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Computer Simulation of the Acoustic Impedance of Modern Ortestral Horns
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This paper outlines the development of a computationalftyohodelling the acoustic impedance
of modern orchestral (French) horns. The acoustic behawban orchestral horn differs signifi-
cantly from other brasswind instruments because of theepoesof the players right hand in the bell
of the instrument. We propose to model the acoustic waveggaton in the complex horn/hand
geometry using finite-difference techniques, and we erphaw the use of a high-level parallel
programming library allows us to parallelise the resultipgpocessor intensive, computation.

Keywords: horn, brasswind, acoustic impedance, finite-differendgh-tevel parallel library,
parallel application.

1. Introduction

The sound propagation in an enclosed space depends ontg whabsely coupled and nonlinear
parameters and is thus often a complex subject. This isdijpithe case for musical instruments.
The advent of easily accessible computational tools iresutie development of acoustic models,
constructed in order to make the problems of design and sisady instrument performance more
tractable. These models invariably involve abstractiors simplifications depending on the basis
of the particular model. The abstraction and simplificatbsome of the features in the model can
however result in a significant difference between modetletbut and observed behaviour for a
particular instrument design.

We focus in this paper on the study of brasswind instrumentse specifically orchestral horns.
The complex behaviour of these instruments offers an istexg challenge both for acousticians
and computer scientists.

A number of studies have been performed to simulate the #caygut impedance of such instru-
ments resulting from a given bore profile. The input impe@aaaormally regarded as the principal
characteristic for determining the playing attributes dfrass instrument. However, such studies
have so far been largely limited to trumpets and trombonesesihe bore profile is independent
of the player for these instruments. The french horn offeradditional challenge for computer
modelers due to the presence of the player's hand in the Beit has a significant impact on the
acoustic impedance and should not be ignored in modelling.wéaving the player’s hand partially
inserted into the bell of the instrument has two significamsequences for the modeller: first, the
problem may no longer be regarded as axisymmetric, and e-tireensional model may be needed
to provide an adequate solution; secondly, the playingagtaristics of the instrument are now more
closely coupled to the player through his/her hand positidns latter problem is outside the scope
of this paper but is part of an ongoing project at the Univgrsi Edinburgh.

We thus propose to model the impedance of a horn taking irtowent the presence of a hand
in the bell. The acoustic wave propagation in the complexit@and geometry is modelled using
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conventional finite-difference techniques, and the coiipans are parallelised in order to make the
highly computer intensive simulations feasible for theérnmsient designer, i.e. there is an acceptably
short run time. Although many models have been proposedéssivind instruments, to the best of

our knowledge none has been developed to take into accorieffécts of the hand and reflect the

complexity of the instrument/player coupling in this cofite

Structure of the paper

The next section provides further motivation for this wakopwing, with the aid of experimental
measurements, the lack of agreement between the standastiission line models and measured
data for the case of the french horn. We present the one diareidgransmission line theory and
show that the results may not be satisfactory for modellagitnpedance of orchestral horns. Sec-
tion 3 proposes a model of the wave propagation in the congdexnetry resulting from the hand
in the bell. Since this model is highly processor intenswe,propose a suitable regime for paral-
lelising these computations. To facilitate the processistand techniques from high level parallel
programming are used. Finally, we conclude and detail &nvork in Section 4.

2. Acoustic impedance of brass instruments and the horn

Our work is largely motivated by our experiences of standaadiels of acoustic impedance of
brass instruments not providing satisfactory resultstierdase of the horn, typically because of the
presence of the player’s hand in the bell of the instrumeamd, the rapidly flaring bell section in
general. We briefly outline in the next section the classiced dimensional transmission line (1-D
TL) theory and how we model it using MATLAB [3]. Section 2.2rapares the model analysis with
experimentally measured data, and illustrates some ofdafieiehcies of using this approach.

2.1. 1-D Transmission line theory

A number of computational models of wind instruments havenbgeveloped from one dimen-
sional transmission line (1-D TL) theory as discussed byaBlenand Jansson [4], Keefe [8], and
van Walstijn [14]. These models provide an excellent firsineste of the acoustic impedance of
the instrument but their accuracy is somewhat limited inrdggon of rapidly flaring bell sections.
Noreland [10,11] presents a composite model using corweaitil-D TL analysis for the narrow,
slowly tapering sections, and couples this to an axisymmitite-difference model of the rapidly
flaring bell section, with results to good effect.

The 1-D transmission line model described here is based @tawise solution to the linearised
lossless wave equation as described in [14]:

1 0%p
Vip == 1
wherep is the acoustic pressure,is the wave velocity, and’? is the Laplacian operator for a
cartesian coordinate system. For plane waves propagatinge dimension, the wave equation

reduces to:
Pp  10%
9 2o @

Corrections can be made to Equation (1) and Equation (2)dowext for visco-thermal losses at
the boundary surfaces of the horn.
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Figure 1. Measurement of the internal bore profile of the opetubing of a Paxman model 40
Bb/f-alto horn.

There are no analytic solutions for the general case of hafrverying cross section, but a lumped
parameter or piecewise solution, in which the horn is mediedis a series of short cylindrical or con-
ical sections, yields good results for horns with only madielly flaring bell profiles. The classical
method of piecewise modelling of wind instruments is ddmatiby Plitnik and Strong [13]. Solu-
tions are usually expressed in terms of acoustic impedéf{ce), defined as the ratio of the acoustic
pressurep(w) and the acoustic volume velocity(w) measured at the input plane of the instrument
for a sinusoidal input signal of angular frequengcy These 1-D transmission line models become
less effective in the region of rapidly flaring bell sectigmécipally due to the excitation of higher
order modes.

The MATLAB model used here reads in a text file containing infation about the bore profile:
axial distances from the mouthpiece and correspondingradie The model outputs frequency and
acoustic impedance.

A comparative study between output from the transmissioa fhodel and measured data for
a modern orchestral horn highlights this weakness. The parfile of an instrument (including
mouthpiece) was measured using a combination of acouiBct@metry and traditional mechanical
measurements. Pulse reflectometry measurements wereeabtasing apparatus developed at the
University of Edinburgh by Kemp [9]. This technique has grdwseful in obtaining accurate bore
profile data of brass instruments up to (but so far not inciggihe final rapidly flaring region of
the bell. The bell and mouthpiece were measured using ctiomah mechanical techniques. The
instrument studied here is the opentBbing of a Paxman model 40pB-alto horn. The bore profile
is shown in Figure 1.
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Figure 2. Typical position of a player’s hand in the bell ofrakch horn.

2.2. Specific issues of horn technique

Unlike other members of the brasswind family of musicalmstents, the horn is played with
the player’s hand partially inserted into the bell of thetiasent as shown in Figure 2. This is a
legacy of historical practise developed prior to the ini@mbf the valve. Where, by varying the
level of obstruction of the bell throat by the hand, the pibéfan “open” note may be manipulated
to provide notes that would not otherwise be available onedfiength of tubing. By modifying
the termination impedance of the horn the presence of thd imathe bell also extends the range
of resonant modes in the upper register of the instrumepicajty from By4 and above. Without
the presence of the hand in the bell, the high register besdiffecult or impossible to play. Thus,
the player’s hand forms an integral part of the instrumemd, iais difficult to assess the quality of a
particular instrument without accounting for this.

Figure 3 illustrates measured impedance curves taken fierogen tubing of a Bhorn with the
hand positions of two different players, and without thedchamthe bell. The playing response and
intonation of the instrument is very strongly dependantton ftequencies and magnitudes of the
local impedance maxima.

This first experiment clearly shows the impact of the handtjposin the bell and its effect on the
acoustic impedance. Further investigation illustrates tiee 1-D TL model may not be acceptable
when applied to a study of the acoustic impedance of the hdhe curves in Figure 4 show the
difference between the 1-D TL model prediction of Sectidh&hd the measurements for the same
instrument, and we can see that there is a clear differerteeeba those curves, particularly in the
high register.

3. Numerical modelling of the bell/hand geometry

Section 2.2 clearly illustrated the need for any model wHasetion is to calculate the acoustic
impedance of the horn to take into account the player’s haadshape and position in the bell.
Thus, the model needs to be more sophisticated than theasthhdD TL model. In this section we
describe some features of how to model the bell/hand gegnaatd present a user friendly design
tool for instrument makers, based on this model.
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Figure 3. Impedance curves taken from the operuBing of an Alexander model 103 F/Biorn
for different player’s hand positions.

100

€
<
®)
=3
810
C
©
e
()
o
E

— predicted

rrrrr measured (without hand in bell)

-4y measured (with hand in bell)
| ‘ ‘

600 800 1000 1200

Frequency (Hz)

Figure 4. Impedance curves taken from the opetuBing of a Paxman 40#-alto horn, with and
without hand, and 1-D TL model curve.
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3.1. Basics of the model and tool prototype

To the authors’ knowledge no computational study has beedwtzed which includes the effects
of the presence of the player’s hand in the bell of an orchEstrn. The solution proposed by Nore-
land [10,11] for rapidly flaring axisymmetric bell sectiopvides an excellent starting point and
may be adapted for this purpose by modelling the bell/hamtngdry using a 3-D finite-difference
scheme.

Modelling wave propagation in the complex geometry produmgthe hand in the bell is highly
processor intensive and can result in long run times. Faerrgmson, the modelled domain is de-
composed into a number of subdomains, for each of which tive wguation may be solved using
conventional finite-difference techniques.

As part of an ongoing project to develop a user friendly desapl for instrument makers, we
propose to parallelise the problem solution as detaileiemiext section. This parallelised routine
is at the heart of a linked suite of computer programmes atlyrander development. The prototype
of our tool is displayed in Figure 5.

The main component of the suiteRsoCAIB (Program forCalculating theAcousticl mpedance
of Brasswinds). Input té&’roCAIB is generated by running the preprocessor applicafooGIG
(Program forGenerating thénstrumentGeometry files).

ProGIG is parameterised by a series of easily modifiable generigaésmplates that the instru-
ment designer can manipulate to his or her needs. In the €¢dlse born, the hand position is also
taken into account and profiled through the preprocessor.

The output ofProCAIB consists of the acoustic impedances corresponding to tiea tpore pro-
files/hand geometry. A final component in the suite is the postessoProANAB (Program for
ANAlysing Brasswinds data)ProANAB assists in the interpretation of modelled output, prowgdin
feedback to the instrument designer. Typically, instrung&sign is an iterative process and output
from ProANAB can be used directly to modify the inputRooGIG, taking into account the results
from earlier computations to refine the profiling of the instent.

The main computational part of the problem is in BreCAIB component, for which we propose
a parallel algorithm to deal with the numerous parameters.

> ProGIG
bore
profiles
ProCAIB .
l data
acoustic interpretation
impedancesg

ProANAB 7

Figure 5. Prototype of a tool for instrument designers.
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3.2. Parallelising the model

We propose the development of an ad-hoc solver for the solut the wave equation, using
a high-level parallel programming approach integratingTAB [3] numerical algorithms. This
allows us to separate the application-specific design fr@parallelisation problem. Our goal is to
parallelise thé>roCAIB component.

Several high-level approaches to parallel programming l@en documented in the research lit-
erature [7,12], based on the fact that many parallel algmstare following a number of generic
patterns (owskeletons) of computation and interaction. The skeletal programmabsiract such pat-
terns, and provide them to the application programmer abraryi, allowing the programmer to
experiment easily with a variety of parallel structures &ogiven application, without needing to
attend to the underlying implementation of the parallel patations and interactions.

Calls to MATLAB functions can be made from a C program throtigh use of the MATLAB
Engine [2]. We therefore propose to perform calls to MATLABEtions from the C/MPI-based
skeleton libraryeSke [5]. In this way, we can have direct control over the intei@ts between the
different parts of the model, using either implicit or exjtlinteractions [6], and we can refine the
parallel scheme of the program.

We propose to parallelise the computation for a given booélpfhand geometry, since we have
identified these to follow pipeline pattern. The model can be decomposed into several sub-dsmai
and several successive computations must be performectbhroétnese sub-domains. The pipeline
skeleton allows us to associate a state to each pipeline,stad this state is evolving while process-
ing the successive sub-domains, taking into account threlations between these computations.

For automated design optimisation work we can add an additievel of parallelism in which
several bore profiles may be analysed in order to determmbdbkt design solutions for an instru-
ment within a given design space. In this case, the parsdiigdin is straightforward and easy to
integrate witheSkel using thefarm skeleton to distribute the independent computations oarakv
processors. The MATLAB Distributed Computing Toolbox [[dutd be used for the same pur-
pose, since it allows several executions of a MATLAB progtarbe run in parallel on a cluster of
computers. However, our choice is motivated by severalraemis:

e the implementation is straightforward because of theifaasl offered by high-level parallel
programming libraries;

e We can integrate the inner parallelisation of the compartefior one single bore profile;

e we have a better control on the allocation of processes tit@vailable processors and on
the parallel behaviour of the program;

¢ all the parallel software used is a free-software.

4. Conclusions and future work

In this paper, an overview is presented of the complex proldémodelling the bell/lhand geom-
etry of an orchestral horn. Some experimental measurenhents been done to show the impact
of the presence of the hand in the bell on the acoustics of dhe. WAVe have also shown that the
classical one dimensional transmission line model may aaatisfactory for the study of the horn,
and that a more complex model is needed for this instrument.

Such models can be developed using finite-difference tgdesi and we propose to parallelise the
simulation algorithm using a high-level parallel libramgdeed, the model is complex and resolution
is computationally highly intensive and would be cumbersahperformed in a sequential manner.
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Initial tests to perform calls to MATLAB functions in parallthrough the use of a parallel library
have shown promising results in the case of the 1D-TL modeis the help of the MATLAB
Engine. This work is ongoing, and further work remains to baelbefore we can fully assess the
performance of the parallel algorithm based on the simaaising the finite-difference techniques.

To conclude, we have shown that a new model is needed to esistdevelopment of orchestral
horns, and we have outlined the design of such a model. Ha®stgd the integration of MATLAB
models with the parallel library, we believe that our metblody is robust and will result in a useful
and reliable design tool.
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