds open and clese constitutes one complete cycle.
In normal speech the period, (the amount of time required to complete
one cycle of the vocal fold opening and closing), varies from cycle to
cycle. Thus a low pitch is produced by longer periods.

The number of complete cycles per second is referred to as the
frequency of the sound wave or the fundamental voice frequency. One
cycle per second is equivalent to one hertz. The length of the vocal

folds, their degree of tension, and their mass can all affect frequency.



THE MECHANICAL USE OF THE PSE

The PSE-101 which is currently in use is an updated version of the
original PSE-1 for which the patent was obtained. The PSE-101 is
utilized in the following manner., First a recording of the PSE exam-
ination is made on either a cassette recorder or a reel-to-reel record-
er. Conventional cassette recorders record at one and seven-eights
inches per second. Recordings made on a reel-to-reel recorder should
be made at the speed of seven and one-half inches per second to allow
them to be run through the PSE at either one quarter or one eighth of
their original speed. Dektor has developed a cassette deck called the
Dek which allows cassettes recorded at the standard one and seven-eights
inches per second to be reduced to one-half, one-quarter, or one-eighth
of their original speed for processing through the PSE.

The PSE is attached to a tape recorder sy a patch cord and a power
cord for charting. Tape recorders recommended by Dektor include the
Dek for cassettes and the Uher for reel-to-reel tapes. Power for the
tape recorder is provided through the PSE, and the PSE is powered from
a standard one hundred-fifteen volt supply outlet. The recording speed
of the tape recorder is reduced by either one-quarter or one-eighth,
and the recording is processed through the PSE.. This recording may be
either selectively or wholly reproduced by the chart recorder of the
PSE, which contains heat-sensitive chart paper and a heated stylus.

The chart drive speed may either be set at twenty-five or fifty
millimeters per second, depending on the Mode chosen for charting the
responses.

The PSE has four Modes which can be used to change the size of the
pattern and the distribution of the pattern on the chart paper. Mode I
displays amplitude, with the least discernible pattern to the responses.
Mode II has a more discernible pattern than Mode I, and is useful for
identifying diction blocks and charting unstructured conversation.

Mode III causes the wave form pattern to increase vertically and hori-
zontally so that changes in the pattern are more readily identifiable.
Mode IV eliminates amplitude and centers the pattern activity on the
chart paper. Of the four Modes available for charting, Mode III is the

most commonly used in charting structured test responses.



CORRECT PROCEDURE FOR USE OF THE PSE IN DETECTION OF DECEPTION-

According to Dektor, proper detection of deception cannot be done
covertly with one set of questions., Anything short of an overt
face-to-face testing situation results in a process of elimination
of probable stressful responses. Therefore, Dektor teaches the
following method of using the PSE in the detection of deception.

Prior to testing an individual, a personal history is completed by
the subject. This form ideally should include questions about the
subject's present physical condition, background, education, and
medical history. The subject is then introduced to the examiner,
who advises the subject that the entire proceedings are being taped.
The examiner then reviews release forms and/or Advice of Rights to the
Accused forms with the subject, which are subsequently signed by all
present,

In the pre-test interview the personal history form is reviewed
with the subject. Relevant, irrelevant, and control questions are
established and reviewed with the subject. The subject is assured that
no question which has not been discussed thoroughly with him will be
asked during the examination. The PSE is explained to the subject
so that the subject's fears about the tests and the instrument may
be allayed.

The following structured tests are taught by Dektor: the Peak of
Tension test, the Irrelevant-kKelevant Technique, the General Question
test, the Zone Comparison Test, the Truth Versus Lie test, the Stim-
ulation test, and the Pre-employment test. Any of these tests or
adaptations of them are used by PSE examiners.

The first test given is generally the Modified Zone Comparison
Test. The resultant chart of the subject's responses is used by the
examiner to establish the subject's normal level of stress.. Examples
of distressed responses are pointed out to the subject on the chart,
and his help in determining the cause or causes for these responses
is solicited. After the subject has verbalized his reasons for the
distressed responses in his chart, another test is made using the
same set of questions, If the subject has correctly identified

the reasons for his distressed responses, there should be no indications
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PROCEDURE (Continued)

of distress in the second chart. If indications of distress are still
evident on the subject's chart, the examiner undertakes further dis-
cussion with the subject to determine the reasons for this distress.
Questions are again formulated and discussed with the subject relative
to the content of the questions and their meaning to the subject. If
the subject admits his guilt or complicity in a specific act in the
discussion with the examiner, a final test is used in the same manner
to establish the veracity of the subject's statements. During the
testing situation various forms of the aforementioned structured tests
may be used which have been modified to the individual situation at

the discretion of the examiner.



IDENTIFICATION OF RESPONSES IN PSE CHARTS

In the normal speech of ﬁeisons who are not experiencing excessive
stress the cycles charted by the PSE are irregular, with the entire
pattern resembling a wave form. Some degree of uniformity in these
cycles may be present in the chart of a person who is experiencing a
high level of stress. For this individual the normal level of stress
displayed in his charted responses would necessarily involve a consist-
ent degree of uniformity. It is necessary to identify this consistent
level of uniformity so that it may be differentiated from very highly
stressed, or distressed, responses,

Distressed responses are interpreted from the chart display of the
.subject's responses as being either those which exhibit a high degree
of uniformity in comparison with those displaying an irregular wave
form, or those showing a deviation from the normal stress level which
has previously been established for the subject. Patterns which
exhibit a high deg~e of uniformity are said to lack freguency modula-
. tion, thereby causing uniformity exhibited in square blocking,
diagonal blocking, a doming formation, or a tendency to produce a
block, diagonal or dome. Patterns which exhibit a deviation from the
normal stress level include cyclic rate changes, diction blocks, and
gross changes. The cyclic rate change becomes meaningful in interpret-
ing distress only when it is part of a response which exhibits uniform-
ity as in a block, diagonal, or dome. In a diction block all of the
words in a multiple word answer occupy or attain the same -height on
the PSE chart without any adjustments having been made to the equip-
ment. The diction block becomes meaningful in the interpretation of
distress when it is involuntarily produced by the subject. A gross
change is said to occur when all of the other charted responses are
multi-cycled, and a specific response appears on the chart as only one
cycle.

Responses which exhibit a higher degree of uniformity are compared
with other responses in each chart to determine the deviation from
the normal level of stress of the subject. Responses to the same
question should not be compared between two charts which are made

from separate tests because the subject's interaction with the examiner

_8-



Any comparison of

F RESPONSES IN PSE CHARTS (Continued)

IDENTIFICATION

Doming Formation

Displayed below are examples from the Dektor Manual which exemplify

these two answers would produce invalid assumption.

has caused the subject's implicit set to change.

distressed responses:-
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VARIABLES IN A TESTING SITUATION WHICH CAN INFLUENCE RESPONSES

There are a multitude of variables in the testing situation which
can and do influence the responses made by subjects while they are
undergoing a PSE examination, Many of these external stimuli can be
eliminated or ad justed so that the situational anxiety manifested by
the subject is minimal,

The relationship of the examiner to the subject should be totally
objective. An examiner should never test coworkers, family, or friends,
because the examiner's personal involvement with the subject can.and will
influence the examiner's interpretation of the results of the PSE exam-
inatibn. The room in which testing takes place should be large, light,
and well-ventilated.

Since vocal responses from the subject are necessary, it is desirable
to establish a rapport with the subject prior to administering any tests.
In order to establish this rapport it is necessary for the examiner to
detefmine from observation and discussion with the subject certain
basic attitudes held by that subject. "Communication with the subject
must be in the language the subject uses to communicate in order to
avoid the possibility of misunderstanding of word usage, meaning, or
- application by either the examiner or the subject.

The manner in which the examiner conducts the examination can also
produce misleading anxiety responses from the subject. Many persons
feel threatened by authoritarian figures; thus an examiner who presents.
an image of authority to the subject introduces unnecessary anxiety into
the testing situation. Some subjects tend to feel more comfortable with-
out direct eye contact with the examiner. All subjects perceive them-
selves as having a territorial space surrounding them, Violation of
this territorial space by the examiner can produce anxiety. Some
subjects may evidence misleading anxiety when requested to answer
questions with a simple affirmative or negative response. 1In this
instance anxiety lessens if the subject is allowed to qualify his

responses during the examination.

~-12-




SUBJECTS WHO CANNOT BE TESTED

The proper use of a personal history form prior to the testing of an

individual should eliminate the following persons who would evidence

distress
a.

b.

C.

d.

e.

f.

i.

Je

Another category of subjects who cannot successfully be tested

includes

These persons evidence a high level of anxiety to all relevant and

irrelevant questions in an examination.

throughout their PSE charts, and who should not be tested:
Epileptics,

Diabetics,

Persons suffering from or undergoing treatment for hypertension,
Hypoglycemics,

Individuals with a dependency, (i. e. drugs or alcohol),
Females who are experiencing pre-menstrual anxiety or menstrual
stress, or who are taking mood elevators after a hysterectomy,
Females who have ceased taking birth control pills and are
experiencing withdrawal symﬁtoms, .
Individuals who have not had the proper amount of sleep, food,
etc., ‘

Individuals who are suffering from any type of disease which
impairs or affects the muscles, and

Persons who have recently experienced sensory deprivation,

(i. e. persons who have been in solitary confinement).

persons who are referred to as 'Guilt Complex Reactors’'.

13-
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PHYSIOLOGICAL RESPONSE ANALYSIS
METHOD AND APPARATUS
This is a continuation of application Ser. No.
113,949, filed Feb. 9. 1971, now abandoned.

This invention relates to a method of detecting and
measuring psychological stress and to an apparatus for
accomplishing the method.

Throughout history, various societies have recog-
nized the fact that there is a relationship hetween psy-
chological stress and changes in physiological states.
One manner in which this relationship has been em-
ployed is in the causation of programmed response to
psychological stimuli, a technique which has most nota-
bly been documented by Pavlov in his experiments with

conditioned responses. Essentially the same character- .

istics have provided some basis for the development of
.techniques in such diverse fields as applied psychology,
advertising and hypnotism. Although the cxistence of
this aspect of the psycho-physiological relationship is
well recognized, it is only indirectly involved with the
precsent invention.

The second general type or category of the pqvcho-
physiological relationship, which is of more dircct in-
terest to the present invention, involves the recognition
and identification of physiological changes which occur
when the psychological changes take place. This ap-
proach is uscd more often in medical and psychological
research and diagnosis, and in lie detection.

If the physiological manifestations of a change in -

wn

A further object is to provide an apparatus for pro-
viding a visible record of those characteristics of the
human voice by which physiological changes can be
detected and from which the existence of psychological
stress'can be determined.

Briefly described, the method of the invention in-
cludes the steps of recording oral utterances of a sub-
ject on a visually observable medium and identifying
frequency components of thc recorded utterances
which indicate physiological manifestations of the psy-
chological stress. More specifically, the frcquency
components which can be identified as indicating the
physiological state changes involve, in part, the infra-
sonic variations between utterances of a subject,
changes in the infrasonic frequency vanauons being

- indicative of stress.
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psychological state are sufficiently great, it is possible . -

for some subjective cvaluations to be made by visual,
"unaided observation by a trained observer. However,
far more accurate cvaluation can be made by instru-
mentation designed to detect and measure rclatively
small degrees of physiological chunge. Those physio-
logical changes most usually considered are brain wave
patterns, heart activity, skin conductivity and breathing
activity. One cxample of such a technique is found in
U.S. Pat. No. 1,788,434 to'Leonarde Keeler.

While the measurement of these activities does pro-
vide a far more accurate cvaluation of physiological
response than does direct unaided observation, it intro-
duces scveral disadvantages. The most functionally

" serious of these problems is the artificiality of the test-
ing situation caused ‘largely by the previous require-
ment that sensors be attached to the person who is the
subject of the cxamination. In addition, techniques
heretofore used have generally required a controlled
environment with resultant restrictions on the normal
activity of the subject. Thesc requirements can be ex-
pected to induce a psychological.“set™ in the subject
which, in some cases. may be as strong as, or stronger
than, the psychological set which is to be evaluated,
thereby substantially reducing the validity of the evalu-
ation.

An object of the prt.scnl invention is to provide a

mcthod of evaluating psychological stress by detecting -

and mcasuring manifestations of physiological changes
wherein the traditional restraints are minimized or
climinated to the extent that, in some cases, the subject
under cxamination need not know that he is being
examined.

A further object of the invention is to utilize the
human voice as the medium by which changes in physi-
ological state in response to psychological stress are
detected.

3s
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The apparatus of the invention includes transducer

‘mcans for converting oral utterances of a subject into
- clectrical signuls, means for converting the frequency

modulations in those electrical signals to amplitude
modulations, and then recording the amplitude modu-.
lations thus produced on a visible record which can
then be observed to detect indications of psychological
stress.

In order that the manner in which the foregoing and
other objects are attained in accordance with the in-
vention can be understood in detail, particularly advan-
tagcous embodiments thereof will be described with
reference to the accompanying drawings, which form a
part of this specification, and wherein:

FIGS. 1 and 2 arc rt.productlons of records drawn in
accordance with the invention and illustrating vone as-
pect thereof;

FIGS. 3a— are rcproductions of a record drawn in a
test of the method of the invention and using the appa-
ratus of the invention;

FIGS. 4a—c arc reproductions of portmm of a record ,
drawn in a test of the method of the invention and using-
the apparatus of the invention;

FIG. 5 is a schematic diagram, in block form, of an
apparatus in accordance with the invention; and

FIG. 6 is a schematic diagram of a further apparatus
in accordance with the invention.

The so-called voice vibrato has becn established as a
semi-voluntary response which might be of value in

~ studying deception along with certain other reactions;
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such as respiration volume; inspiration-expiration ra-
tios; metabolic rate; regularity and rate of respiration;
association of words and ideas; facial expressions;
motor reactions;, and reactions to certain narcotics;
(TROVILLO, PAUL V. “A History of Lie Detection,"”
The Journal of Criminal Law and Criminology, Mar-
April May-June 1939.) however, no useable technique
has been developed previously which permits a valid

"and reliable analysis of voice changes in the clinical

determination of a subject’s emotional state, opinions,
or attempts to deceive.

Early cxperiments involving attempts to correlate
voice quality changes with emotional stimuli (see SEA-
SHORE, C. E., “Phonophotography in the Mcasure-
ment of the Expression of Emotion in Music and
Speech,™ Sci. Mo. 24:463-471 (1927); and METFES-
SEL, MILTON, "*What is the Voice Vibrato?" Psychol.
Monog..39 (2) : 126-134 (1928) have cstablished that
human speech is affected by strong émotion. It-has not
yct becn cstablished that these changes are directly

‘related to the functioning of the autonomic nervous

system. In fact, the results of recent experiments by the
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inventors have cstablished that detectable changes in
the voice occur much more rapidly, following stress
stimulation, than do the classic indications of physin-
logical manifestations resulting from the functioming of
the autonomic nervous system.

These experiments have further established two types
of voice change as a result of stress. The first of these is
referred to as the gross change which usually occurs
only as a result of a substantially stressful situation.
This change manifests itself in audiblc pereeptible
changes in speaking rate. volume, voice tremor, change
in spacing between syllables, iind a change in the funda-
mental pitch or frequeacy of the voice. This gross
change is subject to conscious control, at least in some
subjects, when the stress level is Belaw that of a total
loss of control. '

The second type of voice change established was that
of voice quality. This type of change is not discernible
to the human car, but is an apparently unconscious
manifestation of the slight tensing of the vocal cords
under cven minor stress, resulting in a dampening of

selected frequency variations. When graphically por-

trayed, the difference is readily discernible between
unstressed or normal ‘vocalization and vocalization
under mild stress, attempts to deceive, or adverse atti-
tudes. Thesce patterns have held true over a wide range
of human voices of both sexes, various ages, and under
“various situational conditions. This second type of
change is not subject to conscious control.
As previously understood, there are two types of
sound produced by the human vocal anatomy. The first
“type of sound is a product of the vibration of the vocal

—
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frequency modulation which is.present, in some de-
gree, in both the vocal cord sounds and in the formant
sounds. This signal is typically between 8 and 12 Hertz..
Accordingly, it is not avdible to the human car. Be-
cause OF the fact that this characteristic constitutes
frequency modulition, as distinguished from amplitude
modulation, it is not directly discernible on time-

“hase/amplitude chart recordings. Because of the fact

that this infrasonic signal is one of the more significant .
voice indicators of psychological stress, it will be dealt
with in greater detail.

There arc in cxistence scveral analogies which -are
used to provide schematic representations of the entire
voice process. Both mechanical and clectronic analo-
gies are successfully employed. for cxample, in the
design of computer voices. These analogies, however,

" consider the voiced sound source (vocal cords) and the
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cords, which, in turn, is a product of partially closing -

the glottis and forcing air through the glottis by con-
traction of the lung cavity and the lungs. The frequen-
cies of these vibrations can vary gencrilly between 100
and 300 Hertz, depending upon the sex and age of the
speaker and upon the intonations the speaker applies.
This sound has a rapid decay time.

The second type of sound involves the formant fre-
quencies. This constitutes sound which results from the
resonance of the cavities in the hcad, including the
throat, the mouth, the nose and the sinus cavities. This
sound is created by excitation of the resonant cavities
by a sound source of lower frequencies, in the case of
the vocalized sound produced by the vocal cords, or by
the partial restriction of the passage of air from the
lungs, as in the case of unvoiced fricatives. Whichever
the excitation source, the frequency of the formant is
determined by the resonant frequency of the cavity
involved. The formant frequencies appear generally
about 800 Hertz and appear in distinct frequency bands
which correspond to the resonant frequency of the
individuai cavities. The first, or lowest, formant is that
created by the mouth and throat cavities and is notable
for its frequency shift as the mouth changes its dimen-
sions and volume in the formation of various sounds,
particularly vowel sounds. The highest formant fre-
quencies are more constant because of the more con-
stant volume of the cavities. The formant wave forms
are ringing signals, as opposed to the rapid decay sig-
nals of the vocal cords. When voiced sounds are ut-
tered, the voice wave forms are imposed upon the for-
mant wave forms as amplitude modulations.

It has been discovered that a third signal category
exists in the human voice and that this third signal
category is related to the sccond type of voice change
discussed above. This is an infrasonic, or subsonic,
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walls of the cavities as hard and constant features.
However, both the vocal cords and the walls of the
major formant-producing cavities constitute, in reality,
flexible tissue which is immediately responsive to the
complex array of muscles which provide control of the

-tissue. Those muscles which contro! the vocal cords

through the mechanical linkage of bone and cartilage
allow both the purposeful and automatic production of
voice sound and variation of voice pitch by an individ-
ual. Similarly, those muscles which control the tongue,
lips and throat ailow both the purposeful and the auto-
matic control of the first formant frequencies. Other
formants can be affected similarly to a more limited
degree.

It is worthy of note that, during normal speech, these
muscles are performing at a small percentage of their
total work capability. For this reason, in spite of their
being ecmployed to change the position of the vocal
cords and the positions of the lips, tongue, and inncr
throat walls, the muscles remain in a relatively relaxed
state. It has been determined that during this relatively -
relaxed state a natural muscular undulation occurs
typically at the 8-12 Hertz frequency previously men-
tioned. This undulation causes a slight variation in the
tension of the vocal cords and causes shifts in the basic

- pitch frequency of the vaice. Also, the undulation var-
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ies slightly the volume of the resonant cavity (particu-
farly that associated with the first formant) and the
elasticity of the cavity walls to cause shifts in the for-
mant frequencies. These shifts about a central fre-

_quency constitute a frequency modulation of the cen-

tral or carrier frequency.

It is important to note that neither of the shifts in the
basic pitch frequency of the voice or in the formant
frequencies is detectable directly by a listener, partly

-because the shifts are very small and partly because

they cxist primarily in the inaudible frequency range
previously mentioned.

In order to observe this frequency modulation any
one of several existing techniques for the demodulation
of frequency modulation can be emplayed, bearing in
mind, of course, that the modulation frequency is the
nominal 8-12 Hertz and the carrier is one of the bands
within the voice spectrum.

An cxample of the infrasonic variations discussed '
above can be observed in FIG. 1 which shows a record-
ing made from the electrical signal resulting from a
transduced voice of a normal unstressed subject. The
figure depicts the pulses of the amplitude modulation
of formants by a voiced signal of approximately 190
Hertz, the variations which appear as amplitude varia-
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tions in FIG. 1 bcing amplitude representations of fre-
-quency modulation, the conversion being made by
simple slope dctection.
In order to more fully understand the represcntation

of FIG. 1, the concept of a “center of mass™ of this’

wave form must be understood. It is possible to approx-
imately determine thc midpoint between the two ex-
tremes of any single excursion of the recording pen as
the wave form of FIG. 1 was drawn. If the midpoints
between extremes of all excursions are marked and if
those midpoints are then approximately joined by a
continuous curve, it will be seen that a line approximat-
ing an average or “‘center of mass” of the cntire wave
form will result. For cxample, the midpoint of the cx-
cursion between the peaks identified as 10 and 11 in
FIG. 1 is marked at 12. Joining all such marks, with

- some smoothing, results in the smooth curved line 13 in
FIG. 1. The line 13 represents the infrasonic frequency
modulation resulting from the undulations previously
described. )

As mentioned above, it has been determined that the
array of muscles associated with the vocal cords and
cavity walls is subject to mild muscular tension when
slight to moderate psychological stress is created in the
individual examination. This tension, indiscernible to
the subject and similarly indiscernible by normal un-
aided observation techniques to the examiner, is suffi-
cient to decrease or virtually climinate the muscular
undulations present in the unstressed subject, thereby

. removing the basis for the carrier frequency variations
_which produce the infrasonic frequency maodulations.

FIG. 2 depicts an utterance similar to that of FIG. 1
but at a time of induced psychological stress. In this
case, the center of mass wave form can be scen to be
essentially devoid of the infrasonic variations observed
in the unstressed utterance in FIG. 1, even though all
other test factors and the demodulation procedures
were held constant. For convenience, the center of
mass'is approximately indicated in FIG. 2 by line 14.

While the use of the infrasonic wave form is unique
to the technique of employing voice as the physiologi-
cal medium for psychological stress evaluation, the
voice does provide for additional instrumented indica-

tions of aurally indiscernible physiological changes as a-

result of psychological stress, which physiological
changes are similarly detectable by techniques and
devices in current use. Of the four most often uscd
physiological changes previously mentioned - (brain
wave patterns, hecart activity, skin conductivity and
breathing activity) two of these, breathing activity and
heart activity, directly and indirectly affect the ampli-
tude and the detail of an oral utterance wave form and
provide the basis for a more gross evaluation of psycho-
logical stress, particularly when the testing involves
sequential vocal responses.

FIG. 3 is a recording made during a test in which a
psychological stress was induced in a female subject by
having her utter a hypothetical lie in a Pcak-of-Tension
test. In the test the subject was asked to select one
letter from a specified series of twelve letters, and to
remcmber, but maintain in confidence, which lctter she
had sclected. She was then asked if she had sclected
each of the lettérs in scquence. Further, she was told to
respond, **I did not choosc that letter’™ for each of the
letters asked despite the fact that she had selected one.
FIGS. 34, 3b and 3c, which are a continuation of the
same chart showing rccordings of the oral responses by
the subject when asked about cach of the letters, dis-

6 _
plays an apgregate of pneumographic, cardiographic
and, to a lesser degree, infrasonic influence. The signal

_for this display has been rather highly integrated to
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show more clearly the gross aggregate effect. The tech-
nique demonstrated by this chart is particularly uscful”
in determining stress zones in tests wherein the answers
constitute longer statements, wherein the statements
include different words, or wherein the tests are very
long requiring large numbers of statements. The cvalu-
ation is made simpler in thesc longer statement runs .
because wave form complexity is significantly reduced
as compared with the wave forms shown in FIGS. 1 and
2.

The charts showing the responses on the twelve letter
scries from K to V show the following significant fea-
tures which arc indicative of physiological changes
causcd by the attempted deception. A marked constric-
tion in the response to the letter K reflects the begin-
ning-of-test tension which is normal in most overt test-

'ing situations. Generally, this initial tension would dissi-

pate at L unless the. set (the psychological predisposi-
tion) of the individual were such that the initial tension
is reinforced by the tension of anticipating the ap-
proaching lie. Such is the case in this test, and tension
is seen to.continue at M, N and O, O being the point of
deception. In addition to the observable effects of the
infrasonic signal-(which is normally present in relaxed
speech but attenuated or absent in stressed statements)
there are specitic more usual physiological indicators
also present which portray the changing emotional
pattern of the individual. These are suppressionfhyper-
ventilation, diction stress, and significant delays in re-

‘sponse time. The pneumographic influcnce gives the

greatest indication of relief after the point of deception
in that a noticable increase of amplitude is indicated at
the point where the individual passed the point of de-

“ception and began to compensate for the decrease in

oxygen/carbon dioxide exchange occurring at K.
through O.
Beginning at P, the rclief which is experienced by the

subject is cvident through the remainder of the chart

* with the partial exception of Q, which can be expected

45

60

65

as 2 momentary fear on the part of the subject that
relief at P may have been audibly evident to the exam-
iner.

‘Additionally, there are certain diction stresses which
may be evident as a progressive change in an individual
pattern. This may or may not be audible as the subject
cxercises abnormal control over his diction in an at-
tempt to maintain astatic speech pattern. These indica-
tions include minor changes in individual syllable stress

-and changes in the concatenation patterns in the sepa-

rate responses. These indicators are largely responsible
for the wave form pattern (as distinguished from ampli-
tude) of the individual response displays: they follow a
slightly different progression to O, the point of decep-
tion, in that they are not as much involved with the
beginning-of-test stress demonstrated by the lower am-
plitude at K, but cause an increasingly less complex
display up to N and O, and suddenly return to their
complexity with the marked psychological relief at P.
With the cxception of Q (for the reason previously
discussed) this non-stressed pattern continues through-
out the rcmainder of the test.

It should be noted that the opposite configuration
may occur; that is, the stress may be indicated by high
amplitude and a multi-form trace while relief may be
shown by a drop in amplitude and more simple pattern.
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This, of course, depends upon whether a given individ-
ual responds to a given psychological stimulus with
excitation or depression. While the general indicators
of stress and relief may differ from test to test, they are
relatively stable within any individual test and, of
course, the infrasonic indicator remains constant from
test to test and from individual to individual.

FIGS. 4a, 4b and 4c show recordings of portions of
the responscs in the test discussed with reference to
FIGS. 3 a—. FIG. 4a shows the individual characteris-
tics of the words “*not™ and *“letter” in the response to
the letter N; FIG. 4b shows recordings of the same two
words for the letter O; and FIG. 4¢ shows these same
words for the letter P. The recordings in FIGS. 4 a—
were made at 2 somewhat higher chart speed than were
the diagrams of FIGS. 3 a— so that each horizontal
division represents a much smaller increment of time
than in FIGS. 3 a—. Additionally, the electrical signals
driving the rccording mechanism are integrated or
filtered to a substantially lesser dcgree in FIGS. 4 a—«
than in FIGS. 3 a—c. Thus, it is possible in FIGS. 4 a—<
to observe characteristics in'the individual words and,

5

-tional physiological manifestation indicators, can adapt
to.this present technique in an extremely short time.
As to the graphs themselves, the visual presentations
and the manner in which they are produced can more-
fully be understood by a discussion of some apparatus

" which can be used to produce the charts previously

10

discussed.

One embodiment of an apparatus is shown in FIG. §
whercin a transducer 20 converts the sound waves of
s the oral utterances of the subject into clectrical signals

. whercfrom they are connected to the input of an audio

amplifier 21 which is simply for the purpose of in-
creasng the power of electrical signals to a more stable,

. usable level. The output of amplifier 21 is connected to

15

a filter 22 which is primarily for the purpose of climi-
nating some undesired low frequency components and
‘noisc components.

After filtering, the signal is connected to an FM dis-
criminator 23 wherein the frequency deviations from

20 the center frequency are converted into signals which

in particular, the vowel sounds in cach word. The dia- -

grams are thus “‘expanded” and exhibit more. clearly
the infrasonic characteristics of the speech which were
discussed previously. In FI1G. 4a, the words show rela-
tively little of the infrasonic undulation of the type

25

shown in FIG. 1. Similarly, in F1G. 4b (the lie) practi- -

cally no infrasonic undulation appears. However, in

FIG. 4c the undulation again reappears, illustrating the.

relief from the stress approachced at the point of the lie,
illustrating again the phenomenon of muscular relax-

. ation which permits the acyclic undulations to recur.
Thus, as has been indicated in the previous examples,
the infrasonic wave form is obvious in the unstresscd
utterance and is greatly attenuated in the stressed utter-
ance. _

Sorne general comments about the foregoing graphi-
cal representation should be made. While the above
descriptions deal with psycho-physiological relation-
ships from some of the more significant points of view,
those who are knowledgable in these areas will readily
recognize the functions of the endocrine glands and
sympathetic and parasympathetic nervous systems in
completing the interrelationships between the psycho-
logical stimulus and the several physiological responses
involved in the present invention. Similarly, while the
details of the physiology of the larynx and the resonant
cavities of the throat and head have been described
only to the point deemed necessary to support the
techniques described herein, those persons versed in
human physiology will be aware of the well known
physical features involved in these areas.

30

vary in amplitude. The amplitude varying signals are
then detected in a detector circuit 24 for the purpose of
rectifying the signal and producing a signal which con-
stitutes a series of half wave pulses. After detection, the
_signal is connected to an integrator circuit 25 wherein
the signal is integrated to the desired degree. n circuit '
25, the signal is cithier integrated to a very small extent,
producing a wave form which is similar in configuration
to that seen in FIGS. I and 2, or is integrated to a
greater degree, producing a signal which more nearly

" resembles thosc in FIGS. 3 a—c. After integration, the

35

signal is amplified in an amplificr 26 and connected to
a chart recorder 27 which produces the visible record.
A somewhat simpler embodiment of an apparatys for
producing visible records in accordance with the inven-
tion is shown in F1G. 6 wherein the acoustic signals are

" transduced hy a microphone 30 into clectrical signals
which are magnetically recorded in a tape recording
device 31. The signals can then be processed through

40 the rcmaining equipment at various speeds and at any

time, the play-back being connected to a conventional

_=semiconductor diode 32 which rectifies the signals. The

45

rcctified signals are connected to the input of a conven-
tional amplifier 33 and also to the movable contact of
a sclector switch indicated generally at 34. The mov-
able contact of switch 34 can be moved to any onc of
a plurality of fixed contacts, cach of which is connected
to a capacitor. In FIG. 6 is shown a selection of four
capacitors 35,36, 37 and 38, cach having one terminal

50 connected to a fixed contact of the switch and the other

terminal connected to ground. The output of amplifier’
33 is connccted to a chart recorder indicated gencrally
at 39.

" An apparatus substantially identical to that shown in

It should also be recognized that, while some training S5 FIG. 6 was used to produce the chart records shown in

and experience is highly desirable in becoming adept at
recognizing ccrtain characteristics which appear in the
graphical rcpresentations discussed above, it will be
appreciated that considerably less training and experi-
cnce is necessary to interpret charts of this naturc than
is necessary for the more traditionally uscd physiologi-
cal response indicators which, in addition, have the
other disadvantages hercinbefore discussed. With a
minimum of training and cxperience one with reason-
able intelligence can frequently absorb and put to use
the principles and mecthods disclosed herein. Further,
one who is alrcady trained in the fields of polygraphic
analysis and lie detector use ecmploying the more tradi-
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"“FIGS. 14, the differcnces between the appearances of
various charts being determined by the difference in
play-back. speed used with tape recorder 3t and the
degree of integration accomplished by the selection of
capacitors with switch 34. The tape recorder used in
this particular assembly of cquipment was a Uhef
model 4000 four-speed tape unit having its own inter-
nal amplifier. The values of capacitors 35-38 were 0.5,
3, 10 and 50 microfarads, respectively, and the input.
impedance of amplifier 33 was approximately 10.000
ohms. The strip chart recorders used had sufficient
inductance to provide a desirable amount of high fre-
quency filtering and slope detection. Two recorders



- were ‘used, one being a model O-601 Esterline-Angus.

recorder (FIGS. 3 a— and 4 a—c) and the other heing a
galvanomic pen motor from a Keeler lie detector. As
will be recognized. various other components c:uld be,
or could have been, used in this apparatus.

In the operation of the circuit of FIG. 6, the rectified
wave form emerging through diode 32 is integrated to
the desired degree, the time constant being selected so
that the effect of the frequency modulated infrasonic
wave appears as a slowly varying DC level which, as
shown in FIG. 1, approximately follows the line identi-
fied by numeral 13. The excursions shown in that par-
ticular diagram are relatively rapid, indicating that the
switch was connected to one of the lower value capaci-
- tors. For the diagrams of FIGS. 3 a—, switch 34 would

be set to connect capacitor 38 to the input of amplifier
33. :

in this embodiment composite ﬁhermg is accom-
plished by the capacitor 35, 36, 37 or 38, the chart
recorder, the chart-recorder amplifier, and, in the case
of the playback speed reduction, the tape recorder.
Frequency modulation discrimination ‘is accomplished
by the frequency-sensitive filtering at the input of the
chart-recorder amplifier and by the electrical and me-
chanical inertia of the chart-recorder pen motor.

It will be recognized that the above described method
and apparatus provides a relatively simple technique
for evaluating psychological stress in a subject under
examination and can be useful in detecting efforts at
deception. It will also be recognized that the complete
ahsence of connections to the subject under examina-
tion permits the apparatus to be used with a subject
who does not know that he is being examined and also
permits examination of subjects at a remote distance,
such as over telephone lines or other communications
networks. An example of this technique is the record-
ing of the oral utterances of a person, or several indi-
viduals, appearing on a television program, notably one
program in which each of three parties claimed to be g
specific individual but only one of the parties was tell-
ing the truth. Recordings of the statements by each
paurty, processed in accordance with the method of the
present invention on an apparatus such as that shown in
FIG. 6, provided recordings from which the individual
telling the truth could be readily identified. Thus, the
apparatus is much less limited than any previously
known stress analyzing device.

While certain advantageous embodiments have been

chosen to illustrate the invention it will be understood

by those skilled in the art that various changes and
modifications can'be made therein without departing
from the scope of the invention as defined in the ap-
pended claims.

What is claimed is:

- 1. A method of identifying physmlogxcal manifesta-
tlom of psychaclogical stress in a human subject com-
prising the steps of

converting an oral utterance by the subject from

sound energy into electrical signals;

cmphasizing those portions of the electrical signals

which represent inaudible variations in the infra-
sonic frequency modulation of the voice of the
subject;

recording signals representative of the emphasized

porticns of the clectrical signals on a visually ob-
servable medium; and

observing the visual record of the utterance to deter-

mine increases and decreases in modulation varia-

10
tions, the degree of presence of the modulation
constituting an inverse measure of the stress.
2. An apparatus for producing a display of character-
istics of oral utterances of a subject, which display can

- 5 be observed for indications of irvoluntary physiological

manifestations of psychological stress, the apparatus

comprising the combination of

. g transducer means for converting the oral utterances

 {__into electrical signals,

10 -said transducer means including means for producing
a magnetic recording of the oral utterances to per-
mit repeated processing of said utterances to em-
phasize different characteristics;

signal processing means for receiving the electrical

signals and for emphasizing preselected inaudible
involuntary stress indicating characteristics
thereof; and ' )

means for displaying the emphasized charactenstics.

3. An apparatus according to «claim 2 wherein said
signal processing means includes

means for detecting infrasonic frequency variations

in said electrical signals and for provxdmg to said
means for displaying an amplitude-varying signal
representative of said variations.

- 4. An apparatus for producing a display of character-
istics of oral utterances of a subject, which display can
be observed for indications of involuntary physiological
manifestations of psychological stress, the apparatus
comprising the combination of _

30 ¢ transducer means for converting the oral utterances

g_into electrical signals;
signal processing means for receiving the electrical
signals and for emphasizing preselected inaudible
involuntary stress . indicating characteristics
thereof; and :

means for displaying the emphasized characteristics,

said signal processing means including means for
detecting infrasonic frequency vanations in said-
electrical signals and for providing to said means
for displaying an amplitude-varying signal repre-
sentative of said variations, and means for integrat- -
ing said electrical signals.

-5. An apparatus for producing a display of character- -
istics of oral utterances of a subject, which display can
45 be observed for indications of involuntary physiological

" manifestations of psychological stress, the apparatus.

' comprising the combination of

&transducer means for converting the oral utterances
7_ into electrical signals;
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50 ¢ signal processing means for receiving the electrical
signals and for emphasizing preselected inaudible
\_ involuntary stress indicating . characteristics
¢ thereof, '
5 * said signal processing means including means for

_- integrating said electrical signals; and

(means for displaying the emphasized characteristics.
6 An apparatus according to claim § wherein said

signal processing means includes means for emphasiz-

ing composite characteristics resulting from aggregate

60 physiological changes.

7. An apparatus according to claim 5 wherein

said signal processing means includes demodulator
means for converting the inaudible infrasonic fre-
quency modulations representative of the charac-
teristics to be analyzed in said electrical signals to
amplitude modulations; and '

said means for displaying includes means for record-
ing the amplitude modulations on a visible record.

65
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11
8. An apparatus for producing a visible indication of
involuntary stress manifestations comprising the com-
bination of
means for converting the oral utterances of a subject
into electrical signals;
/discriminator means for converting frequency devia-
% ticns in sald electrical signals into amplitude varia-
tions:
detector means for rectifying sald electrical signals to
produce signals having unidirectional pulses;
means for partially integrating said signals with re-
spect to time; and
means for accepting the integrated signals and for
producing a visible indication of the degree of pres-

ence of an inaudible infrasonic component in said ’

deviations,
the degree of presence of said component constitut-

ing a measure of psychological stress in the subject."

9. An apparatus for producing a visible record of
characteristics’ of oral utterances of a human subject,
which characteristics are not discernible by the un-
aided human ecar, for analysis of invuluntary psycholog-

10 .
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12

ical stress manifestations, the apparatus comprising the

‘combination of

transducer means for converting the oral utterances
into clectrical signais;
demodulator means for converting the maudmle in-
frasonic frequency modulations representative of
the characteristics to be analyzed in said electrical
signals to amplitude modulations;
means for recording the amplitude modulations on a
visible record; and
. integrator circuit means for partially integrating the
electrical signal output from said demodulator
‘means to emphusize the amplitude modulation in
the signals representative of inaudible infrasonic
frequency modulation components present in the
.voice of.the subject before recording,
the absence and degree of presence of said modula-
tions being observable as indications of the pres-
ence and dcgree of presence of psychological
= & »

- *
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PSYCHOLOGICAL STRESS EVALUATOR

This invention telates to the detection and measurement of psychological stress and, more
particularly, to the mecasurement of psychological stress at levels below those discernible without
instrumentation and the mcasurcment of psychological stress without the use of applied or visible
sensors. ) )

The existence of the relationships between psychological states and physiological responses to
such states has long been recognized. Two general types of exploitation of these relationships have
developed. The first of thesc is the causation of programmed response to psychological stimuli,
which has been most notably documcented by Pavlov in his experiments with conditioned responses,
and has provided some basis for such divergent [iclds. as applied psychology, advertising, and
hypnotism. This type of exploitation of the psycho-physiological relationships is only supple-
mentally involved with the present invention.

The second general type of exploitation of the psycho-physiological relationships involves the
identification and measurement of psycholuogical changes Ly identifying and measuring resultant
physiolugical changes. This approach is used largely in medical and psychological research and

diagnosis, and in lie deteclion. Two methods of evaluation are used. When the responses are .

sufficicntly great, some subjettive evaluations can be made by a trained observer; however, far more
accurate evaluations can be made by instrumentation designed to detect and measure relatively
small degrees of physiological change. Those physiological changes most usually “considered are
brainwave patterns, heart activity, skin conductivity, and the breathing activity, While the
measurement of these activities does provide a far mure accurate cvaluation of physiological
response than does dircct observation, it introduces several disadvantageous features. The most
funciionally scrious of these problems is the artificiality of the testing situation caused by the
requircment for sensors to be attached to the subject of the examination, the controlled
environment usually required, and resultant restrictions on the normal activity of the subject. These
requirements can be expected to induce a psychological set in the subject which, in some cases, may
be as strong as or stronger than the psychological set which is to be evaluated, thereby substantially
reducing the validity of the evaluation.

-, It has been an objective of this invention to achieve a method for psychological stress

evaluation which avoids the testing and evaluation constraints imposed by the existing requirements -

for obvious and attached sensors.

It has been a specific objective of this invention to use the human voice as the medium which
provides the physiological response to psychological change — inasmuch as the use of this medium
resolves the existing problems of attached sensors, elaborate equipment, and highly controlled
environment in association with the subject; inasmuch as this is the one physiological medium
which can be transmitted over distances by existing and readily available techniques (telephone and
radio); and inasmuch as this is the one physiological medium which can be recorded simply as a
completely valid and comprchensive analog of the medium (e.g., by tape recording).

The basic physiology of the human voice, as heretofore understood, produces two types of
sound. The first of these is a product of the vibration of the vocal chords, which, in turn, is a
product of partially closing the glottis and forcing air through the glottis by contraction of the lung
cavity and the lungs. The frequency of these vibrations may vary generally between 100 and 300
Hertz, depending upon the scx and age of the speaker and upon the intonations the speaker applies.
This sound has a rapid decay time.

The second type of sound involves the formant frequencies. This is sound which results from
the resonance of the cavitics in the head (throat, mouth, nose, and sinus cavities). This sound is
crcated by excitation of the resonant cavities by a sound source of lower frequencies, in the case of
the vocalized sound produced by the vocal chords, or b y the partial restriction of the passage of air
from the lungs, as in the casc of unvoiced fricatives. Whichever the excitation source, the frequency
of the formant is determined by the resonant frequency of the cavity involved. The formant
frequencies appear generally above 800 Hertz and appear in distinct frequency bands which

correspond 10 the resopant {requency of the individual cavities, The first, or lowest, formant is that
created by the mouth and throat cavities and is notable for its frequency shift as the mouth changes
its dimensions and volume in the formation of various sounds, particuldrly vowel sounds. The higher
formant frequencics are more counstant, because of the more constant physical volume of the
cavities. The formant waveforms are ringing signals, as opposed to the rapid decay signals of the
vocal chords. When voiced sounds are uttered, the voiced waveforms arc imposed upon the formant
waveforms as amplitude modulation.

A third signal category in the human voicc has been uncovered during the rescarch Icading to
this invention. This is an infrasonic frequency modulation, present, in some degree, in both the vocal
chord sounds and in the formant sounds. This signal is typically between 8 and 12 Hertz; therefore,
it is inaudible to the human ear. As frequency modulation, as opposed to amplitude modulation, it
is not directly discernible on time base/famplitude chart recordings. Because this infrasonic signal is
one of the more significant voice indicators of psychological stress, it will be dealt with in greater
detail. .
Tliere are several analogies which are used to provide schematic representations of the entire
voice process, Buth mechanical and electronic analogics are successlully employed, for example, in
the design of computer voices. These analogics, however, consider the voiced sound source (vocal
choeds) and the walls of the cavitics as hard and constant features. As opposed to these andlogies,
both the vocal chords and the walls of the major formant-producing cavitics are soft [lexible tissue
‘immediately responsive 1o the complex arr ay of musdles which control them, Those muscles whi¢h
control the vocal chords thru the mechanical linkage of bone and cartilage allow both the
purposeful and automatic production of voiced sound and variation of vaice pitch. Similarly, thase
muscles which control the tongue, lips, and throat allow both the purposful and the automatic
control of the first formant frequencies. Other formants can be affected similarly to a more limited
degree. It is worthy of note that, during normal specch, these muscles are performing at a small
percentage of thieir work capability. For this reason, in spitg of their being employed to change the
position of the vocal chords and the position of the lips, tongue, and inner throat walls, the muscles
remain in a relatively relaxed state. As a result of research conducted for this invention, it has been’
determined that during this relatively relaxed state a natural muscular undulation occurs at the
typically 8 to 12 Hertz frequency previously mentioned. This undulation slightly varies the tension
of the vocal chords and causes audibly indiscernible shifts in the basic pitch frequency of the voice
and it slightly varies the volume of the resonant cavity (particularly that associated with the first
formant) and the elasticity of the cavity walls to cause audibly indiscernible shifts in the formant
frequencies. These shifts about a central frequency constitute a frequency modulation of the central
or carrier frequency. In order to observe this frequency modulation, any of the several existing
techniques -for the demodulation of frequency modulation may be employed, bearing in mind, of
course, that the modulation frequency is the nominal 8 to 12 Hertz and the carrier is one of the
bands within the voice spectrum. Figure 1 depicts pulses of the amplitude modulation of formants
by a voiced signal of 190 Hertz, resulting from 2.5 Kilohertz high-pass filtering of the voice of an
unstressed subject and the contained infrasonic frequency modulation observable in the
center-of-mass waveform. A simple slope detection was made of the unlimited infrasonic waveform
of a syllable utterance.

It has been determined, further, that the array of muscles associated with the vocal chords and
the cavity walls are subject to mild muscular tension when slight to moderate psychological stress is
created in the subject. This tension, indiscernible to the subject, is sufficient to decrcase or virtually
eliminate the muscular undulations present in the unstressed subject, thereby removing the basis for
the carrier frequency variations which produce the infrasonic frequency modulation. Figure 2
depicts a similar utterance as that of Figure 1, but at a time of induced psychological stress. In this
case the center-of-mass waveform can be seen to be essentially devoid of the infrasonic variations
observed in the unstressed utterance in Figure 1, even though all other test factors and the
demodulation procedures were held constant.

While the use of the infrasonic waveform is unique to the use of voice as the physiological
medium for psychological stress evaluation, the voice provides for additional instrumented



indications of aurally ‘indiscernible physiological changes as « result of psychological stress, which
physiological changes arc detectable also by current means. Of the four most usually considered
physiological changes previously mentioned (brainwave patterns, heart activity, skin conductivity,
and breathing activity), two — breathing activity and heart activity — directly and indirectly affect
the amphitude and the detail of an utterance waveform and provide the basis for a more gross
evaluation of psychological stress, particularly when the testing situation involves sequential vocal
responses. Figure 3 depicts a test in which psychological stress was induced in a female subject by
having her utter a hypothetical lie in a Peak of Tension test, in which she responded, 'l did not
choose that letter” for each of a series of 12 letters, one of which, in fact, she had selected. The
chart displays an aggregate of pneumographic, cardiographic, and, to a lesser degree, infrasonic
influence. The signal for this display has been highly integrated to show more clearly the gross
agpregate effect. This technique is particularly useful in determining stress zones in longer statement
runs, by avoiding waveform complexity. This chart, the 12 letter series from K to V, shows the
following significant featnres which are indicative of physiological changes caused by the attempted
deception.

There is a marked constrigtion at K which reflects the beginning-of-test tension normal in most
overt testing situations. Normally, this initial tension would dissipate at L unless the set of the
individual were such that the initial tension is reinforced by the tension of anticipating the

approaching lic. Such is the case in this test, and tension is seen to continue at M, N, and O, the
point of deception. In addition to the observable effects of the infrasonic signal (which is normally
present in relaxed speech but attenuated or absent in stressed statements) there are certain more
usual physiological indicators also present which portray the changing emotional pattern of the
individual; these are supression/hyperventilation, diction stress, and significant delays in response
time. The pneumographic influence gives the greatest indication of relief after the point of
deception in that a noticeable increase of amplitude is indicated at the point where the individual
passed the point of deception and began to compensate for the decrease in oxygen/carbon dioxide
exchange occuring at K through O. Beginning at P the relief experienced by subject is evident
through the remainder of the chart with the partial exception of Q, which can be expected as a
momentary fear on the part of the subject that relief at P may have been evident audibly to the
examiner,

Additionaily, there are certain diction stresses which may be evident as a progressive change in
an individual pattern. This may or may no: be audible as subject exercises abnormal control over his
diction in an attempt to maintain a static speech pattern. These indications include minor changes
in individual syllable stress and changes in the concatenation patterns in the separate responses.
These indicators are largely responsible for the waveform pattern (as distinguished from amplitude)
of the individual response displays; they follow a slightly different progression to O, the point of
deception, in that they are not as much involved with the beginning-of-test stress demonstrated by
the lower amplitude at K, but cause an increasingly less complex display up to N and O, and
suddenly return to their complexity with the marked psychological relief at P. With the exception
of Q (for the reason previously discussed) this non-stressed pattern .continues throughout the

remainder of the test. . .
It should be noted that the opposite configuration may .occur; that is, the stress may be

indicated by high amplitude and a multi-form trace while relief may be shown by a drop in
amplitude and a more simple pattern, This, of course, depends upon whether a given individual
respands to a given psychological stimulus with excitation or depression. While .the general
indicators of stress and relief may differ from test 10 test, they are relatively stable within any
individual test and, of course, the infrasonic indicator remains constant from test to test and from
individual to individual. ‘

Figure 4 depicts an expansion of the N-O-P portion of this Peak of Tension test to show the

somewhat constrained infrasonic. waveform at N, as the tension is increasing, the more greatly
constrained infrasonic waveform at O (the “lie”) and the presence of the infrasonic waveform at P,
as a resuit of psychological relief, '

Figure 5 depicts similar portions of two narrative-type utterances made by a subject under
unstressed conditions {5a) and under conditions of induced mild anxiety (5b). As has been indicated
in the previous examples, the infrasonic waveform is obvious in the unstressed utterance and is
greatly attenuated in the stressed utterance.

While the above descriptions and examples deal with the psycho-physiological relationships
from the standpoint of an overview, those who are knowledgeable in these areas will readily
recognize the functions of the endocrine glands, and the sympathetic and parasympathetic nervous
systems in completing the course between the psychological stimulus and the several physiological
responses involved in this invention. Similarly, while the details of the physiology of the larynx and
the resonant cavities of the throat and head have been described only to the point deemed necessary
to support the techniques and findings, those persons versed in human physiology will be aware of
the well-known physical features involved in these areas.

N AW
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PHYSIOLOGICAL TREMOR

A slight oscdlation at approximately 10 eveles per second accompanies

the normal contraction of voluntary muscle. It appears to be caused

by a “hunting” mechanism in the rellex are that controls the musele

he contraction of a voluntary mus-

g cle is accompanied by tremors of
the muscle in the form of minute
oscillations. In an electrical recording of
the muscle’s activity the tremor can be
seen as a trace of very fine rhythmic
movements superimposed on the record
of the contraction itself. The amplitude
of the oscillations is about a hundredth
or a fifticth as large as that of the total
movement produced by the contraction,
and the predominant frequency, in man,
is about 10 cycles per second. This rip-
pling of the muscle, known as phys-
iological tremor, was discovered many
years ago to be a normal accompaniment
of the voluntary muscles’ activity. Vari-
ous explunations were proposed. There
were theories that the factor generating
the tremor might be the heartbeat or the
alpha waves of the brain or synchronized
activity of a group of motor neurons—
motor. nerve cells—in the spinal cord or
some form of local activity involving
only the contracting muscle or its neural

by Olof Lippold

junction. All these theories fail to ac-
count for the actual behavior of the
tremor, as we shall see. It remained for

a modern insight in technolugy, arising

from the investigation of servomecha-
nisms and the role of feedbadk, to sug-
gest what now seems to be the correct
explanation of physiological tremor.
The first clue leading to this explana-
tion came from a study of muscle trem-
or made a little more than a decade ago
by Martin Halliday and Joe Redfearn at
the National Hospitals for Nervous Dis-
eases in London. Applying the tech-
niques of Fourier analysis to the fre-

quency spectrum of physiological trem- :

or, they found that the major part of the
tremor consisted of an oscillation of the
reflex mechanism that controls the length
and tension of a stretched muscle. The
fact that the tremor’s spectrum peaks
sharply in the narrow range between
eight and 12 cycles per second then
pointed to a likelihood that physiological
tremor is an oscillation like the “hunting”

AFFERENT NERVE

REFLEX ARC that senses and controls the stretching of a volun-
tary muscle consists of three main components: a sensory ending
within the muscle that signals the amount by which it is stretched,
an afferent nerve fiber that conveys the signal to the spinal cord
and a motor neuron in the cord that in response sends a contrac-

SPINAL CORD

behavior of mechanical servomecha-
nisms, because characteristically in such
systems the energy tends to be concen-
trated in a rather narrow bandwidth.
Consider the simple thermostat, a
servomechanism designed tc maintain
temperature at a constant level. In this
feedback control system there is an un-
avoidable delay in the response to a
change in the temperature of the regu-
lated space or object, so that the system
overcorrects and the temperature keeps
oscillating slightly above and below the
desired value. In short, the temperature is
continuously in a state of slow “tremor.”
Built into the body of every mammal
is an entire complex of biological servo-
mechanisms, analogous to the thermo-
stat, that operate to maintain the body’s
internal stability. Many of these homeo-
static mechanisms are nervous reflexes.
For instance, there are reflexes that ad-
just the diameter of the eye pupil to
control the amount of light impinging
on the retina, there are nerve pathways

~ -~
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tion-activating signal to the muscle by way of the efferent nerve.
Phy=iological tremor has been investigated in the author’s labora-
tory at University College London by interrupting this feedback
loop at a -uitable point, by modifying the properties of the loop
and by introducing various inputs into the opened or intact loop.



thatkeep the blood pressure constant and
there are the stretch reflexes of muscle.
In the case of the stretch mechanism
the control system is a reflex arc con-
sisting of three main components: a sen-
sory ending within the muscle that sig-

an afferent nerve fiber that conveys the
signal to the spinal cord and a motor
neuron in the cord that in response sends
an activating signal to the muscle by way
of the efferent nerve. A simple example
of the operation of such an arc in main-

nals the amount by which it is stretched,  taining stability is the reaction to a slight

COMPUTER

LGHT
SOLRCE

EXPERIMENTAL APPARATUS used by the author and his colleagues for recording phys-

iological tremor in humans is shown in this illustration. The subject’s forefinger interrupts-

a beam of parallel light falling on a ground-glass slit. Behind the slit is a photodetector,
the output of which is amplified and fed into a small fixed-program averaging computer.
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TYPICAL FREQUENCY SPECTRUM for finger tremor was measured using the apparat-
us depicted at the top of the page. The curve shows the acceleration of the finger plotred
against the frequency of the oscillation in order to bring out the fact that finger tremor takes
place in a clear-cut frequency bund extending roughly from six to 12 eycles per second, ~u-
perposed on a more or less flat base line. Since acceleration is proportional to the di-place.
ment of the finger times the frequency squared, the points on the ordinate were obtained
by multiplying the first differential of the output of the photodetector hy the frequency.

_push tending to tilt a standing person

forward and thus move him off balance.
The slight stretching of the extensar
muscles in the back of the legs resniting
from the push generates trains of nerve
impnlses thut go to the spinal card and
there activate the appropriate mstor
neurons, which in turn incite a smalil
strengthening of the contraction of the
leg muscles, thus correcting the pos:re.
All muscles are supplied with this kind
of control system, usually operatirg in a
more complex way than I have just de- .
scribed. The "control generally is con-
cerned either with damping the mriscle’s
movements or with ensuring that for the
given action of the operated limb there
is.an appropriate relation between the
muscle’s tension and its length.

Once it was realized that physiological
tremor in muscle had much the same
character as the oscillations of a mechan-
ical control system, physiological tremor
became accessible to the kind of detailed
investigation in mathematical terms that
engineers employ in studying the param-
eters of a servomechanism. The prob-
lem can be attacked experimentally bv
three devices: (1) opening, or interrupt-
ing, the feedback loop at a suitahle
point, {2) modifying the properties of the
loop, {3) introducing various inputs, such
as step functions (variables that change
value in steps), into the opened cr the
intact loop. In our laboratory at Univer-
sity College London we have applied
these methods to look into the causation.
properties and behavior of tremor in
muscles.

We hegan by examining the effects of
interruption of the loop. Since cutting
the loop on the efferent side would sim-
plv abaslish all activity of the muscle un-
der study; it was obvious that significant
information could be obtained onlv by
intermipting the afferent side. This could
be done at the muscle spindle generuting
the sensory message, in the fiber convey-
ing the message to the spinal cord or at
the fiber’s synapse with the motnr neu-
ron in the cord. It happens that certain
patients are aflicted with an afferent in-
terruption: tertiary syphilis of the cen-
tral nervous system somctimes abolishes
the conduction of impulses by the affer-
ent nerve. We found that these patients
generally showed no sign of the oscilla-
tion peak around 10 cycles per second,
the mark of physiological tremor, when
a muscle was stretched. Simi]nrl_v, the
tremor peak disappeared in cats when
the afferent nerve was cut experimen-
tally. The same result was ohtained
when we interfered with the normal ac-
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TREMOR CAN BE REDUCED by cutting off the blood supply to
the muscle. The top trace represents a forefinger tremor that grad-
ually disappeuars after a blood-pressure cuff is inflated at the time
indicated by arrow 4. After the cuff is deflated at arrow B, some

tion of muscle spindles in signaling the
stretching of the muscle. Cutting off the
blood supply to a muscle causes pro-

found disturbance of these spindles; they

fire impulses spontaneously at a high
rate and become almost completely un-
responsive to stretching. When we cut
down the blood supply to a muscle with
an inflated cuff applying pressure to the
artery, we found that physiological trem-
or in the muscle disappeared within 30
to 60 seconds. All in all, these observa-
tions and experiments tended to sup-
port the hypothesis that physiological
tremor is associated with muscular con-
traction and signifies an oscillatory proc-
ess taking place in the stretch-reflex
loop.

Turning to the second device for

experimental investigation—modifica-
tion of a property of the loop—we select-
ed first a treatment that might affect the
oscillation frequency. In the stretch-re-
flex cycle there is a .certain major period
of delay: it consists in the time the mus-
cle takes to contract after receiving the
activating signal from the spinal cord
and then to stretch again (either as a re-
sult of its elasticity or in response to a
load on the muscle). Obviously if tremor

is an oscillatory process, the frequency

of the oscillations will be affected by any
change in the duration of the delay. On
tois premise we performed the experi-
ment of cooling or warming the muscle,
which would be expected to lengthen or
shorten the delay interval. The experi-
ment in human subjects consisted in
immersing a leg in water at a given
temperature and recording the tremor
frequency with a transducer [see illus-

S P T B

tration on next page]. Most subjects were

" able to stand temperatures up to about

113 degrees Fahrenheit and down to
the freezing temperature of 32 degrees,
but we must admit that one of our best
subjects fainted when he put his leg in
really cold water!

We found that cooling could slow the
tremor from the normal rate of about 10
cycles per second to as low as five cycles,
and rewarmihg could speed it up to
nearly 15 cycles per second. It seems
safe to conclude that the only reasonable
interpretation of these results is that the
tremor is indeed the kind of oscillation
that takes placé in a servo loop. We
found also that in trembling muscle
groups of action potentials accomparied
the tremor and remained in phase with
it as the oscillations slowed down or
speeded up. The presence of the action
potentials strongly indicates that the os-
cillations actually represent nerve-gen-
erated, synchronized muscle activity
rather than, say, dying mechanical re-
verberations of the trembling limb.

Just as the tremor frequency could be
changed by altering the delay interval,
it might be expected that the tremor
amplitude could be changed by modify-
ing the system’s sensitivity, or what en-
gineers call the “loop gain.” The signal-
generating spindles of muscle offered an
opportunity for such modification. These
spindles have a complex structure, typi-
cally consisting of a central bag that con-
tains the stretch-sensitive nerve endings
and muscle fibers that contract and pull
on the nuclear bag when they are ac-
tivated. The fibers have their own acti-
vating nerve supply, provided by small
moter fibers called “gamna” nerves be-

two minutes later, the tremor gradually returns. The two boitom .
traces, made on faster-moving recording paper at the times
indicau_ed by arrows ¢ and b, show the detailed wave form of
the tremor before and after the blood supply has been cut off.

cause of their small diameter. Conse-
quently some experimental intervention
that activated the gamma nerves should
increase the firing rate of the muscle
spindles for a given stretch of the main
muscie, thus enhancing the sensitivity of
the entire reflex are.

A simple maneuver called “]endrasQ
sik’s reinforcement” is known to produce
a general enhancement of reflex actien
by way of activation of the muscle spin-'
dles’ motor fibers. The maneuver con-
sists in gripping one hand with the other
and holding on while attempting to pull
them apart. Applying this test, we ob-
tained a most gratifying increase in the
overall amplitude of physiological trem-
or. This again supported the oscillation
theory.

For the third test of the thedr_y—intro-

ducing inputs into the loop—we in-
jected perturbations, by means of a me-
chanical prod, into the loop in an intact
condition. As the prod we used a mov-
ing-coil transducer (driven by a power
amplifier) that vibrated with a constant
amplkitude of two millimeters and prod-
ded a human subject’s extended middle
finger. In order to record the tremors in-
duced in the finger, it was placed in the
path of a parallel beam of light directed
at a photodetector mouated behind a
vertical slit of ground glass; any oscilla-
tions of the finger were thus focused and
measured [see top illustration on page
8].

It turned out that a prod of the freely
extended finger lasting 30 milliseconds
usually generated a series of five or more
roughly sinusoidal waves. The frequency
of the waves was the same as that of nor-
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LEG MUSCLES WERE COOLED in this experimental apparatus designed to measare the

effect of temperature on the frequency of a muscle’s tremor. Copper electrodes were in- -

serted into the muscle through hypodermic needles, which were subsequently withdrawn
as shown. A transducer was employed in two alternative positions to measure the muscle’s
“twitch™ time. In position a the transducer was attached to a bending har connerted to a
hinged foot platform; in position b it was strapped to the calf and connected 10 a needle
inserted through the skin with its tip in the muscle. Water at the desired temperature
flowed through the tank, while the subject stood upright in as normal a posture as possible.

Reflexes were elicite? hy means of sudden blows on a steel strip attached to the foot plat-

form, raising the platform abruptly. The tension in the strip was recorded during maneuver.

mal tremor (generally about 10 cycles
per second), and the amplitude was
roughly uniform in a given subject. This
could be taken as evidence that the
waves were phase-locked to the mechan-
ical input and hence represented oscilla-
tions such as would be expected in an
underdamped (that is, flexible) servo-
mechanism. Superimposed on the 10-
cvcles-per-second waves we often found,
in the early part of the record, vibrations
of about 25 to 30 cycles per second.
These waves proved to be due to the
mechanical, die-away resonance of the
finger, as was shown by the fact that
they were retarded when a load was
placed on the finger.

Was the 10-cycles-per-second oscilla-
tion purely mechanical in nature or did
it have the same neurological origin as
physiological tremor? Several items of

. evidence indicated that it was in fact

nerve-generated. Its frequency was al-
ways the same as that of the customary
physiological tremor in any given indi-
vidual. Warming or cooling the muscle
or cutting off the blood supply produced
the same results as when these treat-
ments were applied to physiological
tremor. Bursts of action potentials,
phase-locked with the oscillations, took .
place in the prodded finger as they do in
normal tremor, and the amplitude of the
oscillations and "the size of the action
potentials tended to increase rather than
to die away, indicating that .energy was
somehow being fed into the system and
thus giving Further support to the idea
that the prod had initiated a process in-
volving nerve activity.

With the prodding technique we ob- -
tained new evidence that the waves of
normal tremor represent oscillations in a
self-sustaining feedback loop. It would
be expected that in such a system the
injection of an input of the same ampli-
tude as that of the tremor would either
enhunce or suppress the tremor waves,
depending on whether it was applied in
phase or out of phase with those waves.
A prod less than half a millimeter in am-
plitude could serve as such an input. We
carried out this experiment in various
ways. In one version we applied the
prod at random intervals while the mus-
cle was in continuous tremor. Then, ex-
amining the record, we could see what
happened to the oscillation when the in-
put occurred at various phases of the
wave form. This experiment showed that
the tremor was indeed enhanced when
the prod occurred in phase and was sup-
pressed for several cycles when the prod
came in antiphase [see holtom illustra-
tion on puge 8].



In interpreting the results of all these
studies we must first be clear about ex-
actly what we mean-by physiological
tremor. Tremor in a muscle can be pro-
duced by a great variety of stunuli: the
beating of the pulse, general movements
involving a number of other muscles,
even vibrations created by pussing traf-
fic. In identifying and examining normal
physiological tremor, however, ‘we are

concerned specifically with the ripple

that is superimposed on the voluntary
contraction of a particular muscle and
arises solely from this activity. Conse-
quently in order to investigate physio-

logical tremor in a finger, suy, we must

fixate the limb as a whole so that ex-
traneous movements are excluded and
we can focus on the indigenous oscilla-
tions of the finger muscle itself. One
must also distinguish between normal
physiological tremor and pathological
tremor such as that of Parkinson’s dis-
ease. The Parkinson tremor has a differ-
ent frequency, peaking at about five
cycles per second. Apparently, like nor-
mal physiological tremor, it is character-
ized by oscillating loops, but its origin
is different, it probably involves the
brain stem, and the experimental find-
ings in the normal case do not necessar-
ily have any application to the pathologl-
cal one or vice versa.

In the light of the new experimental

information, how do the old theories

about physiological tremor stand up? Let
us consider first the theory of an origin
in the brain. After the discovery by
encephulography of the brain’s alpha
waves there were several reasons to sup-
pose tremor might well be connected
with those waves. The alpha rhythm
is very similar to tremor oscillations in
wave form and in frequency (ranging
from eight to 13 cycles per second for
alpha). In both cases the development of
the frequency follows the same course,
starting at five cycles per second in
young children and accelerating to about
10 cycles in aduits. Both alpha waves
and tremor respond in much the same
way to a sudden stimulus {such as a loud
sound), to anesthesia, to sleep and to
~ general alerting of the system. Yet the
many attempts to find a causal connec-
tion between the two phenomena were
fruitless. It became evident that the
rhythms do not quite match each other,
either in frequency or in phase. When
the tremor frequency is changed dras-
tically (for example by cooling the mus-
cle), there is no change whatever in the
brain’s alpha rhythm. No delay interval
such as exists in the tremor loop has
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EFFECT OF COOLING on tremor in leg muscle is indicated by this graph, which -hows a
large increase in the mean interval between bursts of action potentials in the calf mascle
plotted during the course of the immersion of the leg in cold water. At the 10th minate the
leg was cooled by filling the tank with water at a temperature of about zero degrees Celsins;
the tank was emptied again at the 26th minate. Mechanical tremor waves recorded dus-
ing this experiment bore a constant phase relationship with the action-potential bursts.

been found in the brain’s motor systems.
Another finding arguing against the
brain’s involvement is the fact that when
the spinal cord is severed from the brain,
tremor at about 10 cycles per second can
still be induced in muscle by stimulating
the cord electrically.

Although the search for a connection
between physiological tremor and elec-
trical activity in the brain was unsuccess-
ful, it might profitably have been pur-
sued further than it was. It now appears
that the alpha waves may be generated
by the extraocular muscles (voluntary
muscles that control movements of the
eyeball).

Then there is the simple and attrac-
tive theory that tremor may be originat-
ed by the spinal cord. This hypothesis
has gone through several versions. One
suggests that the group of motor neurons
activating a muscle may somehow syn-
chronize their discharge of lmpulses in
a rhythmic fashion. The main problem
with this theory is that it cannot explain

how the cooling or warming of a muscle .

would alter the frequency of discharges
in the cord, or how prodding a finger

would generate tremor or bring about a
change in the amplitude of the oscilla-
tions. Another version of the theory ar-
gues that the rhythmic waves may be
produced by a pacemaker of some kind
in theé cord, causing bursts of action po-
tentials at about 10 cycles per second.
Such systems have been found in the
thalamus of the brain, but no evidence
for the existence of such a center in the
spinal cord has been established. ’

Finally, there is the hypothesis that

tremor may be strictly a local phe-
nomenon within the muscle (perhaps
with participation by the neuromuscular
junction), not involving the spinal cord
or the brain at all. One ingenious and
plausible idea i imagines the muscle to be
acting as a low-pass filter that screens
out all 1mpu]ses except those at about
10 cycles per sécond. We know that dur-
ing a voluntary contraction motor units
composed of functionally identical mus-
cle fibers start discharging at zbout sev-
en-cycles.per second and then accelerate
up -to 30 or 40 cycles per second as the
strength of the contraction increases.



Experiments in stimulating an isolat-
ed nerve-muscle preparation at various
rates show that when the rate of stimu-
lation is raised to above 10 cycles per
second, the individual twitches fuse, or
merge, into a more or less smooth teta-
nus. Similar experiments in stimulating a
human muscle through the skin with

brief electric shocks produce the same
result. [t is also known that the motor
units in muscle do not often fire at much
below the 10-cycles-per-second frequen-
cy. Thus, assuming that the units fire

more or less at random, the result of the

filtering effect would be that only the ac-
tion potentials with a frequency in the
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FINGER-PRODDING APPARATUS employs a moving-coil transducer driven by a power
amplifier that is fed with step-function signals from a crystal-controlled timing circuit. The
timing circuit also triggers the averaging computer, which then derives the algebraical sum
of the wave form of the finger displacements for a given number of consecutive prods.

A CRVAVAS

> <—1SECOND

TREMOR IS SUPPRESSED OR ENHANCED depending on the instant at which the prod
is administered. When the prod is given out of phase with the ongoing tremor tleft). the
tremor is suppressed. When the prod is in phase (right), subsequent waves are enhanced.

’ neighborhood of 10 cycles per second

{in a normal human subject) would be
effective in producing the small discrete
contractions that account for the major
part of tremor.

- There are a number of powerful
objections to this theorv, however. In
the first place, if the motor units fire
randomly, there will be no discernible
tremor, even if all the units are firing at
the rate of about 10 cycles per second,
unless there is a synchronizing mecha-
nism that causes them to fire in phase.
Secondly, the theory implies that a fac-
tor such as fatigue, which considerably -
lowers the threshold frequency at which

_individual twitches merge, should slow

the tremor frequency to much below 10
cycles per second; actually it is found
that during and after fatiguing contrac-
tions a muscle always shows a slight rise
in the tremor frequency and a marked
increase‘in its amplitude.

The results of some of the experiments -
I have mentioned are also not com-
patible with the flter theory. It cannot
explain the clear correspondence be-
tween the grouping of action potentials
and the tremor waves, nor the fact that
a brief displacement of a stretched fin-
ger by a prod produces a train of waves
phase-locked to this perturbation. More-
over, whenan isolated muscle is stimu-
lated through its motor nerve with re-
peated shocks at rising frequency, the
muscle’s contraction shows no increase .
in tremor at about 10 cycles per second, -
as would be expected if there were a
filtering effect.

If we accept the hypothesis that the

physiological tremor at from eight to
12 cycles per second arises as a hunting
phenomenon in the stretch reflex arc, in
the final analysis we must ask why this
biological servomechanism is so “inefli-
cient” as to allow tremor. Most man-
made control mechanisms are provided
with devices that automatically suppress
oscillation and thus ensure stability. An-
alyzing the control system in the reflex
arc, however, we can see that excessive
damping in this system would inevitably
slow the response to stimulation. Reflex
action therefore must involve a- neces-
sary compromise between speed of re-
sponse on the one hand and a certain
degree of overshooting, or inaccuracy,
on the other. We have found in exam-
ining a large number of normal human
subjects that most of them have some
tremor superimposed on their muscular
activity. The amplitude of the tremor
usually does not exceed 2 percent of the
physiological range of movement of a



—> 1 SECOND<— ] X
SERIES OF DAMPED OSCILLATIONS can be induced in a recorded at four times the gain. The two lower traces are records

trembling finger by means of a single prod. A brief prod delivered of normal tremor in the finger. Trace ¢ is a control run with 16
just before the arrows was responsible for the two upper traces. sweeps with no prodding at the same gain as trace a; trace d is
Trace a is an average of 16 consecutive sweeps; trace b is one sweep a single sweep, again without prodding, at four times the gain.
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—>.1 SECOND<«—

ELECTRICAL SIGNALS from a prodded finger muscle were re- (boitom trace) turned out to be very nearly in phase with the
corded by means of surface electrodes applied to the skin over oscillating displacement of the finger itop trace) that resulted
the muscle. The bursts of action potentials recorded in this way from a single prod administ2red at the time indicated by the arrow.



limb. It would appear that this amount

of oscillation can be tolerated in the in-
terest of maintaining a fast response.

Why do some normal people have

more tremor than others? We find that

tremor varies not only from one person

- to another but also in the same individ-

ual from time to time. Apparently the

central nervous system normally brings
ahout variations in tremor from minute
to minute (leaving aside the changes
that may be produced by factors such as
fatigue, circulating adrenalin or patho-
logical conditions such as hyperthyroid-

ism). We have already noted that Jen-
drassik's maneuver can increase tremor,
presumably because the strong contrac-
tion of a muscle results in a spreading
“irradiation” of nerve action speeding up
the frequency of motor impulses gener-
ally. Some recent experiments show that

— > 1 SECOND «——

VISUAL FEEDBACK LOOPS sppear to have little influence on
either normal tremor or prod-initiated tremor. The superposed
traces in both cases represent four sets of averaged responses to a

L

——> ) SECOND <—

DECEPTIVE SIMILARITY is evident in these two traces, which
were recorded simultaneously using the same subject. The top
trace represents physiological tremor recorded in the forefinger.

10
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forefinger prod given just before the arrow. The top traces were
recorded with the eyes open. the bottom traces with the eyes
closed. The recordings were made alternately with the same subject.
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The hottom trace represents the “alpha” rhythm recorded from
the scalp using a conventional electroencephalograph. Hypotheses
relating these two types of oscillation have had to be abandoned.



normal tremor can also be reduced. Rest-
ing a limb for some hours (for example
by putting an arm in a splint) will reduce
the amplitude of tremor iu all the nius-
cles of the arm. This may involve the
same mechanism that is affected by a
stronyg contraction; inactivily may re-
sultin a decrease of activity in the fu-
siisotor systemn (the systemn of gamma
motor nerves in muscle that cause the
muscle spindles to contract), whereas
strong contraction stimulates increased
activity m the system.

Quile by chance, while we were

screcning a large group of students for

visual defects, we came on a surprising
and fascinating discovery. It turned out
that people with poor eycsight tended
to show an unusually large amount of
finger tremor! This was particularly true
of fursighted individuals: the amplitude
of their finger tremor was mych larger

than nonnal. Tentatively we postulate

_ that the explanation may be essentially

the same as in the case of Jendrassik’s
maneuver. Tu farsighted people there is
a conflict between the acts of accom-
modation (focusing the eyes on a near
object, for example) and convergence
(dirccting the optical axes of the eyes
toward the object). Anatomically these
two ucts are joined, so that they cannot
be performed separately; hence in a far-
sighted person any effort exerted to ac-
commodale the lens to bring an object
into focus also will tend to make the eyes
converge on oo close a point and thus
produce double vision. A possible action
to correct this might bring into play the
rectus muscles of the eyeball that rotate
the eyes outward horizontally. We can
suppose, then, that the activity of these
muscles may be intense enough to bring
about stimulation of the fusimotor sys-

tems and hence tremor in all the other
muscles of the body while the individual
is actively observing his environment.
We have one piece of concerete evidence
that this theory represeats something
close to the actual state of allairs. It is
found cxperimentally that if a person
with normal vision wears special glasses
that make him functionally farsighted,
after a day or so the wwmplitude of his
fger tremor increases considerably.

Clearly physiological tremor is intro-
ducing us to a fascinating field of stui-
With the sophisticuléd techniques ot
investigation and analysis now available,
there is reason to hope that we shall be
able to find answers to some puzzles
aboat normal muscle activity and also
to learn something ubout how pathologi-
cal tremors arise, thereby making them
more useful as a diagnostic and prog-
nostic tool in psychiatry.
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