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This paper is an historical a¢count of how we at Surrey trod our way through a
maze of iater-connecting problems. Some of the probiems we encountered are
usuaily thought of as psychology or Fluid dynamics rather than physics or
adcoustics, some were not  at all difficult to arasp in outline whilst others ware
remsrkably intangible and even now are far from being - pused <ogently let alone
being answered. Since this paper {5 to be a personal review it seems appropriate
to adept & rather informal style.

e wore. 1 &M QOiﬂQ to describe was mrqely carried out oy an eacelient beam of
resgarch students, Richard Pratt, Steve Eilfott, Peter Hatikinson, John Gocdwin,

and Anne Duffield. && name them in chron¢:0q1ua. order, by Research Dfficers
Richard Bacon, Richard Shepherd and, briefly, Bernard Smith, by & Fosts-Doctors!
Feliow, Kobert Edwards, and by & tu]]ccgue Feter 5impsen.  They were financed by
the Science and Engineering Research Council and by two iadustrial coiloborators:
Messrs boosey & Hawkes (MI) Ltd. and Paxmans Ltd. [ was also able to obtain a
Resesrch Grant from the SERC, another from the Joint Committee of the SERC and
the $SRE, and a minor award from the Iateractive Computing Facility of the SERC.

We first turped to measuring the input impedance; the work of John Backus and
Arthur Benade in the USA and Klaus wogram in (ermany, to namé but three, led us
to reslise that there was & need for an absoiute oessurement of this quantity

There were many ways which could be used, but it seemed important to us 1o Surrey
to rememter that impedance is & gquantity which is defined as the ratio of two
others and therefore tnat it would be betfer to measure both of them {pressure
and volume velocity) rather than have to rely on a measurement of some, perhaps
inpertectly, known system to provide a calibration. It §s & matter of some
srgument among those working on brass instruments where exactly one should make
the measurement. We measured abt  the anarrowest part of the mouthplece throat for
two main reasons: firstly, that pesition is well defined, 1t is reproducibie and
stable, and secondly, the particle velocity is highest there and thus its
measuredent 15 facilitated. I shall turn to the opposing arguacnts later. We
borrowed & device from flufd dynsmics to measure the particle velocity of the
oscillating air: the not wire ancmometer, and built a special rig to calibrate it
every time it was used. The microphone used to record the pressure aldo had 4
special calibration rig since we had to use a probe microphone with & wery siall
end snd high impedance so that not too much of the volume velocity we were
measuring with the anemometer was iost to the microphone.

The 1nstrugent under test was excited by using a Targe loudspesker to drive 1t at
& succession of single frequencies. Many people criticised this approsch on the
grounds that it was not a "natural® way for the fnstrument to be sounded. They
ususily went on  to ask why we chose not to employ artificial lips or similar
devices, For example. The answer was, and still s of course, that we were not
trying to make the Instrument sound 1n & natural way, we were making a physical
peasurement of & physical quantity, and that quantity s defined in the frequency
domain and therefore should be measured that way. Measurements Jn the tive
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domain will be mentioned later. There is, though, a school of thought that useful
measurements may be made with an apparatus which 1s adapted by one means or other
to sioulate the musical behaviour of the Tnstrument. Wogram's siren drives the
instrument with a source whose Jimpedance varfes durlng the ¢ycle in a somewhat
similar way to the T1ps, and Dekan uses a pulse source whose {mpedance 1s
adjusted to give as good a corretation as possible with playing conditions. I am
uneasy about such Rethods because the departures from a known ghysical condition
are complicated and difficult bto  test over the necessarily wide range of
conditions. A device which gfves excellent results on, say, & trombone, may be
rather misleading when applied to a euphonium because the very different input
Tmpedance may interact with the source device 1n an unexpected way.

ATl measurements were:from the First controlled by an on-line computer. We were
the first group in my [epartment to make measurements using  an on-line computer,
though 1t 15 Commonplace nowadays. The reasons we used & coliputer were many but
the principal ones were that we could be sure that measurcments were made in a
repeatabile way, that we could handle a1l the very tedious calibration and
correction Curves easily and that the resulis of the measurement were permanently
written awdy ia a Form where they could be Further processed in ways which may
aot have been anticipated at the moment of ¢ollection.

The impedance was measured 1015 times during a run and each value was Fully
corrected for a variety of calibrations. The effects of possible distertion of
the waveforms beina messured were reduced by carrying out a Fourier series
expanston of the pressure and velocity waveforms and retafning only the
fundamental components. To view the results they could then be put through a

“pletting programme ensbiing different presentations to be selected to suit the
spplication. The measurements were made at tntervals of | Hz or 2 Mz, depending
on the upper 1imit selected, 1024 or 2048 Hz; these Figures were a compromise
between speed of messurement- and resolution, For musical purposes it is necessary
to have puch greatér resolutlon (an crror of 1 Hz fn the location of the second
peah 10 the curve of impedance agalnst™Frequency, for example, is an error of 30
cents), but then the experiment would have taken a jong time to run. At First
siaht, 1t may not appear to matter 1f the run time was great, but s Fact, it is
quite -important to ensure that & run does not take too lona. If one is brying to
locate the frequency of a peak to an accuracy of less than, say, 3 cents, it s
not too hard to see that the ambient conditions must remain constant ko & similar
extent for the measurement-to have any meaning. The Freguency of & pesk 15
determined by a combination of geometrical factors and the velocity of sound, and
to cbtain the required accuracy the ‘temperature of the air within the instrument,
#hich affects the velocity of sound, has to be <onstant to within less than a
quarter of & degrée. We . found that it was-very hard in our laboratory to keep
the temperature constant within-those 11mits and therefore set out to ensure that
2ach run took as short & time as possible, In Richard Pratt's version of

_ heapparatus, he provided very powerful data averaging which produced excellent
looking curves but meant that each run took over Four hours. Steve Elliott made a
significant modification to the apparatus and enabled one to make a choice
between- a quite quick run which would produce rather “noisy" curves when plotted
and & “tun which took longer but then was 17able to be in error because of drifts
in the ambient conditions. The most often used compromise meant that runs took 14
winutes to complete, ’ . ’
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To increase resolution we fnterpolated between the data points using a mode) of
how the lmpedance varfes in. small Frequency intervals, The {interpolation
algorithm was based on thelorentz description of the behaviour of the complex
impedance nesr a peak. Its use was justifiable here because the frequency
deviations were small and the asymmetrical shapes of the impedance peaks noted by
Benade had no signicant effect. The essence of the method was that the portion of
the curve near to each peak was presented in the Argand form and the dats were
fitted to the best «circle 1in that representation. Usually one worked
interactively with a graphical display because  the computer could Sopetimes be
upset by & noisy measurement or by an unusually shaped curve.

'wo more examples of the ways the data could be manipulated are worth describing
briefly because they gave us an Insfaht {nto some of the complexities of the
wneie procedure of trying to understand the acoustics of a brass instrument. The
first example shows how one could make allowances For Ehe fact that the
measurement was not made at the edge of the mouthpiece, as suggested by Benade on
the grounds that that plane represented the interface between instrument and
elayer. {he nature of the socurce s’ such thst the plane of the mouthpiece was
not & very stable datum. The lips take up different positions depending on the
note beina played and the tone desired and hence we Felt that & measurement
should be taken at & more definable position. Qur later werk on tone production
‘nigs ¢onfirmed the correctness of our views. This point will be demonstrated
during the lecture. A mouthpiece can be represented by & combinstion of &
series inertance and a shunt compliance or as a short transmission ling of
properties calculable from the internal gecometry. In qenersl, the jumped
constant model is valid but it turns out that we have to be careful in certafn
conditions. If we use either medel and do all the associated Tong caiculations,
we get & new version of the input fmpedance which may readily be compared with
measurements made by others. When this {s Jone, it is very gratifying to see how
Civsely results obtained in meny different countries can agree provided one makhes
allowance fFor the fact that few of the others have an absolute calibration
referrable to standards. .

ine other s much more useful, and also relates to the mechanism of noke
production to be discussed jater. Suffice it to say now that  the source of
seund represented by the iips needs to look at peaks of iaput impedance whose
frequencies are narmonic. A way of .describing this was put forward by Wogram
amd, in essence, meant that we looked for the condition for the maximum kransfer
of eneray from the plsyer to the outside of the instrument as & Ffuaction of
rrequency, including all harmoaics of the frequency. The calculations wers fasy
and gave a useful insight into the way that played notes could vary in pitch as a
Function of played dynamic. Richard Pratt, though, applied the technique to that
most stmple instrument, the straight tube, and reached some worrying conclusions.
As our- paper of the tize showed, the straight tube was predicted to be easy to
play whereas the reverse was true in practice. This peint will also be
demonstrated in the lecture.

Although we did not turn to data collection in the time domain until later, .both
Richard and Steve used the Fourier transform to obtain a representation of the
input reflection coefficient in the time domain. By looking &t the data in this
form, we couid identify prominent features In the bore profile of an {astrument,
but the resolution was not very high owing to the limited bandwidth of the
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frequency domain data. John Goodwin and, later, Anne Duffield measured
exclusively in the time domain to much higher spatial resolution and used various
algorithes to reconstruct the bore profile from the acoustic daka.

It 15 convenient now to move towards the psychology of the perception of sounds.
This 1s a vast subject, and I shall do no more than Indicate some of the
experiments we did and to show how we made use of them te gquide our study of the
essential physics. Richard Pratt was very interested in this aspect of the work
and did many 1ittle experiments t¢ try and sort out his Tdeas. We reported these
in & paper In 1978, They were a1l psychophysical and required that players and
listeners made judgements of tone, responsiveness or esse of blowing under
conditions which became 1increasingly more tightly specified as we realised just
how auch judgments of musical qualities could be affected by extrancous
conditions, It fs a matter of much pleasure to me that Boosey & Hawkes have found

that some of the procedures developed then were very useful in their quality

assurance programme and that they are still being used.

Another class of study which was done was the Social Survey; we did two types of
survey: in the first we asked & large population of trombone players (we wrote to
every trombone player in the London area of the Musicians Union) what they
thought about their instruments. We sent out & circular and got over a 501
response to a range of questions about present and past instruments, mouthpieoces,
influences on thelr choices, et¢. The results which come from &  survey like
that are a quide to the popularity of different instruments and mouthpieces and
heiped in our attempts to find a relation between what players think and the
physical measurements we could make, In fact, I wrote a <omputer programme
which, when provided with the input {mpedance, was able to make quite a fair
prediction of the responsiveness and richness of tone of trombones. This work
was not published because the heuristic approach I used could not be justified ia
a general sense. In the second we interviewed selected players in depth and
analysed the interview to find out how they used lamguage to describe instruments
and the sounds they produce. What words are associated with “good® or “"bad®
features of instruments? what do conductors want? etc. etc. The words used by
players are necessarily rather informa) snd it was not easy to describe the
resuits of this work succinctly. Robert Edwards made a most ingenious approach
here and unearthed the statistics of the words used by players; which words were
used 1n association and which in opposition. Ia this way he built up a matrix of
meanings which could be handled by the techniques of multi-dimensional scaling
and thus gave us & picture of a space where the distances between the words is a
representation of the difference In perceived meaning between them.

How <an we begin to put together what I have talked about so far and the
knowledge of ausicians? This paper 1s following a chronological approach and
therefore started with basic physics and simple psychophysics. It 1Is now
appropriate to enlarge the horizons and start to discuss how the player and the
. Instrument interact - input fmpedance s but one of the aspects of an Tnstrument;
there are oany others which fit together inte a complex pattern. The transfer
function 15 the rat{o of the pressure at the output of the Instrument to the
pressuréat the input and it therefore is of Importance in considerations of the
sound heard by the player as well as in the physics of the instrument viewed as a
transmission 1ine. Peter Watkinsen made wuse of the Fact that we could measure
impedance and transfer Ffunction fairly easily. By solving the equations

4




Proceedings of The Institute of Acoustics

Towards an understandisng of Fow brass fnstruments work

gaveraing the propagation of sound 1in tubes, he extracted data for the loss of
enerdy  and the velocity of seund in the tube as functions of Ffrequency. The
techmgue has turped out to be a useful addition to the amoury of methods one
fas for messuring enerqy losses in sound propagatien. With the help of Dick
Shepherd, we combined these measurements with some psychophysical ones on the
acceptibility of instruments having varidus amounts oF additional attenuation and
were able to establish that the apparatus was &l least as sensitive as the
players. . : :

A different source of energy loss 15 that caused by the vibration of the walls
of the tube. It was wvery difffcult fndeed to calculate how a structure like &
trombone bell could vibrate until the computer-based technique known a8 Finite

lement analysis came alona. It Is not necessary to desiribe this bechnique in
detail since it has now become widely known. Briefly, it 1s & computer programme
which gives us some pictures of how the structure can vibrate, and a vast amount
of data describing the details of the wvibrations and of the frequencies of the
modes,  Pete was able to show that the modes of a trombone bell are very sharply
tuned and the Frequencies depend critically on Fine details of the structure 1ike
the precise positions OF stays or the exact nature of the im, and not toc much
on the material of constructicon. It was much more important to work out how the
air column is coupled to the vibrating bell walls. We could do this because
we were lucky enough to be situated in an Institution which was very well endowed
with computer facilities. Feter Watkinsen combined the output from the finite
element grogramme on a machine at the Rutherford and Appleton Laboratory with
data collected with the aid of our NGVA on the distribution of pressure inside
the instrument as & Function of frequency. He then carried out all the necessary
numerical  intearations on a University PRIME and calculated the coupling between
the structure snd the air column. As well as working sut the coupling between the
internai air columa and the vibrating bell of the instrument, we could in
principie go on to work out the radiation to the outside worid from the bell
wails. [his would be & fairly difficult calculation but I have not been abie to
do it because 1t has not been possible to perswade grant giving bedies that the
w#ork 15 not only of interest to susical acoustics but would also advance
understanding of sound radiation From complex structures, The external radfation
affects the sound heard by the player, particularly if he is a trombone player,
and therefore has an effect on his perception of the quality of sound radiated
by the 1nstrument, as mentioned again later. .

The radiation from the instrument walls 15 much less than the radiation from the
end of the air column, but surprisfngiy few people have studied the latter in
detall. There is some work in the lterature from 40 years age in America and
. there are occasional papers from East Europe, but by far the major contributor to
. this aspect nas been the PTB in Braunschwelg under the direction of Meyer. But
even they have not done the very detalled analyses of the wavefronts which are
necessary for a complete description of the near-field and fts effects on the
perception by the player and on the terminating conditions of the standing waves
inside the fnstrument. Instead they concentrited on the more general aspects of
the far-Field radiatfon. Unfortunately, Tt is not possible to make deductions of
the radiation {mpedance terminating the instrument and of the -near-fleld
radiation from such results and one of the things 1t would have been satisfying
to have completed &t Surrey is a detafled ewamination of the near-fleld
radiation of brass instruments.
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I have already mentioned John Goodwin in the context of tine domaln measurements,
he designed a spark source and some slanal averaging technigues which enabled hin
t0 locate the positions of quite small features inside an instrument, ~HiS work
has been continued and much developed by Anne Duffield and her paper in this
meeting §s on the wmeticulous care one needs to take when attempting to construct
an apparatus which will help the production staff in the factory compare a newly
finished instrument with its prototype.

It 1s now appropriate to consider some of the details of the mechanism by which

notes are produced: how does a steady stream of afr from the lungs become changed
inte a musical note? It is probably wise to admit that, although people have
worked on this For about a century, there is sti}} no clear answer. We, at
Surrey, felt that we were on the right lines, but this 1s anether problem
redaining unsettled, Helmholtz is generally recognised as the father of this area
of study and his’ 1deas have been the foundation of most of the more recent
approaches. For example, Webster's simple model * from 1919 inc¢ludes in essence
the ideas of Helmholtz from 1895, In it the note is produced by the action of &
variable valve which adjusts the flow rate of the alr passing into  the
fastrument from a reservoir. The assumptions mede in 23] theorfes were that the
pressure in the reservolr was much higher than - that in the instrument and
remained constantduring the Flew c¢ycle. Thus the Flow would always be into the
ingtrument snd would consist of & fairly large steady flow with a smail
aiternating component

Surprisingly, it appesrs that no one actusily made careful messurements of the ’

pressures in the mouthpiece and in the mouth of & prayer untii  Steve Elliott did
4 Few yesrs age. Jt was very striking that the assumptions of constant and high
mouth pressure were not met, (One thing which we then predicted was that since

. the mouthplece pressure sometimes exceeded the mouth pressure, perhaps the flow
might reverse. We found that it did - this fmportant result was entirely
unanticipated and Steve was able to build up & much more wvalid medel of
penaviour making wuse of this observation aad others reminding us that the
reiationship between the flow and the 1ip <¢pening was not linear and hence the
characteristic waveform changes as the Frequency of the notes changes; the
detailed analysis showed that the waveform depended on the relative values of the
‘average" resistance of the orifice snd finput resistance of the instrument. It
wss illuminating to look at these results in the frequency domain,  Ordinary
Fourier transforms were not very useful here and we wsed a pitch synchronous
analysis written by Dick Bacon and based on the ideas of Risset when he was in
the Bell Telephone Laboratories. Most of the models of 1ip behaviour predict
that the oscillation should take place on the sharp side of the Impedance peak
for an outward beating reed. All players kpew that this wss nonsense -
oscillation could take place on either side of the peak, and 1t was 1n Fact
easter to go to the Flat side than to the sharp side. As an example, studies
of the waveforms experienced when a player did a downward glissando on a fixed
instrument revealed a complete confirmation of Steve's model and-alse fadicated
how well Bouasse's ideas from 1930 fitted the generation of "privileged" notes on
brass instruments. These.points will be demonstrated in the lecture.

Since we had a hot wire anemometer attachedto’ oﬁr apparatus, Steve was able to
measure p and u stmultaneously and confirm that the source resistance d7d Tadeed
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have the predicted effect and also that the Flow reversed durfng each cycle. A
snag was that the anewometer could not measure particle velocity because it
actually measures speed, Thus we had to interpret the waveforms rather carefully.
Apparentiy fluid dynamicists are used to doing this &l17 the time, but we were a
Iittle taken aback at first. Theory demands & simple model on which to work and
Steve tlliott's was indeed simple and based on a variant of Flanagan's model of
speech production. I am ¢onstantly reminding people that speech production and
note production in brass Tnstruments are closely analogous processes.

The easiest way to apprehend the general conclusfuns was to present the physicsl
situation around the lips of a brass player in terms of an electrical circuit
diagram and our 1982 paper did just that. Many conclusions can be drawn from this
_work and many avenues of further research were opened, however only & few
comparisons could be made for lack of data. As an example, -though, when we
predicted the variation of wvibrating mass with frequency we got results which
compared well with those from a short paper by Hoza in Czechoslovakia, The
agreement was  very good; perhaps better than one should reaily expeck, but
nevertheless most of the predictions of the theory remain te be tested
thoroughly.

Inspired by Steve’s 1deas, I constructed a more general model of the <(ontrol
structure  governing the player/instrument  interface, This structure
consists of a nest of interlocking servo loops, and recent experiaents have been
directed to examining some of its specific features. I have discussed these {deas
in Jableana and Paris and in my view this approach is the one Zost likely to
yield significant progress 1n the future. To begin to test the 1dess, we
performed one of the ¢lassic experiments one does with a feedback circuit: the
loop was opened and what happened when we  upset the respense of that branch was
studied. The ioop woerked on was that from the bell of the instrument back to
the player's ear and we I{nterrupted 1t by giving the player some specisl
headghones with insert microphones. By changing the Frequency responss of the
ampiifier joinina the insert microphones to the headphones, we <hanged the sound
quality of the instrument as it appeared to the player without changing the
Instrument ftself. By chénging the time delay in the loop, we <ould change the
auditory size of the room without changing the apperent size, but this experiment
is still 1in the fubure. So far, these experiments sre fa their preliminary
stages; there were many problems associated with the rather poor response of the
neadset, but these were overcome and the real work will be described by Peter
Simpson in nis caper,

i hope that thnis survey has been of use by showing the way that we tackied what

turned out fo be & very compiex probles  We were well on the way to

understanding what GQoes on when & note is produced on & brass instrument, but
there are still many factors to be explored by those interested and more lucky
than 1 in befng able to ralse the necessary finance. A prime factor has emerged:
all those interlocking servo loops within the contro} structure so obscure any
simple fdeas one might have about the relationship between any physical aspect of
the instrument and a player's or listener's opinfon that I think that it is
clear why one cannot answer the question about “good® or *bad® easily. Obviously,
this bagins t¢ explain why one player's “good” instrument s another's “bad”, and
why musical acoustics is such a rich and fascinating Fleld of study.
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