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Eocal sound field reproduction using digital signal processing
Ole Kirkeby, Philip A. Nelson, Felipe Orduna-Bustamante, and Hareo Hamada®

Institute of Sound and Vibration Research, S

University, Southhampton SO17 1BJ, England

(Received 26 February 1995; accepted for publication 26 February 1996)

This work shows how an acoustic wavefront can be reconstructed locally by using only a few
loudspeakers. The loudspeaker inputs are calculated by passing a set of signals recorded by only a
few microphones through a matrix of causal digital filters having finite impulse responses. These
filters, referred to as the inverse filters, are calculated by inverting (in the least-squares sense) a
matrix which contains the electroacoustic transfer functions from the loudspeakers to the
microphones. In practice, it is crucial to use a modeling delay and a regularization factor in order to
achieve an accurate inversion. The technique is illustrated with an example that shows how well
four loudspeakers can reproduce a sound field that has been recorded with three microphones. When
the recorded field does not contain energy at frequencies whose acoustical wavelengths are shorter
than the distance between adjacent microphones, the original field is reproduced remarkably
accurately in the vicinity of the microphones regardless of the positions of the loudspeakers.

© 1996 Acoustical Society of America.
PACS numbers: 43.60.Gk, 43.38.Md [JLK]

INTRODUCTION

With the rapid development of digital signal processing
equipment, active control of sound and vibration continues to
find new applications in the engineering sciences. In the past,
active control has been used mainly to reduce unwanted
sound and vibration." Nevertheless, a noise cancellation sys-
tem is, in principle, also a sound reproduction system since,
were the noise sources absent, it reproduces a set of specified

a number of microphones inside a ‘‘target’” area is only pos-
sible if the size of the target area is no greater than a few
acoustic wavelengths.” In addition, adjacent microphones
must be no further than one half an acoustic wavelength
apart, otherwise spatial aliasing occurs. Unfortunately, there
is no guarantee that the optimal solutions found in the fre-
quency domain are realizable in the time domain, and so in
this work, the problem is formulated entirely in the time

damain _and in cuch a wau that tha antimal calutione ara
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is implemented by the target matrix A, which specifies the
desired signals d to be simple delayed copies of the recorded
signals u. The use of a modeling delay serves two purposes.
One is to compensate for the initial delay, which is the time
it takes for the sound to propagate from the loudspeaker to

microphone, the other is to allow the inverse FIR filters
10 include in their responses a part of the noncausal compo-
nents of the exact least-squares inverse,'

As in the previous section, the aim is to be able to cal-
culate a matrix H of inverse filters by essentially inverting a
matrix C of electroacoustic transfer functions in the least
squares sense. However, it is now necessary to use *‘com-
posite”” vectors and matrices to define the variables that con-
tain digital FIR filters. In C, each FIR filter c,,(n) is repre-
sented as a convolution matrix C,, of Toeplitz form
(elements are identical along diagonals, see Ref. 9, pp. 92-
9),

cu(0)
c,(1) ¢,(0)
en(l)

C,y=| enN~1) : e(0)

CIOSSTET

GlalS 3wt

Al

un

where N, is the number of coefficients in the ¢, (n) of long-
est duration, and the number of columns in C,, is equal to
the length of the sequence with which c,,(n) is convolved.
Each convolution matrix has a double index that indicates
the row and column number of its position in its **parent™
matrix, so by using this notation, C can be written as

q&d J. Acoust Soc. Am., Vol 100, No. 3, September 1996

[u:, [h:,j
W, £ C| [ [=Ch, 2n
Wi by,

Both w, and h, are the result of “*stacking’" R sequences on
top of each other, and it is seen that h, is the 1'th column of
H. An error vector e, is defined as the difference between the
desired signals d, and the reproduced signals w, . so
e=d~w, 22)

where ¢, and d, are defined in a similar way to b, and w,,

ey dy,
” d,

= ‘_ d= 1" S E\D
e Ay

The problem is now in the familiar form of a linear least-
squares problem since

¢=d,~Ch,, 24)
where each convolution matrix in C has N, columns, Thus a
cost function of the type

J=cle,+ph'h, g»
is minimized by choosing b, according to

h=(C"C+pI1]"'.C'd4, (26)
Note that in Egs. (25) and (26). h, has replaced v in Egs. (3)
and (5), and note also that if N, is much greater than N,
then C is sparse. In the special case where the desired signals
are simple delayed copies of the recorded signals, the num-

ber of recorded signals and microphones is the same, and the
2 transform of the target matrix is then given by

Kirkeby ot al: Local sound Beld reproduction 1586
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