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COMPUTER SYNTHES

OF MUSICAL SOUNDS ...

. —

BY J. R. PIERCE

Led by such pioneers as the late Edgard Varése, during
the last quarter century composers have become increas-
ingly interested in extending the resources of music. They
have used such sources as oscillators, white noise gener-
ators, and pulse generators, rather than directly imitative
instruments such as electronic organs and electrical gui-
tars. A large body of this so-called electronic music has
been composed and produced at American and European
studios; for instance, the Columbia-Princeton Electronic
Music Center in New York, the Experimental Music Stu-
dio at Urbana, and the Westdeutscher Rundfunk in
Cologne; and a great deal of musique concréte has been
produced by the Groupe des Recherches in Paris. Many
of these works are available on tapes and records and are
heard with increasing frequency in concert halls. Com-
posers and engineers have developed elaborate techniques
for the creative use of those sound resources previously
unavailable for musical composition; and, with the help
of behavioral scientists and electronic apparatus for syn-
thesizing sound, they have also undertaken some psycho-
acoustic investigations. Some sound engineers—notably
the author of this article—have turned from analog equip-
ment, such as electronic music consoles or signal genera-
tors, to digital computers for producing musical sounds,
since digital computers are in some respects more flexible
than analog devices in synthesizing sounds and are pow-
erful tools for analyzing complex sounds.

Dr. Pierce, who recently gave a lecture at Rockefeller
entitled “Some Things We Have Learned from Synthe-

sizing Musical Sounds,” is Executive Director, Research
— Communications Sciences Division of the Bell Tele-
phone Laboratories. He is well known for the develop-
ment of the traveling wave tube and other devices that
have had great influence on the art of communication,
and he was the moving spirit behind the first communica-
tion satellite, Echo 1. In the field of “light” literature Dr.
Pierce is perhaps best known by his pseudonym, J. J.
Coupling, under which he has written science fiction
short stories and articles.

IT was INEVITABLE that some effort should be made
to use modern electronic digital computers in con-
nection with music; and, indeed, this has been done
with a variety of approaches.

One possible field of use is in the analysis or pro-
duction of musical scores. I myself dabbled with this
idea as far back as 1950,' and others have pursued
the matter far more diligently. Accounts of such
work and bibliographies concerning it can be found
in recent articles by Hiller and Beauchamp? and by
Pierce, Mathews and Risset.?

Some five years ago, M. V. Mathews, N. Guttman,
and I found a quite different application for the com-
puter in connection with music. This was not in the
analysis or composition of music, but in the produc-
tion of musical sounds.

We were led into this by the use of the digital com-

1965 NOVEMBER-DECEMBER 1




puter at the Bell Laboratories as a means for simu-
lating the performance of complex speech processing
devices, such as vocoders. In such simulation, the
speech is reduced to a numerical description. This
description is then processed by the computer as the
original speech wave would be processed by the de-
vice simulated. The computer produces a sequence
of numbers which represent the output of the device,
and this sequence of numbers is recorded on mag-
netic tape and then converted into sound.

It is easy to go from this use of the computer to the
idea of having the computer produce by prescribed
rule a sequence of numbers to be converted into the
corresponding sound. This is what we did. Our work
has been described in a number of publications.*?

The computer is an interesting source of sound,

whether the sound be synthetic speech (toward
which we are working) or sounds which might be
used in music. For the computer is a universal source
of sound, without any of the specialization of the
human voice or of musical instruments, either me-
chanical or electronic. A mathematical theorem,
called the sampling theorem, tells us that if a musical
or other sound contains no frequencies above the
frequency B, the sound can be accurately and com-
pletely represented by and re-created from a series
of 2B numbers per second, numbers which describe
the amplitude of the sound wave at equally spaced
sampling times.

Thus, if we want to use the computer to generate
sound waves with frequencies no higher than 5000
cycles per second, we cause the computer to write

Jean-Claude Risset follows Purcell trumpet score while listen-
ing to computer-synthesized version played back on tape
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10,000 numbers per second on a magnetic tape. In
order to produce a sound wave, these numbers are
read out through a digital-to-analog converter. When
the resulting sequence of pulses is passed through a
low-pass filter whose bandwidth is 5000 cycles per
second, the output will be a smooth wave, represent-
ing the sound. What numbers do we cause the com-
puter to write? We program the computer to choose
the numbers according to some rule; for instance, a
very simple rule might be that the samples be ordi-
nates of a sine wave of specified frequency and am-
plitude. We can go beyond this to other wave forms
and to more complicated specifications.

Let me emphasize the universality of the com-
puter. It can in principle produce any sound, not
only any hearable sound, but any possible sound of
limited bandwidth, whether or not the ear can dis-
tinguish that sound from other sounds.

Compared with this potential universality, the
sounds we actually have produced cover a compara-
tively narrow range. Yet these sounds have seemed
to us to have interesting, or we might say musical,
qualities. The range of sounds produced overlaps
the range of conventional musical sounds. The com-
puter sounds exhibit some features which are not
found in conventional music and, alas, conventional
music exhibits many desirable features which we

representing sound ,

have not been able to produce by means of the com-
puter. ‘

Our procedure has been to generate various
sounds and present them in simple man-made musi-
cal compositions. Just hearing a sound once is insuf-
ficent for us to make a judgment concerning it. Re-
peating a sound indefinitely is boring. Thus, we have
felt that in exploring sounds it is best to put them in
some simple, short musical context. Many of our ex-
periments are available on a Decca record, “Music
from Mathematics.”6

The examples given on the record are arranged in
a rather arbitrary order, which somewhat obscures
the progress we have made and how we were led
from one thing to another. I propose to recapitulate
some of the successive steps we took in attaining a
greater variety and better quality of sound.

In a very early piece called “Stochatta,” the musi-
cal sounds were merely sine waves and squarish
waves, which were turned on and off abruptly. There
was a little more flexibility than in the electronic
organ in that the amplitudes of the sounds could be
chosen at will and very complex rhythmic patterns
could be easily produced, but in other respects the
sounds of “Stochatta” are much more primitive than
those of a good electronic organ.

We of course knew very well from musical lore
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that variations of amplitude and frequency with
time are extremely important. We surmised that an
abrupt rise and gradual fall in the amplitude of a
wave would give the sound a plucked quality, and
that a small sinusoidal variation in frequency would
add the pleasantness or warmth associated with vi-
brato. The validity of these conjectures is demon-
strated in a short piece called “Variations in Timbre
and Attack.” This piece also exhibits a peculiar slur-
ring quality associated with an abrupt frequency
shift near the beginning of a note. In this piece a
simple melody is played in the first three sections,
but in the fourth section two quite different se-
quences of pure sinusoidal tones are played. How-
ever, the difference between the frequencies of the
two simultaneous tones is always the frequency of a
note of the original simple melody. And, it is the
original melody that the listener hears.

There are some effects which are very difficult, if
not impossible, to achieve with conventional instru-
ments. One is an extensive or very rapid portamento
— a smooth shift in frequency during the playing of a
note. Another is the use of scales with arbitrary num-
bers of notes per octave. An early piece by M. V.
Mathews, called “Numerology,” exhibits both of
these. In this composition a very rapid portamento in
a high register gives a chirping sound. Part of the
composition is written in a ten-tone equally tem-
pered scale.

It is easy to make the computer generate pseudo-
random noise. Indeed, one can generate noise with
various bandwidths, and one can impose noise on
periodic waves, either by adding it to the wave forms
or by using the noise to modulate the amplitude or
the frequency of the wave. This makes it possible to
produce sounds which range from periodic to com-
pletely noisy. But because they are band limited
around some central frequency, even the noisy
sounds can have, if not a precise pitch, at least the
quality of being high or low in pitch. Some of the
potentialities of a mixture of periodic and noisy
sounds are realized in a piece by M. V. Mathews,
“The Second Law,” and in “Noise Study,” by J. C.
Tenney.

Thus, at first our course was to follow a conjecture
that some feature, such as wave form, or vibrato, or
attack, or randomness, would have roughly predic-
table and musically interesting subjective effects.

This led us through a considerable range of sensa-
tion. Some things, however, eluded us. For instance,
we have not yet produced anything with the sense of
fullness of an orchestra or a choir of instruments. At
one time we believed that adding a little random-
ness to sounds would produce this effect, but al-
though a small amount of randomness does make a
sound a little richer, we have never attained the sen-
sation of many instruments, and we now know that
increasing the randomness in simple ways merely
makes the sound noisy.

Another frustrating thing is that although we pro-
duced sounds which seemed “plucked” —like those
made by guitar, mandolin, or harpsichord — and
sounds that were fluty and recorderlike and reedy,
we stumbled upon no violinlike sound or brasslike
sound. This led us to believe that it would be neces-
sary to examine the sounds of orchestral instruments
very closely to see if there were simple physical fea-
tures of the wave form which would enable us to at-
tain a wider variety of timbres without outright
imitation.

We had reason to believe that this approach might
be profitable. For instance, Fletcher, Blackham, and
Stratton? had shown that the warmth of piano tones,
especially in the lower register, is associated with the
fact that the overtones are not strictly harmonic, but
lie above the harmonic frequencies because of the
stiffness of the strings. At the Bell Laboratories J. C.
Tenney, in studying bell sounds, confirmed the well-
known fact that overtones far from harmonic fre-
quencies give a harsh bell sound. He also found,
however, that if the overtones are exactly harmonic
the sound is not like that of a bell at all and is, in-
deed, much less interesting.

In 1964 J. C. Tenney, who had been at the Bell
Laboratories for two years, went to the Yale School
of Music. He was given a National Science Founda-
tion grant to study the relation between objective
features of sound-wave forms and their subjective
correlates. His aim was to discover what features of
sound waves are important to the musical quality of
a sound, and what features are irrelevant or unim-
portant. He has studied violin sounds intensively by
means of computer harmonic analysis of successive
pitch periods.

Helmholtz held that a moving violin bow grips the
string and holds it until the original disturbance of
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Vladimir Ussachevsky at the console, Columbia-Princeton Electronic Music Center

the string by the bow travels as a wave up to the end
of the bridge near the nut, is reflected, and returns to
the bow. Tenney’s work indicates that this theory is
faulty, and that the bow releases the string sooner
than Helmholtz asserted. Tenney found that every
third harmonic is weak in the upper range of violin
sounds. This indicates that the string moves with the
bow for about two-thirds of a cycle. Further, the
deletion of harmonics which are multiples of three
tends to impart a violinlike or cellolike quality to
computer-generated sound.

In 1964 J. C. Risset, a young French physicist with
considerable musical training and insight, came to
the Bell Laboratories for a year. During that period
he worked on the analysis and synthesis of trumpet

sounds. He found that a number of factors are ex-
tremely important. One is that the overtones rise
later but more rapidly than the fundamental. An-
other is that the overtones are stronger relative to the
fundamental in loud trumpet sounds than in soft
trumpet sounds. This is reminiscent of the fact that
the overtones are stronger in a loud or shouting voice
than at normal conversational level — the reason tele-
vision commercials remain insistent even when we
turn the volume down. Risset was so successful in
synthesizing trumpet sounds that trained musicians
are unable to distinguish the synthesized from the
natural sounds with better than chance accuracy.
Other examples indicate how it is possible to in-
crease the variety of computer-produced sounds. For
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instance, R. N. Shepard has produced sounds in se-
quence which seem to rise in pitch, step by step, yet
which never in fact leave the octave.8

To the musician and, especially, to the composer,
the computer offers an instrument for sound produc-
tion which is in principle infinitely flexible, though
the exploitation of this flexibility calls for consider-
able knowledge and insight. The computer has no
inherent scales, harmonic intervals, or timbres, and
no limitations of rhythm, tempo, or dynamics — the
composer can choose freely, accepting or rejecting
tradition in any degree. But, if a composer is to use
a computer, he can no longer call on the instrument
maker or the performing artist for help. If he wants
notes or intervals outside of a traditional scale, he
must specify what frequencies he wants. If he wants
a particular sound quality, he must supply the com-
puter with an objective description of a wave form
which will give the desired psychoacoustic effect. If
he wants to achieve expressive effects through legato,
staccato, crescendo, or ritardando, he must put these
into his instructions to the computer. Yet the result
may eventually be worth the difficulty. And, by
assuming these responsibilities, a composer can po-
tentially go beyond the capabilities of any instru-
ments or of any performers. Here is a challenge to
composers, old and young, to master a new musical
language in order to make use of a new mode of
expression.

To the student of music the computer, with care-
ful psychoacoustic experimentation, makes it possi-
ble to attack many problems experimentally which
have in the past been approached chiefly “philosoph-
ically”; that is, with heated debate and disagreement.
The way of science is not to seek agreement on arbi-
trary questions, but to discover in what range of
experience we are forced into agreement by experi-
ments which can be replicated. I think that psycho-
acoustics, together with the computer, can put us on
firmer ground in a number of respects.

Some aspects of the question as to what “rules” of
music should be attributed to acculturation and what
to the nature of the human being — to the limitations
and capabilities of his hearing and to his ability to
remember sequences of sounds — are certainly ame-
nable to experiment. Indeed, recent experiments by
Plomp and Levelt? seem to me to show the inescapa-
bility of Helmholtz’s theory that consonant intervals

are those in which the harmonics of the two tones
coincide or are adequately separated in frequency.
Moreover, this work casts further light on the ques-
tion of consonance.

The use of the computer in producing with great
ease accurate tonal and rhythmic patterns opens the
way to all sorts of interesting investigations. Among
these could be whether the procedures of twelve-
tone composition do give an acoustic as well as a
numerical unity to compositions. In plainer terms, is
the sort of orderliness that twelve-tone composers
introduce into their compositions apparent to the
listener? (The fact that music judged as good is order-
ly does not imply that music which is orderly need be
judged as good.)

Whatever computer generation of musical sounds
can mean to composers and to students of music, it
is pertinent to my work for what it means to the
science and technology of acoustics. Sound quality
and the problems of understanding vocal sounds and
generating high-quality artificial speech are all cen-
tral to communication. To arrive at an understanding
of the quality of sounds calls not only for sharp minds,
but for sharp ears. I feel that a strong effort on the
part of musicians in the understanding and synthesis
of good musical sounds will be invaluable to psycho-
acoustics in other fields, including that of communi-
cation.
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PH I
THE

BY LUDWIG EDELSTEIN

LOSOPHY
ILOT OF LIFE

IN THE BEGINNING, the ideal of Phi Beta Kappa was
shrouded in becoming secrecy. The minutes of the
first meeting of the Founding Fathers give only the
initials of the motto adopted as the name of their
society.*” Now, the words to be spelled out are well
known. Philosophia biou kybernetes, philosophy, the
pilot of life: This has, from the very first, been the
proud contention, the message of Phi Beta Kappa.
The handshake, the brotherly love that one member
owes the other, the friendly communion designed “as
a recreation to the philosophic mind, satiate with in-
vestigating the various springs of human nature and
human actions”2% 16 — such an outward sign, such a
bond of attachment, and such a community of
thought and discussion are but the manifestations of
the lofty creed which inspired the founders of the
Society, of their conviction that philosophy must be
and is, in fact, the true and only steersman of life.
Yet, if we are honest, can we deny that their belief
is not ours? To be sure, we still compare human life
with traveling on the high seas, but the voyage, in
our opinion, is guided by altogether different forces.

The windows of our bookstores are replete with cop-
ies of novels called The Ship of Fools or The Black
Ship to Hell. Our historians and sociologists and
statesmen, and even most of our philosophers, are
no more sanguine than are our novelists. “We sail a
boundless and bottomless sea,” they are fond of say-
ing, “where there is neither starting point nor ap-
pointed destination, and where our sole aim can be
to keep afloat on an even keel.”18 Our ship has no
pilot. And were we to complain, like Odysseus, that
we are being sent on a long and dangerous voyage
without a steersman “to guide us on our way,” the
only consolation we would receive (or would accept)
is the one given to Odysseus by Circe, the sorceress:
“The winds will carry you™! —that is, in our lan-
guage, I suppose, external circumstances and pow-
ers other than our own.

The ideal of 1775, engraved on Phi Beta Kappa
keys, is, then, no longer engraved on our hearts. We
disregard it, we even slight it. Are we right in doing
so? This, it seems to me, is a question no one can
avoid asking in the present situation as in all times,
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Philosophia biou kybernetes

for it touches upon the fundamental problems of
human existence. To give an answer is difficult and
hazardous. I venture to prepare the ground for find-
ing it by recalling what has been said and can be
said in favor of the message of the motto. Undoubt-
edly, the ideals which we reject deserve that much
attention. Otherwise, their rejection is in danger of
becoming dogmatic and unreasoned.

Philosophy as reason

Let me begin by tracing the source from which the
words philosophia biou kybernetes were taken, clari-
fying the teaching they embody and our quarrel with
it. Certainly, the saying was not an invention ex
nihilo. As has long been recognized, it is probably
the Greek adaptation of a phrase of Cicero’s, itself
taken from a Greek author: O vitae philosophia dux,?
“O philosophy, you leader of life.”” Speaking of phi-
losophy as “the leader” of life, Cicero thinks of it as
the force that civilized men, founded their cities,
created their laws, and secured their existence. In
short, he thinks of philosophy as the instigator of
practical and theoretical life; he defines the task of
philosophy in its broadest sense. The Greek render-
ing that makes of philosophy “the pilot” of life shifts
the emphasis not insignificantly and stresses the role
that philosophy plays in an individual’s life. As our
pilot, philosophy gives direction to our voyage; it
tells us where we ought to go. It brings us to the
port of destination; or, if this proves impossible, it
at least tells us what is the right course and makes
us follow it. “Let us steer our own ship,” says Seneca,
“and not allow (outside) powers to sweep us from
the course. He is a sorry steersman who lets the
waves tear the helm from his hands, who has left the
sails to the mercy of the winds and abandoned the
ship to the storm; but he deserves praise, even amid
shipwreck, whom the sea overwhelms still gripping
the rudder and unyielding.”*

As regards the word “philosophy,” neither Cicero
nor he who translated him into Greek does, I believe,
use it in its formal sense.* Both think of philosophy
as the representative of reason, the reason which is
able to discern the truth. He for whom philosophy is
the pilot steers his ship by the light of those stars
which shine in the world of true knowledge, “visible
only to the mind, the pilot of the soul,” as Plato has
it.1* On the square medal of Phi Beta Kappa, devised
“for the better establishment and sanctitude of our
unanimity,” there is, in addition to the Greek letters,
“an index imparting a philosophical design, extended
to the three stars, a part of the planetary orbit.”*
These stars are, I take it, the Sun, the Moon, and
Venus, the triad distinguished as the most brilliant
of the planets, the great rulers of the zodiac.> They
symbolize the regular and undeviating course of the
heavenly signs in which the eternity of truth becomes
manifest to our bodily eye, and which, as the Timae-
us puts it, our souls are destined to imitate as far
as possible — the eternal truth of the heavenly abode
from which the soul has come into the world here
below.?!

I hasten to add that the young men who adopted
the motto, though young, can hardly have been naive
in their endorsement of reason, in their belief in its
power as a pilot. Almost half a century before, a
very different view of reason had been expressed,
one still widely acclaimed at the end of the eight-
eenth century, and one of which they cannot have
been ignorant. As Pope says in his Essay on Man,*

On life’s vast ocean diversely we sail,
Reason’s the card, but Passion is the gale.

Here reason and insight have no power. “The card,
the compass, neither propels the ship nor determines
the direction in which it is to sail.” It merely enables
the mariner to know in which direction he is moving,.
It is the passions that provide “the sole dynamic fac-
tor in human behavior.” And these passions are not
only diverse, they are antagonistic to one another.
“Every individual’s will is dominated by some ob-
sessing ‘Master Passion,” which is the ‘mind’s dis-
ease’:

Reason itself but gives it edge and pow’r,
As Heaven’s blest beam turns vinegar more sour.” 15,22

*The contrary is maintained by Ducasse.’
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How modern is the theory, even though the con-
clusion is not! For this chaos of individual passions
in the end becomes a cosmos of harmonious living;
the selfishness of the one individual is counteracted
by the selfishness of the others; taken together, they
mysteriously create an “according music,” “the joy,
the peace, the glory of mankind.” For God has so
ordained things; His invisible hand has arranged
them in such a way that private vices become public
virtues.

Vision of greatness

This was perhaps the basic belief also of the
fathers of the American Constitution.’® It was not
the belief that brought the founders of Phi Beta
Kappa together to discuss the problems they were
interested in, “remembering that everything trans-
acted is transacted sub rosa and detested is he that
discloses it.”?® Their questions were youthful ques-
tions — whether dueling is to be abolished, whether
it is advantageous to a scholar to be in love — as well
as questions, if not of greater depth, at least of more
general concern — for instance, whether public edu-
cation is preferable to private education, whether
stealing in extreme want is morally permissible,
whether there is anything more dangerous to civil
liberty than a standing army in peace time, whether
Brutus was justified in killing Caesar, whether all

affections and principles are not in some measure de-
ducible from self-love.?® In asking such questions,
they sought for the true, the right, the better, for
what the individual ought to do; and they hoped to
ascertain it through reason, through continuous and
reasonable argumentation. For they believed in what
has been called the Heavenly City of the eighteenth-
century philosophers.! To them, man, guided by the
light of reason, seemed capable of finding out what
is the good life and thus of achieving it. Certainly,
he can fail in his efforts if the circumstances are
against him. Even then, however, he has the con-
solation of knowing that he is doing the right thing,
persevering in it so that his cause may have another
day —here or there. Those who founded Phi Beta
Kappa subscribed to Seneca’s verdict that “no for-
tune can shut off the wise man, the reasonable man,
from action . . . he is ready for either outcome: If it
brings goods, he controls them; if evils, he conquers
them . . . neither poverty, nor pain, nor anything else
that deflects the inexperienced and drives them
headlong restrains him from his course.”"

I need not say that such an attitude is the very
antithesis of the attitude which, in our time, tends
more and more to be endorsed in matters of private
and public concern. As individuals, we hardly trust
in life until we can control it. Our mood is not to
judge situations but to work them out by giving par-

\%s moral agents, as men who
choose values,” Ludwig Edelstein wrote in this
adaptation of one of his last public addresses
before his death in August of this year,
“we draw the balance of our life and take account
not of particular acts alone, but of the sum total of
our existence; in short, we do not think of our-
selves as voyagers, but assess our merit as pilots.”
The intrinsic humanitas et ratio of Ludwig
Edelstein will be long esteemed and cherished
by his friends at The Rockefeller University.
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ticular answers to particular problems. Sorrow and
mental anguish, we have learned, need not be con-
quered by the mind; they can be removed from the
domain of the mind once it is tranquillized by drugs.
Even at the death of those whom we love, we shrink
from dying a little ourselves, from withdrawing from
the world of the living. This at least is the wisdom we
are disposed to cherish. It is the wisdom of adjust-
ment. We live in the moment and for it. Reality, as
we call it, takes precedence over principle.

And concerning affairs of the common weal, we
are wont to say that the less man clogs the free play
of his mind with political doctrine and dogma, the
better for his thinking. Some, to be sure, still com-
plain of a “tired lull” and the absence at present of
argument on general politics, and are disturbed by
the fact that programs and ideals are forgotten by
all parties. Many more, I am afraid, will agree that
it is a token of greater national maturity to be un-

“On life’s vast ocean diversely we sail”

disturbed by the workings of political philosophy,
hoping that we will long continue to be undisturbed
by them.!'” We are empiricists; we are practical, and
we take pride in both. We are determined by events,
not by intellectual movements. Our criterion is suc-
cess or, if you prefer, “what works best.” Pregnant
failures, not unknown in history, which turn <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>