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1. Introduction

This paper is written from the point of view of authors without technical expertise in the field of
loudspeakerdesign, but withpracfical experience of voicing pipeless classical organs of a variety of sizes
and styles installed in a wide range of buildings. This voicing work is centred upon use of a digital
unrsieal instrument simulator [1] developed by the Microcomputer Music Research Unit (MMRU) in the
Department of Computing at the University of Bradford: the most recent generation of the simulator is
known as BEST (Bradford Enhanced Synthesis Technology). BEST additiver synthesises single cycle
and multiple cycle waveform, and both types of waveform can he “voiced” (that is, adjusted in spectral
and frequency envelope in the transient and in the steady state) in real-time on a PC using specially
developed graphical tools

loudspeakers are an essential part of this sound creation work, and the success or otherwise of pipeless
organs depends not only on using a synthesis system of sufficient quality, and on eXpert on-site voicing.
but also on the loudspeakers used (and their positioning in the building). his application places an
intermting combination of demands upon a loudspeaker system. and for this reason. the MMRU is
commencing an BC-funded research project which complements its work on synthesis systems by aiming
to define the design characteristics of loudspeakers with suitable qualities for use in pipeless organs. A
related study by the MMRU is examining the viability of producing practical guidelines for optimal
planememfor pipeless organ loudspeakers in a range of installations with varied acoustic environments.

As a necessary preliminary to defining loudspeaker design characteristics for this purpose, this paper
considers the following questions:

0 What feaurres are special about organ sound?
I what are the qualities loudspeakers must have in order to produce these special features of organ

sound?
0 what is to be learned from past experience of loudspeakers used for pipeless organs?
- how is the success of loudspeaker designs for this purpose to be evaluated?

2. Features of organ sound

Each pipe organ is really a collection of musical instruments which produce sounds of different pitches
and with different tonal characteristics. all under the control of one player and all able to sound
simultaneously. In this way. anorgan is perhaps more like an orchestra under the control of a conductor
than it is like any other instrument played by a single musician. The variety of the characteristics of
sound sources active together. with difierent tuning, amplitude and frequency envelopes, tonal spectra
and so on. creates the complex perceived ensemble [2] characteristically associated the sound of an
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organ. Its sound can vary in power from the merest whisper to extremely forceful plenum. and can
encompass fundamental frequendts ranging from 16H: (very rarely. as low as 8H2) to around 16.3Khz.
witlrpanialsextendingbeyondtherangeofhumanhearing.1'his widefrequency rangeisanimportant
musicalfcanneintheccnstructionofeachorganchonrs. which isbasedontheextensionoftoneupand
'down from unison pitch [3]. it is used in organ music to enhance crescendos by reinforcing the upper
harmonic structure of the chorus[4]. and also ha the effect of increasing perceived ensemble [2].

The funnies outlined above should be equally present in pipe organ sound and pipeless organ sound. One
of the areas where these two types of organ will differ most markedly is that of spatial considerations. In
a pipe organ, the unique location of each pipe. the perception of which is emphasised by transients [5].
enhances the ability of the ear to perceive the presence of separate sound sources active simultaneously
[6]. and contributes to a complex spatial effect. In even the largest pipeless organ there is not a separate
loudspeaker for each note of each stop sounded.

3. Considerations for pipeiess organ loudspeaker design

Given the above characteristic futures of organ sound. the following considerations are of importance
for loudspeakers to be used for its production.

0 wide n'eqnency range .
A frequency range extending in ZOKHI. and above is not an unusual loudspeaker requirean but the
bottom notes of pipeless organ pedal stops necessitate loudspeakers capable of producing very low
frequencies (16l-iz and sometimes below) at a high level of power. Precise splitting off of very low
frequencies in the synthesis system allows the design of loudspeakers to handle these frequencies to
be optimised to cover only the required range.

0 good transient mp0
Attack (and decay) transients are an essential feature of all musical sounds. and in organ sound they
affectnotoniytonaiidmfificafimpumbmalsomediffemnfiafionofthepresenceofeachsoundin
a pleninn. Good transit production. unbluned by boosted resonance at relevant frequencies [7]. is
therefore important.

- high power handling and high efidency
Pipelessorgansound iaofiantnhepmducedathighlevelsinlargespacesandtobeheardoveralong
distance. As well Is the obvious requirement to produce distortion-free waveforms from affordable
amplifiers in these circumstances. loudspeakers for pipeless organs need to be robust enough to
withstand long exposure to such usage. This is the more important since they are often installed in
inaccessible places thus making minimal maintenance and repair a necessary consideration.

- wide dispersion
In relation to pipeless organ sound. this has two aspects: the directionality of the sound produced from
each loudspeaker. and the spread of sound from the entire loudspeaker installation associated with
each instrument.
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In a pipe organ. even in an instrument of modest size. all the pipes together take up a considerable
amount of space ofien bounded by chamber walls. Reflections off adjacent pipes and off the walls
increase the effective dispersion of the sound of each pipe. Thus only a large obstacle can obscure
more than a small proportion of such a dispersed sound source as an entire pipe organ. The sound
from loudspeakers. on the other hand. being more directional from each loudspeaker. spread over a
lesser physical area than an "equivalent" amount of pipes. and seldom set in a large chamber. is much
more easily blocked by obstructions such as pillars. especially as organ loudspeakers are often
required. for architectural rather than acoustic considerations. to be installed in the least conspicuous
place possible. 11iis has a particularly deleterious effect upon high frequencies.

0 low colouralion
Colouration is really a product not just of the loudspeaker but of the loudspeaker and the location in
which it is set; this makes it hard to be definitive about loudspeakers to be used for pipeless orpns
since they are to be sited in locations of such acoustic variety. Both local effects. such as the neamess
of walls. and more general influences like building size. surface coating and the presence of padded
seating. will alter the perceived colouration. Although it is possible. and indeed desirable. to voice an
oryn to suit its acoustic environment. this facility should not have to be used to compensate for
unwanted oolourations from the loudspeaker itself. Lower mid-range colouration is particularly to be
avoided.

. . m

Pipeless classical organs are. by their nature. ofien to be installed in buildings where no architectural
or acoustic provision has been made for their placement. This may be because of the antiquity of the
building. or because musical and acoustical considerations have been held to be secondary in the
planning of a new building. In practice this can place severe restrictions upon the available and
permitted loudspeaker placement locations. with implications including the following:
0 installation location

pipeless classical organ loudspeakers are often required to be located on high narrow inaccessible
ledges or in shanw spaces behind decorative facades. where size is a limiting factor in the choice
of loudspeaker.

- appearance
since locations which allow direct egress of sound are ofien also in direct line of sight. it can be
important that the loudspeakers are either of suitable size and shape to be conveniently hidden or
disguised by an acoustically transparent covering while still allowing sound egress. or that they are
widely judged to be objects of beauty in themselves which blend appropriately with their
surroundings.

For these reasons, there are installations where it would be an advantage for the loudspeakers to be of
the smallest sire concomitant with fulfilling other requirements. Given the limited space ofien made
available for pipeless organ loudspeaker installation. small size would also have the advanuage that a
large number of loudspeakers each carrying a separate signal could be more easily accommodated.
with consequent beneficial effect on spatial perception. -
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o modenteoost
To enhance spatial effect it is important that pipeless organs use multiple sound output channels. each
with its own loudsparku; an instrument built with Bradfordsynthesis technology has the potential for
up to 64 sound output channels. Using separate sound channels produced from different locations is
of importance for pipeless organs. since the hunran auditory system is sensitive to the direction of
sound sources [8]. using interaural distinctions in sound intensity. inspectrum. and to some extent in
time [91: it can therefore use multiple loudspeaker locations. each producing different signals. to
enhance perception of spatial dimension and so be aware of simultaneous sound sources. which are a
characteristic musical feature of organ ensemble. Thus it is important that the loudspeakers are
producable at a cost which rrrakes this use of multiple loudspeakers an economic proposition. As
noted earlier. high efficiency. facilitating the use of less expensive amplification, is economically
desirable.

4. Post experience of loudspeakers used for pipel organ sound

When pipeless organs are sold commercially. each company tends to supply a different type of
loudspeaker, the type ofloudspeaker used may be influenced not only by acoustic considerations. but by
mosh-hints of cost and space. as outlined above. The MMRU. although not responsible for the
loudspeakers used in commercial installations of Bradford organs. has experience of many different types
of loudspeaker used in these situations.

As a result of subjenive listening tests using different loudspeakers. field-tested with a pipeless organ at
a ehrnch site in a variety of different positions and under a variety of condin'ons. the MU originally
(in I980) chose for its own use the ernrfedale E90 loudspeaker (details in endnote'). This decision was
nude in the light of loudspeakers available for testing at the time and affordable on a university research
budget. and was influenced by the high efficiency of these loudspeakers. their good high frequency
response and the “cleanness” of their sound. The loudspeakers werejudged to perform best. for a wide
range of organ styles and in varied acoustics. with the low contour control set to -2 (this reduced
frequencies in the nrngec. MHZ to lSKl-lz by c. 2413). Drawbacks for pipeless organ use were the lack
of low base frequurcies. the large sin and heavy weight of the loudspeakers. and the directional nature
of the sound produced. especially the hi9 frequency sound.

As a mull of such tests. a pipeless organ manufacturer. 1. Wood and Sons Ltd of Bradford.
commissioned Wharfedale to produce 2 modified versions of the E90 for commercial use in the pipeless
orgaanHusworkwuundemkeabytlreirengineeer. R.Lee.'lhemodels produced were:
non '0' '
I The -2 setting on the low contour control was “built in’I to the design and the contour controls were

removed.
0 The single treble driver was replaced by aseparate crescent-shaped array of 6 tweeter units.

mountable on top of the main enclosure. producing slightly less high frequency response than the
original E90 on—axis. but increased high frequency response off-axis.

o The enclosure was constructed of less heavy. unpolished wood. with short legs instead of back
.wheels.
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£90 .5.

This loudspeaker was designed to handle only low bass frequencies. down to 16H;
0 It had 2 bass driver units (no midrange or treble)

0 Contour controls were removed
I The oval front poll of the original E90 was replaced by a circular port in the bass of the enclosure (the

enclosure stood on short legs).
I The loudspeaker was used in conjunction with aspecially designed external circuit for the boosting of

resonance at 16H;
Altlrough still bulky. and with mid-range frequencies still directional. this combination of loudspeakers
was judged successful in producing powerful. distortion-free. clean-sounding organ tone over a very
wide frequency range in a large variety of installation situations and different acoustic environments.

Unfortunately. when the original driver units used in the E90 ‘0‘ and E90 '5' became unavailable. the
suhsn'tutes used were less successful for this application. There was particular difficulty in identifying a
bass driver which would reproduce frequencies of l6Hz.

In an attempt to tackle the problem of directionality. an experimental loudspeaker called the Tablemne
was used by J. Wood and Sons Ltd. As its name implies. this enclosure was triangular in cross section,
each face being 440mm wide and 1200mm high. The enclosure had a circular 110mm diameter port in
the top. and two Mom (8") drivers were set one each into 2 of the faces. at different heights (about 1/3

Hand 2/3 of the height). High frequencies were produced from the same crescent-shaped array of 6
tweeters as was used with the E90 ‘0'. The Toblerone was used either standing up. withthe same signal
being produced from both left and right facing faces. or else lying on the undrivered face near a wall.
with the same signal being both directed out into the room and bounced off the wall. The Toblerone did
not have the power handling capability of the E90 ‘0'. making it unsuitable for use in many organ
installation situations. nor did it have a comparable low frequency response; it was also slightly more
coloured by lower mid-range resonance. However. used in conjunction with the array of tweeters (and
with the B90 '5' to ploduce the lowest frequencies). all frequencies were now well diffused, and it was
judged to work well in close listening environments and in small buildings. used either alone or in
addition to the E90 ‘0'.

In some small-scale dornestic installations where space is at a premium. great compromises have had to
he commenced in the choice of loudspeakers. Almost any external loudspeaker is preferable to the
practice of using internally fitted drivers speaking from beneath the key shelf into the organist's hiees.
although even this situation can be improved bythe addition of upward-pointing tweeters to ensure that
high frequencies are not attenuated. The most successful loudspeakers of bookshelf size experienced by
MRI]. and evaluated in a wide variety of acoustic environments. were 3&0 Beovox CXIOO; it must be
noted however that these were only suitable for installations not requiring high output power. and that
supplementary loudspeakers were needed for any frequencies below c. 60Hz.

Such practical experience of the performance of loudspeakers used in the past for pipeless organ sound
endorses the considerations noted above. the need for power and efficiency and the benefits of wide
dispersion. With regard to frequency range and colouration. it has been noted that lack of satisfactory
high frequency distribution is the most detrimental to satisfactory organ sound. closely followed by the
effects of mid-range boom. It is also apparent that in practice. before being adjudged suitable for pipeless
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organ applications. a loudspeaker design must be evaluated in a number of different building acoustics
and. unfortunately. in installau'on locations which may not accord with those specified by the
manufacturer. It has been the experience of the authors across a wide variety of installations and acoustic
environments that. given loudspeakers capable of producing the wide frequency range required. and with
a sufficient number of separate signal channels. a critical factor in the successful location of pipeless
organ loudspeakers seems to be having hard flat parallel surfaces quite near to the sound source. so that a
high degree of indirect sound can be produced without excessive spectral modification. espuially. with
minimal attenuation of high frequencies. A local environment such as this can create a high degree of
perceived spaciousrress while retaining clarity. A pipe chamber can often produce a local acoustic of this
type with wide-spectrum indirect sound reflected from other pipes and from the chamber walls. This
appears to the authors to be one reason why the change in overall building acoustic caused by the arrival
of an audience or congregation is. in general. less detrimental to pipe organ sound than to a pipeless
organ. which seldom has the benefit of such an ambient chamber.

5. Evaluation

The aim of the study is to identify or produce loudspeakers which will allow the synthesis system to be
usedtothefullandtohavethe bestchanceofperfomringwith the same musicalityaspipes. Onceaset
of performance criteria has been defined which will fulfil this aim. in the light of the considerations
discussed above. it will be possible to identify whether these criteria can be met with an “off the shelf"
solution or combination of solutions. or whether custom designs are required. Then begins the task of
design evaluation. and of comparing allemative solutions. This evaluation should have two aspects.
Firstly. loltdspuker performance must be measured against the specified [infirm-once criteria (power
handling capability. eficimcy. frequency response. dispersion and so on). with consideran'on for the
different kinds of acoustic environment in which the loudspeakers will be sited: further discussion of
performance criteria is beyond the scope of the present paper. Then using perceptual res-rs. the
loudspeaker performance rmrst be assessed. individually and comparatively. against the sound of pipes
heard in the same acoustic environments.

A number of considerations inform the definition of these perceptual tests. including musical context.
audio memory. acoustic vironment, oubjeu selection and experimental nrethod. Mnslal ennui has a
profound effectupon perception [[0]. so it is important for the evaluation to use "real music” rather than
experimental sounds [ll]. including a variety of organ tone. stops of different volume. and a range of
ensemble sizes and playing styles Another important consideration is the shortness of andlo manory. It
is undoubtedly possible to retain entire “auditory images" over along period of time. enabling familiar
voices and sounds to be recognised even in unexpected contexts. However the authors have experienced.
personallyaodbyobservingotbera'iticallistenerstoorgansoundthatitcanbeverydifficulttoretain
accuratedetailsoforresoundinmernoryforqualitativepercepuralcomparisonwithanother.suhtly
diffaent. sound. ifthe sounds are separated by more titan a few seconds. More "infornmd" comparison is
possible if the contrast is repeated a number of times - presumably because the brain is able to
"recogrrise' and retain more detail in the compared sounds on successive auditions. Thus the evaluation
method should permit spwdy altemation of sounds for comparison. and repeated presentations. As noted
above. evaluation should take place in a variety of acoustic environments at different realistic 1 224 4 Proc.l.O.A. Vol 18 Part B (1996)
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installation sites. in order to discover how loudspeakers perform “across the board" not just in optimal
conditions. On the question of subject selection for the result evaluation.

"Acquired knowledge interacts with current sensory data to interpret .the auditory stimulation."
[12]

This is true in all listening situations. musical and non-musical. where interpretation of sounds reaching
the ear is informed by experience. "Specialist" listeners may have experience which enables them to
distinguish or interpret more from a sound stimulus than can non-specialist listeners. Well—known non-
musical examples are the “Golden Ears of the French Navy", who

"have been trained in sonar detection to listen to what most of us would hear as a noisy underwater
sound field and to perceptually segregate and identify a multitude of underwater sources such as
clicking shrimp. whales. porpoises. schools of fish. and ocean-going vessels. They even succeed in
classifying such vessels as commercial or military. as surface or submarine. as diesel or nuclear. as
Russian. American or French." [12]

In such a case, a group of specialist listeners could, by virtue of their specialism give rise to statistically
significant results, despite the srrrall size of the group in comparison with the general population [l3]. In
this case. the specialist knowledge would be of organ sound. including specifiwa pipe organ sound. The
challenge for the experimenter would be to identify such specialist listeners who would nevertheless
approach synthetic organ sound in a non-biased fashion. and who would also not have any
preconceptions about the suitability of particular types of loudspeaker. For comparisons between pipe
sound and pipeless sound. or between identically constructed pipeless sounds produced through different
loudspeakers. it is suggested that paired comparisons would be a suitable experimental method. Despite
being numerically cumbersome in producing statistical results. this approach is successful in enabling
very similar sounds are to be compared perceptually without recourse to longer term audio memory: such
direct comparison of two stimuli is more reliable than if more than one comparison is to be made at once.
This method has been proven useful and effective in the case of distinguishing subtle differences in organ
sound [2].

To date. the choice of loudspeakers for use with pipeless organs has been made largely on a heuristic
basis. By examining special features of organ sound and their implications for loudspeaker requirements.
reviewing past practice. and suggesting considerations to be taken into account during evaluation. it is
hoped that this paper will have opened the way to a more formal approach which will pmdut:_e more
satisfactory results.
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