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Maximally Diffusive Yet Efficient Feedback
Delay Networks for Artificial Reverberation

Davide Rocchessaylember, IEEE

Abstract—Feedback delay networks are widely used for simu- sq(n+my) 2 4 a _ sin)
lating the diffuse part of reverberation in a room. We present spnemy) 11712713 ‘S -
particular choices of the feedback coefficients, namely Galois saema) 818,853 |« £
sequences arranged in a circulant matrix, to produce a maximum T agia3085, |0
echo density in the time response. These specific sets of coefficients
give implementations having a low number of multipliers, and
the resulting circuit can be efficiently pipelined. The resulting b, ¢,
networks are compared with other efficient implementations. » > zm >
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|. INTRODUCTION d
RTIFICIAL reverberation has been an active field of Fig. 1. Reference structure for a feedback delay network.

research in audio signal processing for over 30 years

[1]-{11], the purpose being to provide an effective SIrT]ulat'oi'?nplementation with two other interesting solutions, namely

of the sound field as is given by actual rooms. In particulatrhe FDN proposed by Jot [14] and the FDN using a Hadamard
several solutions have been proposed in the past for SimUIatl’diback matrix

the diffuse part of reverberation (“reverb”), i.e., the tail of the
impulse response obtained by cutting the early 60—80 ms.
Most frequently, artificial reverberators are made of combi- Il. BACKGROUND
nations of comb and allpass filters [1]-[4]. The main drawback An FDN is built usingV' delay lines, each having a length
of these structures is that they are difficult to parameterize be-seconds given by; = m;T, where T = 1/F} is the
cause of the poor relationship between the system parametgisipling period. The complete FDN (see Fig. 1) is given by
and the physical quantities of a real room. the following relations:
Another approach to reverberation is by means of wave-
guide filters [6]. With this technique, structures of arbitrary
complexity can be built, and all the parameters can be assigned

y(n) = Z cisi(n) + da(n)

to physical quantities. On the other hand, fairly complicated N 1)
(and computationally expensive) structures are needed in order si(n+m;) = Z ai, js;(n) + biz(n)

to give a satisfactory approximation of the diffuse sound field J=1

in a room.

A computational structure in between the efficienheresi(n), 1 <i < N, are the delay-line outputs at time
comb/allpass networks and the general waveguide netwofi@dnpPlen. The matrixA = [a; ;] is called the “feedback ma-
is the feedback delay networkFDN) [5], [7], [12], [13]. trix.” Theformulat_|on of (1) repre_sentsa_reference structure, in
In this letter, we are proposing a special case of FDIU]_e sense that, with the approprl_ate choice of_feedback mat_nx,
having optimal time-domain behavior and a low numbd} is @ lossless structure. In practice, we must insert attenuation

of multipliers, which is based on circulant feedback delagPefficients and filters in the feedback loop [7], [8].

networks (CFDN) [10], [11]. In [10] and [11], CFDN’s were proposed. For these struc-
In Section II, we briefly describe the structure of FDN'dures, the feedback matrix is circulant [15], and the computa-
and CFDN's. In Section Ill, a new realization based oHOn Of the matrix-vector product in (1) can be performed in

Galois sequences is proposed. In Section IV, we SuggggtNlogN) steps by using the fast Fourier transform (FFT)

a possible implementation that exploits the nice properti@gorithm. Moreover, the matrix is completely specified by
of the structure. In Section V, we compare the proposdd first row, which can be found through an inverse FFT
applied to the eigenvalues. It turns out that eigenvalues are
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box, where each delay line is associated with the direction of2 impulse response

T T T T T T T T

propagation of sound waves to the object [16]. CFDN —

1. A M AXIMALLY DirrusivE CFDN

the walls and the ceiling in order to improve the smoothnes%’
‘i i i
surface materials and geometry, it is possible to approximatg ‘I‘ W | |
flat in all directions, thus corresponding to maximal diffusion.
a perfectly reflecting enclosure. For a maximally diffusive %o 00 1000 1500 2000 2500 @00 300 4000
In the time domain, this corresponds to a maximally dense
sequence of equal-magnitude numbers for the first row of t 1
are within the unit circle [11], and this can be achieved byhtained dividing by four the solution of the recursion
For our purposé, Galois sequences are defined as Sgmere the addition is performed modulo 2 and the initial
and unit-magnitude, except for the DC component, which hgg,qyctAs can be computed by the circuit of Fig. 3. The other
nonunitary eigenvalue on the unit circle we simply have tgny once for all the elements of the matrix-vector prod-
the feedback matrix on the unit circle, the matrix is losslesggister containing the elements of the veatofFor theith
compensation is needed. Fig. 2 shows the impulse responsenef first position, according to the circulant structure of the
9, 7] and, for any delay, an attenuation coefficieg = o™, 1/4), and an inverter, are required. The 15 two-input adds can
the same magnitude means that odlyN) multiplications number of additions corresponds to performing a multi-input
can be further reduced to only one. used to exploit parallelism and performnainput addition in
IV. |MPLEMENTATION o o L
the same rate as the shifts in theequence, a pipeline in the
reverb. We present a practical implementation for= 15 = ¢, — log, (N + 1) cycles. The total number of adders to
Fourier transform, i.e., eigenvalues on the unit circle, we do not use tHa

|
In room acoustics, diffusors are gratings to be applied to
of reverb and distribute the sound energy uniformly in the .
whole enclosure [17]. By means of accurate selection of’ n
a desirable scattering pattern in a certain frequency band [3], fi ‘HM
[18], [19]. One of the most desirable patterns turns out to be: h
In the physical interpretation of CFDN'’s [16], the feedback!'s
matrix represents the scattering properties of an object in
reverb, we want that any ray that is incident to the object semeles
be scattered in equal proportion along the various directionkig- 2. Impulse response of a maximally diffusive CFDN, with= 15.
impulse response. This is a highly desirable property for @4 — 1. In the case under consideration, a Galois sequence is
artificial reverb [14], and might be obtained by choosing f—l L1,1, -1, 1,1, =1, -1, 1, =1, 1, =1, =1, —1]
circulant matrix. At the same time, we have to make sure 2)
that the structure remains stable, i.e., the matrix eigenvalysg replacing 1 with 0 and-1 by +1, the sequence (2) can be
using Galois sequences [20] for the first row of the circulant
feedback matrix. Akts = Qr41 + Or,s k=0---10 3
quences of ¥ = 2™ — 1 real numbers having magnitude,qnditions are set tog = 1,0, = 0,05 = 0,a3 = 0
1/m and such that the discrete Fourier transform is Conste[Qb]_ According to (2), the first element of the matrix—vector
magnitudel/m. This means that, for the feedback matrix, alljements are similarly computed. The expressiofT, s[i]
the eigenvalues but one are on the unit circle. To bring trﬁ@presented by the lower path in Fig. 3, has to bezcomputed
A ) i
add a constant offset = —[(m — 1)/m(2™ — 1)] to all the yct. The computation ofAs)[i], for an arbitraryi, can be
elements of the feedback matrix. With all the eigenvalues pérformed using the same hardware of Fig. 3, and a shift
[11]; hence, the frequency properties are controlled only R¥ement of the output vector, a shift is performed on the shift
the loop filters and attenuation coefficients, and therefore pgyister, in order to bring the elemesl(i — 1) mod N] in
a maximally diffusive CFDN having delay lengths in samplegedback matrix. Therefore, for this case with = 15, for
mi..15 = [42, 29, 26, 23, 21, 19, 18, 17, 16, 15, 14, 13, 1lany output element, 15 two-input adds, one shift (multiply by
with p = 0.999. ' be subdivided as follows: six adds for the adde(Fig. 3),
The fact that all the numbers of a Galois sequence haygven adds for the adderand two adds for the addar This
are needed to perform the matrix—vector multiplication. In thedd as a cascade of two-input adds. Whenever possible, an
implementation suggested below, the number of multiplietgganization of two-input adders on a binary tree should be
Q(log n) steps. For example, the upper part of Fig. 3 can be
organized according to Fig. 4. If additions are performed at
_Experiments have shown that matrices of order larger thapyges of the addition tree allows to complete the computation
eight are needed to give a sufficiently dense, high-qualig¢ ihe output vectorAs every N clock cycles, with a delay
1since. f lication. it i ial to h maanitude di tbe used in the tree i — 1. The total worki¥ for a single
Ince, 10r our application, It IS crucial to nhave a unit-magnituae discrete atriX—VeCtor prOdUCt iS given by the prOdUCWf—l (adderS)
definition of Galois sequences as sequences bfand—1 [20]. times N + myq pipeline stages, i.ely/ = 266 for N = 15.
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Fig. 3. First component of the matrix—vector computation for the maximally /\
diffusive structure, withNV = 15. /4\ /4\ +\ /4\
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\ Fig. 5. Implementation of the matrix—vector multiplication using thex6

4 16 matrix proposed by Jot (a tree subset is shown).
/ ™
/+\>>+\\ Another good choice, suggested by Smith [21] for the
« e T, T feedback matrix of an FDN, is given by Hadamard matrices
\< \ \ [15], which can be obtained recursively, for dimensions that
i/ﬁ\’;ﬁﬁ e }12& ]/;\14 are powers of 2, via Kronecker products. The benefits of such

a choice are similar to the previous one, since the matrix

is maximally diffusive and the matrix—vector product can be

fmplemented recursively with no multiplies iR(N log N)

time steps. It has been shown that, up to high dimensions, the
In addition to the operations listed above, the sumAbf only Hadamard matrix that is circulant is>4 4, which is not

numbers and the multiplication by have to be computed enough for good reverb. Hence, in general, it is not possible

once for the whole collection ofV outputs. However, our to arrange the computation as nicely as in Fig. 4.

experience in the simulation of room responses shows that

this computation, represented by the lower part of Fig. 3, can

often be omitted, since the difference in the output sound is not VI. CONCLUSION

perceivable in most of the cases. Neglecting the contributionA few feedback matrix structures are available to the

of the terma}; s[i] corresponds to using a lossy matrixdesigner of a maximally diffusive feedback delay network. To

where the loss is fairly small to be neglected. summarize, the Jot's and Hadamard matrices are the structures
We conclude this section by noting that the chalée= 15  of choice within an FDN having ordeN = 16. On the other

is particularly attractive since the resulting circuit can bland, choosingv = 15, we can take advantage of the CFDN

implemented with no multiplies at all, whenever the lowemetaphor [11] and of the simple implementation of Fig. 4.

part of Fig. 3 is neglected, and the multiplication by 1/4 is

replaced by a right shift. REFERENCES
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