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Abstract

This document presents a critical examination of the Enlightenment-era European
conceptions, misconceptions, fancies, and accomplishments in architectural acoustics. It
focuses on specific contributors and their discoveries in the nascent art. The key figures
studied are German polymath Athanasius Kircher who offered unprecedented
examinations of acoustical phenomena, his English rival Sir Samuel Morland, inventor
and architect Sir Robert Hooke, and composer Thomas Tallis.

Ancient Roman

predecessors Marcus Vitruvius Pollio, the architect responsible for the tome De
Architectura, and philosopher Lucretius are looked at as well as 19th and 20th century
descendants and dissidents among whom are the founders of modern acoustical theory,
Wallace Sabine, Hermann von Helmholtz, and John Tyndall.
Included in this document are studies of historical trends in the development of
physical acoustics that would serve as a basis to contemporary theory. We explore the
contrast between the concepts of the aforementioned to those of Sir Francis Bacon,
Christiaan Huygens, and Sir Isaac Newton.
This study reveals that the historical extent of the knowledge of architectural
acoustics is at once more sophisticated and more arbitrary than is generally considered.

v

1. An Introduction
In recent years there has been a resurgence of interest in the history of architectural
acoustics.

From David Lubman’s research on ancient Mayan pyramids1 to the

exploration and virtual reconstruction of Greek and Roman amphitheaters through the
Erato Project2, there is growing curiosity about the understanding of the principles of
acoustics from past centuries and the desire to connect present technologies with the
past.
This thesis presents an examination of early European acoustical concepts and
inventions from the Classical world through the Enlightenment. The theories presented
herein are primarily those that did not take root within the scientific development of
acoustics. They sprouted as wildflowers - germinated from vibrant seeds outside the
garden confines.
The focus of this document is the concepts in the theory of acoustics put forth by
architect Marcus Vitruvius Pollio, Athanasius Kircher the polymath Jesuit scholar, and
English inventors Sir Samuel Morland and Sir Robert Hooke. We also consider the
broadly neglected works of Nichomachus the Pythagorean, Roman philosopher
Lucretius, and composer Thomas Tallis among others. Unlike their contemporaries many of whom proved to be key influences to the course of acoustical theory - the ideas
set forth by these gentlemen lay still. Despite his prolific writing, Kircher never begat
the intellectual offspring of Sir Francis Bacon. Poor Hooke is all but lost in the towering
shadow of his rival Sir Isaac Newton.
The purpose of the thesis is three-fold. First it evaluates the effectiveness of
these antique theories while offering a comparison with those that would supersede
them.

Several of the central figures in this work were prone to whimsy.

Their

1

Lubman explores the link between the sound of the echoing steps of Mayan pyramids and the song of
their worshipped Quetzal bird. He believes this occurrence to be very deliberate.
Lubman.
2

“Identification Evaluation and Revival of the Acoustical heritage of ancient Theatres and Odea” sought
to study and preserve the acoustical and architectural characteristics of significant, historical theaters.
The Erato Project.
1

experiments were often guided by induction - ideas were inherited from previous
generations or seemed reasonable with respect to the research at hand. Second, this
thesis explores the cause of possible conceptual failings or, for that matter, chance
successes. The cross-pollination of the sciences, arts, and humanities is often inclined to
produce strange offspring. Third, it presents an overview of historical precedents in
acoustics, intellectual dead ends, and glimpses of the concepts of the successors who
would first crack light into that crypt and herald in the era of modern acoustics.
Instead of a blind march in the company of contemporary practitioners of
acoustics consistently at the expense of grace and frequently without due consideration
of functionality, we turn back. Once imagination guided theory. The achievements of
such a modus operandi are herein described. The reader will discover, for the frequent
conceptual failures of the historical personages discussed in these pages, work that was
empirically motivated and that sought immediate means of accomplishing specific goals.
A practical view of these experiments reveals tangible, reproducible results.

Or

impossible fantasy. Philosophically we should envy and seek to emulate the man and his
labor while tempering his scientific methodology with deductive reasoning that we may
bring life to the dormant, enduring seed he has engendered.

2

2. On the Natural Movement & Propagation of Sound in the Open
Here, the blank slate.

Space without confines, without shape.

Let us consider the

natural movement of sound when it is produced in the open and allowed to move without
interruption. To create a visual metaphor we begin with an undisturbed pond reflecting
the surrounding trees with their tall, straight trunks. From the height of one of these
trees, something falls into the water and immediately disappears - even before it can be
identified.

Now, we see changes to the pond’s surface.

Concentric rings expand

outward on the water from the point of the object’s entry. The reflected lines of trees
contract and expand in rhythmic distortions in accordance with the ever-widening rings
that become more and more subtle until, from the inside out, the water is still again3.
This image lends itself to representing the propagation of direct sound.

It is

limited in that it shows only two dimensions spatially. However, if we were to extrude
spheres from the circles - fading with distance from their shared center4 - we get a
glimpse of the invisible movement of sound (Figure 1).

3

The master architect Vitruvius employs the analogue of sound to a stone thrown in calm waters to justify
his organic design of the amphitheater.
Vitruvius, pp. 138-139.
4

“I am not a plane Figure, but a Solid. You call me a Circle; but in reality I am not a Circle, but an
infinite number of Circles, of size varying from a Point to a Circle of thirteen inches in diameter, one place
on top of the other. When I cut through your plane as I am now doing, I make in your plane a section
which you, very rightly, call a Circle. For even a Sphere- which is my proper name in my own country - if
he manifest himself at all to an inhabitant of Flatland - must needs manifest himself as a Circle.”
Abbot, p. 58.
3

Figure 1: Five Young Assistants
Nineteenth century physicist John Tyndall offers a metaphor for the
one-dimensional movement of sound at a molecular level.
“... I suddenly push A, A pushes B, and regains his upright position; B
pushes C; C pushes D; D pushes E; each boy, after the transmission of
the push, becoming himself erect. E, having nobody in front, is thrown
forward... We could thus transmit a push through a row of a hundred
boys, each particular boy, however, only swaying to and fro. Thus, also,
we send sound through the air, and shake the drum of a distant ear,
while each particular particle of the air concerned in the transmission of
the pulse makes only a small oscillation.”5
The ripples on the pool represent sound’s amplitude. Large waves that are farreaching result from a forceful source-point impact.

Frequency content is a vital

component of sound not yet defined in this model.

Essentially, it is the rate of

recurrence of each wave - the proximity of one ripple to the next. At this point we rise
from the water for a better vantage of frequency and to have a brief look at the Greekdiscovered art of harmonics wherein different frequencies are arranged or combined per
ratio.
We find the Pythagoras passing a blacksmith at work. The philosopher notices
the strike of smaller hammers to produce a higher pitched sound than that produced by
the strike of larger hammers. He finds a direct relationship between ratios of hammers’
sizes and ratios of frequencies. Specifically, a hammer half the size of another produces
a pitch twice as high. From this germ, harmonics is born (Figure 2).
5

Tyndall, p. 4.
4

Figure 2: Pythagoras’ Discovery
A woodcut from Franchino Gafurio’s 1492 treatise Theorica Musicæ,
celebrates the ingenuity of Pythagoras’ revelations in the art of
harmonics.

5

3. On Sound upon Surface, within Discrete Spaces
3.1 The Genesis of Architectural Acoustics
So, in the open air, sound expands outward in ever-widening, ever-weakening spheres.
But what when it encounters an obstacle?
That obstacle either takes the energy of the sound into itself or it casts back out
the sound. In the first case we have objects that are soft and susceptible to surface
change. A wall covered in ivy or moss, a pillowed sofa or fabric covered chamber will
greedily take in sound thus reducing the possibility for sound’s reflection.6

For the

second scenario, the seventeenth century scientist Willebrord Snel expanded on the
ancient Greek principle of reflection7 in his law of refraction that was and remains in
popular use among experimenters in acoustics and optics: the angle of refraction is equal
to the angle of incidence.8 This graceful formula ought be applied to every environment
in which we examine the path of sound interrupted. We will assuredly return to it at a
later point in this document.
Methods to quantify the diminution of sound energy over distance would dispel
numerous suppositions about amplifications through reflection. Similarly, precepts of
resonant sound reinforcement, such as resonant chambers, would be demonstrated to

6

At the end of the nineteenth century, the Harvard physicist Wallace Sabine performed a series of
experiments to acquire a more precise determination of the effect of soft materials on the reverberation of
a room. From his efforts, he produced a unit for measuring the absorptive properties of a material, called a
sabin, and a formula into which the sabin could be inserted along with geometric data from the room to
yield an approximate calculation of a room’s reverberant characteristics. When measuring in imperial
units, the formula reads as follows:
Reverberation Time = 0.05 ∗ room volume / (surface area ∗ average absorptivity over all surfaces)
Egan, pp. 62-63.
7

Though there is some dispute as to which Greek philosopher (Archimedes, Aristotle, or Plato) should
receive credit for its discovery, the optical law of reflection was a tenet passed down throughout Western
Civilization since antiquity.
Boyer, pp. 92-95.
8

Hunt, pp. 130-131.
6

operate contrary to the intended function. 9

Scientific progress would render useless

some of the most diligent calculations of history’s greatest minds.

9

Vitruvius’ coveted idea of the sound-reinforcing vessel bears striking similarity to a variety of resonators
designed by 19th century German physicist Hermann von Helmholtz. Helmholtz wrote on music theory
and acoustical perception. Whereas Vitruvius supposed vases with dimensions in accord to specific
frequencies would amplify those sounds, Helmholtz demonstrated through his resonators that those
frequencies approximate to the shape of the vase would be attenuated.
Helmholtz, pp. 36-44.
7

3.2 Resonant Vases and the Geometry of the Vitruvian Theater
The young architect would do well to study Vitruvius’ writings on building. Over the
course of ten books every aspect of architecture is addressed, from site to materials to
acoustics. The reader should pay some extra attention, however, to the master architect’s
words on that last subject as the guiding principles therein are more based in tradition
than in science. And while there is valuable information to be gained on theater design,
the unsupported pseudo-scientific claims of cavity resonances would lead the
unsuspecting down the garden path10.
The chapters on acoustics begin with the establishment of a site conducive to
vocal propagation and basic material considerations for the theater’s construction.
Geometry is based on the “endless circular rounds” in which the voice ascends,
unobstructed, from the amphitheater’s center to the outermost seats of the audience.
This is enacted in plan and section for the realization of a balanced, symmetrical design
(please refer to Figure 3).

10

Royal Festival Hall in London between 1965 and 1969 implemented an Assisted Resonance System to
heal its unyielding acoustical problems by augmenting the reverberation time at specific frequencies. This
was principally comprised of numerous microphones located within tuned cylinders mounted to the ceiling
that ran to an electronic control panel and returned into the hall. While the sound of the hall with the ARS
was generally favorable (performers on the stage being most satisfied), the enormous complexity of the
system and the vast demands on the technician to keep the returned sound from producing feedback led to
its eventual disuse. However, it can be marked as a success in the promotion of electronically enhanced
performance spaces.
Barron, pp. 141-146;
Parkin & Morgan.
8

Figure 3: The Roman Amphitheater11
Vitruvius’ concept of the Roman amphitheater in its perfect symmetry
- its plan is determined by seven equilateral triangles rotated at the
proscenium.
Citing ancient precedents, Vitruvius then enters into his discussion on harmonics
for which he has less acumen. He draws exclusively from the Greek, refusing or unable
to offer Latin translations for those terms. The frequency range for theater acoustics is
discretized into a very small musical range of eighteen constant notes (please refer to
Figures 4 to 6). Vitruvius proposes that through a system of sympathetically tuned
copper cisterns, which he terms echea, these notes, when sung or otherwise sounded,
would be reinforced in the theater. The cisterns would be spread throughout the theater

11

Vitruvius / Morgan. p. 147.
9

in an array, placed behind listeners’ seats, and angled so as to catch the sound
directionally aimed at them.
This effect is a source of curiosity to several acousticians and to the optimistic
architect. However, the limitations of Vitruvius’ resonant vase system are many. In
field-testing of similar existent apparatuses, they were not found to significantly
influence reverberation time - for their numbers were too few - nor to re-radiate the
sound at any specific frequencies.12

Figure 4: The Vitruvian Theater13
Wherein the actors face the vessels accordant to the notes of their
song. Ornamented with resonant urns of volumes as to correspond to
the frequencies sung by singers on stage, the theater reinforces the
voice with its own sympathetic music.

12

Several studies were conducted on Vitruvius’ resonant vases in recent years. Bruel’s work was the most
hands-on consisting of field research and measurement. Whereas Godman produced computer models
granting Vitruvius the benefit of the doubt and yielding intricate, but mostly irrelevant musical
compositions.
Bruel;
Godman.
13

Kircher, Phonurgia Nova, p. 74.
10

Ultimately we find Vitruvius imposing a baseless theory of resonant vases to his
otherwise practical design for the amphitheater.14 He concedes there is little evidence of
the installation of resonators. His magic beans remain, for the most part, unplanted.

Figure 5: A Resonant Vase in Situ15

14

The architecture of Vitruvius was often derived from existing Greek and Roman examples. He
identified successful building techniques and codified these into effective design strategies. In an
evaluation of ancient theaters and amphitheaters from earlier to later, improvements to the acoustical
conditions (even distribution of sound, clarity, and reverberation time) become evident. While Vitruvius
himself cannot be directly linked to such progress, his position as an historical proponent of correct theater
architecture makes a strong argument for that case.
Chourmouziadou.
15

Izenour.
11

Figure 6: The Scale of Tunings for Vitruvius’ Cisterns16
The eighteen notes with their Greek names comprising the range of
frequencies.

16

Vitruvius / Morgan, p. 141.
12

3.3 The Ear of Dionysus
In Sicily there is a cave believed to have been quarters for the slaves of the tyrant king
Dionysus. The cave has a wide expanse at its base that tapers through winding passages
to a point high atop the mountain (Figures 7 and 8). During his reign, Dionysus sat in
his palace at the mountain’s summit and eavesdropped on his slaves - their voices carried
through the twisting caverns eventually delivered to the king’s ear.
Kircher created a theoretical model of Dionysus’ ear in which he explored the
reflective paths of sound upward from the base to a receiving station.17 Drawing heavily
upon this, Kircher devised his own system of conduits between chambers for listening
and speaking. He further employed the serpentine passages as the basis for his sound
amplifying horns. We will explore these in the following sections.

Figure 7: Kircher’s Illustration of the Palace of Dionysus
The stone surfaces would carry sound a great distance from the
mouth of the cave to the eager ears of Dionysus in his palace at the
peak high above.

17

Kircher. Phonurgia Nova... pp. 83-84.
13

Figure 8: The Interior of the Ear of Dionysus
The actual cave is commonly described as resembling a human ear
canal. Kircher himself thought it was so carved to facilitate the
passage of sound.18

18

Godwin, Joscelyn, Athanasius Kircher’s Theatre of the World.
14

4. To Shape Sound
Artificial Means to Facilitate Desired Acoustical Effects
4.1 Geometry
Focusing acoustical energy allows sound to travel across a greater distance at a higher
level. The breadth of sound’s audibility is decreased accordingly - its shape contorts
from a sphere in its most absolute form to something oblong. We enter the rooms set
beneath cupolas, those halls built in the round, and any setting where surfaces are
concave to hear sound through new ears.

A well-placed whisper will travel a vast

expanse, but a shout off-target may die out unperceived.
To resolve the conditions of this issue we must recall Snel’s formula of incidence
corresponding to reflectance (Section 3.1). With respect to this formula, the limit to the
number of reflections depends on the following factors: geometry, strength and
directionality of the sound source, and the material off of which the reflections will
occur. Assuming a source that is consistently or inconsistently loud bounding off of very
reflective surfaces, we are free to concern ourselves with room geometry and to examine
the finesse with which architecture can be shaped to convey sound.
Kircher’s architectural designs for acoustics are based on elementary ray-tracing.
By simply repeating an angle, the course of a sound wave is traceable from its initial
surface impact to any generation of reflections so desired.

In his architectural

applications of this technique, Kircher frequently produces halls with elliptical ceilings
(please refer to Figure 9). The versatility from various locations within the space and the
long spans reflections can travel within make the elliptical chamber a unique acoustical
construct. Consequently, the ellipsoid is a frequent starting point for Kircher’s many
innovations from his propagation horns, which we shall explore later, to architectural
spaces designed to carry sound (please refer to Figure 15).
Beyond the employment of ray-tracing, Kircher enters into beam and conetracing.

In the former (Figures 12 and 14), the sound wave is portrayed as a three

15

dimensional cylinder extending uniformly from a source with uniform reflection. Conetracing presents an expanding cone of sound that takes on a pyramidal form (Figure 13).
While Kircher nears the boundaries of his conceptual powers with the mere invention of
these methods - though it may be for efficiency’s sake that he never applies them to the
same extent as ray-tracing - the groundwork is set for his successors who will access
similar techniques in the construction of virtual acoustical environments. 19

19

Funkhouser, et al.
16

Figure 9: Kircher’s Ray-tracing in the Elliptical Chamber
Adherent to Snel’s formula, Kircher demonstrates specular reflections
off of a concave ceiling. We should note the symmetry between foci of
the speaker and the listener.20

Figures 10 and 11: Computer Ray-tracing in the Elliptical Chamber
A computer generated reproduction of the elliptical chamber modeled
in EASE acoustical software shows Kircher’s intent through onehundred reflections. The source located to the left and upper left,
respectively, transmits omni-directionally to the receiver on the right.
Sound is received in parallel to its transmission.

20

Kircher. Phonurgia Nova, p. 99.
17

Figures 12 and 13: Beam-tracing and cone-tracing
A sophisticated extension of ray-tracing in which the rays expand
three-dimensionally to form a collective beam or cone, respectively,
thus illustrating the broader extension of a sound wave.21

Figure 14: Beam-tracing of Light22

21

Kircher, Musurgia Universalis, pp. 254-255.

22

“One sees also that the said spheres of the partial waves cannot have any common tangent plane other
than the circle BN; so that it will be this plane where there will be more reflected movement than anywhere
else, and which will therefore carry on the light in continuance from the wave CH.”
Huygens, p. 26.
Christiaan Huygens was a Dutch mathematician and physicist contemporary to Kircher. While his
research in acoustics per se may have been limited, his detailed experiments and writings on light yielded
the wave theory that has since been used to describe the physical operation of sound. Huygens was vital in
the theory of diffraction. “Huygens’ principle”, which describes each point of a wavefront as exhibiting
source behavior, was adopted by optical physicist Augustin-Jean Fresnel and in turn by Hermann von
Helmholtz that it would eventually form the basis of our current Boundary Element Method.
Hunt, pp. 133-134;
Kirkup, pp. 1-3.
18

The uncanny similarity of Christiaan Huygens’ illustrations of light’s
reflective beams from his Treatise on Light to Kircher’s illustrations of
reflected sound.

Figure 15: Listening & speaking room
“Make a room big enough to hold a few people, 8 spans long, ... and
equal in length and height. It should have a low and narrow door A,
which can be tightly closed, and windows of the thickest glass inserted in
the walls, so that the sound of the voices resonating inside can escape
neither by the door nor window, but is led via the channel DE through a
secret passage into the chamber F. You should make it continuous from
D, the ceiling of the chamber (which should be highly polished, like the
spiral tube just mentioned), so that it forms one unbroken surface.”23

23

Kircher. Musurgia Universalis. Tome II, p. 303 (inset).
19

4.2 Vox Clamantis in Deserto
Sound from Afar
4.2.1 The Cochlear Horn
Kircher transferred his theory of sound’s reflection from room acoustics to smaller sound
amplifying devices.

Among these devices were his listening chambers, intercom

systems, and a series of horns meticulously shaped in such a manner as to propagate
effectively the sound put into them.
The designs of the various horns were determined by Kircher’s ray-traced
specular reflections. These horns were conceived as illustrations in section. Starting at
the mouthpiece, a straight line is drawn until it contacts a wall of the horn. That wall
should be at such an angle to conduct the ray forward, ever advancing through the tube,
bouncing all the while accumulating energy from its many rebounds until the cry
ultimately bursts from the bell, its amplitude significantly augmented by all of its own
reflections. In the numerous iterations of these horns, Kircher presents bifurcated tubes,
swirling coils and spirals, and a cochlear horn wrapping and unwrapping itself from
itself (Figure 16).

Guided by the fallacious principle that increased reflections will

redouble the sound energy that emerges from the horn, Kircher purports his largest and
most elaborate horns also to be the loudest.24

24

Modern horn theory would be initiated by A. G. Webster in 1919 when he developed an equation to
describe the propagation of wavelengths within cylinders of varying diameter. It reads thus:
(δ2p/δx2) + (1/A ∗ δA/δx ∗ δp/δx) + k2p = 0
where: p = pressure (Pa)
x = distance along the horn (m)
A = cross-sectional area at a specific point in the horn (m2 )
k = wave number
Rienstra, p. 1981.
20

Figure 16: Cochlear horns 25
Kircher’s variations on a theme.
Contemporaneously Sir Samuel Morland was developing his own horn for
receiving and transmitting sound. Called the Tuba-Stentoro Phonica (Figures 17 and
18), Morland’s invention was versatile as its name was mellifluous.
“Account of the Manifold Uses of this Tuba-Stentoro Phonica... At Sea, In
a Storm, or in a dark night, when two Ships dare not come so near one to
the other as to be heard by any mans ordinary Voice; ...At Land. In case a
Town or City be Beseiged, and so close girt about, that there can be no
message sent in; And so on the contrary, may the Besiegers make as good
use of this Instrument to threaten and discourage the Besieged,... In case
of great Fires, where usually all people are in a hurry, ... In case a number
of Thieves and Robbers attaque a House that is lonely, and far from
Neighbours, by such an Instrument as this, may all the Dwellers around
about, within the compass of a Mile or more, be immediately informed,
upon whose House such an attaque is made, the number of Thieves or
Robbers, how armed and equiped, what manner of persons, with the

25

Kircher. Phonurgia Nova... p. 133.
21

colour and fashion of their Habits, and by what way they have made their
escape,... or which way to pursue them.”26

Figure 17. The Tuba-Stentoro Phonica27
The directional propagation of sound through Morland’s horn.

Figure 18. John Tyndall’s Fog-Syren28
Outfitting Morland’s horn with a sound generator based on a system
of rotating discs, Tyndall is able to employ one of the device’s
manifold uses as a warning to ships of land through the obscurity of
an ocean fog.

26

Morland, p. 13-14.

27

Ibid, p. 9.

28

Tyndall, pp 284-300.
22

Morland, like Kircher, experimented with a variety of forms for his instrument.
While Kircher was searching for configurations to better amplify sound, Morland was
particularly interested in directionality.

Although his tools were limited to his own

hearing, Morland determined sound to be loudest at the center of its source. 29 While
some designs will have produced superior results to others, a fundamental conceptual
fallacy was constantly misleading the two scientists and setting a clouded veil between
them and the factual discoveries of their research.
What magic occurs in the labyrinthine corridors of these horns?

Without a

secondary energy source, sound naturally cannot gain energy. The shapes of the tubes
conducted sound, keeping it from dispersing immediately out of the speaker’s mouth.
His cries are directed. Energy that would escape laterally or vertically can be aimed and
contained.

Where the sound waves would have spread spherically, here their

propagation is more conical.

Thus the misinterpretation that the initial sound had

somehow increased in energy. The energy level is consistent with and without the horn.
As Morland nearly realized, focusing of the source was the horns’ key function. The
horn directionally focuses the energy put into it (Figures 19 and 20).
Exchanging the position of the mouth with the ear, with respect to the horn’s
tapered end, can render this device an effective receiver. The bell is now an extension of
the outer ear. It draws in noises from great distances with exquisite clarity by means of a
relatively short extension from the listener’s head. At a small scale, this ear trumpet

29

Hunt, p.125.
23

grants a person of normal hearing the ability to discern a whisper across a great range,
and it allows the hearing impaired to communicate with facility.30

Figures 19 and 20: Graphophone and Phonofone
The horn as an acoustical apparatus has been resistant to change. It
resurfaces periodically - possibly repurposed but barely redesigned.
Above is the Columbia Graphophone record player (circa 1908) and
Tristan Zimmermann’s Phonofone II (2008), an iPod™ headphone
passive amplifier in stark defiance of increasingly complex audio
technology.

30

Robert Hooke set himself to the development of an Ear Trumpet in the spring of 1668. In concert with
the Royal Society, he created and tested several prototypes before settling on a particular design.
“Ear Trumpet Apr 2nd 1668
Mr. Hooke produced a glass receiver for the improvement of hearing. Being tried by holding the neck of it
to the ear, it was found that a stronger sound was conveyed by it, than would have been without it. It was
ordered that at the next meeting there should be brought a better and larger receiver for hearing.
“Ear Trumpet Apr. 9th 1668
Mr. Hooke produced two receivers, one of which was of latten, and of conical figure, the other of glass
and round, both sharp at one end. Being applies to the ear, the former was judged best for the increasing
of sounds: Mr. Hooke was ordered to take them home, and then try further by himself, particularly during
the silence of the night, and to bring in an account of their effects.
“Ear Trumpet Apr. 16th 1668
Mr. Hooke produced again the large conical tin receiver for the magnifying of sounds; which being tried
was found to make words softly uttered at a distance to be heard distinctly; whereas they could not be so
heard without this instrument.”
McVeigh, pp. 330-331.
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4.2.2 Along Wire
To this point, the methods reviewed for controlling the acoustical environment have been
exclusively concerned with the passage of sound through the medium of air. While this
focus will stand, in considering sound from afar, it is necessary to discuss the function
and operation of sound across wire.
Extending from his studies in telescopy, Sir Robert Hooke explored methods of
projecting sound from one source along a wire to its intended receiver. He found great
success in this pursuit. The signal remained strong - significantly stronger than it would
across a similar distance in the open air. Hooke routed wires in diverse configurations,
at varying lengths, to various receivers - even rounding corners - that the limits of the
wire as acoustical transmitter could be determined. His intentions were not to transmit
voice, necessarily, but to excite specifically tuned frequencies.31 In seeking to build a
musical instrument, Hooke laid the foundation for solid-cum-air conducted sound
transmission methods that would reach their zenith with the tin-can telephone. 32

31

"...the number of vibrations of an extended string, made in a determinate time requested to give a
certain tone or note. [By this] it was found that a wire making two hundred seventy two vibrations in one
second of time sounded G Sol Re Vt in the Scale of all Musick".
McVeigh, p. 330.
32

Preceding Hooke’s experiments by nearly a century was Sir Francis Bacon and his theories of acoustical
applications of vibrating strings. In the 19th century Sabine was commissioned to develop an acoustical
levitating device in emulation of that described by Bacon. An apparatus of cylinders and sympathetically
resonant wires were to coordinate in such a manner as to suspend a cylinder within a soundfield,
untouched by any solid element. Despite his best efforts, Sabine was unable to reproduce the creation of
its inventor.
Bacon;
Kaarre;
Kopec.
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5. On Echoes
5.1 Whence come Echoes?
Looking beyond Echo and Narcissus33 for the cause of discrete reflections has tied up
more than a few thoughtful minds. And while the suggestion of magic at the root of
things adds much to the romance of acoustics, it has not offered a satisfactory answer to
the question: whence come echoes?
The phenomenon of the echo is not an act of generation nor of regeneration but
of discrete reflection34. Where reverberation is the effect of an uncountable, overlapping
quantity of partial reflections, echoes, even under the most exaggerated circumstances 35,
must be finite to be described as such. Be a sound projected in such a direction under
such geometrical conditions it would return, in time, to its source intact 36. To grasp the
33

When the nymph Echo betrayed Juno, the goddess took from her her speech. All Echo could say was
the last words spoken to her. On seeing the most handsome Narcissus, Echo wanted to beseech him to
love her, but she was powerless to do so. Instead, she could only repeat his questions and pine.
Ovid, pp. 68-69.
34

While philosophers from days as early as ancient Rome debunked theories of the echo as generative, the
concept of the echo as sound capable of reinforcing itself would endure several millennia, misleading
otherwise ingenious acousticians, and confounding the principles of their inventions.
Please refer to the section earlier in this chapter entitled The Cochlear Horn for specific evidence of
history’s misunderstanding of the principles of the echo.
35

“I have observed places tossing back six or seven utterances when you have launched a single one:
with their tendency to rebound, the words were reverberated and reiterated from hill to hill. According to
local legend, these places are haunted by goat-footed Satyrs and by Nymphs. Tales are told of Fauns,
whose noisy revels and merry pranks shatter the mute hush of night for miles around...”
Lucretius, pp. 148.
36

“Being at a Place of the Thames, about for Miles above Gravesend, there happen'd to be shot off
several small Pieces of Ordnance, by a Ship that was about half a Mile farther up the River; the
Multitudes of the Echoes of each of which Shots, made a Noise among the several Hills, Woods, and
Banks, on both Sides of us, just like Thunder. And could they have been number'd, they would,
questionless, have exceeded an Hundred. And having since had the Opportunity to observe the Noise of
Thunder, it seem'd to me to be deducible partly from Echoes; which would yet seem more probable, if we
could, by any Experiment, find that the Clouds would rebound or echo a Sound. A Gun being afterwards
shot off by the Vessel we were in, when we were near the Mouth of the Thames, and several Ships being on
this and that Side of us, we could very sensibly hear several Echoes rebounded from them.”
Hooke, p. 106.
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period of time that must elapse for an echo’s return, it is necessary to understand the rate
of sound’s movement.
In the early seventeenth century, the French music theorist Marin Mersenne
conducted a battery of experiments in search of the speed of sound. He used distant
visual cues and their corresponding sounds for his measurements - the flash of a
discharged pistol in relation to its subsequent bang.37 Counted against a pendulum, these
tests yielded a sound speed of 1,046 feet per second. In another test, Mersenne used
reflected sound as his measure. From this he found a somewhat slower speed leading
him to the misconception that reflected sound moves at a different rate than direct
sound38. All the same, these calculations are near the modern determination of sound’s
speed at 1,130 feet per second at a moderate air temperature under average atmospheric
conditions.39
The creative spirit finds ample use for the circumstantial tendency of sound to
reflect. Returning again to Kircher, we are introduced to an ingenious device in which
questions called out into an echoing place come back offering answers. Kircher provides
an example question, with: Tibi vero gratias agam, quo clamore? In his observations,
the response is derived from the final three syllable word as it undergoes the following
transformation in echo (Figure 21):

37

Sixteen centuries earlier Lucretius documented a similar observation of lightning and thunder:
...It scattereth seeds of fire, which, as it were,
Struck on a sudden by some force within,
Give birth forthwith to flashing tongues of flame;
Thereon the sound doth follow, borne at pace
More slow unto our ears than things which fall
Upon the sight...
Lucretius, p 309.
38

Gouk, p. 160.

39

John Tyndall exhaustively catalogued the movement of sound at various temperatures and levels of
precipitation. Over the seasonal changes in a year, he recorded differences in sound’s velocity of up to
10%.
Tyndall, Sound, p. 23;
Egan, p. 7.
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CLAMORE
AMORE
MORE
ORE
RE40

Figure 21: “Clamore”
A detail presents the dissolution of words by reflection and
obstruction.41

In translation, the question and response are “How shall I cry out my love to
Thee?” “With thy love, thy customs, thy word, and thy deed.”42 Kircher offers a hearty
(and heartfelt) employment for the echo. Clever as it is, however, this device cannot be
widely used. While it may work with a few select words in Latin, English, etc., it is
intuitively too dependent on calculated phrases to be generally applied as an echo seer.
A paradigm separate from language would have more use for the echo.

40

Kircher. Phonurgia Nova, pp. 47,52.

41

Kircher. Musurgia Universalis. Tome II, p. 265 (inset detail).

42

Dopp, p. 554
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5.2 Musica per Echo
In the vast, stone expanses of the European cathedral, it became necessary for the
prudent composer to exercise his understanding of architecture and material, their impact
on room acoustics, and the impact of acoustics on the music performed therein. The
venue would not only determine the musical program but the details of the musical
structure itself - from tempo to melody.
Composition for acoustics is not limited to the interior of the church. Outside of
the cathedral, composers can employ methods to imitate the broader aspects of sacred
acoustics.

Much of this relies on the specific musical characteristics of sustain and

decay. In a large space, decay happens quite slowly, effectively extending a chord’s
sustain whereas in a small space the decay is abrupt.

Exploiting the reciprocity of

sustain and decay (through legato and staccato notes) can deliver the direct emulation of
a room’s reverberant characteristics. Simple gestures of accelerating and slowing can
delude the ears’ perception of space. As space is the architect’s domain, so time is the
domain of the composer.
The language of music is more nuanced than that of mathematics. Its values
favor the inconstant and relative where mathematics is absolute.

Thus the physical

information collected by a composer writing music for a specific space will be only
partially represented in writing. What is a half note for the composer writing in an
intimate chapel may seem a passing eighth note were it performed in a great, yawning
hall. A sense of space and spatiality is encoded into the notation. The astute composer
provides information about the geometry of his site in a single dimension. Distances
between walls, the walls’ material surfaces is written into each rest.

The musicians’

spatial awareness synthesizes the score, sound, and space into that which is music.
For musicians willfully ignorant of their enclosures, for the singer in a still room,
or for the composer composing their tunes, all of this can be turned around - music can
suggest space. Distances can be exaggerated. One voice can sing as it were many, and
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several voices can sing as they were a single voice echoing. Please refer to Figure 22 as
an example of the former and to Figure 23 as an example of the latter.

Fig. 22: Echoing music for solo voice
In a place that echoes, the singer synchronizes her voice to its
reflection. The music is composed such that the melodic line becomes
its own harmony. As she sings, limited to one note at a time, the echo
creates a chorus of two and three voices.
“...Of course, not to be done very much in Temples, but in the open fields
the echoes shall accommodate numerous harmonies, not
simultaneously, but one after, then the third, fourth, and fifth in turn,
repeating, always beginning a new chorus when one turn is completed.43

Fig. 23: Echoes in a still space
Contrary to the effect of the preceding piece, this composition
requires two singers in a non-reflecting room. The closely grouped
notes sung in quick succession produce the imitation of an echo.
Multiple voices merge into a single voice.
“... pause to double the time, then triple, then quadruple each chorus, at
the fourth turn pause. And so on.”44
The use of spatiality, though probably obtained through the simplest means in
most cases, has been shaping sacred and, in turn, secular music since the eleventh
43

This music was adapted from Kircher’s 4-line staff and archaic notation to a modern style of musical
notation.
Kircher. Musurgia Universalis. Tome II, p. 266.
44

Ibid. Tome II, pp. 266-267.
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century. Beginning with plainsong chant - lacking a definable meter or a fixed tempo there exists music governed by its environs. Patterns in church chorales boldly contrast
those of gigues - one languorously cautious (invoking the strictest rules to avoid
dissonances even over time45), the other jovial and reckless - parallel the acoustical
implications of their respective venues. Were a gigue to be played in a cathedral, all its
filigree would be swallowed.

A choir’s song would produce an overbearing drone

performed in an intimate chamber. As the arts of music and architecture evolved, more
complex relationships were forged between the two.46

By the seventeenth century,

spatial composition had reached its apex. In the subsequent centuries the rift between
the large and small performance space widened. On one side the pianoforte with its
sustain pedals made the performance of formidable orchestral works possible before a
small audience in a tiny salon. On the other, the swelling of the concert hall and the
formalization of the orchestra - musicians relegated to an outward facing stage - offered

45

A music theorist and composer, Joseph Fux distilled early musical counterpoint into five artificial and
distinct species. In these species were all the rules of harmonic and melodic composition by which earlier
composers were bound.
Mann.
46

Thomas Tallis was the court composer to King Henry VIII and continued in that role through the reign
of Henry’s daughter, Queen Mary. To honor the Queen’s 40th birthday, Tallis composed a motet for as
many voices and entitled it Spem in Alium. The piece was to be performed in Nonsuch Palace - a country
estate of the Tudors. With its stone construction (characteristic of the period, and consistent with long
reverberation times) the palace had a central dining hall divided into two open levels with four areas below
and four balconies above. The composer established this specifically as the space for his chorale.
Consequently he subdivided his choir into eight groups of five (each group with a range of voices from
soprano to bass) and positioned them with respect to the room’s architecture and to the piece’s chronology.
The effect of the composition, ultimately, would have been that of forty voices, each with an individual
part in contrapuntal form, singing in cyclical, physical ascent.
Legge;
Tallis.
Due to the demolition of Nonsuch Palace in the seventeenth century, it is impossible for any contemporary
listener to hear Spem in Alium in its original form. The composition has been performed with the choir
surrounding the audience or microphone array. In 2001, sound artist Janet Cardiff produced a version of
Tallis’ piece for a forty speaker array in an elliptical arrangement. Each speaker reproduced the sound of a
single vocal part, the totality of which renders at least an accurate XY version of the XYZ motet.
Ibid;
Cardiff.
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limited versatility in performance configurations. At this point the common practice of
writing music with specific spatial nuances was ostensibly abandoned.47

47

Spatial composition had a partial resurgence in the nineteenth and twentieth centuries as some
composers returned to locating their musicians at various locations in a hall other than strictly onstage.
There are also examples of architecture that was developed in concert with music as an intended absolute
integration of the forms (Le Corbusier’s Philips Pavilion in 1958 and Stan Shaff’s Audium in 1960, to
name a few). Yet, the broad appeal of any such conceits has yet to show up. And with the increasing
personalization of the aural experience (headphones), the primary grounds for future spatial composition
may be within the middle ear.
Licht, pp. 42-44;
LaBelle, (Wollscheid).
see also:
Shaff.
Treib.
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6. Contra Acustica
6.1 Silence
We search for that moment in which acoustics was first recognized and its properties
classified and made salient.

Where did it sever from music?

Were the two ever

connected other than at a brief intersection between some listener’s ears? Acoustics is
the domain in which music exists. When music is played, everything else is acoustics.
Sound can only distract from the conceptual perfection of song.
Sound is but a disturbance.

It is an interruption in stillness.

The fruit of a

vibration. Although its representations can suggest some invisible presence operating on
and occupying space, and its movements are demonstrated to be as waves48, the wave is
not intrinsic to the medium. Within the physical eternity of the medium (air, etc.), every
sound is no more than another configuration of those same molecules which exist and
would continue to exist all the same. Thus sound is immaterial, or perhaps countermaterial as it is that which acts against the corporeal49. Francis Bacon carefully pointed
out that sound must be recognized as independent from air, its vehiculum causæ.50 The
scientific principles behind this may be somewhat confused, but the reason is secure.
Prior to the established theory of sound as a movement within an elastic medium
existed the notion of sound as entity. Sound was born and grew, aged and decayed.
Theories of its origins were tenuous.

In ancient Greece in continuation of Plato’s

concept, Nichomachus the Pythagorean drew a relationship between sound and the

48

Knudsen, pp. 430-435.

49

The notion of sound as something “corporeal” was put forth quite firmly by Lucretius. He argued that
sound’s passage through the throat is evidence of its mass - when one shouts too loudly, his throat
becomes sore from the “atoms” of his voice being forced through so violently.
Lucretius, pp. 146-147.
50

Bacon, p. 28.
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movement of celestial bodies - if motion causes sound, planets must produce their own
music51 (please refer to Figure 21 below).

Figure 24: The Music of the Spheres
Nichomachus attributed the purely musical tones of the planets to the
regularity of their shapes and movements.52
Robert Fludd in the sixteenth century elaborated on the music of the spheres
(Figure 24). In a sort of proto-determinism, he attributed the cause of our terrestrial
activity to the motion of celestial bodies. This movement did not resemble music. It

51

Nichomachus the Pythagorean, pp. 48-50.

52

Ibid, pp. 45, 50.
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was music - a music that “cannot be perceived by our ears because of the great distance;
but it can be known from the effects on these lower regions...”53

In tracing its scientific exploration, sound should be included in the ranks of the
Ptolemaic model of the Earth as a concept that lost so much stature for a greater
understanding of its nature. What was once the physical fiber of the universe became an
incidental, immaterial effect.

53

Godwin, Joscelyn. Music, Mysticism and Magic - A Sourcebook, pp. 144-145.
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6.2 Toward the Modern Era
Then there is the industrial revolution. The evolution of physics is on track with that of
agriculture and production.

Drawing a line starting at Marin Mersenne’s work in

musical acoustics that runs through Sir Isaac Newton’s theory of physical harmonics,
through Leonhard Euler’s equations to define acoustic waves, we have spanned nearly
three centuries and arrive at the threshold of modern acoustical theory.
The aforementioned Wallace Sabine was a powerful influence coming from
America. Probably his most enduring contribution was a method for the determination
of reverberation time in a discrete space54 .

More expansive in his research was the

Irishman John Tyndall. He was an early contemporary of Sabine whose studies were
largely focused on thermodynamics and microbiology. 55 His treatise on sound entitled
Sound was a comprehensive analysis of the subject ranging from musical acoustics to
proposed constructions for the measurement of sound. Similarly comprehensive was
Hermann von Helmholtz’s tract On the Sensations of Tone as a Physiological Basis for
the Theory of Music.56

The efforts of these men defined the attitude and depth that

would distinguish the nineteenth century from previous ages. Working from a wellestablished scientific method, researchers were rigorous and, ideally, non-idealistic. The
whimsy of earlier days was past.
Amid this solemn new progressive world, there are those who embrace the clatter
of the new era without the burdens of reason. Composer and inventor Luigi Russolo,
either disenchanted by the pastoral stillness of his childhood or elated with the expanded
Milanese railroad of his late adolescence, wrote a manifesto urging a noisier, more
complex music. His words, too quiet on the page, were reinforced with the invention of
the Intonarumori (please refer to Figure 25 below).
instrument that sounded like various types of sirens.
54

Sabine, pp. 8-13.

55

Tyndall, New Fragments.

56

Helmholtz.
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It was a hand-cranked musical

Figure 25: Intonarumori
Luigi Russolo operates his intonarumori in 1913 Milan. “Our ears are
no longer content [with simple sounds], it is time they experience
broader acoustical sensations.” 57
While the Intonarumori was an artistic conception, its existence indicated the
birth of a revolutionary new spirit. The twentieth century was prepared to cast its gaze
ahead. It would shun the past and forge its own tools and means of operating them. In a
sense, it was here that architectural acoustics per se was born - fractured from
architecture and music. The contributions to the field made in the twentieth century are
far too many to include here.

The rush forward - now propelled by steam, now

petroleum, now electricity - is so forceful and fast.
A possible consequence of this rapidity of growth is the accidental overlap or
complete bypassing of existent concepts. The freedom granted a performer by electric
amplification of voice through a microphone changed the development of singing
dynamics - alta voce performance became relegated exclusively to historical pieces.
This shift in perspective carried over into architecture as soon as the technology was
capable. Theaters changed size and shape to accommodate more listeners. There were
clever adaptations as in Sullivan and Adler’s late 19th century Auditorium Theater with a
57

“Il nostro orecchio però non se ne accontenta, e reclama più ampie emozioni acustiche.”
Russolo, pp. 92-93.
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third balcony that could be closed off from the rest of the space. Or there was the naive
bombardment of a building with loudspeakers as in Le Corbusier’s Philips Pavilion at
the 1958 World’s Fair (Figure 26).58 Those adherent to the original, functional methods
of architectural acoustics were quickly swallowed up by the sea of exciting, irrational
pretenders.

Figure 26: The Philips Pavilion
Architecture imagining its own acoustic principles.
The influence of Kircher upon acoustics and acoustical theory in the first half of
the 20th century is entirely symbolic. There it serves to define one group from another.
It was at the turn of the century that the immeasurable rift between Art and Science took
place. Kircher’s ghost may have presided over that incident - an unrecognized saint to
the droll Futurists and Dadaists who moved about in their practice unencumbered by
proofs or method. So as not to dismiss them as intellectually incurious, we have to
understand that these inventors found what they sought. Kircher’s children celebrated
the effect.

58

Hundreds of speakers were randomly located throughout the acoustically arbitrary hyperbolicparaboloid structure of the Philips Pavilion for an exhibition of Philips’ technology.
Treib, p. 86.
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7. Conclusions and Future Research
We look back to the antique methods in acoustics as a nexus from which to develop new
technologies. Much of what has been presented here has launched no new research.
These ideas coming from inside or outside of the scientific circle have ended up far
outside.
Progress in the sciences tends to be linear - with every forward advancement we
shun those methods that are more slow in producing results. Though this attitude will
stretch that line farther, it points rigidly one way when there is a vast multitude of
possible directions.
Acoustics has become particularly inflated since its past geometrical elegance.
The fat has been trimmed. However, it is not a svelte surgeon poised with his knife so
much as an over-muscled butcher.

For the abundance of formulae in contemporary

acoustical theory, have the voices become clearer, or are there only more strata of
arbitrary quantitative values for which there had been no prior need? The conceptual
extents of electro-acoustical applications (remote sound transmission, virtual
environments, personal listening, etc.) go far beyond those of pure acoustics. Yet, as we
consider electronically reinforced theaters, for example, acoustics becomes entangled in
that web. Fortresses are being erected where umbrellas would suffice.
In this is a potential for exploring in further depth those propagation methods
touted by Kircher and Morland. The concept of passive amplification systems coupled
with modern technology (synthetic materials, pre-cast components, etc.) can offer a great
deal to the future of acoustics 59 - particularly when viewed from an era seeking reduced
energy dependence.
Additionally the renewed interest in Kircher’s text that has inspired modern
translations of some of his work60 may lead to more translations and to a generally wider
readership.

Through this, more thorough investigations of those arcane acoustical

59

Refer to the industrial design of Tristan Zimmermann.

60

Refer to Tronchin’s translation of Kircher’s Phonurgia Nova and to Godwin’s research on Kircher.
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inventions can be expected as well as extended research into the work of his
contemporaries, several of whom were mentioned in this paper.
In returning to earlier ages in our research of acoustics we create new
opportunities for exploration. This is not redundant reinvention. It is re-conception reconsideration of function and finding alternate courses to that end. This thesis has
presented numerous, often abandoned concepts in ancient acoustics that can be evolved
to serve modern needs. So from these precedents we shall evolve. What other gifts does
Prometheus bear?
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