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Abstract

This paper addresses the preservation challenge of the sasando, a traditional Indonesian
stringed instrument featuring a unique lontar leaf resonator that naturally amplifies frequen-
cies between 98-1047 Hz. We develop a digital resonator model using higher-order IIR
filter synthesis, bilinear transformation, and second-order section (SOS) decomposition to trans-
form electric pickup signals into authentic acoustic tones. The implemented bandpass filter
architecture achieves passband flatness <0.1 dB with uniform quality factor ) = 8 across
four precisely positioned resonant peaks at 245 Hz, 490 Hz, 735 Hz, and 980 Hz, successfully
replicating the sasando’s distinctive sonic signature.

Comprehensive multi-domain validation demonstrates exceptional performance metrics:
frequency-domain characterization confirms sharp transition bands with stopband atten-
uation exceeding 50 dB; impulse response analysis reveals characteristic envelope decay time
of 182 ms with minimal pre-ringing artifacts; time-domain signal processing of synthetic test
tones and realistic recordings demonstrates natural acoustic transformation with appropriate
harmonic emphasis. Performance evaluation reveals outstanding real-time processing capa-
bility: computational efficiency factor of 2778, algorithmic latency of 0.27 ms, and memory
footprint of only 0.58 KB, confirming production readiness for embedded applications. Total
harmonic distortion (THD) remains below 0.4033% across the operational frequency range,
validating high-fidelity acoustic transformation. Stability analysis through pole-zero mapping
confirms all system poles lie within the unit circle with substantial margin (0.0479 from bound-
ary), guaranteeing bounded-input bounded-output (BIBO) stability.

Key innovations include: (1) parametric resonator modeling framework capturing
complex acoustic behavior with minimal computational cost; (2) optimized SOS cascade
structure ensuring numerical stability and efficient implementation; (3) comprehensive vali-
dation methodology combining frequency-domain, time-domain, and distortion analyses. This
research establishes a robust framework for digital preservation of endangered musical
instrument acoustics, demonstrating that authentic acoustic character can be captured with
minimal computational burden suitable for embedded systems. The methodology is gen-
eralizable to other cultural heritage preservation challenges in musical acoustics, offer-
ing practical pathways for documentation and reproduction of traditional instrument timbres
worldwide, enabling both preservation of cultural legacy and innovation in contemporary musical
applications.

Keywords: Acoustic Modeling, Digital Signal Processing, Resonator Design, Cul-
tural Heritage Preservation, Musical Instrument Acoustics, Real-time Audio Pro-
cessing, IIR Filter Design, Sasando, Bandpass Filter
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1 Introduction

The sasando represents one of Indonesia’s most distinctive and culturally significant musical
instruments, originating from Rote Island in the eastern province of East Nusa Tenggara. This
traditional plucked string instrument features a unique construction utilizing palm leaf fibers
from the lontar palm (Borassus flabellifer), arranged in a tubular resonating chamber that
creates a characteristic acoustic signature|[l, 2]. The instrument’s name derives from the Rote
language, where “sasandu” means “vibrating” or “sounding,” aptly describing its rich, resonant
tonal qualities that have captivated musicians and acousticians for generations.

1

(b) Detailed view
of sasando structure
with visible string
(a) Traditional sasando instruments displaying the characteristic arrangement and
teardrop-shaped palm leaf resonator construction decorative elements

Figure 1. The sasando: A traditional Indonesian stringed instrument from Rote Island

The sasando is a traditional Indonesian stringed instrument from Rote Island featuring a
distinctive palm leaf resonator that creates its characteristic acoustic signature. The instrument
typically contains 28-56 strings arranged around a central bamboo tube measuring 70 cm in
length with a diameter of 8 cm, with the lontar palm leaves providing natural acoustic amplifi-
cation within the 98-1047 Hzpassband.

1.1 Motivation and Cultural Context

The preservation of traditional musical instrument acoustics presents significant challenges
in the modern era|3, 4|, particularly for instruments like the sasando whose construction tech-
niques and performance practices face increasing pressure from globalization and modernization.
The sasando’s acoustic properties arise from a complex interaction between its string vibrations
and the unique resonance characteristics imparted by the palm leaf chamber. This natural res-
onator exhibits frequency-dependent amplification and coloration that fundamentally shapes the
instrument’s tonal identity, creating a distinctive sonic signature characterized by pronounced
midrange presence and gentle high-frequency roll-off.

Traditional acoustic sasandos, however, face several practical limitations in contemporary
performance contexts, including limited volume projection in large venues, susceptibility to
environmental conditions affecting the hygroscopic palm leaves, physical fragility during trans-
portation, and declining availability of skilled craftsmen capable of constructing high-quality
resonators. To address these challenges, electric pickup-equipped sasandos have been developed,
enabling direct signal capture from string vibrations. However, these electric variants sacrifice
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the essential acoustic character that defines the instrument’s sonic identity, producing sound
that contains the fundamental pitches and rhythmic information but lacks the timbral richness
and cultural authenticity that make the sasando recognizable.

The fundamental challenge addressed by this research can be articulated as follows: how
can we digitally restore the authentic acoustic resonance characteristics to electric
pickup signals, preserving the sasando’s cultural and musical heritage while retain-
ing the practical advantages of electric amplification?

1.2 Research Objectives and Scope

This research addresses the acoustic preservation challenge through comprehensive digital
signal processing methodologies. Our primary objectives are:

e Acoustic Characterization: Conduct detailed analysis of the sasando’s natural res-
onator to identify and quantify its key acoustic parameters, including resonant frequencies,
quality factors, passband boundaries, and transient response characteristics, developing a
physically motivated parametric model.

e Digital Filter Design: Design a higher-order IIR bandpass filter that accurately repli-
cates the measured acoustic response while maintaining computational efficiency suitable
for real-time processing|5, 6], employing advanced techniques including frequency sampling
and parametric peak filter cascading[7].

e Numerical Stability: Implement the filter using second-order section (SOS) decompo-
sition to ensure numerical robustness across varying computational platforms, analyzing
coeflicient quantization effects and verifying BIBO stability through comprehensive pole-
zero analysis.

e Performance Validation: Evaluate the filter’s performance through multiple comple-
mentary metrics spanning frequency-domain accuracy, time-domain transient fidelity, har-
monic distortion analysis, and computational efficiency assessment.

e Implementation Framework: Establish practical implementation guidelines, reference
code, and documentation suitable for integration into embedded audio processing plat-
forms, digital signal processing workstations, and commercial audio effects units.

The scope of this work focuses specifically on the frequency range of 98-1047 Hz, which
encompasses the sasando’s natural resonator passband and includes the fundamental frequencies
of the instrument’s musical range plus their first several harmonics. We deliberately concentrate
on modeling the transformation that the lontar leaf resonator imparts to string vibration signals,
treating this as the core acoustic signature that distinguishes the sasando from other plucked
string instruments.

1.3 Methodology Overview

Figure 2 presents a comprehensive overview of our methodology, organized into four main
components that correspond to the research workflow.
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Figure 2. Methodology overview and system workflow

The workflow proceeds sequentially through four stages. In stage (a), acoustic characteriza-
tion analyzes recordings from traditional sasando instruments to extract resonance parameters
including center frequencies (fr = 245, 490, 735, 980 Hz), quality factors (Q = 8), and rela-
tive gains (gi). Stage (b) performs digital filter design by transforming the analog resonator
model to discrete-time implementation via bilinear transformation and decomposing the result
into six second-order sections for numerical stability. Stage (c) implements the filter in an ef-
ficient cascaded biquad architecture with optimized memory organization, achieving a minimal
footprint of 0.58 KB suitable for embedded systems. Stage (d) validates performance through
comprehensive frequency-domain and time-domain analysis, measuring key metrics including
total harmonic distortion (0.4%), processing latency (0.27ms), and stability margins.

2 Notation

2.1 Novel Contributions

This research makes several significant contributions to the fields of acoustic modeling, cul-
tural heritage preservation, and digital signal processing:

e Parametric Multi-Peak Resonator Architecture: Development of a novel cascaded
bandpass filter specifically optimized for modeling plucked string instruments with com-
plex acoustic chambers, featuring four precisely positioned resonant modes with uniform
quality factors.

e Production-Ready SOS Implementation: Application of second-order section de-
composition with rigorous stability verification, achieving numerically robust performance
requiring only 0.58 KB memory and 2.4 MOPS computational load.

e Comprehensive Validation Framework: Multi-domain evaluation methodology com-
bining frequency-domain accuracy metrics, time-domain transient analysis, harmonic dis-
tortion quantification, and real-time performance benchmarking.

e Ultra-Low Latency Achievement: Demonstration of 0.27 msprocessing latency en-
abling live performance applications without perceptible delay, with 2778 x real-time pro-
cessing capability.
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Symbol Definition
fo Fundamental frequency (Hz)
Ir Center frequency of resonance mode k (Hz)
Q Quality factor (dimensionless)
Qx Quality factor of resonance mode k
Gk Gain coefficient of resonance mode k
w Angular frequency, w = 27 f (rad/s)
H(s) Continuous-time transfer function
H(z) Discrete-time transfer function
fs Sampling frequency (Hz)
T, Sampling period, Ty, = 1/ fs (s)
bi e Numerator coefficient 7 of section k
a; J; Denominator coeflicient 7 of section k
G Overall gain factor
Af Bandwidth at —3 dB(Hz)
T, Group delay (s)
|H(jw)] Magnitude response (linear)
|H(jw)|aB Magnitude response (dB)
ZH(jw) Phase response (radians)
hin] Impulse response (discrete-time)
x[n] Input signal (discrete-time)
y[n| Output signal (discrete-time)

e Generalizable Methodology: Documented complete analytical and design framework
in sufficient detail to enable application to other endangered musical instruments requiring
acoustic preservation.

The remainder of this paper is organized as follows: Section 2 presents the physical mod-
eling and resonator characterization. Section 3 details the digital filter design methodology
and coefficient calculation. Section 4 covers implementation architecture and computational
considerations. Section 5 provides comprehensive performance validation. Section 6 presents
processing results with various test signals. Section 7 discusses limitations and future directions.
Section 8 concludes with practical recommendations and broader implications.

3 Acoustic Characterization and Resonator Modeling

The foundation of authentic acoustic preservation lies in accurate characterization of the
sasando’s natural resonator behavior. This section presents our methodology for analyzing
the instrument’s acoustic properties and developing a parametric mathematical model suitable
for digital implementation, establishing the theoretical framework that guides subsequent filter
design decisions[8, 9].

3.1 Physical Acoustic Principles

The sasando’s distinctive sound arises from the coupling between string vibrations and the
resonant chamber formed by the palm leaf structure[10, 11]. When a string is plucked, it vibrates
at its fundamental frequency fp and integer multiples (harmonics) according to the relationship
for an ideal string fixed at both ends:
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fn:n~f0:% :: n=1,2,3,... (1)

where L is the vibrating string length, 7" is the tension, u is the linear mass density, and n is

the harmonic number. These vibrations couple into the palm leaf resonator through the bridge

and instrument body, and the resonator acts as a frequency-dependent amplifier and spectral

shaper. The resonator’s transfer function can be conceptually modeled as a parallel or series
combination of second-order bandpass filters, each representing a resonance mode:

Nmodes

9k * Wo,kS
Hesonator () = § Do 2 (2)
= g st

where wg , = 27 fo 1, is the angular frequency of the k-th resonant mode, Q) is its quality fac-
tor determining bandwidth and damping characteristics, and gy, is the gain coefficient reflecting
coupling strength. The quality factor relates to the —3dB bandwidth Af as:

Jok
Q= 3f (3)

Higher @ values indicate narrower, more selective resonances with longer decay times, con-
tributing to the sustained, reverberant character of the sasando’s sound. The lontar leaf res-
onator, with its partially rigid fiber structure and compliant boundary conditions, exhibits qual-
ity factors in the range @) = 6-10, balancing selectivity with smooth frequency response.

3.2 Resonator Parameter Identification

Through spectral analysis of acoustic sasando recordings and comparison with electric pickup
signals, combined with knowledge of the physical dimensions specified in the problem statement
(70 cm tube length, 8 cm diameter), we identified four primary resonant modes that dominate
the instrument’s acoustic signature. These modes were selected based on prominence in spectral
analysis and their musical significance within the sasando’s typical playing range.

Table 1. Identified Resonant Modes and Their Acoustic Parameters

Mode Frequency Musical Quality Bandwidth Relative
Number  f, (Hz) Note Factor @ Af (Hz) Gain g

1 245 B3 8 30.6 1.00
2 490 B4 8 61.3 0.95
3 735 EF#5 8 91.9 0.85
4 980 B5 8 122.5 0.75

Passband Range: 98-1047 Hz (3 octaves + 1 fifth)
Mean Spacing: 245 Hz (harmonic relationship)

The resonant frequencies exhibit an approximately harmonic relationship (fa ~ 2f1, f3 ~
3f1, fa = 4f1), suggesting coupling to the fundamental longitudinal modes of the cylindrical
resonator cavity. This harmonic spacing of 245 Hzcorresponds to a wavelength of approximately
A =c¢/f = 343/245 ~ 1.4m, which relates to twice the cavity length (70cm x 2 = 140cm),
consistent with half-wavelength resonance in a tube with modified end conditions. The uniform
quality factor @) = 8 across all modes indicates consistent damping characteristics throughout
the frequency range, attributed to the homogeneous material properties and geometry of the
palm leaf construction.
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4 Digital Filter Design Methodology

The transformation from the continuous-time analog resonator model to a discrete-time
digital implementation suitable for real-time audio processing requires careful consideration of
sampling theory, discretization methods|12|, frequency warping compensation, and numerical
stability. This section presents our complete filter design methodology, progressing from theo-
retical foundations through coefficient calculation to implementation architecture.

4.1 Sampling Rate Selection and Design Constraints

The choice of sampling rate fs must satisfy the Nyquist criterion while providing sufficient
oversampling for accurate representation of the bandpass filter’s sharp transitions. The maxi-
mum frequency of interest is the upper passband edge at 1047 Hz. We select fs = 44100 Hz(CD-
quality standard) for several reasons:

e Nyquist Compliance: Provides oversampling ratio of f5/(2 x 1047) ~ 21, ensuring
aliasing-free representation

e Transition Band Flexibility: Sharp filter roll-offs are difficult to achieve near the
Nyquist frequency; oversampling moves transition bands to lower relative frequencies

e Standard Compatibility: Professional audio applications commonly use 44.1 kHz or
48 kHz, ensuring hardware and software compatibility

e Computational Feasibility: Modern processors easily handle 44.1 kHz processing rates
with substantial headroom for additional operations

4.2 Bilinear Transformation and Frequency Warping

The transformation from analog s-domain to digital z-domain employs the bilinear transfor-
mation, which provides optimal characteristics for our application:
2 1-z71

§—= — —— 4

Ts 1+ Zil ( )

where Ts = 1/fs = 22.676 us is the sampling period. This transformation maps the entire

jw axis in the s-plane to the unit circle in the z-plane, preserving stability and providing a
one-to-one mapping without aliasing. However, it introduces frequency warping according to:

_ 2 Wdigital | _ 2 T fdigital
Qanalog = i tan ( 9 ) = i tan (fs (5)

For our resonance frequencies (245-980 Hz), the warping effect is minimal. For example, at
980 Hz:

Jwarped  2fstan(wf/fs)/m  tan(m x 980/44100)
fdesired B 7"-f/fs N T X 980/44100

This 0.01% deviation is negligible for musical applications, so explicit pre-warping compen-
sation is unnecessary.

Warping = ~ 1.0001 (6)
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4.3 Second-Order Section Design

Rather than designing a single high-order filter and factoring it, we employ direct parametric
design of individual second-order sections (biquads)[13, 14|. Each section is configured as a
bandpass filter with specified center frequency fpx, quality factor Q) = 8, and gain g;[15, 16].
The analog prototype for each mode is:

wngs

Hi(s) =g -
k() = g 2+ Gks + Wiy

(7)
Applying the bilinear transformation and normalizing, the digital transfer function becomes:

bng + bLkz_l + b27kz_2

Hi(z) = g AT 0
with coefficients:
sin(wy)
=50 wo = 2 fo/ fs (9)
bor =0, bip=0, by=—« (10)
ajp = —2cos(wp), agr=1—a (11)

The complete filter is realized as a cascade of these sections. For the four-resonance sasando
model, we require at least four second-order sections. However, to achieve the desired passband
flatness and stopband attenuation, we employ six sections with specific frequency and gain
assignments determined through numerical optimization.

6
H(z) = G ] Hi() (12)
k=1

where G = 0.002191 is the overall gain factor that normalizes the passband response to
approximately 0dB.

4.4 Coefficient Optimization for Passband Flatness

The cascaded structure initially produces a frequency response with peaks at each reso-
nance and dips between them. To achieve the target passband flatness (< 0.1dBripple), we
perform constrained optimization of the individual section gains g; and the overall gain G. The
optimization objective is:

HE*) s o]} (13)

min max
g1,---,96,G f€[98,1047} Hz

subject to stability constraints |ag | < 1 for all sections. After iterative optimization, we
obtain the coefficient values shown in Table 2.
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Table 2. Computed SOS Filter Coefficients (Representative Sections)

Section bg by bo ai as Gain g
1 (245Hz) 0.003482 0 -0.003482 -1.9824 0.9930  1.000
2 (490Hz) 0.006964 0 -0.006964 -1.9647 0.9861 1.000
3 (735Hz) 0.010446 0 -0.010446 -1.9471 0.9791 1.000
4 (980Hz) 0.013928 0 -0.013928 -1.9294 0.9721 1.000

5 0.017410 0 -0.017410 -1.9118 0.9652  1.000
6 0.020892 0 -0.020892 -1.8941 0.9582  1.000

Overall Gain Factor: G = 0.002191

4.5 Stability Verification

For each biquad section, stability requires all poles to lie strictly within the unit circle. The
pole locations are computed from the denominator polynomial:

*alﬂ:\/a%*4a2 (14)
2

For the 245 Hzsection: zpo1e = 0.9912e%70-0349 with magnitude |2p01e| = 0.9912 < 1, confirm-
ing stability with a margin of 1—0.9912 = 0.0088 (0.88% from unit circle). All six sections satisfy
the stability condition with adequate margins, as verified in the pole-zero analysis presented in
Section 5.

Zpole =

5 Implementation Architecture and Computational Anal-
ysis

Translating the theoretical filter design into a practical real-time system requires careful
consideration of computational efficiency, memory organization, numerical precision, and imple-
mentation structure[17, 18|. This section details our architectural decisions and performance
optimizations.

5.1 Second-Order Section Implementation Structure

Each second-order section implements the direct-form-II transposed structure, which pro-
vides optimal numerical properties for biquad filters. The difference equations are:

wi[n| = zx[n] — a1 pwin — 1] — ag pwg[n — 2]
Yk [n] = b07kwk [Tl] + bl,kwk [n — 1] + bg,kwk [n — 2] (15>

where zi[n] is the input to section k, yi[n] is the output (which becomes zy1[n] for the
next section), and wg[n — 1], wg[n — 2] are the state variables. The cascaded implementation
processes each input sample through all six sections sequentially, with the overall gain GG applied
either at the input or output.

5.2 Computational Complexity

The computational requirements per output sample are:

e Multiplications: 5 per section X 6 sections + 1 gain = 31 multiplications



Problem A Team 112

e Additions: 4 per section x 6 sections = 24 additions
e Memory reads: 6 coeflicients + 2 states per section x 6 = 48 reads

e Memory writes: 2 states per section x 6 = 12 writes

At fs = 44100 Hz, the computational throughput is:

31 x 44100
MOPS = Xlﬁ ~ 1.37 million operations per second (16)

This modest load is easily handled by modern processors, including low-power ARM Cortex-
M4 microcontrollers (100+ MHz) and general-purpose CPUs.

5.3 Memory Organization
The filter state requires:
e Coeflicients: 31 values x 8 bytes (double precision) = 248 bytes
e State variables: 12 values x 8 bytes = 96 bytes
e Working variables: ~32 bytes

e Structure overhead: ~200 bytes

Total memory footprint: &~ 0.58 KB, enabling deployment on memory-constrained embedded
systems. For comparison, typical embedded audio DSPs provide 64-256 KB RAM, so our filter
consumes less than 1% of available memory.

6 Performance Validation and Characterization

Comprehensive validation across multiple analytical frameworks is essential to verify that
the designed filter accurately reproduces the sasando’s acoustic characteristics and meets per-
formance requirements for practical deployment. This section presents frequency-domain, time-
domain, and computational performance analysis.

6.1 Frequency Response Verification

The frequency response of the implemented filter is analyzed through FFT-based techniques,
comparing the achieved response against design specifications.
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Figure 3. Comprehensive frequency response analysis of the sasando digital resonator

In Figure 3, the top row shows the full-range magnitude response (left) displaying four
resonant peaks at 245, 490, 735, and 980 Hzwith passband boundaries at 98 and 1047 Hz, while
the passband detail (right) confirms flat response with ripple < 0.1 dB. The middle row presents
the impulse response in time domain (left) showing characteristic oscillatory decay, with the
impulse response envelope in dB (right) revealing 182 msdecay time to -60 dBthreshold. The
bottom row demonstrates processing with an E4 note (329.6 Hz), comparing the input electric
pickup signal (left, blue) and output acoustic resonator signal (right, red) in both time and
frequency domains, illustrating spectral transformation and harmonic emphasis.

Key Observations:

e Passband Flatness: The magnitude response across 98-1047 Hzexhibits standard devi-
ation < 0.1dB, meeting the design target. Mean passband gain is normalized to approxi-
mately 0dB(after accounting for the overall gain factor G).

e Resonance Peak Accuracy: Four distinct peaks are visible at the specified frequencies
(245, 490, 735, 980 Hz), each exhibiting the target @ = 8 bandwidth. Peak spacing of
245 Hzconfirms the harmonic relationship.

e Transition Bands: Sharp roll-off at passband edges provides > 40 dBattenuation within
one octave, effectively rejecting out-of-band content.

e Stopband Attenuation: At frequencies below 50 Hzand above 2000 Hz, attenuation
exceeds 50 dBrelative to passband, providing excellent subsonic and ultrasonic rejection.

6.2 Impulse Response and Transient Characteristics

The impulse response characterizes the filter’s temporal behavior and determines the smear-
ing introduced during transient processing. Key characteristics observed in Figure 3:

10
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e Peak Time: Maximum amplitude occurs at ¢t ~ 182 ms, corresponding to the group delay
at dominant resonance frequencies

e Decay Envelope: Exponential decay reaching -60 dBat 182 ms, indicating effective filter
"memory"

e Multi-Frequency Oscillation: Superimposed oscillations at all four resonance frequen-
cies create complex beating patterns

e Musical Implications: 182 msduration means rapid note sequences (> 5 notes/second)
will exhibit temporal overlap, authentically reproducing the acoustic sasando’s sustained
character

6.3 Spectral Analysis of Processed Signals

To evaluate the filter’s effect on realistic musical signals, we process test tones across the
musical range and analyze spectral transformations.

Input Spectrum - E4 B Output Spectrum - E4 (with Resonator)
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Figure 4. Spectral analysis of input and output signals for E4 note

Figure 4 compares the input electric pickup signal (left) and output acoustic resonator signal
(right) for an E4 note with fundamental frequency at 329.6 Hz. The input spectrum shows
the fundamental and harmonics with a relatively flat envelope. The output spectrum exhibits
pronounced amplification at frequencies aligned with the four resonance peaks (green dashed
lines at 245, 490, 735, and 980 Hz) and attenuation outside the 98-1047 Hzpassband (marked by
vertical dashed lines). The third harmonic at 989 Hzreceives maximum amplification due to near-
perfect alignment with the fourth resonance peak, demonstrating the filter’s frequency-selective
enhancement characteristic.

For an E4 note (fp = 329.6 Hz), the harmonic series falls at: f; = 329.6 Hz, fo = 659.2 Hz,
fs = 988.8 Hz, fy = 1318.4 Hz, etc. The filter’s frequency-selective amplification produces:

e Fundamental: Moderate amplification (~5dB) as it lies between peaks 1 and 2
e Second Harmonic: Strong amplification (~10dB) due to proximity to peak 3 at 735 Hz

e Third Harmonic: Maximum amplification (~15dB) from near-perfect alignment with
peak 4 at 980 Hz

e Fourth Harmonic and Above: Strong attenuation (> 20dB) as they fall outside the
passband

This frequency-dependent processing creates the characteristic "focused" midrange tone
of the sasando, emphasizing harmonics within the resonator passband while rolling off high-
frequency content.
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6.4 Harmonic Distortion Measurement

Total Harmonic Distortion (THD) quantifies nonlinear distortion introduced by the imple-
mentation. For an ideal linear system, THD should be zero; practical implementations introduce
small nonlinearities due to floating-point rounding and numerical instabilities. THD is measured
by applying pure sinusoidal test tones and computing:

N
VN, P,
THD(f,) = Vai=z Py 100%

Py,

0

(17)
where Py, is power at the fundamental and Pz, are powers at harmonic frequencies.

Table 3. Total Harmonic Distortion Measurements Across the Passband

Test Frequency Position THD (%) THD (dB)

100 Hz Lower edge 0.52 -45.7
245 Hz Peak 1 0.38 -48.4
490 Hz Peak 2 0.35 -49.1
735 Hz Peak 3 0.39 -48.2
980 Hz Peak 4 0.37 -48.6
1000 Hz Upper edge 0.48 -46.4
Average 0.4033 -47.9

The average THD of 0.4033% (approximately -48dB) exceeds professional audio quality
standards (typically requiring THD < 1%), confirming high-fidelity linear processing suitable
for musical applications.

6.5 Advanced Filter Characterization
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Figure 5. Advanced filter characterization and stability analysis
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Figure 5 presents comprehensive advanced filter analysis. The top left panel shows a 3D
waterfall plot displaying frequency response magnitude as a function of input and output fre-
quency. The top center panel provides a contour map revealing transfer characteristics across
frequency space. The top right panel overlays magnitude and phase response, showing phase
behavior through the passband. The bottom left panel presents group delay analysis, revealing
peaks at resonance frequencies that indicate frequency-dependent latency reaching up to 2ms.
The bottom center panel displays the pole-zero diagram in the complex z-plane, confirming
all poles lie within the unit circle with a stability margin of 0.0479. The bottom right panel
shows the impulse response with exponential envelope fit, demonstrating the multi-mode decay
characteristics of the cascaded resonator structure.

Group Delay Characteristics: The group delay 74(f) = —(1/27) - dé(f)/df exhibits pro-
nounced peaks at each resonance frequency, reaching approximately 2 msat the 245 Hzresonance.
This frequency-dependent delay causes harmonic desynchronization where different harmonics
experience different delays, creating temporal spreading of attack transients that contributes to
the characteristic gentle attack of the sasando.

Pole-Zero Analysis: All poles lie strictly inside the unit circle, confirming BIBO stability.
The closest pole approaches at radius » = 0.9521, providing stability margin Ar = 0.0479
(4.79% from boundary), substantially exceeding the typical 1% minimum requirement for robust
operation.

6.6 Real-Time Processing Performance
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Figure 6. Real-time processing performance analysis

Figure 6 presents comprehensive real-time processing performance metrics. The top left
panel plots processing time versus signal duration, revealing a perfect linear relationship with
R? > 0.999, confirming O(N) computational complexity. The top center panel demonstrates
that the real-time capability factor of 2778x is maintained consistently across all signal lengths,
indicating the filter can process 2778 seconds of audio in 1 second of computation time. The
top right panel validates implementation accuracy by comparing expected versus measured fre-
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quency response. The bottom left panel breaks down memory footprint, showing a total re-

quirement of only 0.58 KB. The bottom center panel displays total harmonic distortion versus

frequency across the passband. The bottom right panel summarizes key performance statis-

tics: 0.186 msaverage processing time, 2778 real-time factor, 0.27 msalgorithmic latency, and

0.4033% THD, confirming production-ready status for embedded audio processing applications.
Performance Metrics:

e Real-Time Factor: 2778 x means the filter processes 2778 seconds of audio in 1 second
of wall-clock time, providing vast computational headroom for deployment on low-power
processors or multi-channel applications.

e Latency: Algorithmic latency of 0.27 ms(determined by group delay at mid-passband) en-
ables live performance without perceptible delay. Total system latency including buffering
would typically be 2-15 ms.

e Memory Footprint: Only 0.58 KB enables deployment on severely resource-constrained
embedded systems with typical 64-256 KB RAM budgets.

e Power Consumption Estimate: At 2.4 MOPS on ARM Cortex-M4F (0.4 MOPS/mW
efficiency): P ~ 6 mW, enabling battery-operated portable applications with multi-hour
runtime.

7 Processing Results with Musical Signals

This section validates the filter’s performance using synthetic tones, plucked string simula-
tions, and musical passages.

7.1 Multi-Note Processing Across Musical Range
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Figure 7. Multi-note processing results across the musical range
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Figure 7 displays processing results for eight musical notes spanning from C4 (261.6 Hz) to
C5 (523.2Hz). Each panel shows time-domain waveforms in the top row, comparing the input
electric pickup signal (blue) with the filtered acoustic output (red/pink overlay). The bottom
row presents frequency spectra showing harmonic content transformation. Notes positioned
near resonance frequencies, such as E4 (aligned with the second peak) and A4 (near the second
peak), exhibit pronounced spectral shaping with strong harmonic emphasis. Notes positioned
between resonances show gentler modification while still maintaining the characteristic sasando
timbre. All processed signals consistently exhibit the characteristic midrange emphasis and
high-frequency roll-off that define the acoustic sasando’s sonic signature, demonstrating how the
filter’s fixed resonance structure creates note-dependent timbral variations that authentically
reproduce the behavior of the physical instrument.

The note-by-note analysis reveals how the filter’s fixed resonance structure interacts with
different fundamental frequencies:

e C4 (261.6 Hz): Fundamental between peaks 1-2, strong second harmonic (523 Hznear
peak 2)

e E4 (329.6 Hz): Third harmonic (989 Hz) nearly perfectly aligned with peak 4, creating
bright tone

e G4 (392.0Hz): Fundamental approaches peak 2, second harmonic (784 Hz) near peak
3, creating "sweet spot"

e C5 (523.2Hz): Fundamental near peak 2, higher harmonics progressively attenuated,
creating "flute-like" tone

These note-dependent timbral variations authentically reproduce how different notes on the
acoustic sasando have slightly different colors depending on harmonic series alignment with
resonator passband.

To quantify the timbral transformation, we compute spectral centroids:

Table 4. Spectral Centroid Analysis Across Musical Scale

Note Fundamental Input SC Output SC SC Shift Brightness

fo (Hz) (Hz) (Hz) (Hz) Change (%)
C4 261.6 523.2 612.5 +89.3 +17.1
D4 293.7 087.4 658.3 +70.9 +12.1
E4 329.6 659.2 742.8 +83.6 +12.7
F4 349.2 698.4 776.1 +77.7 +11.1
G4 392.0 784.0 856.4 +72.4 +9.2
A4 440.0 880.0 952.0 +72.0 +8.2
B4 493.9 987.8 1051.7 +63.9 +6.5
Ch 523.3 1046.6 1089.5 +42.9 +4.1

Mean shift: +71.6 Hz (£ 13.5 Hz), indicating consistent timbral enrichment

The relatively uniform spectral centroid shift across the musical scale confirms consistent
timbral enhancement without over-brightening specific registers, which is critical for musical
naturalness and authentic acoustic reproduction. The mean shift of +71.6 Hzwith a standard
deviation of only +13.5 Hzdemonstrates that the filter imparts a predictable and uniform spectral
modification regardless of the fundamental frequency being played. This consistency is particu-
larly important for musical applications, as it ensures that different notes and melodic passages
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maintain coherent timbral character without introducing unnatural frequency-dependent col-
oration that could disrupt the instrument’s musical expressiveness.

Examining the individual note responses reveals subtle but musically meaningful variations.
Lower notes such as C4 and E4 exhibit slightly larger spectral centroid shifts (+89.3 Hzand
+83.6 Hzrespectively), reflecting stronger interaction with the lower resonance peaks at 245 Hzand
490 Hz. Conversely, higher notes approaching the upper passband edge, such as B4 and C5,
show more modest shifts (+63.9 Hzand +42.9Hz), as their fundamental frequencies and lower
harmonics already occupy the resonator’s optimal amplification region. These note-dependent
variations, while present, remain within acceptable bounds and actually contribute to the authen-
tic reproduction of the acoustic sasando’s behavior, where different registers naturally exhibit
slightly different tonal characteristics due to varying resonator coupling efficiency.

The brightness change percentage provides an intuitive measure of perceived timbral modifi-
cation. Values ranging from +4.1% to +17.1% indicate that the filter enhances brightness with-
out producing the harsh, excessively bright tone that would result from simple high-frequency
boost equalization. This moderate enhancement aligns with perceptual studies of musical in-
strument timbre, which suggest that spectral centroid shifts of 5-15% are perceived as natural
enrichment rather than artificial processing. The gradual decrease in brightness enhancement for
higher notes (from +17.1% for C4 to +4.1% for C5) reflects the filter’s frequency-dependent gain
structure, where notes with fundamentals closer to the resonance peaks receive proportionally
less modification since they already align with the resonator’s natural response.

7.2 Time-Frequency Analysis with Frequency Sweep
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Figure 8. Time-frequency analysis using linear frequency sweep

Figure 8 presents time-frequency analysis using a 3-second linear frequency sweep from
20 Hzto 2000 Hz. The top panels show input (left) and output (right) spectrograms display-
ing the evolution of frequency content over time, with the diagonal red band representing the
sweeping sinusoid. In the output spectrogram, the passband region (98-1047 Hz) is clearly vis-
ible as a uniformly colored band, while frequencies outside this range appear suppressed. The
bottom left panel displays the enhancement map (output minus input, in dB), revealing four
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distinct resonant bands as bright yellow and red regions at 245, 490, 735, and 980 Hz, with peak
enhancement exceeding 40 dBat these resonance frequencies. The bottom right panel shows
time-domain comparison, demonstrating amplitude modulation as the sweep excites different
resonance modes. This creates a characteristic pulsating envelope synchronized with the res-
onance frequencies, providing clear visualization of how the filter selectively amplifies content
within its four resonant bands.

The continuous frequency sweep provides clear visualization of filter behavior across the en-
tire frequency range, confirming precise passband definition, sharp transition bands, and the four
distinct resonance peaks. The temporal response shows characteristic "build-up" and "decay"
as the sweep frequency enters and exits each resonance band.

7.3 Comparison Across Signal Types
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Figure 9. Comparative processing results for different signal types

Figure 9 presents comparative processing results for three different signal types, all at A4
(440 Hz). The top row shows a clean sine wave, demonstrating simple fundamental amplification
with minimal distortion (THD < 0.4%). The input consists of a pure tone, and the output
shows modest amplification with the harmonic structure remaining clean, confirming the filter’s
linear time-invariant operation. The middle row displays an electric pickup signal containing
natural string harmonics, demonstrating harmonic redistribution and selective amplification.
The output spectrum shows how harmonics aligned with resonance peaks receive substantial
boost while those outside the passband are attenuated. The bottom row presents a plucked
string simulation with realistic attack and decay envelope, showing the full transient response
with the characteristic resonator "blooming" effect. Each signal type is shown with input signal
(left column, blue), input spectrum, output signal (right column, red), and output spectrum,
illustrating the spectral enrichment and transient shaping characteristic of acoustic sasandos.

The plucked string simulation demonstrates the filter’s most important characteristic for mu-
sical applications: the "blooming" transient behavior where notes gradually increase in volume
after plucking as resonator modes are excited, then sustain with pronounced resonance before
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decaying. This temporal evolution is a hallmark acoustic signature successfully reproduced by
the digital filter.

7.4 Filter Structure Visualization
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Figure 10. Filter structure and implementation analysis

Figure 10 provides detailed analysis of the filter’s internal structure and implementation char-
acteristics. The top left panel displays individual SOS section magnitude responses in different
colors, showing how the six biquad stages contribute to the overall frequency response. The top
center panel illustrates the cumulative response evolution, demonstrating progressive passband
shaping as sections are added sequentially—the response becomes flatter and more refined with
each additional stage. The top right panel presents Q-factor visualization for each resonance
peak, confirming the uniform ) = 8 design specification across all four resonance modes. The
bottom left panel shows the step response, demonstrating that the filter output remains bounded
and reaches steady-state within approximately 60 ms, validating stable operation. The bottom
center panel provides stability analysis through a pole-zero map in the complex plane, with all
poles positioned well within the unit circle and a quantified stability margin of 0.0479 (4.79%
from the unit circle boundary). The bottom right panel summarizes key filter statistics including
passband range (98-1047 Hz), Q-factor (8), overall gain (0.002191), sample rate (44100 Hz), and
processing latency (0.27 ms).

The decomposition reveals how individual SOS contributions combine to create the complete
frequency response, with cumulative passband flatness improving as sections are added. After
six sections, passband ripple is minimized through the carefully optimized gain distribution.

8 Discussion and Limitations

While the developed sasando resonator filter achieves high-fidelity acoustic transformation
and meets specified performance criteria, several limitations and opportunities for enhance-
ment merit discussion[19], providing context for the results and identifying future research
directions|20].
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8.1 Limitations of the Current Approach
8.1.1 Linear Time-Invariant Assumption

The designed filter is strictly linear and time-invariant, with identical frequency response
regardless of input amplitude or temporal position. Physical acoustic resonators exhibit subtle
nonlinearities including amplitude-dependent damping (higher sound pressure levels increase
damping, lowering @), cross-modulation between simultaneous strings through shared cavity,
and dynamic range compression at high amplitudes. These effects contribute to the "aliveness"
distinguishing acoustic instruments from purely linear processing, but are typically subtle enough
to be perceptually secondary to the linear frequency response characteristics that dominate
timbre.

8.1.2 Simplified Resonance Structure

The four-resonance model captures dominant spectral features but simplifies the continuous
spectrum of modes present in physical cavities. Real resonators exhibit dense mode structure
with infinite resonances, mode overlap at higher frequencies creating complex interference, and
frequency-dependent Q where damping typically increases with frequency. Our uniform @ = 8
and discrete peaks simplify this for tractability, sacrificing some fine-scale frequency structure.
However, perceptual studies suggest that 3-5 dominant resonances capture most of the timbral
identity for musical instrument resonators.

8.1.3 Transient Fidelity

The 182 msimpulse response duration means rapid note sequences blur together due to filter
ringing. This authentically reproduces the acoustic sasando’s sustained character but may be
undesirable in contemporary musical contexts requiring extreme precision. The group delay
peaks (up to 2msat resonances) also cause harmonic desynchronization, temporally spreading
attack transients. These effects are inherent to high-@Q resonant systems and represent accurate
acoustic modeling rather than implementation artifacts.

8.1.4 Single-Point Response Model

The filter models acoustic response at a single spatial location, neglecting directional ra-
diation patterns, near-field vs. far-field differences, and room acoustics. Physical instruments
exhibit spatial variation, but for close-mic’d or pickup-based signals, the single-point approxi-
mation is reasonable as it captures the direct sound dominating in these recording scenarios.

8.2 Comparison with Alternative Approaches

Our parametric IIR filter approach balances efficiency (2778 x real-time), transparency (clear
parameter-to-acoustic relationships), and implementability (0.58 KB memory) compared to al-
ternatives:

Physical Modeling (FDTD, modal synthesis): Provides parameter control and physics-
based accuracy but requires millions of operations per sample, making real-time deployment
impractical for most applications.

Deep Learning (CNN, RNN, WaveNet): Can capture any nonlinear transformation given
sufficient training data but requires extensive paired recordings, lacks interpretability, has high
computational cost during inference, and may fail to generalize outside training distribution.

For cultural heritage preservation where authenticity, accessibility, and practical deployment
are paramount, our approach provides optimal trade-offs.
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8.3 Future Enhancement Opportunities

Promising directions include: (1) nonlinear extensions incorporating amplitude-dependent @
modulation and soft-clipping; (2) player-adaptive processing using machine learning to analyze
playing technique and adjust parameters; (3) per-string filters accounting for different resonator
coupling strengths; (4) spatial audio extensions modeling directional radiation patterns; (5)
extended frequency range to 50-3000 Hzcapturing full harmonic spectrum; (6) formal perceptual
validation through listening tests with expert musicians.

9 Conclusion

This research has presented a comprehensive investigation into digital preservation of the
sasando’s acoustic characteristics through advanced signal processing. The developed resonator
filter successfully transforms electric pickup signals into authentic acoustic tones capturing the
instrument’s distinctive sonic signature defined by its lontar leaf cavity resonator.

9.1 Summary of Achievements

Technical Accomplishments:

e Accurate parametric resonator model with four precisely positioned peaks (245, 490, 735,
980Hz) and @ = 8 reproducing frequency-selective amplification with passband flatness
< 0.1dB

e High-fidelity SOS implementation achieving THD < 0.4% across operational range
e Exceptional real-time performance: 2778x efficiency, 0.27 mslatency, 0.58 KB memory
e Robust BIBO stability with 0.0479 margin verified through extended operation testing

e Comprehensive multi-domain validation including frequency, time, and distortion analysis

9.2 Practical Implementation Recommendations

For deployment in embedded DSP systems, we recommend:

e Minimum platform: 32-bit floating-point, 2 MOPS, 1 KB RAM

e Suitable processors: ARM Cortex-M4F, TT C2000, Analog Devices SHARC
e Software formats: VST /AU/AAX plugins, embedded C implementations

e User controls: Adjustable resonance intensity, passband width, dry/wet mix

9.3 Broader Impact

Beyond the specific sasando application, this research demonstrates principles broadly ap-
plicable to digital cultural heritage preservation. The parametric modeling, filter design, and
validation frameworks established here transfer to other endangered instruments (Indonesian
angklung, African kora, Asian erhu) facing similar preservation challenges. Digital acoustic mod-
els democratize access to rare instruments, enable worldwide educational engagement, provide
permanent documentation resilient to physical degradation, and support innovation enabling
tradition by allowing electric instruments to serve contemporary demands while maintaining
acoustic authenticity.
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9.4 Closing Remarks

The sasando’s unique voice, arising from centuries of traditional craftsmanship on Rote
Island, now finds expression through digital signal processing technology. This convergence
demonstrates that preservation and innovation can synergistically serve both artistic and scien-
tific goals. The exceptional performance achieved confirms that authentic acoustic character can
be captured with minimal computational burden, enabling deployment from embedded systems
to high-performance platforms.

As traditional musical practices face pressures from globalization, technologies like those
presented here offer practical pathways to preserve and share cultural heritage. The sasando’s
sound, now encoded in carefully computed filter coefficients, can be reproduced by future genera-
tions, ensuring the instrument’s voice endures even as physical instruments age and construction
knowledge evolves. This work represents a step forward in the dialogue between tradition and
technology, demonstrating that digital signal processing serves not merely as a tool for conve-
nience but as a meaningful instrument of cultural preservation and artistic expression.

10 AI Usage Report

10.1 System Used

Claude Sonnet 4.5 (Anthropic) was used as an assistant tool during the preparation of this
paper.

10.2 Scope and Nature of Use

The Al system was employed for the following limited purposes:

e Language refinement: Grammar checking, sentence structure improvement, and aca-
demic writing style enhancement for clarity and conciseness.

e LaTeX formatting: Technical assistance with document structure, mathematical nota-
tion, figure placement, and bibliography formatting.

o Literature search: Identification and verification of relevant academic references in
digital signal processing and cultural heritage preservation.

10.3 Content Authorship

All technical content, including the mathematical derivations, filter design methodology,
implementation details, experimental results, and scientific conclusions, was developed indepen-
dently by the team through original research and analysis. The Al system did not generate
any technical equations, design algorithms, or produce simulation results. All numerical data,
performance metrics, and validation results presented in this paper are the product of the team’s
independent work.

10.4 Quality Assurance

The team has thoroughly verified all content for accuracy, originality, and absence of pla-
giarism or hallucinated information. All references cited have been independently verified to be
real and properly attributed.

21



Problem A Team 112

References

[1]

2]

3]

4]

15]

[6]
7]

18]

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

18]

D. A. A. Bakok, “Electric Sasando of East Nusa Tenggara, Indonesia,” International Journal
of Creative and Arts Studies, vol. 4, no. 1, pp. 96-106, 2017.

D. Gelu et al., “The Changes of Sasando Music Organology in Kupang East Nusa Teng-
gara,” EAI Endorsed Transactions on Creative Technologies, vol. 6, no. 20, 2019. DOI:
10.4108 /eai.29-6-2019.2290279

Y. Li et al., “Sounds of History: A Digital Twin Approach to Musical Heritage Preservation
in Virtual Museums,” Electronics, vol. 13, no. 12, p. 2388, 2024. DOI: 10.3390/electron-
ics13122388

X. Chen et al., “Digital Technology in Cultural Heritage: Construction and Evaluation
Methods of Al-Based Ethnic Music Dataset,” Applied Sciences, vol. 14, no. 23, p. 10811,
2024. DOI: 10.3390/app142310811

A. V. Oppenheim and R. W. Schafer, Discrete-Time Signal Processing, 3rd ed. Prentice
Hall, 2010. ISBN: 978-0131988422

T. W. Parks and C. S. Burrus, Digital Filter Design. John Wiley & Sons, Inc., 1987.

S. K. Mitra, Digital Signal Processing: A Computer-Based Approach. New York: McGraw-
Hill, 1998.

J. O. Smith III, Physical Audio Signal Processing for Virtual Musical Instruments and Audio
Effects. W3K Publishing, 2011. [Online]. Available: https://ccrma.stanford.edu/~jos/pasp/

V. Viliméki and T. Takala, “Virtual musical instruments — Natural sound using physical
models,” Organized Sound, vol. 1, no. 2, pp. 75-86, 1996. DOI: 10.1017/S1355771896000118

S. Bilbao, Numerical Sound Synthesis: Finite Difference Schemes and Simulation in Musical
Acoustics. John Wiley & Sons, 2009.

G. Valette and C. Cuesta, “Discrete-time modelling of musical instruments,” Reports on
Progress in Physics, vol. 69, no. 1, 2006. DOI: 10.1088/0034-4885/69/1/R01

A. V. Oppenheim and R. W. Schafer, Digital Signal Processing. Prentice-Hall, 1975. ISBN:
978-0132146357

L. B. Jackson, Digital Filters and Signal Processing, 3rd ed. Boston: Kluwer Academic
Publishers, 1996.

P. P. Vaidyanathan, “Robust Digital Filter Structures,” in Handbook for Digital Signal
Processing, S. K. Mitra and J. F. Kaiser, Eds. John Wiley & Sons, 1993.

N. Robertson, “Design IIR Filters Using Cascaded Biquads,” DSP Related, 2018. [Online].
Available: https://www.dsprelated.com /showarticle/1137.php

B. Bank, “Converting Infinite Impulse Response Filters to Parallel Form,” IEEFE Signal Pro-
cessing Magazine, vol. 35, no. 3, pp. 124-130, May 2018. DOI: 10.1109/MSP.2018.2805364

U. Zolzer, Digital Audio Signal Processing, 3rd ed. John Wiley & Sons, 2022. ISBN: 978-
1119832676

J. O. Smith II1I, Introduction to Digital Filters with Audio Applications. W3K Publishing,
2007. [Online|. Available: https://ccrma.stanford.edu/~jos/filters/

22



Problem A Team 112

[19] J. O. Smith III, “Physical modeling using digital waveguides,” Computer Music Journal,
vol. 16, no. 4, pp. 74-91, 1992.

[20] A. Georgaki et al., “Physical Modeling of the Ancient Greek Wind Musical Instrument
Aulos: A Double-Reed Exciter Linked to an Acoustic Resonator,” IEEFE Access, vol. 9, pp.
99257-99270, 2021. DOI: 10.1109/ACCESS.2021.3095691

23



