9Table of ContentsList of Symbols............................................................................................................. 12List of Abbreviations................................................................................................... 151Introduction............................................................................................................. 171.1Historical Notes.................................................................................................. 171.2Overview of the Work........................................................................................ 201.3Contributions of the Author............................................................................... 211.4Related Publications........................................................................................... 222Digital Waveguide Modeling.................................................................................. 252.1Waveguide Modeling of Strings........................................................................ 252.1.1Wave Equation and the Traveling Wave Solution.................................. 252.1.2Incorporating Losses and Dispersion...................................................... 262.1.3Karplus—Strong Algorithm and Its Extensions........................................ 272.1.4Calibration of the Waveguide String Model........................................... 292.1.5Excitation Signal of the Waveguide String Model.................................. 322.1.6Discussion............................................................................................... 332.2Waveguide Modeling of Cylindrical Tubes....................................................... 342.2.1The One-Dimensional Wave Equation.................................................... 352.2.2A Model Composed of Coupled Uniform Tube Sections....................... 352.2.3KL Scattering Junction for Volume Velocity Waves.............................. 362.2.4KL Scattering Junction for Pressure Waves............................................ 382.2.5Boundary Conditions of a Cylindrical Tube........................................... 392.2.6General Properties of the Cylindrical Tube Model................................. 402.2.7Sparse Tube Model.................................................................................. 412.2.8Extensions to the Basic KL Model.......................................................... 422.3Junction of Three Acoustic Tubes..................................................................... 422.3.1Three-Port Scattering Junction for Volume Velocity.............................. 432.3.2Three-Port Scattering Junction for Sound Pressure................................ 442.3.3Side Branch in a Uniform Tube.............................................................. 452.4Waveguide Modeling of Conical Tubes............................................................ 482.4.1Traveling Wave Solution for Spherical Waves....................................... 492.4.2Junction of Conical Tube Sections.......................................................... 502.4.3Reflection Function with Taper Discontinuity Only............................... 522.4.4Closed and Open End of a Truncated Conical Tube............................... 532.4.5Discrete-Time Reflection and Transmission Filters................................ 542.4.6Stability of the Reflection Filter.............................................................. 562.4.7Modeling the Ends of a Conical Tube..................................................... 562.4.8Conclusions and Discussion.................................................................... 572.5Waveguide Models for Wind Instruments......................................................... 582.5.1Need for Finger-Hole Models................................................................. 592.5.2Modeling of a Single Woodwind Finger Hole........................................ 592.5.3Discrete-Time Scattering Junction.......................................................... 612.6Relation to Other Methods................................................................................. 62

10Discrete-Time Modeling of Acoustic Tubes Using Fractional Delay Filters2.6.1Comparison of Waveguide Filters and Wave Digital Filters.................. 632.6.2Reverberation and Simulation of Room Acoustics................................. 632.7Conclusions........................................................................................................ 643Fractional Delay Filters........................................................................................... 653.1Ideal Fractional Delay........................................................................................ 653.1.1Continuous-Time System for Arbitrary Delay........................................ 653.1.2Discrete-Time System for Arbitrary Delay............................................. 663.1.3Fractional Delay and Shannon Reconstruction....................................... 683.1.4Characteristics of the Ideal Fractional Delay Element............................ 693.1.5Conclusion and Discussion..................................................................... 713.2Design Methods for Fractional Delay FIR Filters............................................. 713.2.1Least Squared Integral Error Design....................................................... 723.2.2LS Design with Reduced Bandwidth...................................................... 753.2.3Windowing the Ideal Impulse Response................................................. 753.2.4General Least Squares FIR Approximation of a Complex FrequencyResponse................................................................................................. 763.2.5Minimax Design of FIR FD Filters......................................................... 793.2.6Other Methods for the Design of FIR FD Filters.................................... 813.3Maximally Flat FD FIR Filter: Lagrange Interpolation..................................... 823.3.1Derivation of the Maximally Flat Fractional Delay FIR Filter............... 823.3.2Classical Approach................................................................................. 843.3.3Symmetry of the Lagrange Interpolation Coefficients........................... 853.3.4Computation of Coefficients for a Lagrange Interpolator...................... 863.3.5Windowing Approach to Lagrange Interpolation................................... 873.3.6Approximation Errors of Lagrange Interpolation................................... 903.3.7Farrow Structure of Lagrange Interpolation........................................... 953.3.8Related Polynomial Interpolation Techniques...................................... 1023.3.9Conclusion and Discussion................................................................... 1033.4Design Methods for Fractional Delay Allpass Filters..................................... 1053.4.1Properties of the Discrete-Time Allpass Filter..................................... 1053.4.2Design of Fractional Delay Allpass Filters........................................... 1063.4.3Maximally Flat Group Delay Design of FD Allpass Filters................. 1073.4.4Choice of Optimal Range for D in the Thiran Interpolator................... 1103.4.5Discussion............................................................................................. 1133.5Time-Varying Fractional Delay Filters........................................................... 1143.5.1Consequences of Changing Filter Coefficients..................................... 1143.5.2Implementation of a Variable Delay Using FIR Filters........................ 1143.5.3Transients in Time-Varying Recursive FD Filters................................ 1163.5.4Transient Elimination Methods for Time-Varying Recursive Filters... 1173.5.5A Novel and Efficient Method for Elimination of Transients.............. 1213.5.6Examples with a Time-Varying Thiran Allpass Filter.......................... 1253.6Conclusions...................................................................................................... 126

Table of Contents 114Fractional Delay Waveguide Filters.................................................................... 1284.1Deinterpolation................................................................................................. 1284.1.1Introduction to Deinterpolation............................................................. 1284.1.2Deinterpolation Versus Interpolation.................................................... 1304.1.3Implementing Deinterpolation Using an FIR Filter.............................. 1314.1.4Adding a Signal to a Fractional Point of a Delay Line Using an FIRDeinterpolator........................................................................................ 1334.1.5Discussion............................................................................................. 1344.2Fractional Delay Waveguide Systems............................................................. 1354.2.1Variable-Length Digital Waveguide..................................................... 1354.2.2Connecting Waveguides at Arbitrary Points......................................... 1364.3Interpolated Waveguide Tube Model.............................................................. 1374.3.1Interpolated Scattering Junction............................................................ 1384.3.2Implementing the FD Scattering Junction Using FIR Filters................ 1404.3.3Transfer Functions of FIR Interpolators and Deinterpolators............... 1424.3.4Choice of FIR FD Filter Design............................................................ 1444.3.5Reflection and Transmission Functions................................................ 1454.3.6Analysis of Errors Due to FD Approximation...................................... 1484.3.7Simulation of a Two-Tube System Using FIR FD Filters..................... 1504.3.8Conclusion............................................................................................. 1534.4Interpolated Finger-Hole Model...................................................................... 1534.4.1FIR-Type Fractional-Delay Finger-Hole Model................................... 1544.4.2Approximation Error Due to FD Filters................................................ 1554.4.3Implementation Issues........................................................................... 1574.5Fractional Delay Operations with Allpass Filters............................................ 1584.5.1Implementing a Variable Delay Line Using an Allpass Filter.............. 1584.5.2Implementing Interpolation and Deinterpolation with Allpass Filters.. 1594.6Interpolated Waveguide Model: Allpass Filter Approach............................... 1604.6.1Derivation of the Allpass Fractional Delay Junction............................ 1604.6.2Approximation Errors due to an Allpass Fractional Delay Junction..... 1624.6.3Simulation of a Two-Tube Model with Allpass Filters......................... 1634.6.4Alternative Allpass Filter Structure....................................................... 1654.7Allpass Fractional Delay Finger-Hole Model.................................................. 1664.8Conclusions...................................................................................................... 1685Conclusions and Further Research..................................................................... 1695.1Summary and Conclusions............................................................................... 1695.2Suggestions for Future Work........................................................................... 170References................................................................................................................... 172Appendix A. Bandlimited Squared Integral Error of FIR FD Filters................. 184Appendix B. Effective Length of the Infinite Impulse Response.......................... 186Index............................................................................................................................ 193