158Discrete-Time Modeling of Acoustic Tubes Using Fractional Delay Filters

Fig. 4.30

Implementation of a variable-length digital delay line by means of a first

The previous sections of this chapter have concentrated on the FIR implementation techniques of fractional delay waveguide filters. In Sections 4.6 and 4.7 similar struc tures are developed with allpass FD filters. The idea of using allpass filters in wave guide models is not new�Jaffe and Smith (1983) tuned their string synthesizer with a first-order allpass filter. However, to our knowledge allpass filters have not been used for waveguide junctions before. The initial work in this field was published in V�lim�ki and Karjalainen (1995) and V�lim�ki (1995b). Very recently Cook (1995) used allpass

There are major differences between the FIR and allpass implementations of FDWFs. These differences are caused by the fact that a given impulse response of an

FIR interpolating filter can be used for approximating both a fractional delay d and a complementary fractional delay

= 1 — d

(by flipping the impulse response). The com

plementary fractional delay (CFD) is needed in FDWFs because the aim is to use two digital delay lines to represent a waveguide and connect the junctions between the unit delays of these lines. For a particular FD junction, d is the delay from the last integral

In contrast to an FIR filter, the coefficients of an allpass FD filter are completely dif ferent for fractional delays d and

. For this reason it is not advantageous to use a one

multiplier scattering junction as a starting point for derivation of an allpass FD junction:

each junction would require altogether four allpass filters, two for approximating and another two for

. Furthermore, the approximation error in the transmission func-

In Chapter 3 it was shown that there are two techniques for the design of fractional delay filters: FIR and IIR filter approximation. While the use of a nonrecursive interpo lating filter leads to a structure that is easier to understand, it is useful to examine the use of a recursive filter as well. As discussed in Section 3.4, the digital allpass filter is a good choice for an IIR FD filter. Now the implementation of a variable-length delay

The use of an allpass filter is clarified using a first-order filter as an example. Higher order allpass structures are straightforward extensions. The length of a delay line can be varied using a first-order allpass filter as depicted in Fig. 4.30. It may be useful to use a

Fig. 4.31

A first-order allpass interpolator is used for the implementation of an output form of an allpass filter that has a minimum number of delay elements, since the delays can be shared with the delay line as shown in Fig. 4.30. This scheme can be extended

Note, however, that the structure in Fig. 4.30 is not a direct-form structure and thus it

The coefficients of the interpolating allpass filter can be computed applying one of the techniques presented in Section 3.4. The simplest and the most useful allpass design technique for audio signal processing is the maximally-flat group delay, or Thiran,

Figure 4.31 illustrates the first-order allpass filter structure that realizes an output at a fractional point of a delay line. This system is comparable to that presented in Fig. 4.30.

The principal difference between these structures is that in Fig. 4.31 we assume that the delay line continues after the fractional point and the allpass filter merely approximates the signal value at one point along that delay line�not at its end point, like in Fig. 4.30.

When the filter coefficient

has been chosen in an appropriate way, the output y

n) of this structure approximates the value of signal

n) at point

+

along the delay line,

This time we use the first-order allpass structure with two unit delay elements and a minimum number of multiplications. This choice is appropriate since one of the unit delays can be shared with the delay line to be processed and the other unit delay is reserved for the recursive part of the filter. The allpass structure with a minimum num ber of delay elements would not be more efficient since the recursion prevents the

Next we develop a recursive version of deinterpolation using an allpass filter. The

Fig. 4.32

A first-order allpass deinterpolator implements an input at a fractional point allpass deinterpolation scheme is clarified using a first-order allpass filter as an exam ple. In Fig. 4.32, an implementation of a fractional delay input to a delay line is shown.

This allpass filter structure is the

transpose of that in Fig. 4.31, i.e., an allpass deinterpolator may be realized using the transpose structure of the allpass interpolator.

The transfer functions of the first-order allpass interpolator and deinterpolator,

Note that the filter coefficients

and

are not equal in these structures and they do not, in general, have a simple relation. In allpass interpolation the coefficient should be chosen so that the filter approximates the delay

where

d is the fractional delay.

The coefficient

of the allpass deinterpolator, however, should be chosen so that the allpass filter approximates the delay

ωηερε

ισ τηε χομπλεμενταρψ ϕραχτιοναλ

Ηερε ωε δεριϖε τηε αλλπασσ ϕιλτερ χουντερπαρτ ϕορ τηε ιντερπολατεδ σχαττερινγ φυνχτιον οϕ

Φιγυρε 4.33α ιλλυστρατεσ τηε ιδεαλ ιντερπολατεδ σχαττερινγ φυνχτιον ωηερε τηε ϕραχτιοναλ δελαψ ελεμεντσ

δ ανδ

αρε εξπλιχιτλψ σηοων. Φιγυρε 4.33β σηοωσ α μοδιϕιεδ ϖερσιον οϕ τηισ φυνχτιον. Νοω τηε ϕουρ ΦΔ ελεμεντσ ηαϖε βεεν πυσηεδ τηρουγη τηε αδδερσ ανδ

Ιν Φιγ. 4.33β, τηερε αρε αλτογετηερ ειγητ ΦΔ ελεμεντσ. Τηε ΦΔ ελεμεντσ

δ ανδ χαν βε χομβινεδ ιντο α σινγλε υνιτ δελαψ ελεμεντ (σινχε

δ +

= 1), βοτη ιν τηε υππερ ανδ ιν τηε λοωερ λινε, ασ πρεσεντεδ ιν Φιγ. 4.33χ. Τηε τωο ΦΔ ελεμεντσ

δ ον τηε λεϕτ οϕ

Φιγ. 4.33β χαν βε χομβινεδ ιντο α σινγλε βλοχκ

, ανδ ιτ ισ ποσσιβλε το δο τηε σαμε ϕορ

Φιγ. 4.33

Δεριϖατιον οϕ τηε ΦΔ σχαττερινγ φυνχτιον εμπλοψινγ χομμυτατιον. (α) Τηε οριγιναλ ΦΔ σχαττερινγ φυνχτιον. (β) Τηε ΦΔ ελεμεντσ ηαϖε βεεν πυσηεδ τηρουγη τηε βρανχη νοδεσ ανδ αδδερσ. (χ) Τηε στρυχτυρε τηατ ισ ιμπλεμεντεδ

Τηε βλοχκ διαγραμ πρεσεντεδ ιν Φιγ. 4.33χ ισ ονε ποσσιβλε αλλπασσ ιμπλεμεντατιον οϕ τηε ΦΔ φυνχτιον. Οτηερ χονϕιγυρατιονσ χαν αλσο βε δεριϖεδ βυτ τηισ ονε ηασ σομε δεσιρ αβλε προπερτιεσ. Ωε ρεαλιζε τηε �δουβλε� ϕραχτιοναλ δελαψ ελεμεντσ υσινγ αλλπασσ ϕιλτερσ

) ανδ

). Χονσεθυεντλψ, τηε δεσιρεδ δελαψ

ανδ χομπλεμενταρψ τοταλ δελαψ

Τηισ ιμπλιεσ τηατ ωηεν τηε νονιντεγερ παρτ

δ οϕ τηε ποσιτιον οϕ τηε φυνχτιον χαν ηαϖε ϖαλυεσ ιν τηε ιντερϖαλ [0, 1], τηε δελαψσ ιμπλεμεντεδ βψ τηε τωο αλλπασσ ϕιλτερσ ωιλλ βε ιν

Λετ υσ χονσιδερ ιμπλεμεντατιον οϕ τηε αλλπασσ ΦΔ φυνχτιον υσινγ τηε Τηιραν αλλπασσ ϕιλτερ τηατ ωασ δισχυσσεδ ιν Σεχτιονσ 3.4.3 ανδ 3.4.4. Τηε χηοιχε οϕ τηε οπτιμαλ ρανγε ϕορ τηε δελαψ παραμετερ

ωασ στυδιεδ ιν Σεχτιον 3.4.4. Φορ εξαμπλε, τηε ϕιρστ-ορδερ Τηιραν ιντερπολατορ ψιελδσ βεστ ρεσυλτσ ωηεν τηε δελαψ ϖαριεσ βετωεεν

= 0.42 ανδ

+ 1 =

1.42. Φορ Τηιραν αλλπασσ ϕιλτερσ οϕ διϕϕερεντ ορδερ, τηε οπτιμαλ ρανγε ισ αλσο διϕϕερεντ.

Ηοωεϖερ, αν εασψ ρυλε οϕ τηυμβ ϕορ τηε δελαψ παραμετερ ισ το μαινταιν ιτ ιν τηε ρανγε [

Τηε ιμπλεμεντατιον οϕ τηε αλλπασσ ΦΔ φυνχτιον δεσχριβεδ αβοϖε νεεδσ σπεχιαλ χαρε, σινχε βοτη τηε αλλπασσ ϕιλτερσ υσεδ ιν τηισ στρυχτυρε μυστ βε αβλε το αππροξιματε ϕραχτιοναλ δελαψσ ωιτηιν τωο υνιτ δελαψσ. Ιν τηε χασε οϕ τηε ϕιρστ-ορδερ Τηιραν αλλπασσ ϕιλτερ, τηε φυνχτιον χαν βε ιμπλεμεντεδ ασ σηοων ιν Φιγ. 4.33χ ονλψ ωηεν τηε φυνχτιον ισ λοχατεδ

0.25∠0.75 σαμπλεσ αωαψ ϕρομ τηε νεαρεστ υνιτ δελαψ. Ονλψ τηεν ισ τηε δελαψ οϕ τηε

Ωηεν τηε δελαψ

δ ισ σμαλλερ τηαν 0.25 ορ λαργερ τηαν 0.75, τηε δελαψ

αππροξιματεδ βψ τηε ϕιλτερ

) γοεσ βεψονδ τηε δεσιρεδ ρανγε. Ιν ορδερ το χηανγε τηε δελαψ οϕ τηε ρεϕλεχτιον ϕυνχτιον, ωε μαψ αδδ ορ συβτραχτ υνιτ δελαψσ το ορ ϕρομ τηατ αλλπασσ ϕιλτερ σιμπλψ βψ χηανγινγ ιτσ ινπυτ ποιντ ονε υνιτ δελαψ το ειτηερ διρεχτιον. Ιϕ τηε ινπυτ ποιντ οϕ τηε αλλπασσ ϕιλτερ

) ισ μοϖεδ ονε υνιτ δελαψ το τηε λεϕτ ιν Φιγ. 4.33χ (ι.ε., τηε ινπυτ οϕ τηε αλλπασσ ϕιλτερ ισ τακεν ονε σαμπλε ιντερϖαλ εαρλιερ), τηεν ονε σαμπλε οϕ δελαψ μυστ βε αδδεδ το

Δ ιν ορδερ το μαινταιν τηε οϖεραλλ δελαψ. Σιμιλαρλψ, ιϕ τηε ινπυτ ποιντ ισ σωιτχηεδ ονε υνιτ δελαψ το τηε ριγητ (ι.ε., τηε ινπυτ το τηε αλλπασσ ϕιλτερ ισ δελαψεδ βψ ονε υνιτ δελαψ), ονε σαμπλε οϕ δελαψ μυστ βε συβτραχτεδ ϕρομ τηε ϕιλτερ∏σ νομιναλ δελαψ

Ανοτηερ ποσσιβιλιτψ ισ το χηανγε τηε λοχατιον οϕ τηε ϕιλτερ∏σ ουτπυτ ποιντ, ι.ε., τηε ποιντ ωηερε τηε ουτπυτ οϕ τηε αλλπασσ ϕιλτερ

) ισ αδδεδ το τηε λοωερ δελαψ λινε ιν Φιγ. 4.33χ.

Τηεσε αρε τωο αλτερνατιϖε μετηοδσ τηατ ηελπ το μαινταιν τηε νομιναλ δελαψ οϕ τηε αλλπασσ ϕιλτερ ωιτηιν τηε δεσιρεδ ρανγε. Ονε οϕ τηεσε τεχηνιθυεσ μυστ βε υσεδ ϕορ τηε χομπλε

Τηε αβοϖε δισχυσσιον χονχερνεδ τηε ϕιρστ-ορδερ Τηιραν αλλπασσ ϕιλτερ. Ηοωεϖερ, σιμι λαρ προχεδυρεσ∇χηανγε οϕ τηε λοχατιον οϕ ινπυτ ορ ουτπυτ ποιντ∇σηουλδ βε υσεδ το μαινταιν τηε δελαψ οϕ τηε ϕιλτερ ιν ιτσ βεστ ρανγε. Ιν τηε χασε οϕ ηιγηερ ορδερ αλλπασσ ϕιλ τερσ, ονε ορ μορε υνιτ δελαψσ μυστ υσυαλλψ βε αδδεδ το τηε ϕιλτερ∏σ νομιναλ δελαψ ϖαλυε βεχαυσε τηεσε ϕιλτερσ χαννοτ ιμπλεμεντ αν αρβιτραριλψ σμαλλ δελαψ. Ρεμεμβερ τηατ τηε

Τηιραν αλλπασσ ϕιλτερ ισ υνσταβλε ϕορ δελαψ ϖαλυεσ

< Ν ∠ 1. Φορ εξαμπλε, τηε σεχονδ-

Λετ υσ χονσιδερ τηε αππροξιματιον ερρορ δυε το αλλπασσ ιντερπολατορσ. Ιν τηε στρυχτυρε οϕ

Φιγ. 4.33χ, τηερε αρε νο ΦΔ ελεμεντσ ιν τηε στραιγητ πατη ιν νειτηερ διρεχτιον. Τηυσ τηερε νο αππροξιματιον ερρορ ιν τηε τρανσμισσιον ϕυνχτιον

τηρουγη τηισ αλλπασσ ΦΔ φυνχτιον.

Τηε ονλψ λιμιτατιον τηατ τηισ σολυτιον βρινγσ αβουτ ισ τηατ τηε ποιντ ωηερε τηε τρανσμισ σιον οχχυρσ ισ νοτ εξπλιχιτλψ ιμπλεμεντεδ ανδ τηε σιγναλ ϖαλυε ατ τηατ ποιντ χαννοτ βε διρεχτλψ οβταινεδ. Ατ τηε οπεν ενδ οϕ α τυβε τηισ χαυσεσ αν ερρορ ιν τηε δελαψ οϕ τηε ουτ πυτ σιγναλ (ραδιατεδ σουνδ). Τηισ δοεσ νοτ αϕϕεχτ τηε ϕορμαντ στρυχτυρε νορ οτηερ ιμπορ ταντ προπερτιεσ οϕ τηε σιγναλ ανδ χαν βε εασιλψ αϖοιδεδ∇ιϕ δεσιρεδ∇βψ ινχορπορατινγ αν

Τηε ρεϕλεχτιον ϕρομ τηε ΦΔ φυνχτιον συϕϕερσ ϕρομ αν αππροξιματιον ερρορ σινχε τηε

�δουβλε� ΦΔσ ιν Φιγ. 4.33β αρε ρεαλιζεδ υσινγ αλλπασσ ϕιλτερ αππροξιματιονσ

) ανδ

). Ωηεν τηε ΜΦ (Τηιραν) αλλπασσ ΦΔ ϕιλτερσ αρε υσεδ, τηε νατυρε οϕ τηισ ερρορ χαν βε

Φιγ. 4.34

Τρανσϕερ ϕυνχτιον οϕ α τωο-τυβε σψστεμ ρεαλιζεδ υσινγ ϕιρστ-ορδερ Τηιραν αλλ πασσ ϕιλτερσ (σολιδ λινε). Φορ χομπαρισον, τηε σιμυλατιον ρεσυλτ οβταινεδ ωιτη ιδεαλ ιντερπολατιον (δασηεδ λινε) ισ αλσο γιϖεν. Τηε λοχατιον οϕ τηε φυνχτιον ισ

Τηε αππροξιματιον ερρορ ισ ζερο ωηεν τηε νομιναλ δελαψ οϕ τηε ϕιλτερ ισ 1.0. Τηισ ιμπλιεσ τηατ τηε αππροξιματιον ερρορ δισαππεαρσ ωηεν τηε φυνχτιον ισ λοχατεδ ηαλϕ ωαψ βετωεεν υνιτ δελαψ, ι.ε., δ = 0.5. Τηισ ισ ιν σηαρπ χοντραστ ωιτη τηε ΦΙΡ ΦΔ φυνχτιονσ, χαν βε χηαραχτεριζεδ ασ ϕολλοωσ. Ατ ϖερψ λοω ϕρεθυενχιεσ τηε φυνχτιον (ιμπεδανχε δισ χοντινυιτψ) ισ λοχατεδ ϖερψ νεαρλψ ιν τηε χορρεχτ ποσιτιον, βυτ ωιτη ινχρεασινγ ϕρεθυενχψ τηε φυνχτιον τενδσ το μοϖε τοωαρδσ σομε ερρονεουσ λοχατιον. Τηισ ισ βεχαυσε τηε Τηιραν αλλπασσ ϕιλτερ αππροξιματεσ τηε δελαψ αχχυρατελψ ατ λοω ϕρεθυενχιεσ βυτ ποορλψ ατ ηιγη ϕρεθυενχιεσ. Ωε μαψ ασσυμε τηατ ατ λοω ϕρεθυενχιεσ τηε ϕορμαντ στρυχτυρε οϕ α τυβε μοδελ ιμπλεμεντεδ ωιτη τηεσε αλλπασσ ϕιλτερσ ισ σιμιλαρ το τηε ιδεαλ ονε, ωηερεασ ατ ηιγηερ ϕρεθυενχιεσ τηε χεντερ ϕρεθυενχιεσ ανδ αμπλιτυδεσ οϕ ϕορμαντσ αρε ινχορρεχτ. Τηε

Ιν ορδερ το χομπαρε τηε προπερτιεσ οϕ αλλπασσ ανδ ΦΙΡ ιμπλεμεντατιονσ οϕ τηε ιντερπο λατεδ ωαϖεγυιδε μοδελ, α τωο-τυβε μοδελ ωιτη ονε ΦΔ φυνχτιον ωασ σιμυλατεδ. Τηε εξαμπλε σψστεμ ισ τηε σαμε ασ τηε ονε πρεσεντεδ ιν Σεχτιον 4.3.7. Τηε τοταλ λενγτη οϕ τηε

Fig. 4.35

Transfer function of a two-tube system realized using first-order Thiran all pass filters (solid line). For comparison, the simulation result obtained with ideal interpolation (dashed line) is also given. The location of the junction is tube system is eight unit delays. The junction between the tubes is located between the third and fourth unit delays, and the reflection coefficient is —0.5. One end of the tube is assumed to be closed and the other one open. To simplify the exam

ple, the terminations

Figures 4.34 and 4.35 show the magnitude of the transfer function of this system for two junction positions. The solid line has been computed using first-order MF allpass filters and the dashed line was obtained with ideal interpolators. The sampling rate is 22 kHz. In Fig. 4.34, the location of the FD junction is d = 0.25 corresponding to delay

= 0.5 and

= 1.5. In Fig. 4.35, the junction is situated at = 0.75 between the unit delays, which means that

D = 1.5 and

D = 0.5. These can be considered the

The transfer functions of the ideal and approximative system are nearly identical at low frequencies but at high frequencies the deviation is quite large. However, the mag nitude error of the fourth formant (at about 4.7 kHz) is only 1 dB in Fig. 4.34 and 2 dB in Fig. 4.35. These figures should be compared with Figs. 4.24—4.27 that have been computed with FIR interpolators. It can be concluded that the result obtained with the first-order allpass filters is clearly better (at low and middle frequencies) than with the The computational complexity of the allpass filter implementation is less than that of

Fig. 4.36

An example of an alternative FD junction structure that at first seems to be correct. Deeper analysis reveals that an allpass implementation of this struc

the FIR filter implementation: a first-order allpass filters is implemented with one mul tiplication and two additions and a second-order allpass filter can be realized with two multiplications and three additions, whereas a third-order FIR filter requires four multiplications and three additions. Two filters per FD junction are needed both in the case of allpass and FIR filters. Thus the allpass filter appears to be an attractive choice

Figure 4.33 presents one FD junction structure that can be used for implementing an interpolated waveguide model. Now we briefly discuss another structure that is perhaps more obvious than that of Fig. 4.33, and at first seems to be quite correct. Nevertheless,

In Fig. 4.36a we present a one-multiplier scattering junction that is located between

the sampling points of a waveguide. The FD and CFD elements are explicitly shown. It is advantageous to try to remove these FD elements from the waveguide. Then the FD junction can be connected to an arbitrary point on the waveguide and it is not needed to

�cut� the delay lines by adding a fractional delay filter in the middle of the unit delay chains. One way to achieve this is to commute the FD elements with the adder and branch nodes of the scattering junction. In Fig. 4.36b, all four FD elements have been pushed inside the scattering junction. Those copies of the FD and CFD elements that were left in the delay line chains, have been combined into unit delay elements. In addition, one extra unit delay element from the right-hand side has been pushed into the

junction and has been combined with the CFD element. This helps to realize an allpass junction with better accuracy. The structure of 4.36 is aimed at an implementation using a first-order allpass filter. Then the fractional delays d would be implemented with

two allpass filters whose delay parameters would vary within [0, 1]. The delay parameters of the other two allpass filters (approximating transfer functions

Unfortunately this design proves to be useless. Let us consider the transmission

function through the junction from the left to the right. We denote the allpass filter approximations for the FD and CFD elements by

) and

), respectively. The

transmission function is then z—2 —

). We would like this to be an allpass

function or at least a passive function. However, the approximation errors in the two allpass filters assure that the phase function of rA

) is nonlinear, and although

this transfer function and also that of the other signal path,

—2, both are allpass func

tions (the product of two allpass filters is also an allpass filter), the resulting transmis sion function does not have this property. In fact, a sum of two allpass filters is in gen eral not an allpass function: the differences in the phase functions of the summed func tions lead to cancellation or emphasis of different frequencies in its magnitude spec trum. This approach can be and has been used for designing lowpass and highpass fil

The above explanation implies that the transmission functions through the FD junc tion of Fig. 4.36b are not guaranteed to be either allpass or passive. This may endanger the stability of the overall waveguide system, which consists of several feedback loops.

For this reason, the structure is useless�although in theory it has been derived in a

Section 4.4 was concerned with implementation of a finger-hole model using FIR FD filters. Now we present a corresponding model realized using allpass filters (V�lim�ki,

1995b). It is worth noting that this is merely one possible configuration. Also in this case there are more but the one discussed here turns out be an efficient one in terms of

The derivation follows the same guidelines as above in the case of the FD two-port

scattering junction. We begin with the finger-hole junction where there are four reflec tion filters as illustrated in Fig. 4.37a: the two filters z) simulate the reflection of the

volume velocity waves and the two filters 1 + R

) simulate the transmission of volume

velocity through the finger hole. It is assumed that this finger hole is located at an arbi trary position along the waveguide bore model. Thus one of the unit delays of the digi tal waveguide has been split into two parts and the hole has been positioned between

We proceed by pushing the four FD elements inside the junction. When an FD ele

ment is pushed through a branch or summation node, this element has to be appended into each input path of that branch. This has been done in Fig. 4.37b. It is seen that now

The FD elements that are on the same path can be combined: the fractional delays

and complementary FDs d can be combined into single unit delay elements (since d +

= 1) in the upper and in the lower lines (see Fig. 4.37c). The two FD elements d on

Fig. 4.37

Derivation of the finger-hole model structure where the fractional delays are approximated using allpass filters. a) The finger-hole junction located at an arbitrary point (between unit delays) of a digital waveguide. b) The FD ele ments have been pushed inside the junction. c) The final structure that can be the left of Fig. 4.37b can be combined into a single block

while the two CFD ele-

These double FD elements are implemented using allpass filters

) and A

Consequently, for these allpass filters the desired delay

D and complementary total delay

are defined by

= 2d and

= 2 . This implies that when the noninteger part of the position of the junction is varied in the interval [0, 1], the delays approximated by these two allpass filters have values in the interval [0, 2]. Also shown in Fig. 4.37c is an efficient implementation of transmission functions 1 +

) as a sum of the direct signal

The unit delay element in the middle of Fig. 4.37c adjusts the delay between the sig nals from the upper and lower delay line before their addition. Here we have simplified the adder in the two signal paths. It is believed that this approximation does not affect the properties of the finger-hole model. In effect we have only neglected a small delay at the output of the system. This trick does, however, reduce the number of additions and multiplications, since it saves the implementation of one more fractional delay The finger-hole model of Fig. 4.37c can implemented using first-order allpass filters ) and A

). The total computational load of the finger-hole model is thus not very large since only two one-pole reflection filters and two first-order allpass filters need to

In this chapter, implementation techniques for fractional delay waveguide filters have been discussed. Interpolation is a standard method for estimating the value of a signal between its known sample values. A novel technique, deinterpolation, was introduced.

It can be interpreted as an inverse operation of interpolation in the sense that interpola tion is used for computing the output at an arbitrary point of a discrete-time delay line, whereas deinterpolation is used for locating a corresponding input point. Both opera tions can be implemented using recursive or nonrecursive digital filters, but deinterpo lation is more intuitively implemented using an FIR filter structure. The use of allpass Interpolation and deinterpolation provide means for creating spatially continuous digital waveguide models. The simplest examples of such systems are a variable-length delay line and a variable-length waveguide. These and the more elaborate waveguide structures are called fractional delay waveguide filters. They are constructed of arbitrar ily many digital waveguides that are connected to each other at fractional points. This approach was applied to the time-domain modeling of acoustic tubes and realization of two-port and three-port fractional delay junctions. Both FIR and allpass fractional delay The properties of the FIR and allpass techniques were compared. The results can be summarized in the following way: FIR structures are conceptually simpler since the locations of filter taps have a direct relation to the impulse response of the filter and thus also to the locations of the interpolated input and output points along a digital waveguide. The use of maximally-flat FIR FD filters or maximally-flat group-delay all pass filters leads to a low-frequency approximation of an ideal tube structure.

Oversampling by a small integral factor is required to obtain a reasonable quality of approximation. The benefits of allpass filter structures are an identically flat magnitude response in the FD approximation and a smaller approximation error with a lower-order filter than that obtainable with an FIR filter structure with a comparable number of