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Abstract — SonoWing (v1.1.0) is an open-source native Rust bioacoustics workbench built for analyzing bat echolocation calls, bird
songs, and full-spectrum ecological soundscapes. Studying nocturnal bats or dense dawn choruses requires inspecting ultrasonic
frequencies well above human hearing (up to 250 kHz and beyond), extracting individual call contours, tracking harmonic overtones,
and clustering hundreds of field recordings by acoustic similarity. Many field biologists rely on fragmented proprietary viewers or slow
scripts to open large WAV files with embedded GUANO metadata. SonoWing brings high-speed STFT spectrograms, automated call
extraction, harmonic ridge tracking, MFCC/UMAP acoustic clustering, ecoacoustic diversity indices, live microphone monitoring, and
GUANO-compliant WAV export into one safe-Rust desktop studio.

1. Real-World Context & Why This Problem Matters

Seeing Ultrasonic Wildlife Calls That Humans Cannot Hear
Every night above forests, wetlands, rivers, and farmlands, bats navigate and hunt using rapid frequency-modulated and constant-
frequency ultrasonic pulses sweeping between 20 kHz and 150 kHz—far above the 20 kHz ceiling of human hearing. At dawn,
songbirds layer complex harmonic phrases across overlapping audible frequency bands. Passive acoustic monitors deployed in the
field now capture terabytes of full-spectrum audio across entire seasons, turning wildlife monitoring into a challenge of rapid visual
inspection, standardized metadata management, and quantitative feature extraction.

Field ecologists, wind-energy monitors, and conservationists need tools that can compute crisp spectrograms instantaneously,
isolate individual pulses from background wind or insect noise, measure start, end, peak, and slope frequencies, summarize
community-level soundscape indices[1], and group unfamiliar calls objectively[2]. SonoWing delivers a fast, self-contained Rust
desktop console tailored for both ultrasonic bat surveys and audible avian bioacoustics.

Think of SonoWing as an acoustic microscope paired with a structured field notebook: time-expansion synthesis slows 100 kHz bat
chirps down into audible clicks our ears can follow, while embedded GUANO wildlife tags and SQLite sessions keep every survey
measurement organized and traceable.

Unified Waveform, Spectrogram, Harmonic, and Cluster Inspection
SonoWing (v 1.1.0 ) pairs a bundled 250 kHz Pacific Northwest Myotis lucifugus demo recording and synthetic echolocation
presets with real-time FFT spectral analysis, GUANO metadata reading and writing, and local SQLite session storage. Because the
entire DSP and GUI stack compiles natively in safe Rust, field biologists can inspect large ultrasonic recordings on standard
laptops without internet access or expensive proprietary licenses.

Equally important in acoustic ecology is bridging raw signal physics with biological interpretation. A bat navigating through dense
forest clutter emits steep, broadband frequency-modulated chirps lasting only a few milliseconds so it can resolve nearby branches
accurately, whereas an open-sky forager uses longer, narrower-band calls tuned for long-range insect detection. By displaying the
time-domain envelope, full-spectrum STFT spectrogram, extracted pulse parameters, harmonic overtone ridges, and MFCC cluster
embeddings inside one synchronized workspace, SonoWing lets researchers and students connect acoustic geometry directly to
foraging ecology and species behavior without juggling multiple disconnected viewers.

2. Conceptual Design & How SonoWing Works

DSP Spectrograms, Harmonic Tracking, and MFCC/UMAP Clustering
SonoWing's 15-module signal-processing pipeline starts in wav_guano.rs  and dsp.rs , decoding uncompressed PCM WAV
recordings up to 250 kHz+ along with embedded GUANO wildlife metadata chunks (species tags, detector model, coordinates, and
timestamps) and computing configurable Hann-windowed STFT spectrograms with adjustable FFT sizes and overlap. Individual
acoustic pulses are segmented automatically by call_extractor.rs , while harmonic_tracker.rs  traces fundamental frequencies
alongside second and third harmonic ridges.

For multi-call comparison and landscape-scale soundscape analysis, mfcc_cluster.rs  extracts Mel-frequency cepstral coefficients
and projects calls onto 2D UMAP-style similarity maps, while soundscape_indices.rs  calculates the Acoustic Complexity Index
(ACI)[1], bioacoustic entropy, and frequency-band occupancy across time windows.
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Additional modules— taxa_library.rs , synth_presets.rs , ultrasonic_audio.rs , live_mic.rs , exporters.rs , storage.rs , and gui.rs
—provide regional bat and avian species reference profiles, synthetic ultrasonic/audible test presets, time-expanded ultrasonic
playback, live microphone input monitoring via cpal , CSV/PNG/WAV exports, and SQLite session management. Core signal
correctness is verified by tests/bioacoustic_suite.rs  (5/5 bioacoustic checks passing).

In addition to analyzing pre-recorded field detectors, SonoWing's built-in synthetic call generator lets instructors and field
technicians test spectrogram settings against clean, known frequency-modulated sweeps, constant-frequency pulses, and multi-
harmonic bird whistles before heading out into the field. Combining live microphone capture with calibrated synthetic benchmarks
helps teams verify dynamic range, clipping thresholds, and window-overlap trade-offs directly on the laptop they plan to carry to
the survey site.

Table 1. Software Modules, Descriptions, and Citations (SonoWing)

Module / Crate What It Does Citation

dsp.rs  & wav_guano.rs STFT spectrogram engine, windowing, and WAV PCM decoder/encoder with GUANO
wildlife metadata.

Araya-Salas & Smith-Vidaurre
(2016) [2]

call_extractor.rs  &
harmonic_tracker.rs

Automated pulse segmentation and fundamental/overtone harmonic ridge contour
tracking.

Araya-Salas & Smith-Vidaurre
(2016) [2]

mfcc_cluster.rs  &
soundscape_indices.rs

MFCC feature extraction, 2D call clustering, Acoustic Complexity Index (ACI), and
band entropy.

Pieretti et al. (2011) [1]

taxa_library.rs  & synth_presets.rs Reference bat and avian call profiles plus synthetic ultrasonic/audible test presets. CRV Science Apps Network [3–
19]

ultrasonic_audio.rs  & live_mic.rs Time-expanded ultrasonic audio synthesis and live microphone input monitoring via
cpal.

CRV Science Apps Network [3–
19]

gui.rs , exporters.rs  & storage.rs Interactive spectrogram canvas, CSV/WAV export, and SQLite session persistence. CRV Science Apps Network [3–
19]

Figure 1. Sample Screenshot: SonoWing Ultrasonic Spectrogram & Waveform Analyzer

Sample screenshot showing the 250 kHz ultrasonic STFT spectrogram and synchronized time-domain waveform viewer.



3. Walkthrough of Capabilities & Quantitative Findings

Extracting Call Contours and Separating Acoustic Guilds
Loading the bundled 250 kHz Willamette Valley Myotis recording immediately displays crisp downward-sweeping FM
echolocation pulses in the spectrogram viewer alongside synchronized time-domain waveform peaks. Running the automated call
extractor isolates each pulse's start frequency, end frequency, minimum and maximum bounds, peak-energy frequency, and
duration, while the harmonic tracker separates fundamental sweeps from second and third overtone energy so researchers can
distinguish rapid terminal foraging buzzes from steady search-phase calls.

Across longer multi-minute or multi-night soundscapes, the MFCC clustering view groups similar call shapes together[2] so
analysts can spot distinct acoustic guilds or candidate species clusters visually, while the ecoacoustic index panel quantifies how
avian dawn choruses or nocturnal bat passes shift across frequency bands[1].

Users can also adjust time-expansion ratios (such as 10x slowdown) to audition ultrasonic sequences through ordinary
headphones, compare unknown field pulses against reference taxon envelopes in taxa_library.rs , and export clean CSV call tables
alongside GUANO-annotated WAV snippets. Every spectral transform, pulse boundary, and cluster coordinate flows directly from
deterministic Rust DSP code rather than opaque heuristics.

Walking through a field recording in SonoWing demonstrates how quickly raw detector audio turns into structured ecological
evidence. Opening the bundled 250 kHz Pacific Northwest Myotis WAV file immediately decodes embedded GUANO survey tags—
showing site coordinates, sample rate, and detector metadata—while rendering the synchronized waveform and Hann-windowed
STFT spectrogram. Adjusting FFT window length lets an analyst trade time sharpness for frequency precision, clearly resolving
steep downward frequency-modulated sweeps from 85 kHz down to 40 kHz alongside fainter second-harmonic ridges above.
Clicking the call extractor automatically segments every pulse above the noise floor, tabulating duration, minimum and maximum
frequencies, peak energy frequency, and spectral slope into an inspectable table. Switching to the soundscape and clustering panels
computes Acoustic Complexity Index (ACI) scores[1] across dawn or nocturnal bands and projects extracted MFCC call vectors
onto a 2D similarity map[2], visually separating search-phase cruising calls from rapid feeding buzzes or neighboring species
guilds. Exporting the annotated subset preserves GUANO tags intact so downstream archival repositories keep complete
provenance.

Table 2. Representative Capabilities and Quantitative Findings (APP-PREPRINT-17)
Subsystem Verified Scope Suite Result

GUANO WAV & STFT 250 kHz PCM WAV decoding & Hann-windowed STFT Verified in tests/bioacoustic_suite.rs

Calls & Harmonics Pulse segmentation & 2nd/3rd harmonic ridge tracking 5/5 bioacoustic checks passed

Clustering & Indices MFCC/UMAP grouping, ACI & time-expanded audio 15 Rust modules (v1.1.0)

Figure 2. SonoWing (v1.1.0) ultrasonic bioacoustics and clustering pipeline

Panel A | SonoWing Bioacoustic DSP & Clustering Pipeline

1. GUANO WAV Ingestion & Live Mic
wav_guano.rs, live_mic.rs, synth_presets.rs
250 kHz PCM WAV decoding, GUANO wildlife tags, and live cpal capture.

2. Hann-Windowed STFT Spectrograms
dsp.rs, ultrasonic_audio.rs
High-speed FFT spectral transforms and time-expanded ultrasonic playback.

3. Call Extraction & Harmonic Ridges
call_extractor.rs, harmonic_tracker.rs
Pulse start/end/peak frequency segmentation and 2nd/3rd overtone contours.

4. MFCC Clustering & Soundscape ACI
mfcc_cluster.rs, soundscape_indices.rs, taxa_library.rs
2D UMAP-style call clustering, Acoustic Complexity Index, and species profiles.

5. Interactive Canvas & Survey Export
gui.rs, exporters.rs, storage.rs
Waveform/spectrogram UI, CSV/WAV export, and SQLite session persistence.

Panel B | Subsystem Scope & Verified Bioacoustic Profile

Rust Modules 15 files

Bioacoustic Checks 5/5 passed

DSP & Extraction 5 signal modules

Cluster & Indices 3 eco-engines

GPU Captures 3 RGBA (1600x1000)

SonoWing Ultrasonic & Soundscape Workbench Summary

Repository: crvscience-sonowing (v1.1.0) | 15 Rust .rs modules

Verification Suite: 5/5 checks passed (tests/bioacoustic_suite.rs)

Concept DOI: 10.5281/zenodo.24244091 (APP-PREPRINT-17)

Key Capabilities: 250 kHz GUANO WAV I/O, STFT spectrograms, harmonic ridge tracking.

Exports: GUANO-tagged WAV, CSV call tables, PNG spectrograms, MFCC/UMAP clusters.

SonoWing (v1.1.0) ultrasonic bioacoustics and clustering pipeline. Panel A shows GUANO WAV ingestion, STFT spectrograms, harmonic ridge tracking, and
MFCC/ACI clustering. Panel B summarizes module scope and verified bioacoustic checks.



4. Practical Scenarios: Who Uses SonoWing & How

Wildlife Surveys, Wind-Energy Monitoring, and Bioacoustics Labs
Bat biologists, wildlife agencies, and environmental consultants use SonoWing to inspect ultrasonic detector recordings, measure
call bandwidth and slope against regional species libraries, and preserve GUANO survey metadata cleanly during exports. Pre-
construction wind-energy and forestry acoustic surveys benefit from fast offline triage of full-spectrum WAV archives. Rather than
waiting on remote cloud uploads or manually scrolling through hours of silent night intervals, biologists can scan overnight
recordings in seconds, isolate high-activity passes, verify harmonic overtone signatures against regional species envelopes, and
export clean call-metric CSVs ready for regulatory review. Paired with reproducible SQLite worksets and crisp PNG spectrogram
snapshots, SonoWing gives both seasoned bioacousticians and university field classes a reliable, transparent acoustic workstation.

University ecology and signal-processing courses use the synthetic call presets and real-time spectrogram controls to teach Fourier
time-frequency resolution trade-offs, harmonic structure, and acoustic niche partitioning. Because SonoWing runs completely
offline in native Rust without external runtime dependencies, it works equally well in remote field stations and teaching computer
labs. Instructors can project live 250 kHz spectrograms during lectures, toggle Hann window sizes to show uncertainty-principle
blurring in real time, and let students extract pulse durations and peak frequencies directly from the built-in Myotis demo
recording.

For conservation volunteers, nature-center educators, and backyard wildlife listeners, SonoWing also makes an invisible nocturnal
world approachable. Most people walk outside at dusk without realizing the airspace overhead is filled with dozens of distinct
ultrasonic chirps, sweeps, and feeding buzzes every minute. Opening a 250 kHz detector file in SonoWing reveals those hidden
echoes immediately as crisp color-mapped arcs across the spectrogram, while time-expansion playback translates high-pitched bat
navigation into clear audible clicks. Listeners can compare the steep frequency-modulated sweeps of cluttered-forest Myotis bats
against flatter, lower-frequency open-air cruisers, or switch to audible bird-song recordings to see how dawn-chorus species divide
frequency bands to avoid masking one another's calls.

Figure 3. Sample Screenshot: Harmonic Ridge Tracker & Automated Call Contour Extraction

Sample screenshot displaying automated echolocation pulse segmentation alongside fundamental and overtone harmonic ridge contours.

Meanwhile, keeping GUANO metadata intact throughout inspection and export solves one of the most common headaches in
community bioacoustics. Instead of losing site coordinates, microphone height, or species annotations inside separate



spreadsheets, every trimmed clip and CSV summary exported from SonoWing carries standardized provenance fields ready for
regional biodiversity archives. Whether reviewing a single nocturnal foraging pass or clustering hundreds of dawn-chorus phrases
across an entire season, biologists keep every spectrogram measurement, harmonic contour, and ecoacoustic index linked cleanly
to its original recording.

Figure 4. Sample Screenshot: MFCC Acoustic Clustering & Soundscape Diversity Indices

Sample screenshot of the 2D MFCC call similarity map paired with Acoustic Complexity Index and band-entropy diagnostics.

5. Open Access & Connections Across the CRV Science App Network

Open Access and Connections Across the CRV Science App Network
SonoWing is dual-licensed under MIT or Apache-2.0 with full Rust source code, unit and bioacoustic integration suites, and a 250
kHz demo WAV recording on GitHub. Every exported CSV, spectrogram PNG, and GUANO WAV retains full measurement
traceability. By combining fast Hann-windowed spectral rendering, automated call extraction, harmonic overtone tracking, and
MFCC acoustic clustering inside one offline executable, SonoWing removes the friction that often separates field recording from
quantitative biodiversity analysis.

Across the CRV Science Apps suite[3–19], SonoWing complements AeroFlyway's continental nocturnal flight-call and Doppler
radar migration framework, PopBio-Studio's population-dynamics and haplotype-network tools, and OSABT's field biostatistics
calculators. Ecologists, educators, and wildlife volunteers can move seamlessly from acoustic call measurements to broader habitat
and population studies using consistent open data formats.
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