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Abstract

Carillons are a diverse and global form of musical and civic hgeit musical
instruments comprised of a series of 23 or more bells, typicaliyghin a
tower-like structure, tuned chromatically and played from @uth-sensitive
manual and pedal console using an elaborate mechanical adBarillon bells
have a distinct series of musical overtones which should be atelyrtuned to
one another and with other bells they sound alongside. Although ¢h@gertones
have been previously studiexk sity this study assesses the acoustic
characteristics of two early-20th century carillons in Torontoarada as a
combination of structure, bells, and mechanical action. Thuse tinstrument and
its context are considered holistically, more accurately wieg the musical
sensitivity of a carillonist. Spectral analysis of audio sagspbf each bell at

di erent musical dynamic levels enabled the analysis of tleewstic qualities of
the bells and the mechanical action of the instruments. Theihgof bells in the
instruments varied; most importantly, there was a signi cadierence between
the audial intensity of the bell tones produced by the instrurtge demonstrating
the importance of the mechanical action as part of the “carillgstem'. This was
represented with a resistive power-law model, that repntsehe sensitivity of
intensity to carillonist musical dynamic level. A discussimithe implications for
artistic and heritage practice follows. Understanding timesitu physical acoustics
of the carillon as a holistic instrument in its context informsrf@mers,
arrangers, and composers of how they can best embrace the insttimmunique
qualities to improve artistic pursuits and support the appiation of carillons as
heritage instruments and function as civic voices.

Keywords: musical heritage; bells; bell tuning; historic instruments

1 Introduction

A carillon (derived from the French; Dutch: beiaard; German: glokenspie) is \a
series of at least 23 tuned bells, played from a keyboard that allows expssiveness
through variation in touch" [ 1] that may be transposed. A standard carillon gen-
erally includes four chromatic octaves (about 49 bells), which vary m weight from
many tonnes to a few kilograms. The bells are operated from a console comped
of a series of wooden keys (‘batons'), arranged over two rows in a tygal keyboard
con guration, and a pedalboard that doubles up the control of some of the largest
bells (typically one and half to two octaves).

Many carillons are important heritage landmarks and are an integral part of local
community identity and culture. In the Low Countries where the in strument origi-
nated, 56 belfries of Belgium and France have been collectively inebed as a World
Heritage Site since 1999 (expanded in 2005P]. Their outstanding universal value
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is derived from their representation of the winning of civic liberties and testimony
to a range of architectural styles prevalent from the 11th to 17th centuries. The
instruments and their towers have become a strong component of regiah cultural
identity. More recently, under the Convention for the Safeguarding of the Intan-
gible Cultural Heritage [3] there has been a programme to safeguard the carillon
culture that exists in seventy-six cities and villages of Belgium am in thirty coun-
tries worldwide [4]. In the 21st century, carillons have become strong civic voices
for fostering equality, diversity, and inclusion in communities [5].

While the structures in which the instruments are housed preset complex chal-
lenges to heritage management, additional challenges are posed by the na&uof
carillons as mechanical instruments. Although no robust study has beerunder-
taken, formal and informal protection is generally given to the bells within the
instrument. Due to this, many carillons dating from the 17th to 20th centuries are
still comprised of several of the bells originally installed in the irstruments. Over
the course of the 20th century several technical innovations improwve the control a
carillonist had over the musical capabilities of the instruments. These were primarily
improvements in the mechanical action and fabrication techniques fobells that ex-
panded the typical range of the instruments compared to their historcal precedents
during earlier centuries. Due to this, mechanical actions of caribn instruments have
frequently been upgraded and replaced with little care of their potatial heritage
value. Research on preserving original integrity and material of carillors is typi-
cally limited to the bells themselves p]. Thus, material value is ascribed to only
part of the instrument. Instead, emphasis is placed on the intangibleheritage value
and role of the carillon as an instrument with a civic voice, which necssitates the
technical improvements of the instrument to enable a modern stadard of artistic
performance. While the preservation of material authenticity has bea discussed
in depth by restorers of other instruments (e.g. organs T]), and many challenges
have been identi ed for heritage instruments more broadly B], discussion about the
conservation and restoration of heritage carillons has been very limited.

Composing and arranging musical compositions for the carillon is complicat by:

" a lack of damping mechanisms,
~ extended, but varied sound decay periods,
~ the complex, prominent overtones associated with each bell.

Many introductory guides have been published to encourage and aid congsers
interested in the instrument [9, 10, 11, 12] and more recently [L3], although these
focus on the physical limitations of the player and the mechanism and d not
provide detailed information on the overtones (referred to aspartials) and sound
decay rates/periods. Those that do mention partials [L4, 15] do not elaborate beyond
the prominent minor third, except for the video component of the former and one
that discusses the rst 7 partials [16]. There have also been unpublished lectures
on the topic(e.g. [L7]). Gerken provides excellent examples of thinning out texture
while retaining harmonic structure [18] for arrangement and transcription purposes.
On the whole, these guides are based on experiential practice of playg the carillon
and composing and arranging music for the instrument.

This lack of literature is|in part|due to a lack of scientic document  ation on
in situ acoustics of carillon bells. The authoritative texts on carillon bell acotstics
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were undertaken in isolated conditions and utilise standardised mdwanical strikes
to initiate sound [19, 20, 21]. This is strikingly di erent to the informed touch of
the experienced carillonist, who adapts the input force dependig on the response
from the weight of a clapper to produce a balanced sound landscape. Thushe
perceivable acoustic character of bells in the instrument is di eent in situ than in
controlled experimental conditions. One exception is 22], who characterise modal
frequency, exponential decay rate, and initial complex amplitude fom audio samples
taken in situ; it is notable that the decay rates are analysed in the conext of the
non-neglible ambient noise of the campus environment. However, thessamples do
not represent the dynamic musical input of a carillonist.

Although bellfounding has incorporated technologies as they have becomevail-
able (such as 3D scanning 43), it still incorporates elements of a traditional craft.
Each carillon bell cast|especially those fabricated prior to electroni ¢ frequency
analysers|possesses a unique sound colour based on the balance of the frencies
produced and their relative intensities. In contrast to the landmark work published
by Lehr in 1951 [24] that focuses on 17th-century instruments, this study analyses
20th-century instruments founded with modern techniques. Notaby, these instru-
ments were tuned with a mechanical lathe but without electronic anaysis.

This study investigates the physical attributes of two heritage carillons in Toronto,
Canada, and subsequently applies spectral analysis to analyse the situ frequency
and sound intensity of the ve primary overtones at di erent musical dynamic
levels. Testing the acoustic characteristics of the bellsn situ means that the trans-
mission system (the mechanical action) is considered as an integral coropent of
the instrument, which can greatly impact its musical capabilities. This study iden-
ti es characteristics that are relevant to carillon performance and conposition by
analysing the sounds produced by the bells from within the belfry In contrast with
established methods in the eld that remove the bells from the tawver structures
and analyse them in acoustic isolation, this method thus employs an inavative
approach by analysing the carillon as a composite musical instrument conmsed of
its structure, a set of bells, and mechanical action, in the context ofits common
role as both tangible heritage and civic voice.

2 Carillon characteristics
2.1 Mechanism
The carillon console is comprised of a single manual of wooden baton2§ with
pedals located at foot-level of the console, which approximately doulel the lowest
two octaves of the manuals. The manuals are generally played by strikig the baton
with a closed st. The considerable weight of the larger clappers (thesize of which
vary according to the size of the respective bell) means agile playmwithin this part
of the instrument is executed more easily with the pedals rather tlan the manual,
due to the increase in available inertia from the weight of the leg. Chpper weights,
relative to the mass of the associated bells, di er greatly between @urces|most
likely due to foundry practices and instrument variations. [26, p. 112]R7, p. 46][28].
The transmission wires extend through the oor and ceiling of the playing cabin or
space. A common type of connection between the transmission lines anti¢ clapper
wires in 20th-century instruments is a transmission bar P7, pp. 81{83]: a long
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metal cylinder that rotates axially that can pull a clapper wire located in a remote
horizontal position of the belfry. Depressing a baton puts this systen into action,
which bring the clapper into contact with the interior rim of the be Il. Crucially,
the dimensions of connections between the console can vary for sets ofllegor for
each bell individually. Each clapper is also equipped with a sensve adjuster that
modi es the wire length between baton and clapper to accommodate for chnges
in the dimensions of the metal components due to changes in temperatar

To control the force with which the clapper comes into contact with the bell,
carillonists develop a technique to “prepare' a note: su cient force is applied to
depress the key to a certain depth such that the the clapper doesat make contact
with the bell. From this position the performer determines the volume of the bell
strike by varying a torque-like ick of the wrist or ankle. Depressing the respective
appendage results in a very dull, soft tone, while a quick action tranmits greater
speed and force to the clapper to produce louder dynamics.

The time-dependent force exerted by the clapper on the bell can beepresented
by a sphere impacting a very massive plateq9][30]. The force gradient is dependent
on the Poisson's ratios!! ( ) and Young's moduli’? (E) of the clapper ; and the
bell ,, the clapper parameters: radius,r, massm, and impact velocity v.

m3:5r1:2V6:5 )
F 044——sin(t= y) (1)
1t 2
where | = f (Ei; i), and y is the contact time = f ( 1.2;m;r; V).
Separating the amplitude and temporal components of this relationship,at the
point of maximum bell de ection

Fome 044™ TV @
1t 2
for any given bell in a carillon with known dimensions (and assuming ngligible
changes inm,r, and ; due to the e ects of weather or oxidation), we can then
directly relate the force and the overall sound decay (sing= 4 )) to the velocity of
the strike force with a constant proportionality coe cient, ie.

m3:5r1:2
Fpiayer / Fmax 0:44—n— VOO (3)
1t 2
This means that, for each bell, the force exerted by striking of the apper is only
dependent on the velocity of the baton strike by the player.

2.2 Acoustic characteristics of bells
When struck by its clapper, a bell is distorted and then vibrates in a complex
manner [31]. The vibration can be described as the combination of several ‘'modes

Wthe ratio of transverse contraction strain to longitudinal extension strain in the

direction of stretching force
@ measure of the sti ness of an elastic material; obtainable from the slope othe

linear portion of a stress-strain curve
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of vibration around a number of stationary lines around the circumferene of the bell
("nodal meridians') and along the length of the body (‘nodal circles. The observed
frequencies (also referred to as partials) are normally grouped intcgimilies based on
similar properties. The relative prominence of a partial is dependat on the location
and other details of the clapper strike. The most important families of partials are
those with an antinode (places where the bell wall vibrates at a maximm) nearest
to the clapper strike [32]. The rst ve modes of a bell are often referred to by
descriptive/colloquial names, and fall within two families:
" those in Group 1 (the hum, the tierce, and the nominal) with an antinode
near to the sound bow, and
" those in Group 2 (the fundamental and the quint) with an antinode near the
waist of the bell as a result of the entire bell's vibration.
The number and location of these modes for the rst ve partials of a tuned
European bell are presented in Tablel.

Table 1: Characteristics of the modes of the primary partials within a well-tuned
European bell [33].

Name | Number of nodal meridians | Number and position of nodal circles
Hum 4 0
Fundamental 4 1 (between the rim and the waist)
Tierce 6 1 (in waist)
Quint 6 1 (near rim)
Nominal 8 1 (in waist)

A comparison of these partials in a tuned and untuned bell to the naturalharmonic
series is presented in Figurel. Unlike those of many instruments which are integer
multiples of the fundamental tone, the most prominent overtones (partials') of a
well-tuned bell in equal temperament are 1 : 2: 2.378 : 2.997 : 84] (although most
commonly rounded to 1:2:2.4:3: 435, 36)). Carillon bells are musically notated
by their fundamental.

5
2 CF 4 NOMINAL _9_‘, gﬁm;‘“‘"

‘@_e‘a_tﬁ_g QU & TiERcE

J e-: -©- 2 FUNDAMENTAL | ~©- FUNDAMENTAL

0 "
i{r‘ 1« 1 HUMTONE ‘5‘9_| HUMTONE

(1) {®) )

Figure 1: Comparison of overtone series. The tuned carillon bell woulthe notated
by the fundamental tone, C4. (A), the natural harmonic series, B), a tuned
carillon bell, (C), an untuned bell.

2.3 Physical proportions

For similar-shaped bodies (i.e. bells with similar pro les) made ofthe same material,
the frequencies of corresponding modes of vibration are inverselyrgportional to
the dimensions. A bell with twice the diameter should produce a rusical at half
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the frequency (a musical octave below), while weighing eight thes as much. This
relationship was de ned as the "Line of Absolute Musical Proportion' [L9]. What

was observed in the work of the Hemony brothers (whose instruments wer the
pinnacle of bellfounding in the seventeenth century) was a deviabn from the linear

trend in the high treble bells: this was a compensation techniquedr weak audibility

of smaller bells within the instrument. By increasing the wall thickness of the bell,
decreasing height and diameter, and carefully tuning, a bell could psduce the
desired frequency with a volume comparable to mid-range bells of largesize. The
following formula can be used to relate various dimensions of a belB[]:

M = cfD* 4)

where the massM (without a canon or any attachment pieces) is dependent on
a prole constant ¢ in kg s m 4, the fundamental frequencyf, and the external
diameter D. A higher constant indicates a heavier pro le.

Due to the aforementioned inversely proportional relationship betwen the di-
mensions of similar-shaped bodies (e.g. bells with typical Europeapro les) and
frequencies produced, another parameter used to discuss the progions of bells is
the fD value in m's ! [38, 39: the product of fundamental frequency and diameter,
an indicator of wall thickness. A higher fD value indicators a thicker wall.

3 Methods

3.1 Analysed carillons

The two carillons studied are located in Toronto, Canada and are carillongypical
of the musical range and weight for North American instruments incorporating 20th
century bells and mechanical actions.

3.1.1 Soldiers' Tower Memorial Carillon, University of Toronto

Soldiers' Tower was constructed in the 1920s as a memorial to the membeds the
University of Toronto community who fought and gave their lives in the First World
War. The original instrument incorporated 23 original bells from the English rm
Gillett & Johnston (G&J) in 1927 [ 40, p. 271]. The carillon was dedicated at a cere-
mony coinciding with the University's centenary [41, p. 20]. An additional nineteen
bells cast by the American foundry Van Bergen were purchased in the 1950but the
tuning of these newer bells did not match the original English bells,and were sold
o to interested alumni. 28 replacement bells were later ordered fom the Dutch rm
Petit & Fritsen (P&F), and the composite 51-bell carillon was rededicated in 1976.
Since its an inauguration, the carillon has been an integral component of sigrcant
events in the University's academic calendar, including the annualRemembrance
Day Memorial service and convocation (graduation) ceremonies.

The tower was designed in a neo-gothic style and rises to a height of 142¢fe
The belfry is enclosed on all four sides by thick stone walls, with seened openings
representing approximately 35% of the total vertical surface of the enlosure (Figure
24).
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(@) Soldiers' Tower that (b) The carillon tower of Metropolitan United Church, as
houses the carillon, as seen seen from Queen St E.

from Hart House Circle.

"Soldiers' Tower 2007" by V.

Samarin is licensed under CC

BY 3.0 (https://commons.

wikimedia.org/wiki/File:

Soldiers_Tower_2007.jpg )

Figure 2: External facades of the two carillon towers investigated.

3.1.2 Massey/Drury Memorial Carillon, Metropolitan United Chu rch

The tower of the Metropolitan United Church housed the rst instrum ent of bells
installed in North America that adhered to the modern-day de nition of a carillon:

23 Gillett & Johnston bells were purchased by Chester D. Massey andnstalled

in 1922, although the tower dates back to 187242]. These bells were tuned to
A432, a reference frequency that Gillett & Johnston employed for “heay' carillons;

lighter instruments were tuned higher than A440 |43]. The initial expansion added
12 bells founded by Petit & Fritsen that chromatically extended up from the highest
original bell; these bells used A435 as a reference frequency. Theahaddition were

19 bells extending in a similar fashion cast by the French rm Paccardin 1971
that were tuned to match the reference tone of the original 23 bells, toform the

54-pell instrument currently housed in the tower. The instrument transposes down
3 semitones.

The tower is constructed of large stone masonry units, and includes anngrance
hall for the church at ground level, a playing cabin beneath the belfy, and access
to the latter elements. At 36%, the belfry has a similar percentage of opn space to
that of Soldiers' Tower, but the panels are covered by wooden louves, which are
slats intended to keep the elements out and direct sound downward® ground level
(Figure 2b).

The pedals are connected to the manuals with a non-traditional tensilestring-
based mechanism, guided by rollers (Figure3). This unconventional system is
thought to be less sensitive than the transmission bar con guration morecommonly
employed in modern instruments, such as in Soldiers' Tower.

Page 7 of 23
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Figure 3: The pedal board of the carillon at the Metropolitan United Church,
which has an irregular connection of guiding roller wheels to connect th pedals
to the keyboard batons.

3.2 Sampling

Recordings were taken on weekend afternoons to minimise the e ect afrban noise
pollution caused by higher weekday vehicle tra c. This issue was mos evident

at the Metropolitan site, where the tower is located approximately 100m from a

major intersection with high rates of vehicle tra c, in addition to st reetcars that

contribute signi cant noise pollution. Soldiers' Tower is much more isolated and less
susceptible to interference from vehicle tra c.

3.2.1 Player input

The carillonist was instructed to adapt their style of playing to th e instruments,

based on their experience with the varying weights and bells of eachacillon. Three

dynamic levels were tested on each bellpp, mf, and . These dynamics should
be played at a force appropriate for the weight and frequency of each belbased
on experience and personal preference that ensures evenness ofuinpcross all
instruments. Bells below E; (4 semitones above ‘middle C') were played with the
pedals, as is common practice in carillon performance technique.

3.2.2 Recording

The pre-amp (485B36, PCB Piezoronics; Depew, NY), was connected to a pemal
laptop computer which accepted the microphone input via a 2.5 mm to 3.5mm
stereo jack adaptor. The microphone (377B02, PCB Piezoronics; Depew, NY) was
suspended from a boomstand at a height of 1 m above the oor at a xed point
within the belfry, and angled down slightly. Although these measurenents were
taken in the belfry, a xed measurement point is more closely alignedwith the
auditory experience of a listener at a xed point further away. The sound meter
was elevated slightly o a at surface as proximal to the microphone as posible.

Page 8 of 23
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The microphone was operated with a foam ball windscreen, to minimiselipping
e ects from increased wind speeds. The laptop soundcard had a samplinfrequency
of 44.1 kHz at 16-bit resolution. The microphone had a frequency range of 3.15 to
20000 Hz 2 dB.

The bells were recorded from lowest to highest in terms of musicalate, and from
softest to loudest musical dynamic marking. The samples from larger b&d were
recorded for up to 28 seconds, and repeated if necessary to reduce angrs cant
external sound sources, such as vehicle engines, in the rst 7{10 seads This
sampling time was gradually decreased to a minimum of 3 seconds for bglith
shorter decay times, as determined by the carillonist's judgemetrby ear, for the sake
of e ciency. The audio input was patched through to Audacity [ 44] and saved as
bulk les per sampling session. Bell tones were rerecorded wherenessary to ensure
that the carillonist was satis ed with the dynamic level and major cont ributions of
background noise were avoided. Each sample was exported individuallyta .WAV
le for analysis.

3.3 Audio signal analysis

The recorded samples varied in duration from approximately 3 to 28 secas. A
Discrete Fourier Transform was applied over the duration of each sampleresulting
in frequency resolutions from 0.0359 to 0.3139 Hz for the largest and smallest e
respectively. This approach enabled a high sensitivity for partialswith especially
low frequencies (prevalent in larger bells that were recorded fordnger durations)
while minimising the potential impact of ambient noise and other interference on
the spectra of smaller bells with more rapid sound decay.

A two-stage peak detection algorithm was implemented:

~ Stage 1: Identifying peaks within the practical range of the instrumen. 3000

frequency peaks between 0 and 12 kHz; this upper bound was truncatedoim
the detectable range (22.05 kHz) based on the highest expected partial wit
an allowance for upper deviation.
Stage 2: ldentifying the rst ve partials for each bell. Selecting t he most
intense peak within 200 cents ) of the theoretical frequencies for each
partial, equivalent to a frequency ratio (F.R.) range  0.122, or 2 musical
semitones in equal temperament.

The measured frequency of each partial was compared to a reference dreency
determined by the theoretical frequency ratios within a well-tuned bell with a typ-
ical European pro le (see Section2.2). This was determined using the appropriate
reference note (e.g. A435) based on foundry tuning logbooks and assuming edu
temperament.

The raw audio samples were not altered or modi ed. Although noise redution
was considered, it was rejected primarily over concerns that lowemtensity par-
tials that neared ambient background levels would be excluded from analyis. It
was decided that, in order to truly re ect accurate carillon performance, the in
situ analysis should consider partials within the context of urban ambient roise { a
partial that is undetectable in the context of ambient noise levels irdicates a perfor-
mance and composition contribution signi cantly less important than part ials with
much greater intensities.



OCoO~NOOOUITDAWN P

Orr

3.4 Representing sensitivity to carillonist musical dynaneicels

The sensitivity of summative intensity to changes in fundamental fequency (i.e.
bell size) is analysed by creating resistive power-law modeldt should be noted
that these intensities are derived from the spectral analysis ovethe entire sample
duration, and therefore do not represent decay times. This analysisted the inten-
sities across the frequency range of each instrument for the three dymic levels,
according to:

A=af( ©) (5)

where A is the amplitude, or resultant intensity of the sample, a is a power-law
coe cient, f is the fundamental frequency, andk is a so-called resistive coe cient.
These relationships were derived by using log-log plots of frequegarersus intensity,
which, if accurately modelled with a power-law relationship, yielded linearity. The
slope of this relationship is equivalent tok %, from which the resistive coe cient

can be calculated.

og(A)= + log(f)+log(a) ©)

In this resistive power-law model, the coe cient k is indicative of how signi cantly
changes in fundamental frequency a ect the intensity; they are onlyapplicable for
the instrument frequency ranges and detected intensities. Ak ! 1 there is little
to no change in intensity sensitivity with changing frequency. In contrast, ask ! 1
there is in nitely strong sensitivity to di erent fundamental frequencies. This is
used to evaluate how signi cantly the sound intensity levels changewith decreasing
bell size, and to enable comparison between musical dynamic levels.

4 Results and discussion

The bells were analysed with respect to their physical proportionsfrequency devia-
tions (tuning) from theoretical relationships, and total and partial inte nsity (volume
or audibility) and sensitivity to player input.

4.1 Bell dimensions

An investigation of the dimensions of bells provided insight into deggn and produc-
tion processes with implications for interpreting the acoustic mesurements of the
bells. Suitable data was available for the bottom two octaves of both insfuments
(founded by Gillett & Johnston in 1922 and 1927, respectively) and the uppebells
of Soldiers' Tower, founded by Petit & Fritsen in 1976. Data for the remaining
portions of the Metropolitan instrument were unavailable.

Although the instruments have similar musical ranges, their bells eveal foundry-
speci ¢ variation in proportions.

Despite being founded only a few years apart, the two sets of Gillet& Johnston
bells have signi cantly di erent proportions (Figure 4). fD is an indicator of wall
thickness, while c is a pro le constant used to relate mass, fundamental frequency,
and diameter. On average, the G&J bells in Soldiers' Tower have thiker walls
fD =214 6:84 (1 S.D.) than those in the Metropolitan carillon fD =202 5:04

Page 10 of 23
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(1 S.D.). However, the Metropolitan carillon has a higher (heavier) go le constant
(c=2:99 0:24, 1 S.D.) than Soldiers' Tower € = 2:91 0:08, 1 S.D.). Both of
these constants are greater tharc = 2:8 that Lehr recommends for general use. It
has been proposed that G&J based their early forays into founding weltuned bells
on on observations and designs of 19th century bells, which would be in ugced by
Grimthorpe's advocacy for bells with very thick walls and heavy pro les. §5].

It is proposed that the higher variability of the fD value and c between individ-
ual bells within the Metropolitan carillon is, in part, likely relate d to these bells
representing G&J's rst foray into producing bells for a carill on. The F]4 bell is
particularly of note for its unusually low fD value and highc constant. It is possible
that this bell was originally cast for another purpose and appropriated for inclusion
within this instrument, which was common G&J practice in the 1920s [46].

The pro le constant for Soldiers' Tower is more consistent (as represnted by a
smaller standard deviation) than that of the Metropolitan carillon, which suggests
it might have been part of the design process. Within Soldiers' Tower, the fD value
is very consistent in the bottom octave (up to C4) before sharply increasing. The
causes of these changes are uncertain, and require further investigan.

230 | soldiers' Tower — 3.90
220 — - 3.55
210 — — 3.20
200 W - 2.85
¥
< 190 - 250 €
(2] n
g 230 | Metropolitan — 3.90 2
[a) S
220 — — 3.55
210 — — 3.20
200 — — 2.85
190 — - 2.50
| | |
Cs Cy Cs
Note
Figure 4: Two indicators of proportion for the Gillett & Johnston bells w ithin
the Metropolitan and Soldiers' Tower carillons: fD (in black) and the prole
constant c (in grey).

20th-century carillon bells were not typically cast in direct proportion as is typ-
ical practice for swinging bells: the smaller bells have thicker wlls and pro les to
compensate for their smaller size in sound intensity and duration {D from 214
to 439 m s 1). To this end, a single pro le constant would not be suitable for the
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Petit & Fritsen bells within the Soldiers' Tower carillon. This is exhibited by the
linear trends in Figure 5. This suggests that the use off D and related parameters
were part of a systematic intentional design practice and is line withbellfounding
practice toward the end of the 20th century [39]. Of additional note is the peak in

c constants at Eg followed by a consistent decrease for the highest octave of the
instrument. While this could also be related to manufacturing practice, this would
require further investigation.

Soldiers' Tower
450 — - 3.75
400 — — 3.52
" 350 - 329 E
E (2]
-~ (@)
@] v
« 300 — 3.06 3J
250 — — 2.83
200 — — 2.60
| | |
C5 CG C7
Note
Figure 5: Two indicators of proportion for the Petit & Fritsen bells wit hin the
Soldiers' Tower carillon: fD (in black) and the pro le constant c (in grey).

4.2 Frequency

4.2.1 Frequency deviations (bell tuning)

The results of the frequency analysis of all 5 partials in both instrunents is presented
in Figure 6. In general, the tuning of the Soldiers' Tower carillon is more consitent

than its counterpart at Metropolitan: the deviations from theoretical fr equency are
smaller, and variation between measured and theoretical frequency ammore gradual
and consistent with decreasing bell size.

With decreasing bell size (i.e. with rising musical note), for the humtone, funda-
mental and nominal the di erence between the measured partial freqency and the
theoretical frequency changes from being negative (measured frequey atter than
the theoretical frequency) to being positive (measured frequeecy being sharper than
the theoretical frequency). The same trend is seen to a less degrdor the quint.
This increasing proportionality represents a phenomenon knows as stch tuning,
a system in which notes are tuned increasingly sharp toward the the pper end of a
keyboard instrument. Although typically applied to string percussion instruments
such as pianos47], Gillett & Johnston were also known to apply this approach in
their early carillons [48]. However, for the tierce the opposite behaviour is observed;
that is, the di erence between the measured partial frequency andthe theoretical
frequency changes from being positive to being negative. The trend stronger in
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the Metropolitan G&J bells. In the Metropolitan carillon, it is possib le that Pac-
card was aware of this characteristic and implemented a similar methd into their
expansion of the instrument, to provide historical continuity to t he instrument as
a whole. However, this would require further investigation. In contrast, the Petit
& Fritsen extension of the Soldiers' Tower carillon did not incorporate this charac-
teristic, instead opting for a “neutral' approach in which the bells are tuned to a
constant reference pitch without incorporating stretch tuning.

Soldiers' Tower Metropolitan
20
10 st
i LYY
" 0 L L RN o Sinnal
umtone . . -‘ ..Tl.-iﬁ "
120 | | e . o
[ ] L] [ ]
120 — L]
20
_ A
10 AAAAAAAAF A
Fundamental 0 L] Ay 8 — ———A& A
o mm
110 n -.i'l'l:- n = l“-'-.l.
! . . e
120 —
60 -
L
g 40 - LI |
< n Fa
S ) 20| mfgm " m ' AM
= Tierce L g m ] A
© - y'n
% 04= " wmE M. . . e | ' -~ 1 A —
a) 120 A N
140 Aa
20
10
0 R R . "
i LTS " L] -
Quint :;8 _ . ...f ..l.ﬁ-
130 g
140 —
150 — L
20
AA
10 AAAA
* *
Nominal 0 o % S, u et I I
l..ff o " e "
110 'l..- [ u Il.. ...I
A
120 —
T T T T T T T T T T
" G&J Cs Cy Cs Ce C7 Cs Cy Cs Ce C7
A ngcard * undetected
Note
Figure 6: Frequency deviations for the ve primary overtones in the Metropolitan
and Soldiers' Tower instruments. It is noteworthy that in both sets of bells the
quint and the nominal were not detected for roughly the highest half and till
octave of bells, respectively. The red line indicates a movingverage f = 10),
indicating the general trend with decreasing bell size.

The measured frequencies of the humtone and the fundamental deviadebetween
-20 to +10 g from theoretical frequencies: this represents a level of consishcy in
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tuning (in terms of variability relative to the other overtones) acr oss the instru-
ments. There is a signi cant negative deviation present in the bass blls (bell notes
lower than Cs) in both instruments. Above this, the humtone and the fundamental
within the Soldiers' Tower bells hovered a few cents below exgcted (theoretical)
frequencies, while the bells in the top octave of the Metropolitancarillon were mea-
sured to be higher than theoretical frequencies, with increasingdeviations from
theoretical frequencies up to the smallest bell in the instrumat.

The measured nominal exhibit similar trends to those discussed irthe humtone
and fundamental, except that it was not detected in the audio samplesdr bell notes
greater than Gg (except for a few bells in Soldiers' Tower). The quint exhibited the
least apparent trend with fundamental frequency but is generally béow theoretical
frequencies. Although the partials are physically present in the b#, the quint was
not detectedin situ for bells in the top octave. It is proposed that these partials are
absent from the analysis as they could be not detected above ambient na@devels.
However, it is also possible that the clapper impact position on these élls is in the
vicinity of the corresponding normal mode node.

The tierce has the most extreme behavior across both instruments: sasured
frequencies deviated from theoretical frequencies by 50 g, and, in general, pro-
portional to bell size (smaller bells have measured frequenciedoser to theoretical
frequencies). The most signi cant tuning deviations from theoretical frequencies
are observed in the largest bells of both instruments (+25/+50 g from theoreti-
cal frequencies), especially in the Metropolitan carillon. The eratic behavior (and
generally positive deviations) of the tierce in both carillons is simiar to characteris-
tics observed in other Gillett & Johnston instruments in which th ey aimed to tune
internal minor thirds to the interval of a perfect third [ 48] (despite the potential
clash of this with other bells within the instrument). This is de monstrated by the
contrast in consistency of tierce tuning between the upper and loer portions of
the Soldiers' Tower carillon, in which the bells produced by Pett & Fristen have
tierces consistently tuned to theoretical frequencies while hose produced by G&J
are more varied.

The location of nodal meridians (tuning points) for each partial may cause some to
be more susceptible to weathering and corrosion. For instance, thedrce meridian
is located mid-way up the bell's waist, where the wall is quite thn. In contrast, the
quint is located at one of the thickest points on the bell's wall, near he mouth (and
clapper strike point). It is proposed that, because of these locationsthe e ects
of weathering and corrosion may a ect some partials more strongly than others
when their vibrational modes are located at thin portions of the bell wal. The
two previous examples support this claim: the measured tierces deonstrate the
most variability while the quint is relatively stable in both instr uments relative to
theoretical frequencies.

The frequency deviations across the sets of Gillett & Johnston bellprovides evi-
dence for a characteristic that has hitherto been discussed anecdaty. The tuning
forks that the rm used to tune their instruments were awed: th ey were generally
at (especially within the middle of octaves C-C). The outcome of this is that mu-
sical tones within these sets of bells close to C will generally be tied more closely
to theoretical frequencies, but there is an oscillating trend tovard the middle of
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octaves in which the middle of octaves (C-C) are more prominentlytuned below
theoretical frequencies. This is especially prominent in the uper-right panel of Fig-
ure 6. So, although the tuning books reported the Soldiers' Tower carillon ad the
Metropolitan carillon to be tuned to references notes A435 and A432 respeitely,
in practice both instruments are tuned closer to A432 and A430, respectivg.

4.3 Intensity

4.3.1 Summative intensity

The summative intensities of the ve primary partials ranged from 25{100 dB for
the Soldiers' Tower bells, while the Metropolitan bells had a smalkr dynamic range
of 45{95 dB (Figure 7). The lower maximum for Metropolitan is likely due to the
thinner pro les used in the Metropolitan carillon (see Section 4.1), despite its lower
transposition compared to Soldiers' Tower. The samples taken of bellprovided by
Gillett & Johnston (23 lowest-sounding bells in both instruments, bell notes ap-
proximately below Cs) have distinct separation between the three dynamic playing
levels. The bells within the Soldiers' Tower carillon show a conistent decrease pro-
portional to bell size, while the Metropolitan carillon has a smaller andless distinct
dynamic range. Also of note is the coupledmf and intensities for the upper
range of the Metropolitan carillon. This implies that the carillonist i s limited by
the mechanism to create a contrast betweemmf and  dynamic levels.

100 — Soldiers' Tower

80

60 —

|- ff 3

m 40 —e— mf
z p
2 20
(2]
q:) 100 — Metropolitan
IS I > I
- 80

60 —

|- ff
40 1557 o
p
20 -
T T T T T
Cs Csy Cs Cs C;
Note * coupled mf and ff
Figure 7: The summative intensive of the rst ve partials of bells within the
Soldiers' Tower and Metropolitan carillons at three musical dynamic levels.

The resistive power models are presented in Figur®. A highly linear t (repre-
sented by high R values implies a consistent decrease in intensity with decreasj
bell size produced by the carillonist input. The carillon of Soldigs' Tower exhibits
much more consistent behaviour for all three dynamic levels, as regisented by
R? > 0:69. In contrast, only the  playing level of the Metropolitan followed a
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power-law relationship with a commensurate B = 0:67; the other two dynamic
levels had very low R values so these models were discarded. Put another way,
it is impossible to discuss thek coe cients as the relationship was not su ciently
consistent across the instrument range. In general, a louder dynamicnput level
yielded a narrower range of resultant intensities, i.e. the carilbnist had less control
of the output sound intensity from the carillon action.

Soldiers' Tower Metropolitan
2.0 []
] .-.“ [ v |
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197 -......'-l " -- e Y u A‘AA“A Al A
- Aty A
1.8 AA
“
ff 1.7
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R? = 0.88 R? = 0.67
1.4 - k=71 k=12
2.0
—_ 19 H " -~ n an® - AA
3 B Y e L Lhata o
5 1.8 i .. = AA
g - A
-‘%‘ mf 1.7
i)
15 1.6
B
1.5
R2 = 0.83 R2 = 0.04
1.4 k= 6.7 k= 59
2.0
1.9
I.... . n - .. “AAA
— | ]
18 --'."l‘"n' LI g .-.- . A AA“AAAA‘
n [ ] - oy A%,
pp 1.7 4 - A
A
1.6
1.5
R? = 0.69 R? = 0.05
1.4 k=46 k= 53
Founder T T T T T T T T T T
= G&J Cs Cy Cs Ce Cr Cs Cy Cs Ce Cr
P&F Note
A Paccard
Figure 8: Summative bell intensity (total of the ve main partials) log-l og plots
for Soldiers' Tower and Metropolitan bells at pp, mf, and  musical dynamic
levels.

k (in this case, the slope of the tted line in red in Figure 8) is indicative of the
sensitivity of intensity to changes in fundamental frequency. Fom the values ofk
in Figure 8, it can be seen for the Soldiers' Tower carillon that the sensitiviy to
carillonist input decreases with playing dynamic; put another way, intensities at a
pp vary more in intensity than at mf and levels. In contrast, the Metropolitan
carillon at a  dynamic level is less sensitive than the Soldiers' Tower carillon
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at any musical dynamic level, while the other levels did not su ciently-consistent
relationships to discussk coe cients.

4.3.2 Relative partial intensity

The partials, in general, followed an established order of audial prominece, relative
to one another: the humtone, the tierce, the fundamental, the nomina) and the

quint. Although the tierce is quite prominent, its intensity is 0  set by the combined
tonality of the humtone, fundamental and nominal { which stresses the mportance

that these octave overtones must be in accordance with one another irhe internal

tuning of each bell. Figure 9 shows the intensity of each partial is compared to the
intensity of its respective fundamental frequency, so that ther relative prominence
across the instrument ranges can be discussed.

The humtone hovers around the same intensity as the fundamental fregency
until D]s, at which point it increases prominence to 10{20 dB greater than the
fundamental frequency.

The tierce is more stable than the humtone, remaining equally promient to the
fundamental over the instruments' entire frequency ranges. Theonly exception to
this is a noticeable increase in the Metropolitan Paccard bells (upperange), which
peak at +20 dB intensity relative to the fundamental frequency.

The quint is very weak and inconsistent as compared to the other partls. It
can best be described as a loose cluster centered around -20 dB relatito the
fundamental frequency.

The nominal is also quite strong in the lower frequencies ranges, li@e tapering
o to levels between -10 and -20 dB relative to the fundamental. Giventhe extreme
frequency ranges of these overtones (7-10 kHz), it is not surprisindiat these partials
do not make a signi cant contribution to the bell's overall tone quality, as they
approach the limit of human detection.

The relative intensity of a partial is partly dependent on the clapper impact
position. However, this was not studied due to access limitations.

4.3.3 Partial sensitivity

Resistance power-law models were applied to the ve primary parals, which
produced better- tting resistive models (R2, = 0:64)for the Soldiers' Tower carillon
as compared to Metropolitan (RZ, = 0:33). These R, values demonstrate that the
prominence of the overtones within the Soldier's Tower carillon arenore consistently
related to carillonist input across the range of the instrument than those in the
Metropolitan carillon (Figure 10).

The intensity (or prominence) of the Metropolitan humtone behaves nversely to
the fundamental frequency (as represented bk values< 0). This means that bells of
smaller size are producing a more intense partial than the larger bedlin the set. One
possible explanation is the production techniques of P&F and Paccardn the upper
portions of the instrument that may contrast those of the original G&J bells. One
exception to the overall behaviour of the Metropolitan is the fundamental partial,
which exhibits similar power-law behaviour and k values to the Soldiers' Tower
samples, demonstrating similar consistency across the range of the insment.

The tierce and the quint of the bells within the Soldiers' Tower carillon exhibit
the smallest variation in resistive coe cients: regardless of mustal dynamic level,
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Figure 9: Partial intensities relative to the fundamental (F.R. = 2.000) over-
tone for Soldiers' Tower and Metropolitan bells. The intensity deviations were
averaged across all three dynamic levels.

the change in prominence across the instruments range is very similafhe nominal
has the lowest average resistive coe cient, demonstrating that its intensity is the
most sensitive across the range of the instrument.

5 Discussion

Although the greatest heritage importance is typically placed on the belk in a car-
illon, the results presented herein demonstrate the importance othe mechanical
action as part of the holistic system of the carillon as a musical instrumat. The
mechanical action is an important control on the sensitivity and regularity of the
sound intensity produced by the input from the carillonist. This has implications
for how carillon music is arranged and composed. Figur& shows that, due to the
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Partial

Figure 10: Resistive coe cients (k) for Soldiers' Tower and Metropolitan bells.
As represented byk values closer to 1 than its Metropolitan counterpart, the
transmission system of the Soldiers' Tower allows for a greater range ofythamic
response across the instruments range and higher contrast between dymic
levels.

mechanical action of the Metropolitan carillon, there is no discernibbe di erence in
the audio intensity produced at the mf and  dynamic levels. The practical result
of this is that, if written music is prepared to be suitable for a wide range of in-
struments, the variability of age, consistency, and quality of the mebanical action
should be considered. So, if a distinguishable musical level is remed for artistic
e ect, a sharper contrast of musical levels (such as and pp) should be used to
produce this e ect. A relevant example would be the use of “terrace dynamics' [49]
in barogue music, in which repetition is employed with distind musical dynamic
levels to produce an “echo-like' e ect. Further, di erent phases of work on the caril-
lon manifest as variations in the musical sensitivity of the instrument. For example,
Figures 7 and 8 show that within the Metropolitan carillon there are distinct trend s
of relative partial intensity depending on the bellfounder (which correspond to dif-
ferent phases of renovation work on the carillon). While both the Gillet & Johnston
lower and Paccard upper sections of the instrument show weakly deeasing vari-
ations of summative bell intensity across their ranges, the Petit & Fitsen middle
section is relatively constant across it's range. Whether intentionalor not, the me-
chanical action employed by Petit & Fritsen in this instrument has reduced the
natural decrease of the audio intensity in the middle range of the instument, pro-
ducing a more even intensity output. However, it is unclear to the extent to which
this result would apply to other carillons by the same founder or di erent eras of
construction.

The original bells of the Metropolitan carillon are mounted directly above the
playing cabin, while the second set of bells was placed above thesehe tower is
quite narrow, and there is little room to manoeuvre around the bell fame. To
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facilitate access for maintenance, the 1971 Paccard bells were installédl the space
around the original base bells. The decreased length of parts involved i playing

these bells increases dynamic sensitivity, but the proximityto the playing cabin is
guite uncommon for bells in this range. To this end, the carillonist hears a dynamic
bias towards these bells, that is not representative of the sound at gerior ground

level. This likely exacerbates the player's ability to gauge di erent musical dynamic
levels at their close proximity to the upper bells in the playing chamber.

This demonstrates an important point: the properties of carillon installations of
bellfounding rms have changed signi cantly over time. This is most prominently
seen in the contrast of the Petit & Fritsen sections of the instruments. The mid-
section of the Metropolitan carillon shows more strongly deviating measted fre-
guencies from theoretical frequencies (Figures) than the corresponding range of
Soldiers' Tower. While it is possible that part of this is due to the application of
stretch tuning, it seems unlikely that this technique would have been applied in
the Metropolitan carillon for an extension of only one octave (13 bells) wihin that
particular range of musical notes. While that installation was in 1960, by 1976 wha
Petit & Fritsen installed the upper-half of the instrument in Sol diers' Tower, the
partials show more consistent variation in measured frequencies froitineoretical fre-
guencies (especially the humtone and tierce); there is no evidee of stretch tuning
to match the technique employed by Gillett & Johnston in their early installations of
four musical octaves or greater. Further investigation is required © produce a more
rigorous understanding of the development of founding and installation pactices of
20th-century bellfounding rms.

From heritage and artistic perspectives, there are several considations of what
makes a “good' carillon. While there is a broad consensus that bells snded with
other bells (such as in carillons) need to be “well-tuned'q0], what is "good enough'
is yet to be determined. While the aforementioned range of typical huan detection
might be used as an upper limit of acceptable tuning constraints, thee are other
arguments to be made for wider variation. For example, when Mechelen {te centre
of revitalised carillon culture in the 20th century) installed a new carillon in the
tower to complement the historic instrument, there was mixed public opinion about
whether the new instrument was preferable $1]. Although the new carillon was an
incredible feat of engineering with precisely-tuned bells, may residents found the
change of soundscape resulted in a loss of nostalgia. Thus, although the inginent
a orded a higher level of artistic potential, the public opinion varied from that of
a well-trained musician. The early 20th-century “authoritative' expert opinion was
that the partials of a bell should be tuned to within 1 cycle per seconl (1 Hz) and
that the use of tuning forks, representing mechanical precision wed to determine
the quality of bell tuning, mattered more than human perception of the quality
of a bell (see, for example, the case of the Coventry Cathedral bell$1i1926 B2)).
The contribution of this study to de ning a "good' carillon have imp lications for
the growing interest in more accurate and precise digital synthesif bell tones
[53, 54], which is becoming increasingly prevalent in multimedia musicexperiences
[55]. Further investigation is needed of public perception of variationsin bell tuning,
as well as an exploration of material authenticity in carillon restoration projects.

The irregular pedal mechanism in the Metropolitan carillon has not signi cantly
impacted the sensitivity to the carillonist's musical dynamic level. This was likely
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mitigated by the substantial di erences in sound intensity produced by larger bells
as a result of their changing proportions, so the mechanism in this ranges of
secondary importance.

A limitation of this study is the method of audio sample collection. As all record-
ings were taken from a location within the belfry, they do not accuratdy represent
the experience of a listener from ground level. Typically, it is reommended to listen
to carillons from distances of at least 50 to 100 m, depending on the instment
and site context. However, obtaining consistent audio samples at a lation near
to the carillon is made di cult by several factors, such as varying wind direction
(impacting how the sound travels) and interference from other noie sources. One
mitigation technique is to take samples during the nighttime, when interference
is mitigated, although further logistical and administrative barriers might present
themselves with this approach. As well, the impact of local context (sich as adjacent
buildings, especially large open facades and corners), can signi cantlimpact the
audial experience. Further work should consider carillons in a comjglx local setting,
and evaluate acoustic properties of the instrument in several locatios to explore
this e ect. There may also be the opportunity for advanced techniques such as
acoustic modelling to evaluate this p€] that would build on existing modelling that
has studied the relationship between bells and their urban contextin a historical
perspective p7].

6 Conclusion

Various aspects of two 20th-century carillon bells and transmission syems were
compared, with an emphasis on identifyingin situ characteristics. Audio samples of
each bell were taken at three musical dynamic levelspp, mf, ). Spectral analysis
demonstrated the great variation between sensitivity to player input and partial in-
tensity. Resistive-power law models represented how the ssitivity to a carillonist's
musical dynamic level is variable over the range of the instruments ad depends on
the characteristics of the bells and the installation.

This study demonstrates the complex attributes of the carillon, induding:

~ variation of foundry production techniques, as well as how these changever
time;

~ the acoustics of bells within the context of musical dynamics and carlbnist
perception; and

~ the importance of considering the carillon as a holistic musical systa.

The discussion that follows explored the important rami cations of these results
for carillonists, composers, and arrangers of music for carillon. Developg the un-
derstanding of in situ carillon acoustics and physical attributes sugports the ongo-
ing development of the musical and technical capabilities of the caribn, as well as
deeper understanding of carillons as heritage that informs their consegation and
management.

List of abbreviations

G&J: Gillett & Johnston Bellfoundry
P&F: Petit & Fritsen Bellfoundry
FR: Frequency ratio

Availability of data and materials
The data and materials for this publication are unavailable

Page 21 of 23



e =
SEhEBovo~vourwNnrk

OO0 NI OITARADDBDDMDIMIEDIADRADRDDRMOWWWWWWWWWNNNDNNNNNNNRRRERRERER
ORWNPFPOOONOODUORARWNPFPOOONOOUORWNPFPOOONOOURARWNRPFPOOONOUIRARWNRPOOO~NOOIAW

Orr

Competing interests
The authors declare that they have no competing interests.

Funding
There is no funding associated with this publication.

Authors' Contributions
All contributions were from the sole author.

Acknowledgements

The author is personally grateful to Roy Lee for o ering his services as the performing carillonist for these
experiments; and to Willy Wong, Brian Wang and Jennifer Tsang of the University of Toronto's Institute of
Biomaterials & Biomedical Engineering and Edward S Rogers & Department of Electrical and Computer
Engineering for providing instrumentation and logistical support. The manuscript was also improved by early
feedback provided by Bert Augustus and Luc Rombouts.

References
1. World Carillon Federation. Statues, 1:3.2; 2011. Available:
http://www.carillon.org/eng/fs_orga.htm . [Online].

2. UNESCO. Belfries of Belgium and France; 2005. Online. Avdable from:
http://whc.unesco.org/en/list/943/

3. UNESCO. Convention for the Safeguarding of the IntangibleCultural Heritage; 2003.

4. UNESCO. Decision of the Intergovernmental Committee: 9.C0M 9.B.1;. Online. Available from:
https://ich.unesco.org/en/decisions/9.COM/9.B.1

5. Ng T. A New History of the Carillon. Keyboard Perspectives. 2015;8:185{194.

6. Schneider A, Leman M. In: Schneider A, editor. Sound, Pithes and Tuning of a Historic Carillon. Cham,
Switzerland: Springer International Publishing; 2017. p.247{298. Available from:
https://doi.org/10.1007/978-3-319-47292-8_9

7. Watson JR. Artifacts in Use: The Paradox of Restoration and the Conservation of Organs. Villanova,

Pennsylvania, USA: OHS Press; 2010.

Vaiedelich S, Fritz C. Perception of old musical instruments. Journal of Cultural Heritage. 2017;27:S2{S7.

9. Price P. Elements of Carillon Music. GCNA Bulletin. 1947 Dec;11(1):9{27.

10. Price P. The Decalogue of Transcription for Carillon. GONA Bulletin. 1961 Nov;XIV:55.

11. Allard E. Essay on Composition. GCNA Bulletin. 1984;XXXII1:12{15.

12. Barnes R. Personal Criteria for Composing and Arrangingor the Carillon. GCNA Bulletin. 1995;XLIV:22{29.

13. Brink J. Composing for carillon; 2017. Online. Available from:

@

https://nmbx.newmusicusa.org/composing-for-carillon /.

14. Gouwens J. Composing for the Carillon : Recommendationsnd Examples; 2009. Available:
http://carillon.vrvisuals.com/COMPCARVID.pdf . Includes audio-video demonstration, available:
http://carillon.vrvisuals.com/movie.html . [PDF, Online].

15. Semowich C. Carillon Music : Suggestions for Composingdr Carillon; 2013. Available:
http://www.utexas.edu/tours/mainbuilding/carillon/ . [Online].

16. Carillon Society of Australia. Composing for the Austradian Carillons; 2010. Available:
http://www.carillon.org.au/composing/composing.pdf . [PDF, Online].

17. anon. The 1960 Congress. GCNA Bulletin. 1960 Nov;XIII(2)iifiii, 1{20.

18. Gerken A. Perspectives in Creating Music for the Carille. GCNA Bulletin. 1995;XLIV:15{21.

19. Bigelow AL. The Acoustically Balanced Carillon. Princeton, New Jersey, USA: School of Engineering,
Princeton University;.

20. van Heuven EW. Acoustical measurements on church-bellsral carillons. [Ph.D. Thesis]. Delft University of
Technology. Delft, Netherlands; 1949.

21. Rossing TD, editor. Acoustics of Bells. Benchmark Papes in Acoustics. New York, New York, USA: Van
Nostrand Reinhold; 1984.

22. Can eld-Dalou EK, Werner KJ. Modal audio e ects: A cari llon case study. In: Proceedings of the 20th
International Conference on Digital Audio E ects, Edinbur gh, UK, September 5{9, 2017; 2017. p. 247{254.

23. Debut V, Carvalho M, Soares F, Antunes J. Reverse Enginageng Techniques for Investigating the
Vibro-Acoustics of Historical Bells. In: International Conference on Acoustics and Vibration, Hammamet,
Tunisia, 19{21 March 2018. Springer; 2018. p. 218{226.

24. Lehr A. The System of Hemony-Carillons Tuning. Acustica.1951;3:101{104.

25. Macoska P. Keyboard Standards; 1970. Original publishd in GCNA Bulletin, 1970. Revised 1981. Available:
http://www.gcna.org/documents/keyboard-standards.pd f. [PDF, Online].

26. Elphick G. The Craft of the Bellfounder. Bognor Regis, UK: Phillimore & Co.; 1988.

27. Lehr A. Campanology Textbook [English translation]. GCNA Bulletin. 2008;LIV:1{111. Translated by Schafer,

K. Original Dutch version: Leerboek der campanologie, Ast&, Netherlands : Nationaal Beiaardmuseum, 1976.

28. Howard HM. The story of bells and bell music. High Fidelity News. 1957;2(2):154.

29. Goldsmith W. Impact. London, UK: Arnold; 1960.

30. Fletcher NH, McGee WT, Tarnopolsky AZ. Bell clapper impact dynamics and the voicing of a carillon. The
Journal of the Acoustical Society of America. 2002;111(3):1437{1444.

31. Rossing TD, Perrin R. Vibrations of bells. Applied Acougics. 1987;20(1):41{70.

32. Rossing TD. The Acoustics of Bells: Studying the vibrations of large and small bells helps us understand the
sounds of one of the world's oldest musical instruments. Ameican Scientist. 1984;72(5):440{447.

33. Perrin R, Charnley T, DePont J. Normal modes of the modern English church bell. Journal of Sound and
Vibration. 1983;90(1):29{49.

Page 22 of 23



e =
SEhEBovo~vourwNnrk

OO0 NI OITARADDBDDMDIMIEDIADRADRDDRMOWWWWWWWWWNNNDNNNNNNNRRRERRERER
ORWNPFPOOONOODUORARWNPFPOOONOOUORWNPFPOOONOOURARWNRPFPOOONOUIRARWNRPOOO~NOOIAW

Orr

34.
35.
36.
37.
38.
39.
40.
41.
42,
43.
44,
45,

46.
47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

Perrin R, Swallowe GM, Charnley T, Marshall C. On the Debessing, Annealing and Mounting of Bells. Journal
of Sound and Vibration. 1999;227(2):409{425.

Boutillon X, David B. Assessing tuning and damping of higorical carillon bells and their changes through
restoration. Applied Acoustics. 2002;63(8):901{910.

Schoofs AJG, Roozen-Kroon PJM, van Campen DH. Optimizatbn of structural and acoustical parameters of
bells. In: 5th Symposium on Multidisciplinary Analysis and Optimization; 1994. p. 1167{1180.

Lehr A. A general bell-formula. Acustica. 1952;2:35{38.

Roozen-Kroon PJIM. Structural optimization of bells. [P h.D. Thesis]. Technische Universiteit Eindhoven; 1992.
Lehr A. Partial groups in the bell sound. The Journal of the Acoustical Society of America. 1986;79:2000{2011.
Friedland ML. The University of Toronto: A History. Toron to, Canada: University of Toronto Press; 2013.
University of Toronto. A record of proceedings at the cekbration of the centenary of the University of Toronto,
1927: published by authority of the Board of governors of the University. Toronto, Canada: The University of
Toronto Press; 1929.

Metropolitan United Church. Bells That Made History;. Su pplied by J.B. Slater, 2013. Date of publication
unknown. [Brochure].

Slater JB. Personal correspondence;. Sent and receivedn June 25, 2013. [Email].

Audacity. Audacity;. Online. Available from: http://audacity.sourceforge.net

Hibbert B. A history of Taylors in bell sounds. The Ringing World. 2018;Reprinted online: see
http://hibberts.co.uk/taylor_tierces.html .

Johnston G. Tuning Books;. City of Croydon Archive, AR1/1/8.

Martin DW, Ward W. Subjective evaluation of musical scale temperament in pianos. The Journal of the
Acoustical Society of America. 1961;33(5):582{585.

Augustus B. The Carillon as a Concert Instrument. In: Proceedings of the 12th World Carillon Congress,
Spring eld, IL, USA, July 2000; 2000. p. 1{12.

Rangel-Ribeiro V. Baroque music: A practical guide for he performer. Mineola, New York, USA: Courier Dover
Publications; 2016.

Hibbert B. The tuning of bells;. Online. Available from: http://www.hibberts.co.uk/tuning.htm

Rombouts L. In: De beiaard: Een politieke geschiedenis:Het Mechels wonder': De beiaard tussen cultus en
citymarketing. vol. 9. Leuven, Belgium: Leuven University Press; 2009. p. 147{170.

Hibberts B. Coventry Bells Enquiry; 2004. Online, Reprirts from \The Ringing World," January 15th and 22nd,
1926. Available from: www.hibberts.co.uk/coventry court.htm

Lee D. A Thousand Bells: Acoustical implementation of bdl spectra using the nite element method and its
compositional realization [Ph.D. Thesis]. University of lllinois at Urbana-Champaign; 2020.

Rau M, Das O, Can eld-Da lou EK. Improved carillon synth esis. In: Proceedings of the 22nd International
Conference on Digital Audio E ects, Birmingham, UK, Septem ber 2{6, 2019; 2019. p. 1{8.

Hamilton R, Platz C. Gesture-based collaborative virtud reality performance in carillon. In: Proceedings of the
2016 International Computer Music Conference; 2016. p. 337340.

Hornikx M. Acoustic modelling for indoor and outdoor spaces. Journal of Building Performance Simulation.
2015;8(1):1{2.

Atkinson N. In: Mapping Space, Sense, and Movement in Floence: Historical GIS and the early modern city.
Seeing sound: mapping the Florentine soundscape. AbingdgriJK: Routledge; 2016. p. 149{168.

Page 23 of 23



Figurey V I W

Figure Y V |

'SQTEVMWSR SJ SZIVXSRI WIVMIWP §5IY RURAH RES2AMBKRPIR FR KLI JY®
XLl REXYVEP LEVQSRMG WIVMAW P & ' EERY RREK GENAMPPIP &R

Figure2 V|



J\XIVREP JEGEHIW SJ XLI X[S GEBE/MMRP SR XSPNWIWWRZBSKIM XLEEKW
WIIR JVSQ ,EVX ,SYWI '"MVGPI »>»7BPHWMIEQEVASRIWMW BMGIRWIH YR
LXXTW GSQQSRW [MOMQIHME G3WIMCOM NMKI FSBHMDBBYWVMPPS
1IXVSTSPMXER 9RMXIH 'LYVGL EW WIIR JVSQ 5YIIR 7X )

Figure 8 \V |

8LI TIHEP FSEVH SJ XLI GEVMPPRRRMEM XLY VXV STMRGMXIERRN ER M)
KYMHMRK VSPPIV [LIIPW XS GSRIRFSCG KV IFEMISHTHFPW XS XLI



Figure ¥ \V |

8[S MRHMGEXSVW SJ TVSTSVXMWXEBR RANPAW ftMRPMRX XLISLXVSTYF
GEVMPPSRW J( MR BPEGORWRHRXLGTWR KVI]



Figure 8 V|

8[S MRHMGEXSVW SJ TVSTSVXMFRPPIW [XMAHALMRMNX | FTEMMHWIV WP BC
ERH XL4PTMGSRWXERX G MR KVI]



Figure ' V |

*VIUYIRG] HIZMEXKW SRIWMQ@EVALSIZIVXSRIW MR XLI 1VXW ST PW XKIRRV
-X MW RSXI[SVXL] XLEX MR FRXLBRIXWLSIREIPMRERPLIIVIYRSX HIXI(C

LMKLIWX LEPJ ERH JYPP SGXEBILBYIHFPMRI MRAMGEKIWIE QSZM
MRHMGEXMRK XLI KIRIVEP XVIRAI[MXL HIGVIEWMRK FIPP W



Figure Y V |

LI WYQQEXMZI MRXNMWEMAZESXMEPW SJ FIPPW [MXLMRL IXWISTSPH
GEVMPPSRW EX XLVII QYWMGEP HIREQMG PIZIPW



Figure 8 \V |

7TYQQEXMZI FIPP MRXIRARMRAEMEEXERN XSMBEPW PSK PSK TEHPRBHKW JS\
1IXVSTSPMXER FIPPW EXWIMGEBHR HHREHEQMG PIZIPW



Figure 9 \V |

4EVXMEP MRXIRWMXMIW VIPEXMZI XS BZIVUXBREQSRXEPPHMIVEP |
FIPPW 8LI MRXIRWMX] HIZMEXNMS E ®P[ XUWWHE H|RKEIGIMES VW BAVP W



Fiure YO/ |

6IWMWXMGEMGRXW O JSV 7SPHMIVW™ 8SRAW ERW VIXVSWSESRPMKER E
XLER MXW 1IXVSTSPMXER GSYRMWMIENXS XIXLXVERWQJMWMWMESRYV
VERKI SJ HIREQMG VIWTSRWI EGREWRRXL L MKRIWWX\GYSRIRKEWWEF | X [



