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Abstract— Sonification, the mapping of data to sound to 

communicate information about the original data source, is 

becoming a viable strategy for the sonic representation and 

communication of information derived from the complex flows 

of data exchanged across Internet of Sounds (IoS) networks. 

This paper presents an IoS sonification implementation for 

monitoring soil moisture levels within the broader context of the 

globally increasing water scarcity. While previous work has 

focused on sonifications operating on the applications and 

services level of the IoS network infrastructure, this paper 

explores device-level sonification using wavetable synthesis 

techniques to map sensor data to acoustic parameters. An 

approach to on-device wavetable sonification is formalized, and 

a prototype implementation is presented and explored before 

the approach is contextualised with regard to the soil moisture 

monitoring tasks. 

Keywords— sonification, water monitoring, internet of 

sounds, wavetable synthesis 

I. INTRODUCTION 

Turchet et al. [1] laid out a future roadmap for research in 
the Internet of Sounds, establishing some basic schemas for 
IoS networks and calling for, amongst other things, a deeper 
integration of sonification techniques in IoS contexts. Roddy 
[2] put forward a sonification-enabled IoS network schema 
that integrated sonification techniques into the application 
layer and device layer of Turchet et al.’s original IoS network 
schema for applications across a diverse range of scenarios. 
The accompanying implementation focused on an IoS 
sonification solution for the monitoring and analysis of Smart 
City data at the application layer of the IoS network schema. 
The work described here extends sonification to the IoS 
network schema’s edge, exploring how sonification might be 
integrated at the device level of a network for environmental 
monitoring tasks aimed at addressing the growing problem of 
global water scarcity.  

The advantage of on-device sonification running at the 
edge of an IoS network is that those stakeholders monitoring 
or carrying out tasks with the devices can access the data on 
the device via sonification. Thus, they can address problems 
in or related to the measured phenomenon as indicated in the 
sonification in which the sensor data is encoded. This differs 
from sonification at the application layer of a network, which 
is often geographically and temporally isolated from the site 
and timeframe in which the data was collected. Tasks at this 
level tend to focus instead on monitoring and analysis across 
subsets of interests determined from the aggregate of devices 
that compose the network edge. While individual sensor 
values are accessible at the applications layer, it is important 
that devices also make their data available at the edge for 

contexts where stakeholders need to monitor and react to 
sensor values, logged or live, in real-time. 

II. GLOBAL WATER SCARCITY & IOS SONIFICATION 

Water scarcity is an increasingly common problem 
worldwide as a global water crisis, driven by a range of factors 
from climate change to sub-standard infrastructural and 
distribution systems, continues to unfold  [3]. 4 billion people 
worldwide experience severe water scarcity for at least one 
month out of every year [4] and there are 3.2 billion people 
living in agricultural areas which experience high degrees of 
water scarcity [5], with water scarcity expected to displace 
700 million people by 2030 [6]. A key contributing factor to 
water scarcity is the global agricultural industry, which is 
responsible for 69% of global water withdrawal for irrigation, 
livestock, and aquaculture activities [7]. 

A number of IoT-based systems for the monitoring and 
management of water resources against a backdrop of 
increasing water scarcity have been proposed in the IoT 
literature [8], [9], [10], [11], [12]. These applications focus on 
the management of water resources and the reduction of water 
waste in an IoT context. The IoS literature, however, has 
mainly considered water usage from the angle of sustainability 
in the production and rollout of IoS network resources [13], 
[14]. The development of IoS solutions that address the water 
scarcity crisis thus represents a novel development for the 
field. Pauletto [15] provides a thorough overview and analysis 
of sonification projects that involve a sustainability 
component either in their function, where they are intended to 
aid in sustainability efforts, or in their design, where they are 
produced with sustainability as a key factor in their 
production.  

There have been a number of sonification systems focused 
on monitoring water usage in order to track resource 
consumption [16], to understand the impact of drought [17], 
to represent agriculturally driven wetlands transformation  
[18], and finally to better understand the water cycle [19] and 
its relationship to water scarcity [20]. MIDI Sprout [21] and 
Plant Wave [22] are hardware devices designed to convert the 
biological signals produced by plants into music. A number of 
artists are working with similar devices to turn plant biosignals 
into music [23]. While Soil Choir [24] was an art installation 
by Jiří Suchánek that sonified soil moisture in a purely artistic 
context, the artscience project WeatherChimes [19] is 
presented as an IoT weather station and sonification system. 
Although both implementations track and sonify soil moisture 
data, WeatherChimes is more focused on monitoring 
environmental variables and analysing trends in the recorded 
data. The implementation described here builds upon this 



previous work to present a novel method for sonifying soil 
moisture data on the device layer of an IoS network for 
monitoring and analysis tasks. Tracking soil moisture levels 
in agricultural and horticultural contexts is critical to the good 
stewardship and management of water resources as it supports 
the optimisation of irrigation processes and systems for more 
efficient water usage, thus supporting water conservation. The 
prototype presented here can help to avoid overwatering by 
ensuring that plants receive just enough water during 
watering. 

III. PROTOTYPE DEVELOPMENT 

A. Initial Prototype 

 

 

 

 

 

 

 

 
 

 

 

Fig. 1. Initial Prototype Schematic 

 

As per Fig 1, the first prototype was designed using the 
Arduino Uno R3, a push-button to activate the sonification, a 
piezo buzzer to play back the sonification and a simple MH-
series soil moisture hygrometer which captures moisture data 
as a drop in restively across the sensor probes in the style of a 
classic voltage divider, wherein increased soil moisture 
coinciding with lower resistivity and therefore a higher 
voltage read. It sonified data live in real-time using FM 
synthesis techniques. FM synthesis was chosen as previous 
work found it to be effective for data sonification in IoS 
contexts where it satisfied the requirements of Poret et. al’s 
formalisation of sonification, (1). which defines sonification s 
as a function of time t, data X, acoustic parameters θ, and 
interaction I in which data X are mapped to meaningful 
perceptual units ϕ further comprised of vectorised sonic 
dimensions �⃗� (� ∈ [1, �]). 
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Rolf Oldeman’s [25] FM-synthesis implementation for 
Uno boards in C/C++ was adapted to sonify the incoming 
temperature data. While the original plan was to exploit the 
FM sidebands to map data, it was decided instead to use a 
simple pitch mapping strategy where increases in sensor value 
are mapped to increases in pitch, as the audio fidelity was not 
good enough to support the discrimination of data values from 
sideband partials. Incoming voltage levels in a range up to 5V 
are quantised with a 10-bit ADC for 1024 possible values, 
which are remapped in a range of 50-1000 with these 
increments added to the fundamental frequency of the FM 
synthesis routine. The sound synthesis techniques employed 
push the ATMEGA328P to its absolute limit and manage to 
produce a single channel of mono audio at a sampling rate of 
31.25kHz and 9-bit resolution. This low-fidelity audio is then 

played back over a piezo buzzer, which is far from an optimal 
solution given the severe limitations of these components for 
audio diffusion. Switching the buzzer out for an FR7, a small 
(6.5cm) 5W 4 Ohm speaker, addresses the limitation of the 
piezo buzzer but not the limitations of the chip. Furthermore, 
it is not realistic to expect the speaker to be a reliable method 
of presenting the data in a noisy environment. Depending on 
conditions, it may be very difficult to hear the audio signals. 
The FM synthesis approach, while proving useful for 
representing multiple streams of highly variable data, is not 
needed for an application of this nature, where there is only 
one single data variable to be sonified at any given time. 
However, the capacity of FM synthesis to represent changes 
in data as changes in the perceived timbre of the sound was 
critical to the operation of the previous IoS sonification project 
[2] and, as such, a technique that allows for similar timbral 
control. The soil moisture sensor was effective and reliable, 
though given its small form factor and limited probe size of 
6cm, it is best suited to monitoring soil moisture levels for 
shallow-rooting plants. This point is explored in greater detail 
shortly. 

 

B. Second Prototype 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Second Prototype 

 
A second prototype, Fig. 2 above, was developed to 

address the limitations encountered in the design of the initial 
prototype while introducing a facility for sonifying logged 
data on the device’s flash memory. The design was specified 
to produce high-quality audio, a more reliable method of 
delivering that audio to a user, and a more relevant sound 
synthesis technique for representing and communicating the 
data in question. As per Fig. 3, this prototype is built on the 
Raspberry Pi Pico 1 with audio amplification and output 
handled with the Pimoroni Pico Audio Pack shield [26]. This 
shield features a PCM5100A DAC capable of up to 32-bit 
stereo audio at a sample rate of 384KHz. In practice, the 
sample rate and bit depth are constrained by the hardware 
limitations of the Pico, which produces 16-bit stereo audio at 
48kHz. This is nonetheless a dramatic increase in audio 
fidelity over the ATMEGA328P-based prototype, which, as 
per above, could handle a single mono channel at a 31.25kHz 
sample rate at a 9-bit resolution. Furthermore, the board 
includes a PAM8908JER stereo headphone amplifier, which 
allows the user to listen to the sonification over headphones, 
eliminating the need for speakers. The PCM5100A is capable 
of up to 32-bit stereo audio at a sample rate of 384KHz, the 
Pico is synthesising 16-bit stereo audio at 48kHz per second. 

Audio data is communicated from the Pico to the audio 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

shield over wire via the I2S protocol. I2S uses pulse-code 
modulation (PCM) to exchange 2-channel stereo audio over a 
serial interface between integrated circuit (IC) components 
using a clock, data, and channel select lines. This stereo 
capability is exploited in the sonification mapping strategy 
discussed shortly. The sensor remains the same as in the first 
prototype, an MH-series soil moisture hygrometer. Where the 
initial prototype was written in C/C++ the code for this 
implementation is written in Adafruit’s branch of 
Micropython for embedded systems: CircuitPython 9.2.7 [27]. 
Being an interpreted language, CircuitPython runs far slower 
than compiled C/C++ might. However, this prototype makes 
extensive use of CircuitPython’s ulab [28] and synthio [29] 
libraries for sound synthesis, both of which are written in 
C/C++ and therefore run much faster and more efficiently than 
we might expect from a purely interpreted language.   

The prototype has three modes of operation. The first is a 
datalogging mode in which all sensor readings are logged to a 
text file on flash memory at a rate of 1Hz. This is the standard 
mode in which we would expect a traditional IoT device to 
operate. While the pico has about 2MB of flash memory on 
board, this is easily extendable through the addition of an 
SD/microSD card module. Live sonification mode takes 
incoming values polled from the sensor and maps them 
directly to audio parameters in real-time. This mode is 
intended for real-time monitoring of soil moisture levels. 
Finally, the historical sonification mode takes the entire 
sequence of logged sensor values recorded on the device’s 
flash memory and maps them to sound synthesis parameters, 
playing them all back in sequence, starting with the earliest 
recorded data point. Switching between read and write modes 
is handled by a boot script and thus requires a reboot, which 
enables CircuitPython to write sensor values to the filesystem 
in datalogging mode, and to read them from the filesystem in 
either of the two sonification modes. 

C. Wavetable Synthesis 

Wavetable synthesis was chosen as the method for 
sonifying the data over FM synthesis. It was chosen because 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

it allows data to be mapped to control the complex timbral 
characteristics of a sound as well as the usual acoustic 
parameters of pitch, duration, and amplitude popular in 
parameter mapping sonification (PMSON)  [30]. Digital 
wavetable synthesis was pioneered independently by 
Wolfgang Palm [31] and David McNabb in the late 1970s, 
building on Max Mathews [32] implementation for analog 
computing in his MUSIC II software in 1958. The digital 
approach to wavetable synthesis generally involves the 
storage of single-cycle waveforms of differing waveshapes in 
tables, between which interpolation can be performed to 
produce novel audio signals  [33]. The details of this technique 
as they relate to sonification are explored in greater detail 
below. Wavetable synthesis has proven a useful technique for 
auditory display contexts, being specified and recommended 
as such by Cook in his exploration of sound synthesis 
techniques for sonification [30]. More recently, Bergren et al. 
[34] have applied wavetable synthesis techniques to the 
analysis of graphene optoelectronics data. It similarly applied 
Joo’s [35] and Horsak et al. [36] in the contexts of colour and 
gait data, respectively, while the associated technique of wave 
space synthesis is applied to sonification by Hermann [37] and 
Kacem et al. [38]. 

 

D. Formalizing a Wavetable Synthesis Sonification Strategy 
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The audio waveforms are derived and generated from the 
formulae for their respective waveshapes and stored in ulab 
arrays that operate as wavetables. Each cycle is 512 samples 
in length. This implementation uses a sine wave cycle as per 
(2) and a sawtooth waveform cycle (falling) as per (3). 
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Fig. 3. Second Prototype Schematic 

 



Wavetable synthesis is implemented as laid out in (4) by 
buffering the results of a linear interpolation between 
commonly indexed audio samples. S is the interpolated audio 
sample between samples S1 and S2 from the first and second 
wavetables, respectively. The parameter k is the index 
correlating to the interpolated sample S that sits between i1 
and i2, the indices for S1, and S2, respectively, an approach 
described by Masie [34] as 2-point interpolation. 

 

4 = 41 + 
5 − �1�
42 − 41�    (4) 

 
We can use the interpolation parameter k (k ∈ R, 0≥ d ≤1) 

to adjust the ratio between interpolated signals (A:B) as 
illustrated in (4). In this implementation, the sensor data, d (d 
∈ R, 0≥ d ≤1) in (5) and Fig. 5 is substituted for this parameter 
(k), allowing the moisture levels in the soil to directly control 
the interpolation and thus inform the timbre of the sound. 

 

�
�� = 6� + 
1 − 7�� + 8�
7��    (5) 

 
This is represented by the terms 1-dt and dt in (5) and Fig. 

5 where a and b represent the current output samples from 
wavetables A and B respectively. Each wavetable consists of 
three oscillators, denoted by i (i ∈ W, i ≤ 2), with unique pitch 
frequencies, fi=0, fi=1 and fi=2 which bare harmonic relation to 
one another as root, third, and fifth notes respectively. 

 

9
�� = : + #;� − :7  (6) 

 

The frequencies of these pitches are determined by the 
data as illustrated in (6), in which d (d ∈ R, 0≥ d ≤1) represents 
the data, and r (r ∈ W, r ≤ m) is the frequency range to which 
the data is mapped. The frequency of the highest partial is 
represented by m. The pitch mapping strategy here is inverted, 
as per the r-rd term, meaning that as the moisture value 
increases, the pitch drops and vice versa. The exact ranges 
involved in the pitch mapping are outlined in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Wavetable Synthesis Sonification Strategy 

 

IV. IMPLEMENTING THE SONIFICATION 

A. Mapping Parameters 

Both wavetable synthesisers have their outputs passed to 

filters and amplitude envelopes intended to shape and refine 

the sound. Both wavetable routines produce a single three-

note chordal structure. Note information is coded in the MIDI 

protocol for ease, and then converted to frequency data for 

sonification. As such, the pitch mapping strategy is somewhat 

nonlinear from a frequency perspective, though it remains 

linear from a musical point of view. Recalling the previous 

formulae, data is mapped to control two distinct components 

of the sounds generated by the wavetables. The first is a pitch 

offset subtracted from note values an octave above the root, 

third, and fifth of each chord, thus producing an octave range 

as generalised in (6) previously and for which the exact 

ranges are presented in table 1 below. This is an inverse 

polarity mapping in which the pitch is decremented as soil 

moisture values increase.  

TABLE I.  PITCH MAPPING PARAMATERS 

Low Parameters 

Note MIDI Pitch Frequency 

Root 55 G3 195Hz 

Third 59 B3 246.94Hz 

Fifth 62 D4 293.66Hz 

High Parameters 

Root 67 G4 392Hz 

Third 71 B4 493.88Hz 

Fifth 74 D5 587.33Hz 

 

The second is the k-parameter that interpolates between 
the two waveshapes and thus controls the shape of the 
resulting wave as described in (4) above. When producing a 
sonification by performing 2-point interpolative wavetable 
synthesis between sine and sawtooth waves we are 
controlling, as a single group, the amplitudes of all harmonics 
N above the fundamental. In the case of the current mapping 
strategy, we are boosting these harmonics as the soil moisture 
values increase, and attenuating them as the data decreases. 
The perceived effect here is different to the successive 
addition of harmonic partials in sequence which may 
mistakenly suggest to the listener that each additional partial 
is representative of a specific change in the data. Rather this 
approach builds upon what worked in prototype 1 and in 
previous work [2] by redundantly mapping the data to control 
the spectral shape and complexity of the sound. The rationale 
behind the mapping strategy is motivated by research in 
timbral perception that suggests sine waves are perceived as 
smooth and dark while sawtooth waves are heard as bright and 
rough [39], concepts which naturally map onto representations 
of moisture and dryness respectively. 

In the live sonification mode, the chord plays for as long 
as the button is pressed, while in the logged data sonification 
mode, each successive data point is played as a single impulse 
at a rate of one per second. The signal chain involved is 
illustrated in Fig. 5. Both modes employ a gentle amplitude 
envelope that shapes the sound into a slowly evolving pulse 
shape with a 200ms attack and an 800ms decay. Each note is 
further processed with a resonant low-pass filter with a cut-off 
frequency of 4000kHz and a Q factor of .5. These components 
create a warm, somewhat ‘blurry’ tone that dies out slowly as 
the note is released. Each root note is panned centrally in the 
stereo stage while the third and fifth notes are panned 45° to 
the left and right, respectively. Spatialising the chordal shape 
across stereo space in this manner helps to reduce masking and 
ensure that the notes are clearly conveyed to the listener. The  

 



 

 

 
 

 

 
 

 

 
 

 

Fig. 5. Signal Chain for Wavetable Sonification 
 

same filter, envelope, and panning parameters are used for 
both the live sonification and the sonification of previously 
logged data. 

When the button is held down in live sonification mode, 
the initial chordal configuration will correspond to the soil 
moisture level. If the moisture changes while the button is 
held, those chords will remain the same but the timbre of the 
sound, given by the degree of interpolation between the saw 
and sine waveforms, will change. This allows a user to track 
soil moisture during watering as a function of the change in 
timbre. Because the initial chord is held as long as the button 
is held, the user is provided with a measure of the initial soil 
moisture against which they can compare the representation 
of the current soil moisture level as encoded on the timbre. 
This is useful for monitoring in real-time as the plants are 
being watered. Examples of the system in operation, along 
with the code and further details are available at the link here 
[40]. 

B. Addressing Aliasing 

Aliasing is a problem for wavetable synthesis where high-
frequency content produced by the interpolation of two 
samples can surpass the Nyquist limit and thus cause 
distortion and spectral wrap-around. This is especially true 
when working with sawtooth waves, which are comprised of 
a large number of harmonic partials above the fundamental. 
One solution to this problem is oversampling, which simply 
involves increasing the sampling rate to account for all of the 
high-frequency partials in the sound. However, the very high 
sample rates required to avoid aliasing in this context would 
be far in excess of the capabilities of the device hardware used 
for this implementation.  

The better approach here is to break up the frequency 
spectrum into bandlimited subtables where, for example, each 
octave (or doubling of frequency in the spectrum) uses a 
uniquely bandlimited wavetable oscillator that produces tones 
with only half the harmonics of the previous subtable. This 
way, the number of partials decreases as the fundamental 
frequency increases, and thus the Nyquist limit is never 
crossed. This approach has generally been pursued by 
instrument designers who need to ensure that their 
synthesisers are capable of playing across a full musical 
octave range, and is not necessarily relevant for the 
implementation of sonification presented here, where we are 
working within one single octave range [33].  

It is possible to approach wavetable synthesis with 
sawtooth waves in Synthio by creating a simple rising or 
falling line in an ulab array with 512 index positions, one per 
sample, where each sample is encoded as a signed 16-bit 
integer. The synthio engine will then loop these waveshapes 
to synthesise sound. The problem with this approach is that it 
does not allow the developer to specify the number of 

harmonic partials in the saw wave, and as a result, aliasing can 
quite easily occur, producing quite prominent wraparound 
artifacts as the Nyquist limit is exceeded. This project adopts 
an additive approach to the production of the sawtooth cycle, 
creating the waveshape by successively adding sine wave 
partials N at harmonic intervals over a fundamental. This 
allows for control of the harmonic content of the saw waves. 
The fundamental frequencies of our pitches stay within a 
range of 196Hz to 587.33Hz. Our highest partial then, when 
N = 17 will be 9984.61Hz, thus requiring a sample rate of 
19,969.22Hz. This is below our sample rate of 48,000Hz, 
thereby getting the highest number of possible frequency 
components while avoiding any aliasing artefacts. This is 
implemented by ensuring that each component of the saw 
wave is encoded within a range of the bit depth divided by N. 

V. EVALUATION 

A preliminary user evaluation (n=9) was conducted to 
gather some data on the efficacy of the system. Six 
participants identified as female and 3 as male. 3 were aged 
between 18-24, 1 between 25-34, 2 in the rage of 35-44 and 
45-54 respectively and one as in the 55-64 age range. All but 
one participants reported normal hearing with how reporting a 
suspected (but undiagnosed) deficiency in one or both ears, 
with 7 participants reporting varying degrees of musical 
education. Users took part in a short demonstration session to 
familiarise them with the prototype and its operation. They 
were presented with the prototype and two potted plants, a 
Ficus Pumila 'Green sunny' that had been recently watered, 
and thus had higher soil moisture levels, and a Crassula 
Marginalis which had much dryer soil. Users were shown how 
to safely and effectively insert the sensor probe into the soil 
for each plant. They were then asked to use the prototype to 
take readings from both plants, listening to the sonified data. 
The device was then booted in historical sonification mode, 
and users listened to a sonification of 108 data values 
representing slowly decreasing moisture levels. Users were 
then presented with an evaluation survey consisting of two 
sections. The first involved 6 questions intended to determine 
whether users could identify the dry plant from the wet plant 
and gauge the level of agreement between users on the degree 
of moisture present in the two plant soils.  This was followed 
by a BUZZ scale test [41]. The 11 statements of the BUZZ 
scale are scored from 1-7 and when taken together, they 
provide information on the effectiveness and efficacy of an 
auditory display.  

A. Results & Interpretation 

6 users correctly identified the plant with the moist, 
recently watered soil in Q1 while in Q2 users rated the 
moisture levels of soil on a Likert scale from 1=Very Dry to 
5=Very Wet  (μ = 3.44, SD = 1.5). These results, while not 
very strong, suggest a fair deal of agreement between listeners 
on the moisture levels present. In Q3, 6 users also identified 
the plant with the dry soil with users rating the moisture levels 
on a Likert scale from 1=Very Dry to 5=Very Wet  (μ = 2.44, 
SD = 1.74) in Q4. Again these results would seem to imply 
some agreement between listeners on the soil moisture levels. 
In the historical sonification (Q5), 6 users correctly identified 
that the moisture levels were falling and in Q6 they scored the 
rate of change in these moisture levels on a scale from 1=Very 
Slowly to 5=Very Quickly  (μ = 2.77, SD = 1.09) suggesting 
a good deal of agreement on the rate of change. The BUZZ 
scale test results (μ = 52.66, SD = 3.04) provide an overall 
mean score of 68.39% suggesting a good degree of 

 



effectiveness and efficacy, but with substantial room to 
improve, and the SD further suggests a moderate level of 
disagreement between users. 

VI. DISCUSSION AND CONTEXTUALISATION 

While the evaluation results presented here are 
preliminary in nature, and limited by the small number of 
participants involved (n=9), they do nonetheless suggest a 
certain baseline of efficacy that can be built upon and 
improved in future work. Such future work will need to focus 
on ensuring that ambiguity in the sonification signal is 
minimised so that the data is clearly identifiable for users. This 
may be achievable through the design of more 
communicatively effective data to sound mapping strategies. 

As global water scarcity becomes an increasingly urgent 
problem, the rapidly developing IoS ecosystem is positioned 
to support innovations and solutions that might help to address 
some of the causes underlying this challenge, as well as the 
effects produced by it. The device prototype presented and 
explored here is one such means of addressing the problem in 
contexts where the overwatering of plants leads to water 
wastage.  

In practice, each species of plant is different with unique 
root distribution patterns that determine how their root 
systems are organised and spread throughout the soil in terms 
of depth, complexity, and span. The device explored here is 
best suited to monitoring soil moisture conditions for shallow-
rooting plant life, which takes root closer to the surface of the 
soil, thus allowing for the probe prongs of 6cm long to take 
accurate readings. Water may be unevenly distributed 
throughout a given body of soil. This problem can be 
exacerbated by issues like poor soil structure, where bad soil 
condition and/or a lack of organic materials interferes with the 
even distribution of water. It is imperative that the sensor takes 
readings from the same area of the soil from which the root 
system in question is extracting water. As such, the form 
factor of the sensor limits its maximum penetration depth, 
which in turn translates to hard limits in terms of application.  

There is, however, quite a large range of vegetation with 
shallow root systems. For example, in an agricultural context, 
nuts, berries, fruits, and vegetables with shallow roots include 
peanuts, strawberries, blackcurrants, scallions, chives, 
butternut squash, oregano, thyme, and certain kinds of tomato 
and radish [42]. While from a horticultural point of view, 
popular shallow-rooted plants include the Ficus Pumila and 
the Crassula Marginalis used in the evaluation along with 
azaleas, violas, rhododendrons, petunias, hydrangeas, 
gardenias, yarrow, aurinia saxatilis, eremurus, and aloe vera 
[43].  

Soil texture becomes a key factor when interpreting the 
sonified signals produced by the device. Wilting points, the 
minimum amount of water under which plant life begins to 
die, available water, the volume of water plants are capable of 
accessing, and field capacity, the amount of water held in soil 
after the excess has drained, are highly variable across 
different categories of soil textures. For example, clay type 
soils have (% water by volume) ratings of 27.2, 39.6 and 12. 
for wilting point, field capacity and available water 
respectively while at the other end of the spectrum soils with 
a sand type texture have ratings of 3.3, 9.1, and 5.8% across 
these same measures [44]. As such, the sound produced by the 
sonification means something very different for plants in clay 
soils when compared to those that might grow in soils with a 

sandy texture. This needs to be taken into account by the 
listener when interpreting the sonification, as the audible 
result is always relative to the characteristics of the soil in 
question and is further complicated by the water requirements 
of the specific vegetation growing therein, which tend to be 
highly variable across species. As per the mapping strategy 
previously elucidated, dry soils result in a high G major chord 
in the 4th octave with a buzzy timbre, while a 3rd octave G 
major with smoother timbre can be expected from soil with a 
high moisture content. The midpoint of this scale is a 3rd 
octave C major chord. With these harmonic and timbral ranges 
in mind, a listener is in a position to make judgements about 
the moisture levels in a given body of soil. 

 However, there is another factor at play here, in that 
different soil compositions with similar moisture levels will 
produce results in a drastically variable range on the sensor. 
As such, the sensor needs to be carefully calibrated for each 
body of soil with which it is used. This is implementable in 
CircuitPython when processing the sensor values by 
observing the maximum and minimum values for a given soil 
composition and then remapping incoming values to exploit 
the full range of the sonification mapping strategy as described 
previously. Calibrating the sensors in this way ensures that the 
sonified data meaningfully represents the sensor values for a 
given soil composition and is thus critical to helping manage 
water resources. 

As referenced previously, aliasing, though obviously not 
specific to wavetable synthesis, provides a particular 
challenge for the technique. In the 1980s, PPG’s Wave series 
of synthesisers made use of heavy oversampling, which 
resulted in harmonic imaging, whereby the spectrum was 
duplicated at harmonics of the sample rate. Being 
harmonically related and not unpleasant to listen to, these 
signal components were left in and became a key aesthetic 
component of PPG’s approach to wavetable synthesis [45]. 
More recent software-based recreations of PPG’s wavetable 
synthesisers have focused on accurately recreating those 
imaging patterns to better match the aesthetics of the original 
systems [46].  

When carrying out interpolation between two audio 
samples, as is the case in software-based wavetable synthesis, 
aliasing, as opposed to harmonic imaging, becomes the 
problem. However, the argument for leaving these 
inharmonically related partials in the signal does not hold for 
the current sonification context, which is typified by 
information-bearing signals wherein each component can be 
mapped to a state or value measured from the original data 
source. In this context, aliasing serves to obscure the 
information encoded in the signal in much the same way the 
addition of additional tones over a speech signal would make 
it more difficult to parse the meaning of the spoken words. As 
such, it is critical that aliasing is properly addressed and 
accounted for when designing sonification solutions, and is 
tackled here by keeping the number of partials in the saw 
wavetable below the Nyquist limit. 
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