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ABSTRACT

Current implementations of Real-Time Just Intonation (JI)
are faced with a conundrum of precision versus compati-
bility. Tuning within MIDI is supported by the MIDI Tun-
ing Standard (MTS) and pitch bend-based methods. MTS
features good resolution but suffers from limited hardware
support. Pitch bend-based methods provide ample compat-
ibility but not enough granular resolution for microtonal
tuning. This paper outlines an adaptive, multi-stage tuning
architecture that extends the capabilities of the Web MIDI
API and solves both of these problems. Within the ubiq-
uitous music (ubimus) research agenda for struck-string
interactions, this proposed system utilises a hierarchical
fallback strategy: (1) MTS for scale-based tuning, (2) an
MPE mode optimised for locking the sensitivity of pitch
bend to ±2 semitones for high-resolution tuning, and (3)
a forward-compatible prototype engine that complies with
the emerging MIDI 2.0 standard. Both MTS and MPE
techniques provide resolution at least one order of mag-
nitude finer than the deviation intervals present in equal
temperament, enabling perceptually transparent adaptive
tuning via native deployment in the browser.

1. INTRODUCTION

Ubiquitous Music (ubimus) is a research field that encom-
passes the design of music-creation, artistic and educa-
tional tools, supported by diverse social and community-
based methodological approaches [1]. Current ubimus
frameworks have opened new avenues for developing
conceptual approaches and for improving existing legacy
frameworks [2]. An important aim of ubimus is “aes-
thetic pliability,” or the ability of sociotechnical systems
to accommodate culturally varied perspectives and prefer-
ences [1, 2]. Therefore, support for tuning scales beyond
12-TET is a requirement to achieve aesthetic pliability in
ubimus pitch-oriented creative endeavours.

Recent ubimus research proposes struck-string interac-
tion as a framework that fosters the use of generative tech-
niques to explore the relationship between tuning and sonic
qualities [3]. This approach focuses on piano-like timbre
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without incorporating a keyboard-centric perspective. Su
et al. [4] implemented an initial toolkit to support Just Into-
nation in struck-string interaction, and demonstrated a pro-
totype for converting MIDI data to JI. Furthermore, Su et
al. [5] reviewed existing systems, identifying the need for a
comprehensive browser-based architecture to support both
real-time alternative tunings and access to external hard-
ware support. This work suggests diverse areas of appli-
cation, highlighting caveats in browser-based support and
pointing to techniques with potential to bypass keyboard-
centric interaction.

One area where struck-string interaction may foster aes-
thetic diversification is adaptive tuning. The assignment
of specific frequencies to discrete pitches has implications
beyond the equal temperament standard (12-TET) adopted
by most keyboard-based musical devices. Historically,
alternative tunings have driven the development of spe-
cialised microtonal keyboards [6]. Keyboard customisa-
tion demands considerable investment in hardware, ren-
dering most solutions inaccessible to practitioners in pe-
ripheral or low-income countries. Hence, struck-string
proposals have eschewed the reconfiguration of hardware
while fostering streamlined software-based alternatives.
Our approach to adaptive tuning is consistent with this
sustainability-oriented view. Rather than altering the ma-
terial structure of the keyboard, we deal with the tuning
information before it reaches the audio-synthesis stage.

The 12-TET model divides the octave into twelve equal
parts; consequently, its intervals are approximate represen-
tations of pure integer frequency ratios. Just Intonation (JI)
is based on exact simple-integer frequency ratios — which
are usually perceived as being more consonant than equal-
tempered intervals; however, there is no single fixed JI
scale that can accommodate all key signatures [7]. There-
fore, to deploy JI within tonal systems it is necessary to
retune the scales when the harmonic context changes. We
treat Just Intonation as one example of a technically de-
manding tuning system — since it needs the fine, context-
dependent retuning that the default 12-TET MIDI pipeline
cannot provide — and as a representative case of a large
family of alternative tuning systems. In fact, JI has been at
the basis of a significant body of 20th-century music — ex-
emplified by James Tenney’s composition “Arbor Vitae”,
which unfolds within a larger-than-usual (11-limit) just-
intonation pitch space [8]. Equal temperaments with many
divisions, notably 53-TET, place comparable demands on
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the transport layer and have recently been the focus of ded-
icated computational efforts [9]. An architecture that can
carry JI to unmodified hardware from the browser may, in
principle, support these alternative tunings as well.

Problems arise when implementing microtonal pitch vari-
ation in an ecosystem that utilises standard data-exchange
protocols. Historically, overcoming the limitations of
equally tempered tuning in MIDI has presented challenges.
The MIDI protocol provides no straightforward method
to alter its pitch-to-frequency mapping. Universal Sys-
tem Exclusive messages or Registered Parameter Num-
bers are usually employed in addition to the data sent
through the note-on/note-off message stream. Therefore,
developers tend to implement one of two alternatives: (1)
use the officially supported MIDI Tuning Standard (MTS)
while adopting System Exclusive (SysEx) messages for
the precise control of pitch; as a downside, there are ex-
tremely few commercial-grade products that support MTS
natively [10]; or (2) use Polyphonic Pitch Bend Methods,
which work on most hardware devices; these solutions
limit the available resolution head room and require sig-
nificant channel management [11]. In regard to browser-
based implementations, SysEx messages are blocked by
default, thus specific authorisation mechanisms need to be
deployed.

Our adaptive tuning system, Instant Harmonies (IH), fea-
tures a unified architecture that addresses precision, com-
patibility, and security by means of a hierarchical fallback
strategy. The system implements MTS for scale-based tun-
ing when a SysEx permission is available, a precision-
optimised MPE layer is proposed as a second-level fall-
back, and a proof-of-concept MIDI 2.0 engine provides
support for forward compatibility. Through a browser-
native approach utilising the Web MIDI API, it supports
adaptive Just Intonation on any MIDI-compatible con-
troller without requiring the installation of third-party soft-
ware. Web infrastructure as a basis for accessible, cross-
platform music applications tends to remove the barriers
of installing, licensing and selecting an appropriate OS.
This browser-based design was deliberate and motivated
by the limitations of previously developed adaptive-tuning
systems [1, 2].

2. BACKGROUND

2.1 Related Work

In this section we review examples of software algo-
rithms designed to operate as real-time adaptive tuning
systems. Sethares [12] developed a system in Max that
employs gradient descent to minimise sensory dissonance.
The implementation was based upon his earlier formu-
lation of adaptive tuning as the dynamic maximisation
of consonance, computed directly from the spectrum of
the sound [13]. In contrast to our tonality-based strat-
egy, this method does not require explicit knowledge of
key or tonal centre; because it works from timbre rather
than notation, it can also be applied to inharmonic spec-
tra. Code created Groven.Max [14], a Max-based adap-
tation of Eivind Groven’s tuning system that maps key-

board input to a 36-tone just-intonation scale distributed
over three separate MIDI channels. Hermode Tuning [7],
featured both in Logic Pro and Cubase, adjusts the inter-
vals toward just ratios while constraining the shift from the
equal-tempered reference line to ±20 cents (±30 cents for
each pitch). Stange et al. [15] implemented adaptive tuning
as a spring network of linear equations, generating MIDI
output through fifteen separate channels for pitch bend. In
a related vein, Trueman et al. [16] modelled tuning as a sys-
tem of virtual springs in bitKlavier, where every sounding
note is “tethered” to a reference scale so that its intonation
can be pulled between fixed and microtuned behaviours;
tellingly, the first implementation was a browser-based ap-
plication in p5.js before the engine was implemented in
C++. Volkov [17] developed Pivotuner, a VST3/AU plug-
in with a configurable key-determiner algorithm and built-
in MPE support.

Moussa [10] identified three common methods of MIDI
microtuning protocols — MTS, manufacturer-specific Sy-
sEx, and polyphonic pitch bend — highlighting that al-
though MTS provides a high resolution (0.0061 cents), its
adoption rate has remained relatively low. Celik [11] cre-
ated a real-time dynamic microtonal channel manager in
Max/MSP. OddSound MTS-ESP [18] was proposed as a
software-only solution featuring inter-process communica-
tion to share tuning information among multiple processes
within a DAW session. As with the majority of DAW-
based systems, it remained limited to desktop computers.

Recently, the development of the Web MIDI API [19]
has been proposed as a general framework for browser-
based MIDI interactions but, as Baratè and Ludovico [20]
point out, it currently remains a W3C working draft sup-
porting primarily Chromium-based browsers. A closely re-
lated browser-based effort is Marc Sabat’s PLAINSOUND
Hexatone, a web application that provides microtonal MTS
output [21]; unlike the present system, however, it cou-
ples a fixed touch-keyboard interface to a single MTS
stream, rather than routing a hierarchical set of tuning pro-
tocols to arbitrary external hardware. Our architecture ad-
dresses these limitations by providing a hierarchical fall-
back mechanism between MTS and precision-optimised
MPE, along with browser-native deployment, support for
external hardware, and future-oriented MIDI 2.0 compati-
bility.

2.2 Just Intonation and Resolution Requirements

Just Intonation is a method of tuning musical intervals as a
small number of frequency ratios to create a unique tonal
quality [22, 23]. When the interval between two funda-
mentals gets closer to a simple ratio, the harmonic partials
associated with each fundamental begin to align, and even-
tually the “beating” effect is eliminated or reduced. If the
ratios used become more complex, the fusion of the two
sounds creates a characteristic harshness, typical of tem-
pered intervals.

We have adopted a conservative design threshold of
about 3 cents based upon the smallest musically mean-
ingful interval deviation (approximately 2 cents for the ET
fifth) and the smallest audibly distinguishable tuning incre-



ment [7]. A system’s quantisation error should therefore
be at least an order of magnitude smaller than the above
value. All operating layers of our system provide much
greater resolution than the minimum required. The MTS
Scale/Octave 2-Byte format provides a resolution of about
0.012 cents, based upon the 14-bit word length and the to-
tal number of discrete steps available:

𝑅mts =
200 cents

214
=

200

16384
≈ 0.0122 cents (1)

The Registered Parameter Number (RPN)-negotiated MPE
mechanism we have developed restricts pitch-bend sensi-
tivity to ±2 semitones and provides a resolution of about
0.024 cents:

𝑅mpe =
400 cents

214
=

400

16384
≈ 0.0244 cents (2)

In both cases, these values are considerably smaller than
our established design threshold of 3 cents. The standard
MPE specification allows for a pitch-bend range of ±48
semitones on member channels. If we use the full 9600
cent range provided by the specification (which would
yield a 14-bit resolution of 9600/16384 ≈ 0.59 cents per
step), there would be very little margin left over before
exceeding our established design threshold. On the other
hand, our MPE layer uses only one twenty-fourth of the to-
tal pitch-bend range provided by the standard MPE spec-
ification; nonetheless, it offers a 24-fold improvement in
resolution while remaining MPE-compliant through RPN
negotiation on the member channels. The RPN negotia-
tion mechanism, as defined within the MIDI 1.0 standard,
allows a controller to define the configuration of an instru-
ment parameter (in this case, the pitch-bend sensitivity)
prior to sending any performance data.

3. SYSTEM ARCHITECTURE

Instant Harmonies utilises the Web MIDI API [19] to al-
low browser access to external MIDI devices. Upon ac-
tivation of the proposed system, the first step is to verify
if the user has granted SysEx permissions; this is a re-
quired safety measure for the transmission of MTS mes-
sages. Once SysEx permissions have been granted, the
system will assume that the connected external device sup-
ports MTS and attempt to transmit tuning messages. Since
a single MIDI 1.0 connection carries no return channel and
the standard defines no capability-inquiry handshake, there
is no established method to determine whether an external
device supports MTS [24]; therefore, SysEx messages are
classified as “fire and forget”. If a user finds that the MTS
tuning mode does not yield the expected output, they may
opt to manually select the MPE mode via the user inter-
face. This option will then be saved as default for future
usage.

The proposed permission-based architecture addresses
both the trade-offs of compatibility versus precision and
provides a layer of security for the browser environment.
Given that a browser-based connection could potentially
be used to transmit any type of data to the local device,
including but not limited to firmware updates or factory

resets, browsers prohibit by default the transmission of Sy-
sEx messages. The MPE mode serves as both a compatible
and secure bridge by utilising only Standard Channel Voice
Messages that do not require special permissions.

3.1 Primary Method: MIDI Tuning Standard (MTS)

In tonality-based adaptive Just Intonation (JI), the system
determines the currently occurring tonal centre and retunes
the 12 pitch classes of the chromatic scale to the pure Just
Intonation ratios relative to this tonal centre [15]. Since
JI is defined as being relative to a particular tonal centre,
the tuning must be recalculated whenever the tonal cen-
tre changes. A tonality-based approach therefore differs
from the methods that address the perceived dissonance of
a set of simultaneous pitches by changing the pitch of each
sounding note independently [12, 13].

Tonality-based techniques will usually tune the 12 pitches
simultaneously, as this is a computationally efficient way
to implement a scale. An efficient way to support this
type of adaptive tuning is the MTS Scale/Octave Tuning
2-Byte message — a Universal Real-Time System Exclu-
sive message (Sub-ID#1 = 0x08, ‘MIDI Tuning Standard’;
Sub-ID#2 = 0x09). The Scale/Octave Tuning 2-Byte mes-
sage retunes all 12 pitch classes (i.e. C through B) for all
the selected MIDI channel(s), making this method suit-
able for adaptive tuning applications where the fundamen-
tal frequencies are aligned with the key changes. For each
pitch class, the system computes the cent offset between
the predefined 5-limit JI ratio and its equal-tempered coun-
terpart, then encodes this offset as a 14-bit value in the
MTS Scale/Octave 2-Byte message. A 5-limit ratio is one
whose numerator and denominator factorise into primes
no greater than 5 (i.e. 2, 3 and 5) — a basis of common-
practice consonances such as the just major third, 5/4.

3.2 Fallback Method: Precision-Optimised MPE

When MTS is unavailable, MPE is used. We changed the
pitch-bend sensitivity from the standard range (±48 semi-
tones) to ±2 semitones with registered parameter number
(RPN) 0, thus limiting the range of expression but improv-
ing tuning accuracy to 0.0244 cents per step. As per the
MPE specification, the Master Channel for the zone-wide
messages is Channel 1, while the Member Channels (2
through 16) carry the individual notes. (The MPE spec-
ification also allows for dual zones, with an upper zone
supported by Channel 16; however, for simplicity we use
a single lower zone.) RPN 0 is sent to all the Member
Channels with the data-entry MSB at 2 semitones to fix
the pitch-bend sensitivity.

As MPE assigns a specific member channel to every
sounding MIDI note, there is a polyphony limit imposed
by the 15 channels available, which demands an allocation
strategy. The method implemented keeps a pool of free
member channels, alongside a queue ordered by member-
channel usage that tracks which note currently occupies
each member channel. If a new note-message arrives and
a member channel is available in the free pool, the next
available member channel is used; if all member channels
are occupied, the member channel associated with the least



Method Bits Range Res. (cents) Margin

MPE (Standard) 14 bit ±48 semitones ∼0.59 ∼ 5×
MPE (Optimised) 14 bit ±2 semitones 0.0244 ∼ 123×
MTS (Scale/Oct) 14 bit ±1 semitone 0.0122 ∼ 246×
MIDI 2.0 32 bit Per-note absolute 0.000003 ∼ 106×

Table 1. Resolution analysis of the proposed tuning meth-
ods.

recently activated note is evicted. This eviction policy is
similar to cache-replacement techniques, and has been ap-
plied to the multi-channel pitch-bend allocation problem,
as first described by Moussa [10]. The Least Recently
Used (LRU) strategy ensures that the evicted note is the
one whose pitch bend is least likely to be perceptually rel-
evant.

3.3 Proof-of-Concept: MIDI 2.0 Integration

We have developed a MIDI 2.0 Tuning Engine which gen-
erates Universal MIDI Packet (UMP) Structures. Since
the Web MIDI API has no support for sending UMP mes-
sages [20], this module is currently running in File Export
Mode. The Tuning Engine utilises the MIDI 2.0 per-note
pitch control carried by Registered Per-Note Controller in-
dex 3, whose 32-bit value uses a ‘7.25’ fixed-point format:
the top 7 bits give the note in semitones (0–127) and the
remaining 25 bits furnish the fractional semitone (a reso-
lution of 1/33,554,432 of a semitone). This yields a theo-
retical resolution of 0.000003 cents: roughly one million
times finer than the perceptual threshold.

4. COMPARATIVE EVALUATION

The basis of adaptive Just Intonation is psychoacoustic
research. Our sensitivity to beats, or periodic amplitude
changes resulting from two close partials, is what gener-
ally determines how we perceive mistuned intervals [25].
The fifth of equal temperament deviates from the pure in-
terval by roughly 2 cents, while the major third deviates by
about 14 cents [22, 25]. According to Mohrlok [7], the au-
dible limit for retuning steps is about 3–4 cents. Therefore,
we set our design threshold at approximately 3 cents.

To validate our design, we compared the effective reso-
lution of each tuning protocol to the human beat-detection
threshold. We applied a conservative 3-cent margin of er-
ror, as outlined by Mohrlok [7] and Vos [25]. The Percep-
tual Margin column in Table 1 provides the resolution as a
multiple of the 3-cent margin, i.e. a multiple of 123× in-
dicates the resolution is 123 times finer than the margin of
error. Figure 1 displays the resolution of the two tuning
methods on a logarithmic scale.

The transmission structure and timing for each tuning
protocol is provided in Table 2. Both MTS and MPE have
resolutions exceeding the human beat-detection threshold.
However, there is a significant cost associated with band-
width and latency. Classic serial MIDI 1.0 transmits at
31,250 baud, and each byte is framed by one start bit
and one stop bit around its eight data bits (10 bits per
byte on the wire). The effective throughput is therefore
31,250 ÷ 10 = 3,125 bytes per second, i.e. 0.32 ms per

Figure 1. Logarithmic comparison of tuning resolution
across MIDI protocols. The 3-cent perceptual threshold
(dashed red line) and the 2-cent ET fifth deviation (dotted
grey line) are shown for reference. All proposed modes
substantially exceed the threshold.

Figure 2. Transmission time as a function of simultaneous
voices. MPE (6 bytes/note) has lower overhead for sparse
textures, while MTS Scale/Octave (33 bytes, constant) be-
comes more efficient beyond 5.5 voices. MTS Single-Note
(15 bytes/note) scales linearly. Per-note figures include
the 3-byte Note-On, whereas the MTS Scale/Octave curve
counts only its one-off 33-byte tuning message. The 10 ms
percussive JND is shown for reference [26].

byte, which is the basis for the transmission times in Ta-
ble 2.

There are clear architectural trade-offs between the two
tuning protocols. First, MTS Scale/Octave has constant
time-scale retuning (a single 33-byte message retunes all
12 pitch-classes regardless of how many events are being
played, making it ideal for use in JI applications that rely
on tonality-based adaptive methods). Second, MPE’s per-
note granularity features lower latency in sparse textures
and the ability to tune a single note without affecting other
pitches. However, as illustrated in Figure 2, the transmis-
sion time increases linearly with polyphony.

5. DISCUSSION

Both tuning layers achieve a resolution finer than percep-
tual thresholds. In this section we examine two architec-



Message type Structure Bytes Time (ms) Source

MTS Scale/Octave 2-Byte F0 7F id 08 09 ff gg hh [ss tt]×12 F7 33 10.56 CA-021
MTS Single-Note F0 7F id 08 02 tt ll [kk xx yy zz] F7 12 3.84 CA-020
MPE Pitch Bend En ll mm 3 0.96 MIDI 1.0
Note On/Off 9n/8n kk vv 3 0.96 MIDI 1.0

Table 2. MIDI message byte counts and transmission times (serial MIDI 1.0, 0.32 ms/byte). Sources: MMA MTS specifi-
cation (CA-020, CA-021) and the MIDI 1.0 specification.

tural aspects of Instant Harmonies’ design and point to
three limitations to be addressed in future implementa-
tions.

5.1 Hierarchical Fallback

Moussa [10] established the limits of single-port chan-
nel assignment and introduced an overall routing method
that makes use of three different physical MIDI output
channels: one for instruments that can generate poly-
phonic aftertouch, another for MTS-capable instruments
and a third one for instruments that do not have ei-
ther of these features. Similar to Moussa’s system, In-
stant Harmonies allows for graceful degradation through
software-level protocol-switching in a single browser ses-
sion using SysEx permissions as the fallback criteria. This
mechanism adds security to desktop-based systems, given
that browsers block SysEx by default. Therefore, IH’s
precision-optimised MPE layer functions simultaneously
as a compatibility bridge and a security-compliance mech-
anism. As illustrated previously, both techniques surpass
the conservative 3-cent threshold by over two orders of
magnitude. Therefore, this software-fallback strategy may
supplement FPGA hardware-based flexibility and recon-
figurability, as described by Keller et al. in their ubimus
plugging framework [3].

5.2 Browser-Native Deployment

While several systems support sending data to exter-
nal MIDI hardware [10, 11, 14, 15], they do so through
commercial applications or custom-made hardware. The
spring-tuning engine in bitKlavier was initially deployed
as a web application [16], though this implementation
was replaced by a desktop-based tool. Instant Harmonies
routes protocol-level tuning messages — MTS, precision-
optimised MPE, and MIDI 2.0 — to external MIDI hard-
ware from a zero-installation environment, using the Web
MIDI API. This allows a browser-based application to
interface with complex MIDI configurations, potentially
comprising several devices [20]. As a result, Instant Har-
monies’ zero-installation model aligns with the ubimus
goal of expanding opportunities for creative expression and
engagement by casual stakeholders [1].

5.3 Limitations

Three technical limitations need to be acknowledged.
Firstly, MIDI 1.0 defines no capability-inquiry handshake,
so MTS support cannot be identified automatically [24].
Secondly, our MPE layer relies on synthesisers that cor-
rectly identify and respond to RPN 0 messages; if the
synthesis engine ignores non-default sensitivity values,

the resolution decreases from 0.024 to about 0.59 cents.
Thirdly, there is a potential for timing drifts when sending
data over a USB-MIDI interface. The Web MIDI API is
currently at Working Draft status, with support limited to
Chromium-based browsers. Since version 108, the Firefox
version on a first run prompts the user to install an add-
on. Neither implementation supports real-time MIDI 2.0
transport. Furthermore, Apple Safari/WebKit does not im-
plement Web MIDI at all, a decision Apple attributes to
fingerprinting concerns [27]. For non-expert users, this de-
pendence on MIDI hardware implies some familiarity with
MIDI configuration that can present a barrier [20]. The
extension of support to a second, independent engine sug-
gests a trajectory of broadening adoption that may, in time,
encompass most real-time MIDI 2.0-compatible platforms.

Future work on Instant Harmonies will focus on address-
ing the following areas: (1) provide support for real-time
MIDI 2.0 UMP transmissions for an enhanced Web MIDI
API, thereby eliminating the 15-voice polyphony limit and
the overhead associated with allocating MPE channels; (2)
incorporate symbolic representations (such as MusicXML)
to avoid the latency associated with key-identification al-
gorithms, which demand a temporal window on the order
of one beat or more — before a stable estimate is available
and a scale retuning message can be issued; and (3) em-
ploy MIDI 2.0 Capability Inquiry (MIDI-CI) to automat-
ically negotiate the setup, yielding an entirely automated
device-discovery process.

6. CONCLUSION

In this paper, we have documented a multi-protocol MIDI-
based architecture that addresses the longstanding trade-
off between tuning accuracy and hardware compatibility in
adaptive Just Intonation: Instant Harmonies. IH employs
a hierarchical fallback strategy. MTS Scale/Octave Tun-
ing is utilised when SysEx permissions are available, and a
precision-optimised MPE mode — which locks pitch-bend
sensitivity to ±2 semitones by RPN 0 negotiations — is
used as a fallback if MTS is either unavailable or ineffec-
tive. A proof-of-concept MIDI 2.0 engine ensures forward
compatibility with future browser-based standards.

Both operational mechanisms surpass perceptual require-
ments: MTS provides an approximate 0.012-cent resolu-
tion (ca. 246 times a conservative 3-cent threshold); the
precision-optimised MPE layer furnishes a 0.0244-cent
resolution (approximately 123 times the threshold). The
proposed contribution is architectural rather than algorith-
mic: to the best of our knowledge, this is the first adaptive
tuning system to furnish a hierarchical fallback mechanism
between standard MIDI-tuning protocols — a mechanism



distinct from prior browser-based tools, which expose a
single tuning path. Furthermore, IH addresses direct exter-
nal hardware output from a zero-installation web-browser
environment. As part of the ubimus research agenda on
struck-string interaction [3–5], our system enables adap-
tive Just Intonation without specialised hardware or soft-
ware requirements. Audio examples (JI versus ET, adap-
tive retuning, and MTS versus MPE) and a glossary of
MIDI tuning terms are available online [28].
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