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Introduction

The Covid-19 pandemic brought about challenges to academia not seen before throughout the past
decades. Conferences as well as classes, concerts and other types of events needed to be cancelled
or moved to the online domain. Fortunately, networking technology has developed to such a degree
that the challenges were met to a considerable extent. Last year, we decided to postpone the
conference by a year as we had hoped that the pandemic would have subsided by now. These hopes
were largely dashed, but we will be using robust and convenient technologies to overcome the
obstacles imposed by the Internet, such as JackTrip for the choir concert on Tuesday night.

I would like to thank my team for their involvement in getting this conference off the ground, my
thanks also go out to our partners at the HAW Hamburg who have made a conscious decision to
overlap their Klingt gut! conference with us, and to the many undeterred participants who will be
joining from their respective locations around the globe. I hope that by next year will be able to see
each other in person again. I would also like to acknowledge the sponsors of this year's conference:
The federal ministry of education and research (BMBF), the Hamburg authority for science,
research, equality and districts (BWFGB), via their Innovative Hochschule and
Landesforschungsforderung programs, the TENOR Network via the Canadian SSHRC program and
the HfMT for providing the infrastructure for this memorable event.
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ABSTRACT

In many variants of Common Western Notation (CWN)
more than two voices can be notated together in one
staff. Reading this kind of multi-voice notation implies
complicated parsing decisions, taken by the trained
musician’s brain in most cases non-knowingly. This
article makes them explicit, supposing a theoretical
maximum of information retrieval and formal consis-
tency.

1. INTRODUCTION

When talking about musical notation, very different
viewpoints can be sensible. One of these is “nota-
tion as a precise encoding”, which means that the
graphic components of the notated piece of music can
be translated by a mathematically well-defined pro-
cess into the elements of a semantic model, and vice
versa. While this approach is obviously not fully ap-
propriate to most empirical situations, it can never be
totally absent, because it represents an abstract and
idealistic “basic idea of notation” as a perfect encod-
ing system.

The method of mathematical re-modeling as applied
in our SemPart project creates compound mathemati-
cal models, intended to mimic by a precise mathemat-
ical operation the empirically and historically given
processes of encoding and decoding music notation.
Thus these models define the semantics of notation,
and the grid spanned by their variants offers precise
nomenclature for semantic and stylistic differences.

We concentrate on the Common Western Notation
(CWN), which has evolved since the 17th century, has
been successfully adapted since then in many variants
to new developments in composition, practice and the-
ory of music, and is nowadays still in vivid develop-
ment.

The created models basically consist of (a) a com-
paratively simple mathematical structure representing

Copyright: ©2020 Markus Lepper et al. This s an
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Creative Commons Attribution 3.0 Unported License, which

permits unrestricted use, distribution, and reproduction in any
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the graphical appearance ( = “external representa-
tion” = “syntax sphere”), namely the graphical com-
ponents’ classes and the syntactical rules for their com-
bination, (b) a collection of arbitrarily complex mathe-
matical objects (values, vectors, sets, relations, func-
tions, constraints) representing the intended musical
parameters ( = “semantic sphere”), (c) a mathemati-
cal function mapping syntax to semantics ( = “parsing
function”) and/or (d) a function mapping semantics
to syntax ( = “writing function”).

For all the technical details and philosophical impli-
cations of this approach see [1], where we applied this
method to the notation of musical dynamics. From
these principles are relevant for this article:

(A) In no case there is “one single true semantic
model”. Instead, we always found a multitude of sim-
ilar models (or to say: one model which can be widely
parameterized) which represent different usages from
contemporary or historical practice. These differences
range from slightly different flavors to opposite and in-
compatible approaches. The intention of the SemPart
project is to present the different models to the domain
specialists of historic or systematic musicology, music
pedagogy, music performance practice, editing, print-
ing, computer programming, etc., to let them select
according to their needs, and so offer to all of them a
nomenclature for talking about common features and
differences in a more precise way.

(B) While the historic evolution and the social pro-
cesses are the main forces which have defined the syn-
tax and semantics of music notation, this is completely
excluded from the modeling. The SemPart method is
an ahistoric one, which refers to examples from history
only for inspiration and for an a posteriori verification
by application.

(C) There are important empirical results about the
reading process of music notation, e.g. [2], [3], [4]
and [5]. The meta-study [6] evaluates 15 studies on
eye movement “to support the crafting of more well-
founded research hypotheses and the more system-
atic design of experiments”. Applying methods from
psychology and neurology, all these are completely
complementary to our approach, which extracts by
abstract methods an idealistic information contents
which can only serve as the theoretical maximum of
retrievable information. Omne could say we define a



proposal for the “Abstract Internal Representation”,
as it is graphically symbolized by the question mark
in Figure 1 of [4], and which is explicitly not part of
their work. E.g., we define a parsing algorithm only
to define the abstract information contents, not as a
concrete model of the empirical process of reading.

(D) The re-modeling approach presented in this pa-
per also differs fundamentally from the well-known
task of voice separation, see [7], [8] (both also for sur-
veys), [9], [10] and many others. Those papers cover a
concrete data-processing task, required for automated
music notation, analysis and retrieval, and the dif-
ferent solutions take into account very different as-
pects of perception, precision, historic rules, technical
representation, etc. In contrast, the SemPart project
addresses a more basic level and simply tries to con-
cretize (the different variants of) the mental and cul-
tural definitions which are applied when notation is
read or written by human actors. This concretization
is also given in form of an operational semantics, i.e.
an algorithm which must be executed to yield results,
but this algorithm is only the means for the analyses,
not their purpose.

2. PROCESSING PIPELINE FOR
PARSING MULTI-VOICE STAVES

2.1 Outline of the problem

This paper applies the fundamental modeling tech-
nique of the SemPart programme to the task of recog-
nizing more than two voices notated in the same staff.
The idiosyncrasies of the historical evolution of CWN
made this parsing process much more complicated and
thus mathematically interesting than it appears at the
first glance: In daily practice it is nearly always exe-
cuted by any musician without further difficulties, but
also without realizing the complicated intellectual pro-
cesses required. The following algorithms do nothing
more than making these processes visible.

For the following discussion, a voice is a sequence of
adjacent notated events in time. Each event can be
a sounding event (=sound) or a pause and has one
particular duration, measured in some musical time
system. !

Even the oldest known example of Western Notation
writes two voices in one staff (Musica Enchiriadis, us-
ing text syllables for note heads, see page 57r of [11].)
Much later, in Ars Nowva, stem direction was used for
voice indication [12].

Later more than two note heads simultaneously ap-
peared in course of notating instruments which are
capable of (sporadic) chord playing. This case is not
covered in this article.

Here we look only at more than two parallel, inde-
pendent and contiguous voices sharing one staff. In

1 For this article we assume without loss of generality this
time system to be metrical duration, with the conventional ra-
tional numbers as duration values, and with the conventional
graphical duration symbols. Nevertheless, the algorithms pre-
sented in the following would work also on arbitrarily different
bases.

i Mittelstimme marcato

Figure 1. Different note heads for filtering voices

practice, these appear (a) in orchestra scores, when
more than two “voices” in the sense of “note text
for one melody instrument” are comprehended in one
staff, and (b) in notes for keyboard instruments, where
“voices” in the sense of abstract “voice leading” can
spontaneously come into existence and vanish again.
(Case (b) comprises also some string instruments like
guitar, harp, hackbrett etc.)

Esp. in piano literature, starting with the pre-classics
like C.Ph.E. Bach and D. Scarlatti, complicated com-
binations of these “keyboard voices” have been real-
ized. Here we do not discuss what these voices are
intended to represent, whether they are meant to be
heard by the listener, how they should be played by
the musician or whether they live only on a pure con-
ceptual level, etc.

Here we are interested only in the mere graphical
notation and how this is decoded or “parsed” into a
data set which identifies the relation from events to
voices(= to voice names). For this we feed one single
staff with its contents, called original staff, through a
pipeline of processing steps.

2.2 Vertical filter

The first step separates the information from different
layers in the original staff if they are immediately dis-
tinguished by a graphical attribute. In course of the
more and more complicated voice textures, especially
in piano literature, some authors used such attributes
for a first clarification of the voice leading. The most
common means are to use a smaller size of note heads
for marking one particular voice. Also different note
head forms are possible, like cross or diamond. Fig-
ure 1 shows an example from a 20th century piano
sonata.

In modern scores, for instance if presented on a dig-
ital display, also different colors are easily possible.

If such a graphical attribution is present, this step
separates the contents of the original staff into sepa-
rate homogeneous staves according to these attributes,
called filtered staves. In case that horizontal gaps do
result, these have to be filled by additional pauses.
The next steps are applied to each of these filtered
staves separately in basically the same way as to a
homogeneous original staff.



2.3 Horizontal segmentation

In an orchestra score, when several melody instru-
ments share a staff, the identity of the instruments
is established by some explicit voice order declaration.
It lists the names of the instruments in one particular
sequential order, which shall be mapped by the reader
to the vertical order of the simultaneously executed
events.

In many cases this explicit declaration is not constant
over the whole duration of the score but changes by ez-
plicit (voice order) re-declaration. For our algorithm,
a staff can be cut at such a point and the resulting seg-
ments treated separately, if this declaration mentions
all existing voices. Otherwise its evaluation is much
more complicated and part of the parsing process, as
explained below.

In keyboard music the voices are (normally) not named
or declared explicitly and can come into existence and
vanish again spontaneously. Here we must cut be-
tween segments with different numbers of voices and
treat them separately. 2 The naming of the voices
(which is needed by the algorithm) is thus implicit
and synthetic, like “voicel”, “voice2”, etc.

Contrarily, in keyboard fugues like “Das Wohltem-
perierte Klavier” the number of overall voices is given
by the title like “Fuga & 5”, which can be expanded to
a canonical initial voice declaration “v1, v2, v3,
va, v5”.?

2.4 Input data of the algorithms

Finally we apply parsing to each staff data which re-
sults from vertical filtering and horizontal segmenta-
tion. The task is to map each note head to a voice
name, given the sequence of note heads and an initial
voice order declaration.

We model the notation text as a sequence of sets
of note heads. The type K in module perLineas in
Table 14 represents one note head as a tuple of its
duration (as a rational number), pitch (natural num-
ber for the vertical position in the staff), “fine x” (the
horizontal order of the note heads which belong to the
same “chord” / time point), the direction of the stem,
a flag whether it is a pause, and optionally the start
coordinate of an incoming voice leading line. Such a
coordinate from Ptx is a tuple of score position (as
defined below), vertical position (=pitch) and fine x
value and thus identifies a note head unambiguously.

The complete input data to the parsing algorithm is
of type N. It includes a sequence of sets of note heads
from PK. All note heads in such a set are played

2 A change in the visible number of voices can also result
from pause sharing and should be treated accordingly, see sec-
tion 3.1.

3 In practice, two different and disjoint declarations for both
staves of the keyboard staff must be generated. This problem
is not treated in this article, — all algorithms here treat one
single staff only. Furthermore, they may appear more voices
than mentioned by the title, typically in a coda section.

4 The mathematical notation is based on the well-proven
Z notation [13], with only few extensions for brevity. See the
appendix for details.

synchronously. The sets follow with non-zero delay in
temporal order; the index into this sequence is called
score position, is taken from N; and corresponds to
the sequence of passing musical time points. °

At each combination of score position and voice, there
is exactly one note head (not tied to its predecessor) or
pause symbol, iff the preceding event in this voice ends
at the time point represented by this position. These
voices are called (currently) active (at this score posi-
tion); the other voices are overlapping. Thus the main
task is to create at any given score position a bijective
map between its note heads and its active voices.

Beside these sets, each score position can carry two
lists of voice names from V for voice re-declaration,
see section 4.1 below. So N represents the above-
mentioned syntaz sphere of the translation model. The
semantic sphere is represented by the data type R
which represents the result of the parsing algorithm,
see section 4.3 below.

Since traditionally the “first oboe” sounds higher
than the “second”, the declaration sequence of voice
names from left to right is mapped from top to bottom
to the note heads, which corresponds to the physical
pitch of the sounding events. This results in the cur-
rent (physical) voice order (=CVO). The CVO is a sta-
tus data which reigns the assignment of note heads to
voice names. It can be altered by subsequent explicit
re-declarations, but also by voice leading lines and by
other necessities resulting from the parsing process.
Therefore it must be passed through all functions of
our parsing algorithm as an explicitly modeled datum.

3. ISO-RHYTHMIC VOICES

First we analyze the situation in iso-rhythmic settings,
i.e. without overlapping voices. The results of voice
crossing analysis can easily be transferred to the more
complex case of hetero-rhythmic voices, but doing so
for pause sharing is left to future work.

5 In the Z formalism, which is the basis for our modeling,
indices of sequences start with the number One(1).[13] Thus
the encoding of the notes in Figure 2 is a sequence of sets of
tuples. starting with
<{(1/47 6”7 1,1, true, J—)v (1/47 6/7 1,1, true, J—) }7

{(1/4,€"”,1,1,false, L),(1/4,¢',1, L, true, 1) },
{(1/47 6”7 1,1, false, J-)7(1/47 6/7 1,],false, J—)}v

and the top line of Figure 2 holds the data
({(3/8,4",1,1, false, 1),(3/4,€¢",2,1,false, L),
',2,7,false, 1),(7/8,c,1,|,false, L) },
,1,1, false, 1)
/. 1,1, false, 1)
//’ 1, T7 false, J—):
’,1,],false, 1)
//’ 1, T7 false, J—):
gl7 17 Ta false, J—)v

)

(
}
}7

(3/4,h/,1,1, false, 1) },
%1/2,d’/,1,T,fa1se,L),
(1/276/717~L7false7J-) }7

70//»17T7falsevj-)7(1/47 al727T7false»J-) }7
h',1,1, false, 1) },
alz 1,1, false, J—)7 (1/8’ 6/7 2,1, false, (27 h/’ 1))}7
d’,1,1,false, 1) },

8
8,
4
8

)
)



module perLineas

C = {141}

// stem direction: up, down, not present
PtX:Nl XNl XN1

// coordinates: score position, pitch, fine ©
V. // given Type: Voice names

K =Q xN; x Ny x C x bool x optPtx

// note head = duration, pitch, fine z,

//  stem, is pause, start of incoming lead line
N = seq(PK x iseqV x iseqV)

// score data = note heads and voice decls.
R =V —»iseqPtx

// result, maps voice names to the

//  coordinates of their note heads

lexSquash : (A -» seqZ) — iseqA

// sort the key elements by the mapped values,
//  lexicographically.

sortHx, sortHy : PK — iseq K

sortHx (k) = lexSquash(k < m3)

sortHy (k) = lexSquash(A\x : k e (=1 x ma(x), m3(x)))

module *perLineas.pausae

import perLineas

d:Ny // number of voices active in k
k: iseq K

Vijei<j = m(k(i) >
pausae(R) = {i : Ny | ms ((0)) = true}
pSequ( ) = pausae(k) \ succ(pausae(k))
pAdj(k) < ##pausae(k k) > #pSequ(%)
nonCommunes(k) = d=#k
maxCommunes(k) ﬂpAdJ(k)

defectis(k) <= d > #k A pAdj(k)

= (nonCommunes(k) \Y maxCommunes(E))
ambig(k ) — #d > #k A #pSequ( )>1

w2 (k(j))

true}

Table 1. Note heads and sharing of pauses.

3.1 Sharing of pauses

The historical development process of CWN brought
up many rules for special cases. These make the pars-
ing process non-orthogonal and complicated. Two of
them are

nota.perLineas.pausae.communes: Multiple pauses of
the same duration in adjacent voices may be repre-
sented by one single graphical symbol.

nota.perLineas.pausae.maxCommunes: Multiple pau-
ses of the same duration in adjacent voices must be
represented by one single graphical symbol.

The first rule is implied in the second. Module per-
Lineas.pausae in Table 1 shows the definitions of the
most important respective properties, when k is an
injective list of note heads and pause symbols, sorted
by vertical height.

To recognize (=parse) sharing of pauses, the total
number of intended voices must be known by some

a) b) c) d) e )
pAdj X g 0O X 0O X
nonCommunes X X o o o ad
maxCommunes O KX X O X 0O
defectis O O O x 0O X
ambig O O 0O 0 X X
d= 2 2 2 3 4 5

By
4
4
4

Figure 2. Top part check boxes indicate the prop-
erties of the note example below, given a particular
voice count d.

preceding explicit voice declaration. This is modeled
by d in that Table.

The set pausae contains all those indices where a
pause stands; the set pSequ(k) all those where a max-
imal group of adjacent pauses starts, e.g. {1,2,4} \
{2,3,5} = {1,4}. The property pAdj(E) indicates
that there are adjacent pause symbols. Figure 2 shows
minimal examples for characteristic combinations:

nota.perLineas.pausae.maxCommunes: All occurring
maximal groups of adjacent pauses have been replaced
by one single pause symbol.

nota.perLineas.pausae.nonCommaunes: No pair of ad-
jacent pauses has been replaced by one single pause
symbol.

nota.perLineas.pausae.defectis: At least one pair of
adjacent pauses has been replaced by one single pause
symbol but another pair has not.

nota.perLineas.pausae.ambig: There are multiple pause
symbols which can be expanded to the eliminated pause
symbols.

The minimal voice number for ambiguity is indeed
four: One non-pause voice is required to separate the
two pause symbols; one of these stands for two voices.
To combine this with defectis requires a further voice
with a non-replaced pause symbol.

These attributes play an important role in practice.
The piano reduction contained in Wolfgang Graeser’s
edition of Bach’s “Die Kunst der Fuge” BWV 1080
[14] consequently follows nonCommunes, which im-
plies —ambig and thus makes voice leading as clear
as possible. ® In contrast, Walter Denhard’s edition
of “Das wohltemperierte Klavier I” [15] changes fre-
quently: Fuga I & 4 starts with ambig, but Fuga III
a 3 with
—maxCommunes A nonCommunes. Fuga IV a 5 starts
with maxCommunes A ~ambig. © The second half of
measure 7 starts a new declaration segment of only
three voices (see section 2.3 above), because only these
are notated without any accompanying pause. Simi-
lar in measure 21, when the pauses of voice 2 suddenly

6 For these remarks we consider the two staves of the key-
board notation as one single staff. The formally correct treat-
ment of this case is complicated and out of scope in this paper.

7 Reading both staves into one additionally yields defectis,
which is an artefact.



disappear while those of voice 5 are visible. Contrarily,
measure 35 switches to ~maxCommunes, showing ad-
jacent note symbols. Starting with measure 77, even
ledger lines are employed for these.

3.2 Crossings of iso-rhythmic voices

One of the main concerns in many contexts is a light-
weight but unambiguous way to indicate temporal voice
crossings. This means that the physical top-down or-
der of the sounding notes of the voices contradicts the
declared voice name order (= CVO), but only for a
short time and without the need for a full voice order
re-declaration.

According to the historic evolution, all voices with
stem up notes are read as a multiplication (or split-
ting) of one original “upper voice” or “first voice”, and
all stem down notes correspond to a “second voice”.
Therefore a convenient but limited means for voice
crossing is the stem direction. Given a certain explicit
voice declaration (v1,vs,...,v,), and a set of n note
heads in which u < n are stem-up, then the first voice
names (v1,...,0,) are assigned to the stem-up note
heads, from top to bottom, and the stem-down note
heads are mapped to (vy41, ..., v,), again from top to
bottom.

In an iso-rhythmic setting, voice crossings can be ex-
pressed between the lowest voices with up-stem and
the highest voices with down-stem, but not among
voices with the same stem direction. Figure 3 shows
all possible situations for four-voice chords.

The number of all expressible voice crossings is cal-
culated as follows: Given a chord of n note heads, all
with stems and with heads on different heights (= dif-
ferent pitches), and w of them shall be stem-up. Then
there are (") possibilities to assign stem directions.

u
u = 0 and u = n do not allow any voice crossing, so

we get
n—1 n
> ()

u=1
for the number of possible assignments. For each
u, there is one combination which is not a crossing,
namely the first in each group in Figure 3. For the
number of all possible permutations (original order
plus all crossings) we must thus subtract n — 2. All
other permutations are indeed different, what can be
shown as follows: for any given u, the voices u and
u + 1 (counted from the top) have different stem di-
rections and thus are crossed in all combinations but
the very first (see Figure 3). For all m # u the voices
m and m + 1 have the same stem direction and thus
never cross. So all permutations are different.
Further normalization yields

The table in Figure 3 shows the absolute and rela-
tive numbers of expressible voice crossings in the iso-
rhythmic case.

4. PARSING OF FREE RHYTHMIC
VOICES

In hetero-rhythmic settings more voice crossings are
possible: At each score position only the active voices
(as defined above) get a new note head.® So arbi-
trary voice crossings can be notated between an active
and an overlapping voice, see Figures 4 and 7. Addi-
tionally, for more flexible voice crossings, it may be
sensible to allow changes of the stem direction, which
makes parsing significantly more complicated.

Voice crossings between active voices can be indi-
cated by explicit wvoice leading lines. These connect
visibly the latest preceding note head of a particular
active voice with a note head at the current score po-
sition and declares graphically that both note heads
belong to the same voice, see Figure 5.

4.1 Voice (re-)declarations

Initial voice declarations (at the beginning of a staff or
a segment) must mention all present voices. They can
come in two formats: (a) as one list of voice names
for all voices, or (b) as two separate lists for up- and
down-stem voices, written above and below the staff.
In any case, the respective numbers of names and
voices must match. In case of the single list, the lead-
ing names are matched to the up-stem voices and the
trailing names to the down-stem voices. The version
with two lists can contain slightly more information
when the staff begins with stemless notes, because it
declares the voices in the second list as “nominally
down-stemmed”, see Section 4.7 below.

A re-declaration stands at a particular score posi-
tion in the midst of a segment. It comes in similar
formats: (a) one list for both stem directions or (b)
two lists for up-stemmed and down-stemmed each, or
(c) one list only for up-stemmed or (d) one list only for
down-stemmed heads. These formats must be recog-
nizable by the position(s) and length(s) of the list(s).
Furthermore, the declaration can address different tar-
gets: (A) All voices appearing in the segment, or (B)
only the voices with a note head at this score position,
or (C) only the active voices (=only the heads not tied
to its predecessors).

Re-declarations either («) change the CVO, or (3)
they redundantly only confirm it and show it to the
reader for convenience. These are two fundamen-
tal different semantics, because the latter can be
erased from the notation without changing its mean-
ing. This results in twenty-four(24) combinations for
the types of voice re-declaration, all of which can be
found in practice. Figure 4 shows some examples.

8 1In the following we write “note head” for shortness, also
when “note head or pause symbol” is meant.
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Figure 4. Voice (re-)declarations and crossings

Ambiguities can only arise between cases cA vs. aB,
cA vs. aC, and ¢B vs. aC, and can in most cases be
resolved by the nominal stem direction of the named
voices.

4.2 Preparatory steps

To apply our algorithm to concrete examples from
practice, some preparatory transformations must be
applied. These model the extraction of additional
information for voice parsing (e.g. from beams and
slurs) which is done by the trained musicians brain
unknowingly. We realize it by adding explicit voice
lead lines, see Figure 5. Additionally all ties are re-

moved by replacing e.g. the combination J — ) by a

Figure 5. Preparatory adding of voice lead lines from
beams and slurs (not formalized in this paper)

single (artificial) note head with a duration value of
“5/8” . 9

4.3 Parsing

The following tables show different versions of a pars-
ing algorithm. This is done in a modular way of spec-
ification. Tables 2 and 3 show the fundamental and
auxiliary functions, common to all versions. Table 4
gives the more simple variant which treats filtered seg-
ments containing only one stem direction; Table 5
shows the more complex version in which each voice
may arbitrarily change its stem direction. Both algo-
rithms come in two different flavors, suonaeProzimae
and solumFExplicitum, as explained below. Result is
R, which gives for each voice the sequence of the co-
ordinates of all note head contained in that voice. 1°
The parsing function calc(n : N) calls the real com-
putation function step(..) ' with this input data, the

9 Indeed, the problem of “ties vs. slur” has most intricate
cases, philosophically and mathematically most complex. This
is left out in this article. E.g., the function assignp(..) in Ta-
ble 2, which treats explicit re-declarations, does not treat those
of type “B” but only “C”, so it does not need to know about
incoming ties.

10 Since coordinates represent the score position order inter-
nally, the modeling as sequences per voice is redundant, but
practical; semantically sets would suffice.

1 We write “f(..)” to refer to a function by its name, while
omitting the full type signature.



module *perLineas.extrahere[H]
import perLineas

read : N x Ptx » K
store: R X (V xN; x K) - R

// H = auziliary data = running status, parameterizable = CVO

// extract note head at given coordinate from score data

// assign voice at score position to note head

calc: N » R // main function = analyze score data and initial voice declaration
*initH : N -» H // initialize running status; defined by importing module

step: N XNy X (V-»Q)x Rx H-» RxH //score data, score position, voice ends, result, running status
assigny : Np X PV X PK x PK xseqV xPV X RxRxH » RxH

// score pos., active voices, heads with/without lead, re-declaration, active voices, old/current result, aux state
assignp : Ny X seqV xseqK x Rx HxPV xR-» Rx H

// score position, active voices, note heads, result, running status, old active voices, old result

assignp : Ny X PV X PV X PV x PV xseqK xseqV x Rx HxPV xR-» RxH

// score pos., overlap/tied/led/active voices, sorted heads, voice decls, result, old CVO, up-stem voices, old result
xphase2 : Ny X PV x PK xseqV xPV X RXRxH » RxH

// score pos., active voices, heads without lead, re-declaration, active voices, old/current result, auz state
sfinalize : Ny x Rx H XxPV x R-» Rx H

// score position, result, running status, old active voices, old result

lastOrd : R x PV — iseq V' // sort the set of voices according to their latest occurrence in the result
xaboveVK_ _,xequalVK__: R x PV — (V < K)

// result X stem dir — relation whether a overlapping voice is above/on equal height with a note head,

read(p, (m,t,:c)) =k < ke ﬂl(p(m)) Nk = (77 L@, 7)
store(r, (v,m, (,, t,z,-,_,_))) =7 ® {v = r(v) ~ ((m,t,z))}
initH(p) = (v, u)
cale(p) = m1( step(p, 1, (ranv) x {0}, (ranv) x {{}}, (v, u)))

g =min(rang)  V=¢q '({a0}) k=mi(p(m)) d=m(p(m))
#0U #£ #k = error( “Numbers of expected and notated note heads differ”, m)
kW:{k‘Ek‘Iﬂ'G(k‘)#L} kJF:k‘\k‘W
#kw =1 A #kp =0 = warning(”Redundant voice leading line”,m)
(r', W) = assigny (M, v, kw, kr,d, v, 7,7, h)
¢ =q® M :veqy+ mread(p, last(r'(v)))]
step(p, m, q,r, h) = step(p,m + 1,¢', 7', 1)

m > #p = step(p,m,_,r,h) = (r,h)

kw = mg(k) : Ptx  Jow e last(r(vw)) = kw
vw € v = error( “Leading line comes from non-active voice”, k)
r’ = store(r, (vw, m, k)) v =v\ {vw}
assigny (m, v, {k} U kw, kr, d,vo, 70,7, h) = assigny (m, v, kw, kr, d, vo, 70, 7', h)

aSSignW (m7 v, {}7 kFa da Vo, To, T, h) = phase2(mv v, kFa da Vo, To, T, h)

Table 2. Common and auxiliary functions for parsing two or more voices per staff

next score position to process (initially m = 1), a map
q of type V - Q which gives the next time point for
each voice (initially all point to 0), and the result ac-
cumulator, which is initially empty.

The data type H is a parameter specific for the vari-
ants of the algorithm. It threads additional auxiliary
status data through all function calls. Its initial value
is delivered by initH(..), which must be defined accord-
ingly in the importing module. 12 For brevity of the al-
gorithm, the score must carry a complete voice order
declaration of Type aA« with the very first event, and
(for the double stemmed case) the nominal stem di-
rection must be visible from the very first note heads.

12 Therefore the head of the module is marked with an aster-
isk, meaning “not a complete schema in the sense of Z”.

The function step(..) calculates the next time point
to process (= qo) as the lowest value in the map ¢, and
the set 7 of all voices active there. k are the note heads
at the next score position m, and d the voice name re-
declaration there, which at most score positions will
be empty. The set k is divided into those note heads
at which an explicit voice leading line arrives (= kyy,
from German “Stimm*W*eiser”) and the *F*ree rest
(= kp). First assigny(..) is called to process kyw. Af-
terwards the two variants of phase2(..) (in Tables 4
and 5) call the common functions assignp(..) if there
is an explicit voice re-declaration, or assignp(..) if not.
Afterwards, the specific function finalize(..) updates
the running status H.



assigng(m, (v) ~ a, (k) ~ 8,7, h,vg, 1) = assigng(m, a, B, store(r, (v,m, k)), h, vo, 7o)
aSSignF (ma <>7 <>7 T, h7 Vo, 7ﬂO) = ﬁnalize(m7 T, ha Vo, TO)
A= edomrnN|k=last(r(v)) e (—1x*ma(k), m(k),m3(k))

lastOrd(r, v) = lexSquash(A)

if #d = #v3 + #v4d
, else if #d = #v2 + #v3 + #v4

then zip(m, vg, lastOrd(r, vs), E, d,r,U)
then zip(m, vy, lastOrd(r, vo U ’Ug),/k\/‘, d,r,U)
else if #d = #vl + #v2 + #v3 + #v4d  then zip(m, vy, lastOrd(r, vy U vy U vg),E, d,r,U)

else error( “wrong length of voice declaration list”)

assignp (m, v1, va, v3,v4, k, d, 7, h, U, 7o) = finalize(m, r’, h, v3 U vy, 1)

zip(m, v, (v) ~ a, (k) ~ K, {d) ~ d,r,U)

// score pos., voices to allocate, fized voices, heads to allocate, declarations, result, nominal upstem voices
if v=d then zip(m,v,a, (k) ~ k,5,r,U)

else error( “declaration contradicts overlap/lead”,d,v)

if (v aboveVK, iy k) then {

= else (vequalVK, ;; k) A v=d then zip(m,v,a, (k) ~x,d,7,U)
then zip(m,v \ {d}, (v) ~ o, K, 0, store(r, (d,m, k)),U )

elseif de v

else error( “Voice for note head is not active”,d, k)
. ( {} < > <> <d> 5 ) if v=d then Zip(ma {}a «, <>7 5a T, *)
zip(m, {}, (v) ~ o, (), (d) ~6,7r,_) = . )
P else error( “declaration contradicts overlap/lead”,

Zip(m, {}7 <>7 <>7 <>’ Ty *) =r

Table 3. Common and auxiliary functions, continued.

module perLineas.extrahere. ‘SuonaeProximae sohnnExplicitmn‘ . ‘X ‘

import perLineas.extrahere[iseqV]

v =m(p(l))

// parameter H used to pass through the CVO

initH(p) = if (#v = #m1(p(1)) then v else error( “Error in initial voice declaration”)

// #kr = #v

phase2(m, v, kg, d,vo, 70,7, h)

if d=() then assignp(m, squash(h>v), sortH(kF), r, h,vo,70)
else assignp (m, ranh \ vo, {},v0 \ v, v, sortHW(kF), d,r, h,{},70)

finalize(m, 7, h, vo, 7o) = (r,| lastOrd(r, Ny) /11§ (ID, & (lastOrd(rg, vg) ! 5 lastOrd(r, v9))) |)

v aboveVK,, k<= ma(last(r(v))) > ma(k)
vequalVK, k <= ma(last(r(v))) = ma(k)

Table 4. Parsing multiple voices with all the same stem direction

On return from assigny (..), the function step(..) cal-
culates for all active voices their next time points in
the map ¢’: last(r'(v)) is the latest score coordinate
recognized as part of v; read(p, last(r’(v))) reads the
event at this position of the input score; 7 (..) extracts
the duration.  Then step(..) calls itself recursively,
until the input data from N is exhausted.

In assigny(..), the variable k steps through the note
heads kvw; the start coordinate of the voice leading
line arriving there (= mg(k)) must come from a note
head which exactly ends at the current time point. So
the voice assigned to it must be active (v, € v). It is
assigned to k by calling the auxiliary function store(..)

and is removed from the set v. 13

The function assigng(..) simply assigns the voices in
its second argument to the note heads in its third, in
that sequential order provided by the caller.

The function assignp(..) gets in v;..v4 the sets of
voices which are overlapping/tied /with lead-lines/still
to allocate, and in d the declaration text. It recognizes
cases aA, aB and aC, as defined in Section 4.1, by
comparing the cardinalities of the sets. '* It always

13 The set of all initially active voices and the old result,
before evaluating the voice leading lines, are additionally passed
through by the function arguments vg and rg, because they are
needed later by one of the algorithm’s variants.

14 For brevity, cases b to d are not supported and case B is not
called by the other modules: for brevity, ties are not modeled
in our data. The algorithm treats cases o and 8 uniformly and



holds that #vs = #k. It calls zip(..), which iterates
synchronously over three lists and one set. It gets as
many declarations in d as voices in ¥Uv’, and as many
un-assigned voices in ¥ as heads to assign in k. It
can assign the next note head (in the respective sort-
ing order) to the next entry in the declaration, if this
voice is in the set ¥ (= still unassigned). Otherwise it
checks whether the topmost assigned voice (=overlap-
ping, with lead lines, etc.) is in sync with the declara-
tion. When the topmost note head and the topmost
assigned voice are on the same height, both alterna-
tives for their nominal order are considered. The set
U of all nominal up-stemmed voices is only needed to
compare the height of the current note head and the
current assigned voice: in the double-stem case each
nominally up-stemmed voice is infinitely higher than
any down-stemmed note head.

4.4 Parsing only one stem direction

The first and more simple case is to process only all
voices with one particular stem direction, see Table 4.
The arguments for assignp(..) are simply the currently
active voices in the sequential order of the CVO and
the sorted noted heads. (h>wv is the “range restric-
tion”, which selects from the sequence h all maplets
which point into v, and squash(..) compactifies this
to a sequence.) The note heads are all those with
no arriving lead line, sorted according to the selected
method, see next section.

4.5 Two methods of note head sorting

For the sorting of the note heads (see Tables 4 and 5,
for calling assignp(..) and assigng(..)) there are two
different methods: sortHyx sorts by the “fine x” hori-
zontal position only; sortHy sorts by pitch = vertical
position, and subordinately by fine x position, if nec-
essary. Both functions are defined in Table 1.

These two methods imply fundamentally differ-
ent ways to express short-term voice crossings:
The method perAltitudinemCaputis uses sortHy and
assumes that the physically lower voice is mentioned
later in the CVO. The horizontal position is used as
secondary criterion, only in cases of equal height. This
method is widely used and allows sharing of stems and
note heads (see below Section 5).

The method perCaudaeSequentiam uses sortHx and
defines the sequential order by the x position of the
stem only. Therefore it can easily express short-time
voice crossings, see Figure 6. It is not found as fre-
quently as the preceding variant, but can also be found
in practice.

4.6 Two strategies of changing the CVO

The four modules combined in Table 4 also differ in the
strategy the CVO is finally affected by the crossings

can easily be enhanced for detecting and signaling them.

PN M S P
NS ST P

VYV

Figure 6. Voice crossing by x position of stems: voice
one goes c-g-c-g, vs. voice two with g-c-g-c

sl

suonaeProximae 1 1 1
(=physical) 2 4 4
3 3 3
4 2 2
solumEzxplicitum 1 1 1
(=nominal) 2 3 3
3 2 2
4 4 4

Figure 7. Physical vs. explicit-only changes of the
CVO. Voice names below notes, changes in bold.

between active and overlapping voices: perLineas.ex-
trahere.suonaeProximae takes the complete finally re-
sulting physical order (calculated by lastOrd(r,Ny),
see the left part of the last box in the Table) as the
new CVO, which will reign the parsing step at the
subsequent score position.

Contrarily, perLineas.extrahere.solumEzplicitum lets
only explicit changes (by voice order re-declaration
or by voice lead lines) change the CVO. The calcu-
lation is more complicated: lastOrd(rg,vg) is the se-
quential order of only the free voices, before any pro-
cessing/assignment at this score position had been
started. lastOrd(r, vg) is the same after all evaluation.
So lastOrd (7, v) ~t3lastOrd(r, vg) is the permutation
of these voices, a mapping from voice name to voice
name. This permutation is now expanded to a map-
ping which is the identity on all other voices and then
applied to the old CVO. (This is the only place where
the function parameters vg and 7y are needed.)

The effects of both strategies are illustrated in Fig-
ure 7: The last chord has different voice assignments
depending on the CVO calculated after processing the
next-to-last score position. These are again two fun-
damentally different semantics which must be de-
clared or found out when talking about a given text.

4.7 Parsing both stem directions

Here the parameter H is set to iseqV x Ny. The
CVO is the sequence of voice names, first the up-
stemmed, then the down-stemmed, and the additional
value (called w in the following) is the index after

which the latter start (=the count of up-stemmed voices).

5 . . . . .
15 Of course, suonaeProrimae is only sensible in combina-

tion with perAltitudinemCaputis. In perCaudaeSequentiam the
height of notes does not influence the CVO anyhow. See Sec-
tion 5 for a survey on the sensible combinations of strategies.



module perLineas.extrahere.duplex. ‘suonacProxima() S()hllllEXph(fitllHl‘ . ‘X ‘

import Lmn.nota.perLineas.extrahereliseqV x Ng]

0}
({1.u}))

kDE{T,L,i} = {k € kg ‘ 7T4(k) =
kU = sorth

K=m(p(1)) v=m(p(l)) koeqp,ryy =1k € K| my(k) =0}
if #v #£ #K then error( “Error in initial voice declaration”)
initH(p, v) = < else if #k; =0 then (v, #kt)
else error( “Nominally up-stemmed voices not visible.”)

k= anyPerm(kq) ~ sortH(kL) ~ anyPerm(ky)
kD = SOI‘tHW(kF \ ran(kU))

_)ifd= ()
~ Jelse

v = {x € vy | ma(last(r(z)))
vy = h({0..u}) wvp = (ranh)\ vy

phase2(m, v, kp, d, v, ro, 7, h)
then assigngp(m, squash(h>v), ky ~ kp,
assignp (m, ranh \ vo, {},vo \ v, v, ku ~ kp,d,r, h, A({0..u}), 7o)

=t} v, ={x €vo | ms(last(r(z))) =|}
vy = (vy Uvg) \ vy

T, (h’a U), Vo, TO)

vp = (vp Uwy) \ vy o' = Fog

finalize(m, r, (h,u),vo,70) =

(r (

lastOrd(r, v(;) ~ lastOrd(r, v})

‘/1‘(:)‘5{—1“56(/1. vo, #(vu Nvg), u,u’) § (IDN, @ ((lastOrd(rg,ve)~t ¢

lastOrd(r, vg)) )) ‘,u’))

rotate : iseqV X PV x Ny x Ny x Ny — iseqV’

vp = (squash(hvv))(w+u —u) p=h"'(vp)
s =1if v/ > u then {(u +
then IDy

else if v/ > u then squash(s)™'3

if u=1

else squash(s)™!

// CVO, active voices, number of active € orig. up-stem voices, old/new number of up-stem voices
// maz index to rotate
1)..p}<h else {p.u}<h

$ (squash(s>v) ~ squash(s&v))
squash(sﬁv) ~ squash(s>v))

5 (
rotate(h, v, w, u,u’) =
v aboveVK, y k<= (v € U A m3(k)

vequalVK,. ; k<= (m4(k) = LV (v € U <= my(k)

h¢(IDy @S)

D)V (v € UV ma(k) #DA(r:
)

(last(r(v))) > ma(K)))
(last(r(v))) = m2(K))

/\(’/TQ

Table 5. Parsing more than two voices with changing stem direction

Each voice is always treated either as “nominally up-
stemmed” or “nominally down-stemmed”, even if the
current note head (or pause symbol) does not carry a
visible stem. The membership in these two groups is
only altered if this is unavoidable, i.e. unambiguously
indicated by the graphical input.

The algorithm in the modules perLineas. extrahere. du-
plex. suonaeProzimae/solumEzplicitum in Table 5 is
basically the same as in perLineas. extrahere.suonaePro-
zimae/solumEzplicitum in Table 4. Main difference is
that the criterion whether a note head is higher than
a particular voice or higher than another note head
is additionally affected by the stem direction: All up-
stem voices and up-stem heads are infinitely higher
than all down-stem voices and down-stem heads. This
rule comes into play when sorting note heads, compar-
ing note heads with voices (see the new definition of
aboveVK_ ) and calculating the new CVO. For exam-
ple, the physical variant suonaeProzimae (see the left
part of the last box in Table 5) extracts the physi-
cal order of all up-stem voices and appends that of

10

the down-stemmed, so that physical crossings between
both groups do not affect the CVO.

4.8 Voices changing the stem direction

The algorithm assigns the note heads to the active
voices in the above-mentioned order: all up-stemmed
precede all down-stemmed. But the numbers need not
match: There can be more or less nominally up-stem
voices in the currently active voices than there are up-
stem note heads. The algorithm applies the minimal
necessary change of direction assignments on the fly.
Only in case solumEzplicitum special means must
be taken by prepending the permutation delivered by
rotate(..), see Figure 8: The y-axis means increasing
pitch, with up-stem notes infinitely higher than down-
stems; all horizontal lines are overlapping voices; the
four eighth notes at score position T (1 up and 3
down) shall proceed to the four eighth notes at T (3
up and 1 down). There are explicit voice leading lines
for v1 and v8 (see the solid lines), the proceedings of
v4 and v6 follow from the algorithm (see the dotted
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Figure 8. Preparatory rotation of voice names to
enable the necessary change of stem directions
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Ir !
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|
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Figure 9. Possible combinations of semantical strate-
gies (solid boxes) vs. graphical representations =
stylistic variants (dashed boxes)

lines). The algorithm perLineas.extrahere.solumExpli-
citum simply applied the resulting permutation of the
voice names to the CVO. But here the value u (=
the number of up-stemmed voices) changes, and the
lowest up-stemmed voice (v1 after the permutation)
must precede the highest down-stemmed voice (v3) in
the CVO. Therefore the graphically indicated permu-
tation rotate(..) (as defined in Table 5) of all voices
in s = {v3,v4,v5,v6} is prepended. This leads to
the intermediate situation (X). Now u can be replaced
by v/, changing the number of nominally up-stemmed
voices, and the permutation of voice names can be
applied as in the simple case.
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5. GRAPHICAL APPEARANCE OF
MULTI-VOICE STAVES. POSSIBLE
COMBINATIONS OF STRATEGIES

The strategy perLineas.caudaeCommunes allows the
note heads of different voices with the same score posi-
tion, the same stem direction and the same head form
to share the graphical representation of the stem. Fre-
quently found is also the more lenient variant perLin-
eas.caudaeCommunes.div allowing stem sharing for note
heads of different forms (i.e. quarters and halfs), and
the more restricted perLineas.caudaeCommunes.idem-
Puncta requiring the same head form and the same
number of prolongation dots [16, pg.55]. While the
parsing method perAltitudinemCaputis is used, these
transformations are purely graphical and can be intro-
duced or removed without changing the information
contents. This is not longer true with perAltitudinem-
CaputisVelSequentiam and perCaudaeSequentiam. A
further wide-spread restriction is perLineas.caudae Com-
munes.trabsCompleta: If the stems are connected to
a beam, than either all or none of the notes of the two
voices under this beam share their stems.

Vice versa, perLineas.caputCommunis allows two voi-
ces with stems in different directions to share a note
head, if score position, vertical position, duration (in-
cluding prolongation dots) and accidentals are the same.

More lenient is [nota.vox.perLineam.caput Communis
.punctaMizta, which allows different numbers of pro-
longation dots. This can be found in practice (Beetho-
ven, piano sonata opl4/1, 1.mvmt., m.7pp,[17]) but is
not always accepted in text books ([16, pg.55, point(7)]).

Figure 9 shows the possible combinations of these
graphical strategies with the different semantical strate-
gies defined in this paper.
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A. MATHEMATICAL NOTATION

The employed mathematical notation is fairly standard,
inspired by the Z notation [13].
add some overloading. Important constructs are:

For leaner notation, we

P A Power set, the type of all subsets of the
set A, incl. infinites.

a\b The set containing all elements of a
which are not in b.

Ax B The product type of two sets A and B,
i.e. all pairs {c = (a,b)la € AAND € B}.

Tn The nth component of a tuple.

A— B The type of the total functions from A
to B.

A-» B The type of the partial functions from A
to B.

A+ B The type of the relations between A and
B.

ar—b An element of a relation; simply another

way to write (a, b)
Domain and range of a function or rela-
tion.

dom a,ran a

S<R = RN(S xran R), i.e. domain restriction
of a relation.

Rb>S = RN (domR x S), i.e. range restriction
of a relation.

R»S = R\ (domR x S), i.e. negative range
restriction of a relation.

fQs) The image of set s under function or re-
lation f

rt The inverse of a relation

IDA = {a € Ae(a — a)}, the identity rela-
tion.

rss The composition of two relations: the
smallest relation s.t. a r bAb s ¢ =
a (r§s)c. (first apply 7, then apply s)

rds Overriding of function or relation r by s.
Pairs from r are shadowed by pairs from
s:
r@®s=(r\ (doms x ranr)) Us

seq A The type of finite sequences from ele-
ments of A i.e. maps Ny -» A with a
contiguous range {1..n} as its domain.

iseq A The type of injective finite sequences
from elements of A

squash(a) Turns any partial function N; - A into
a seq A by compactifying the indices.

last(a) The last element in a sequence

O The empty sequence.

a~f Concatenation of two lists.

#a The magnitude of a set (=number of con-
tained elements).

Functions are considered as special relations, i.e. sets of

pairs, like in “f U g”.
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ABSTRACT

The NEXUS live notation system, the latest product of
the Hayden-Kanno collaboration, contrasts with their
previous projects which utilised live DSP and synthesis.
NEXUS is first discussed in the contexts of a comparison
of Kanno’s experience of performing solo violin works
involving the live generation of music in both the audio
and symbolic domains, and the affordances of Common
Practice Notation for generative music. As with previous
Hayden-Kanno projects, the main goal is the creation of a
musical work which is fluid and spontaneous, both in
its global form and specifics of detail, yet maintains a
sonic consistency and coherence, but now in the symbolic
domain. The implications of performer reading and
interpretation for system design are explored. The
second half of the paper outlines the main functions of
the Max patch, how GMN code is generated for rendering
as CPN in INScore during the performance, and, of the
performer GUI which constrains the stochastic processes
underlying the generation of specific musical parameters,
general textual characteristics, and global formal shaping.
The challenge was to formalize Hayden’s compositional
procedures so the generated notations retain a musical
identity and interest, whilst leaving space for Kanno’s
interpretative decisions and being technically simple
enough to be sight-readable. The uses of the system for
hybrid performance and compositional applications are
discussed, and some directions for future development.

1. INTRODUCTION

1.1 The NEXUS project: antecedents

As part of an ongoing collaboration involving the artistic
potentials and affordances (after Gibson) [1] of new music
technologies, composer Sam Hayden and violinist Mieko
Kanno extend their practice-based research into the area of
‘live notation’, used as both a real-time composition and
performance tool. Their previous Arts and Humanities Re-
search Council (AHRC, United Kingdom) funded research

Copyright: © 2020 Sam Hayden and Mieko Kanno. This is an open-ac-
cess article dis- tributed under the terms of the Creative Commons At-

tribution License 3.0 Unported, which permits unrestricted use, distribu-

tion, and reproduction in any medium, provided the original author and
source are credited.
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collaborations resulted in two works for electric violin (Vi-
olectra') and interactive computer: schismatics 1I (2010)
and Adaptations (2011) [2]. schismatics II involved seven
movements of fixed notation (in a fixed order) with real-
time DSP. Adaptations involved various short modules of
fixed notation performed in an indeterminate order, also
with real-time DSP, to which the computer adapted to the
performance using Nick Collins’ machine listening and
learning system (ll~ object) [3]. The patches were designed
to run autonomously but can be used as a digital ‘instru-
ment’ with input from a (human) performer. Given Hay-
den and Kanno work primarily with Common Practice No-
tation (CPN), a domain which, according to Legard and
Morgan ‘...remains a necessary symbolic language for
composers to communicate their intentions to perform-
ers’[4], the NEXUS project takes Hayden and Kanno’s col-
laboration in a new direction, the emphasis being on the
live generation of CPN, where previously it was live audio
processing. As a result of having worked in a composer-
performer collaboration for more than 10 years, this pro-
ject allows detailed consideration of where the boundaries
between composer and performer lie in an artistic practice
that uses technology-mediated CPN.

2. AESTHETIC COMPARISONS: DIFFERENT AP-
PROACHES TO LIVE GENERATION OF
SONIC/SYMBOLIC MATERIAL

2.1 New perspectives on live notation?

One might legitimately ask what ‘new’ perspectives are on
offer from the NEXUS project to the field of live notation.
The technology is well-established (Max + INScore), as
are the use of generative algorithms such as Markov
Chains and other stochastic methods. The aesthetic goal of
having the notation be different in every performance yet
maintain a coherent identity, and the common issues and
solutions around live notation (e.g. making the music easy
to sight-read by imposing constraints and combining pre-
generated and live material) are also familiar territory.

! Violectra is a range of custom made, skeletal-frame, electric violins, vi-
olas, cellos, and vio-basses, designed and made by David Bruce Johnson
(Birmingham, UK, since 1992); http://violectra.co.uk/violin/



Nevertheless, we consider that there are three key ques-
tions at the heart of the project that require exploration:

e  Why we find the combination of CPN and genera-
tive music an attractive creative option.

e Which are the effects of reading and performing,
i.e. symbolic interpretation, on the part of the per-
former, on the system’s aesthetic function(s).

e  What are the risks to which this system exposes
Hayden and Kanno, in terms of their established
professional practice.

Our answers to these questions shed light on the nature
and significance of this project, both in terms of the devel-
opment of the Max programming and the actualisation of
the work as performance; an examination of the relation-
ship between system and performance offers a unique per-
spective to the live notation research communities.

2.2 Common Practice Notation (CPN)

In order to examine the creative potentials of Common
Practice Notation (CPN) and generative music, it is useful
to first discuss the musical affordances of CPN per se.
While ‘sight-reading’ frequently refers to the reading ‘on-
the-fly’ of CPN, the use of notation in music improvisation
(technology-mediated or otherwise) involves a much
wider range, including images, graphics, text and other
metaphorical stimuli. It is often assumed by practitioners
that in a live performance setting involving the reading of
material, the use of non-standard notation is more creative
and ‘open’ than CPN, engendering more freedom and pro-
moting more creativity and structural coherence by the
provision of ‘cues’. Conversely, the reading of CPN is of-
ten assumed to involve less creativity and be more pre-
scriptive, promoting (more) exact reproduction of the writ-
ten properties by its commonly understood specific rules
for reading, with its requirement for expert skill in sight-
reading. Yet, CPN has been used to promote more varied
readings, precisely because of its widespread use for many
centuries in Western art music. Harris emphasises the im-
portance of the quasi-linguistic understanding of CPN’s
representational aspects (emphasis by the authors):

‘Music reading depends on understanding the language,
instantly recognizing the symbols and knowing exactly
what they mean. You need to know the different keys, spot
recurring melodic patterns, really understand how
rhythms go and develop an instinct for fingering.’ [5]

The musical ‘language’ in traditional Western art music
consists of varied parameters, including pitch, rhythm,
key, speed, phrasing, character, mood, timbre, historical
style, genre-specific style, instrument-specific idioms, ex-
pressive rhetoric, technical ease, and others. Sight-reading
triggers a whole set of learned skills automatically, com-
bining all of the information pertaining these parameters
that come with this rich language. The sight-reading skill
has much in common with a style recognition skill tradi-
tionally required as part of a tonmeister training where
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learners identify a compositional style at sight, from an
open page of an unknown score.

The sight-reading skill of professional performing musi-
cians allows them to read off more information than that
which is given on the page (or screen). They infer, antici-
pate, and guess. The gathering of an excess amount of in-
formation from the visual information, and making it
available in performance, is at the heart of excellent sight-
reading skill. Music notation, in this sense, is designed as
stimuli to inspire spontaneity. You may ask: what about
the level of specificity that is a feature of CPN? The ques-
tion points to what this specificity is for, otherwise, in mu-
sic performance. While one-to-one correspondence is im-
portant, one of the purposes of CPN is to communicate the
music to the performer, as oppose to communicating the
written properties that make up the music. Much like other
notation types, it functions to inspire the reader/per-
former’s imagination. Paradoxically, the specificity of the
information in CPN has the capacity to trigger a vast range
of references beyond written information itself, precisely
because of its specificity.

An approach towards music notation as a triggering in-
terface for the performer’s imagination may seem overly
utilitarian. Yet, an excellent capacity to read off the page a
varied range of information both visible and invisible and
set it in motion, is a hallmark of good musicianship. In dis-
cussing scores in CPN, pianist lan Pace comments that he
prefers “to see scores as the means for channelling per-
formers’ creative imagination in otherwise unavailable di-
rections, rather than as an obstacle [to limit the imagina-
tion]” [6]. Kanno and Hayden also view using CPN with
generative algorithms as the means for channelling per-
formers’ and composers’ creative imaginations. We wish
to take advantage of the wealth of references that CPN is
capable of communicating, as well as of our expertise in
handling it as composer and performer in the context of the
new creative affordances of live notation.

2.3  The effects of reading and performing

The practice of reading CPN makes it clear that there is a
temporal as well as conceptual hiatus between reading and
performing, a situation that remains in the digital domain.
Much like poetry reading, reading aloud is a performance
unlike silent reading which is devoid of communication
potential. Live notation involving human performers is
never precisely ‘live’ in a sense of temporal simultaneity
between the display and performing. There is always a
time-lag, however small that may be. There are instructive
comparisons to be made with generative musical works in-
volving solo violin, performed by Kanno, where com-
puter-mediation enters the symbolic domain (including
CPN). We see performer interpretation taking a more sig-
nificant role in terms of the structural actualisation of the
work. The works described below deploy this hiatus be-
tween reading and performing using original approaches.

Georg Hajdu’s Ivresse '84 for violin, laptop quartet and
electronic conductor (2007), a piece which involves



computer mediation in both the sonic and symbolic do-
mains, is a case in point, a piece that Kanno has performed
in collaboration with the composer. From the point of view
of the violinist, various notational fragments (Hajdu calls
them ‘measures’) taken from the first of Cage’s Freeman
Etudes (1977-80) [7] are recombined algorithmically dur-
ing the performance, in combination with audio samples
from other performances and spoken text from a recorded
interview the composer undertook with violinist Janos N¢é-
gyesy in 2007. Hajdu describes the notation:

‘For each of the 20 sections, a stochastic process chooses
among a range of measures and recombines them into a
new structure, which is sight-read by the performer. (This
approach, of course, assumes familiarity with the mate-
rial.)’ [8]

In a significant sense, the notation is ‘live’, in as much as
the stochastic ordering of the notational fragments gener-
ated during each performance is necessarily unique. How-
ever, the material is not sight-read in a literal sense, given
Kanno (in this case) pre-prepares the Cage extracts in ad-
vance of the performance, even if the specific ordering that
will occur is not known. She half-recognizes the material
as it appears during performance, knowing the language,
but not necessarily exactly where the particular fragment
comes from within the Etude. She retains a level of famil-
iarity with the material, yet has a necessarily context-spe-
cific interpretative flexibility (e.g. how fast/slow, what
pauses in between, whether to ‘phrase’ over some frag-
ments, etc). It gives a different meaning to how time passes
within this music: Hajdu’s live notation system influences
how she listens to the ongoing sonic landscape and how
she may contribute to it structurally. Compositionally,
what the violinist plays is designed to influence the laptop
quartet and the other sonic materials, and to have a signif-
icant impact on the formal actualisation. In both Hayden’s
NEXUS and Hajdu’s Ivresse '84, the act of reading and
performing the score (i.e. the symbolic aspects of the
piece) by a live performer reduces the hierarchical primacy
of the system as a structural determinant of the perfor-
mance; placing much more responsibility with the live vi-
olinist who performs the ‘language’ of the given CPN by
connecting disparate notated musical objects into a coher-
ent formal shape.

Hajdu’s example is a case of live generation of familiar
material. A further comparison can be made between
works involving real-time generation of the notation dur-
ing the (live) performance and live performances of scores
that are completely algorithmically generated but the
scores’ material exists before the performance (so the ma-
terial is pre-prepared). The latter type of notation engages
the performer in much the same way as most fixed notation
scores do, except in the sense that the score can be gener-
ated anew for every performance occasion. In this sense,
the generated scores are ‘performances’ of the system
which is the work: such conceptual framework introduces
a new perspective for interpretation by the performer.
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Michael Edwards’ hyperboles 2 for violin and live elec-
tronics (2015) exists in an interesting position between live
notation and fixed score [9]. The score is generated prior
to each performance, leaving time for the soloist to pre-
prepare the work as if it were a fixed score, but for that
specific performance only. Here, Edwards stretches the
temporal displacement between algorithmic generation
and live actualisation. Hyperboles 2 presents the option of
notational re-generation by Kanno herself, through a user
interface, by setting criteria (in domains such as the ‘ter-
rain’, duration, and some pitch characteristics), but again,
this is something that is done prior to the performance. In
practice, Kanno regenerates scores for hyperboles 2 as
many times as she needs, until she finds a score that she
likes to play, for each performance occasion. The duration
is a critical parameter in decision-making; for example, as
she considers a one-hour performance requiring different
material to a 15-minutes performance, she changes the pa-
rameters in the user interface, until she finds a satisfactory
result. Her decision-making is informed by the expressive
potential in performance that she observes in the generated
notation. In other words, her reading of the language ex-
pressed in the notation informs her performing potential.

Repeated generations of scores provides another insight
for the performer. Kanno starts to see a correspondence be-
tween the chosen parameters and scores in terms of expres-
sive potential. Here, we mean general ‘musical’ aspects
such as the character, atmosphere, and overall mood of the
music rather than specific material properties. She recog-
nises a musical style, in addition to a compositional style,
resulting from the structural choice. This foresight
knowledge is crucial in dealing with works with multiple
generations. Andrew R. Brown also observes, while dis-
cussing his work Appearances, how programming con-
straints on the generative systems enable familiarity with
the material for the performer, even if specific details are
unique (an idea that Hayden embedded in the design of
NEXUS and was observed by Kanno as the user):

“...because the nature of the generated music is tightly
constrained, the more familiar the performer is with the
processes of the algorithm, either as a result of analysis,
explanation or experience performing it, the more com-
fortable they become with the stochastic nature of the
work.” [10]

2.4 Comparing formal paradigms: the performer +
live audio / live notation + the performer

In Hayden’s own schismatics I for e-violin and computer
(2010), the computer-processed live audio, resulting from
the performance of a fixed (common practice) notated
score, is based on stochastic algorithms and machine lis-
tening to control live sampling, envelope-based sample
playback, convolution, delays and other live DSP modules,
combined to produce a computer-generated doppelgdinger
which shadows the sound of the live violin. schismatics 11
uses a model long-established by many works developed
at IRCAM, such as Boulez’s Anthémes 2 for violin and live
electronics (1997), which involves a fixed score with



prepared electronics which are live-triggered, and also
live-processed electronics, using real-time score-following
techniques [11]. Another example in this category is James
Wood’s Autumn Voices for violin and electronics (2001),
a BBC commission written for Kanno, whose sonic land-
scape is based on the spectral analysis of violin recordings
of Kanno [12]. In this case, pre-prepared electronics are
live-triggered and spatialized by the composer in combi-
nation with the live violin sound.?

This category of the live violin + live audio has a number
of common characteristics. First, the outcome varies from
one occasion to another while retaining the majority of the
details consistent across all possible performances. Sec-
ond, the uniqueness of the outcome at each performance
occasion lies for the most part in the electronics and not on
the part of the performer. This second point is significant
when considered the role of the violin sound in these com-
positions: the interactivity on the part of the violinist is
limited, even though the violin sound itself is central to the
conception and production of the electronic part. For ex-
ample, the performer’s role in schismatics II is limited to
making subtle adjustments of balance and timing in their
reading of a fixed notated object in relation to the live com-
puter part: interactivity is more a feature of the computer’s
relationship to the soloist than vice versa. In this sense, the
interactivity is an additional feature in the established prac-
tice of electroacoustic music, which gives nuance to the
outline though not challenging the role of the composer as
the provider of the sonic design, and that of the performer
as the interpreter of this design.

When the ‘reading’ is centred on computer-generated no-
tation, interpretation becomes inexorably tied to the gener-
ative aspects of the work and system design. The nature of
what such systems do is transformed and reconfigured as
the computer becomes an active site for performer inter-
pretation, as opposed to the more reactive role it plays in
schismatics II, requiring the performer to realise entirely
the sound of a generative work. The computer is no longer
assigned the role of generating an actualised sonification
of data, instead offering a symbolic ‘proposal’ to the per-
former to ‘complete’ a sonic object whose outline is sug-
gested by the NEXUS system. The notation is necessarily
incomplete, Kanno not only having many choices of mu-
sical details (e.g. tempo, articulation and dynamics) of any
particular generated notation, but also choices which affect
the overall formal contouring of the piece during the per-
formance, where her anticipation of the larger-scale para-
metric changes in phrase-length, phrase direction, register,
density of events and so on feedback into her ‘on-the-fly’
interpretative decisions. This aesthetic ‘incompleteness’ in
the symbolic domain has fundamental implications for the

2 Kanno’s other collaborations include John Hails’ La Pastora for vio-
lin and live electronics (2007), the computer functioning as a complex
delay system, where linear ‘found’ material originating in folk song is
stretched and presented canonically using combinations of precise nu-
merical ratios [13]; Dimitris Papageorgiu’s deti (2017), composed as part
of Kanno’s AHRC-funded project ‘Modelling a virtual violin® [14],
which uses live-generated DSP and triggered samples (according to the
‘scrolling score’ principle, where samples are triggered at certain points
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conception of the programming: the goal is no longer to
create a coherent sonified digital musical ‘agent’, as if
equivalent to a human musician; rather the goal becomes
the creation of a symbolic musical space with enough in-
formation to enable the performer to actualise both the de-
tails and the formal trajectory of the work as a perfor-
mance. The system is designed to present a suggestion of
a musical structure, but one where there is space left (what
Hayden terms a ‘symbolic deficit’, see section 4.4) for
real-time performative decisions. Otherwise, there would
be no need for a human performer and a MIDI, or other
synthesised output would suffice.

This category of live notation + the performer brings
some risks to both the composer and performer of Western
art music. The composer hands over control of a signifi-
cant portion of actual material outcomes to the generative
system and performer. The performer, on the other hand,
may have limited access to their ‘toolkit’ that makes up
their usual professional practice. For example, the gener-
ated notations may call for very little actions. In other
words, the notations may trigger very little learned (instru-
mental) skills. It then challenges the performer’s musician-
ship to find a musical solution on the spot, which is also a
skill of an experienced performer. The risks describe the
conceptual challenges on the norms of composition and
performance in Western art music. This is because the ex-
perimental practice we conduct involves learning, but
more significantly, some ‘unlearning’ of the norms and
standards that have been fundamental in our respective ca-
reers as professional composer and performer. The shift
from the category of the performer + live audio to that of
live notation + the performer seems ultimately to corre-
spond to the shift from ‘additive learning’ experience to
that of ‘unlearning in order to learn’. It has involved revi-
sion of what Hayden and Kanno take for granted, respec-
tively as composition and performance.

2.5 Live notation: implications for the system

The combination of live-generated and pre-prepared ma-
terials is an option open to the performer using the NEXUS
system in order to practically enable more complex (pre-
prepared) material and simpler (sight-readable) materials,
the aesthetic benefit being more variety in the material, and
more variety of strategy within a performance. The fact
that live generation occurs at a higher level of symbolic
abstraction beyond the direct sonification of live DSP (ac-
tually two levels of abstraction higher, given the patch first
generates GMN code, which is then rendered as CPN in
INScore) has implications for system design and aesthetic
functions. The system is primarily concerned with the
splicing of strings of text (the building-blocks of GMN
code). As such, this process represents a step ‘out of time’,

in the notated score on a sequencer timeline) [15], the notational system
focussing on parametric specifications of physical actions (often involv-
ing the ‘decoupling’ of left-hand and right-hand violin techniques); and
Stylianos Dimou’s For Violectra (2018) which combines fixed notation
with live electronics, featuring sophisticated real-time granulation of the
violin timbres [16].



however brief, between data generation and sonification
by the live performer, a temporal displacement that is ex-
aggerated in Michael Edwards’ works. In the NEXUS sys-
tem, Hayden perceives a clearer mediated ‘trace’ of his
compositional intentions in the performance results than is
the case in schismatics II: the constraints of the symbolic
domain were shaped entirely by Hayden’s programming
decisions which were all, in effect, aesthetic compositional
decisions, as opposed to being the sonic result of stochastic
combinations of pre-existing live synthesis methods.

Whether notated material is generated live, pre-
prepared, or somewhere in between, the implications to the
system are that many more parametric decisions in the
symbolic domain, usually taken by the composer, are
handed to the performer. As the NEXUS system is de-
signed to create notational objects that are necessarily in-
complete, Kanno is required to view the performance po-
tentials of such decisions, mediated through her own in-
strumental technique, embedded experience and sedi-
mented performance histories. The specific sonic realisa-
tion of a generated notation, the anticipation of its place in
a larger-scale form (see section 3.6), its formal (dis)con-
nection with previous/subsequent notations and so on, are
examples of compositional decisions and local/global cri-
teria that Kanno is constantly aware of during perfor-
mance, aspects that the system is designed to enable rather
than determines.

3. NEXUS: THE PROTOTYPE

3.1 The NEXUS project: context

Begun in 2016, the NEXUS project uses Max with INScore
to generate score fragments algorithmically in real-time, to
be sight-read by Kanno during the performance. An earlier
Max6 prototype was presented to the SOUND WORK
seminar (Orpheus Instituut, Ghent, 2016) [17]. The current
Max7 version involves no DSP, existing only in the sym-
bolic domain. There has been extensive research into the
many applications of real-time synthesis and DSP in artis-
tic practices, to which Hayden and Kanno have already
contributed. Dominique Fober observes that real-time al-
gorithmic composition using notation, or other symbolic
musical representations (as opposed to interactive/genera-
tive systems which use MIDI, real-time synthesis and ma-
chine learning e.g. Karlheinz Essl’s algorithmic music
generator Lexikon-Sonate [18], George Lewis’ interactive
improvisation system Voyager [19], Thor Magnusson’s
IXI software [20] and IRCAM’s OMAX system [21]), re-
mains comparatively under-explored in interactive music:

‘Today, new technologies allow for real-time interaction
and processing of musical, sound and gestural infor-
mation. But the symbolic dimension of the music is gener-
ally excluded from the interaction scheme.’ [22]

Indicative examples of compositions utilising live nota-
tion range from the SuperCollider-generated CPN of Rich-
ard Hoadley’s triggered [23] to the generative graphic
scores of Andrea Valle’s Dispacci dal fronte interno [24].
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Various interactive notation-based composition systems
exist, including the Bach project [25] and Maxscore [26],
both Max-based applications, and computer-assisted com-
position environments such as Opusmodus [27], OpenMu-
sic [28], Escore [29] and the Active Notation System [30].
The goal of the NEXUS project is to create a system that
‘works’ as a performance outcome and is not only a
demonstration of digital music techniques or a music pro-
gramming investigation. The aesthetic aim is the creation
of a live notated musical work which is fluid and sponta-
neous, both in its specifics of detail and global form, yet
maintains a sonic consistency and identity. This was also
the aim of schismatics II where the computer-processed
live audio was always different within defined constraints;
a coherent sound world with different specifics of detail
and a consistent global form [31].

Hayden’s motivation for the NEXUS project originated
in his speculations about the extent to which his composi-
tional ideas in the ‘fixed’ symbolic domain of CPN could
be mediated by generative music technologies, to be ‘com-
pleted’ by Kanno’s interpretation, and still result in a co-
herent (co-)authored work. NEXUS represents a formalisa-
tion, in simplified form, of Hayden’s recent compositional
methods, such as interpolations between atonality and dia-
tonicism, inharmonicity and harmonicity, rapid gestures
and stasis; the use of stochastic rhythms and pitch se-
quences, and large-scale formal contouring involving pro-
gressions of density and register. NEXUS is both a compo-
sitional output from Hayden and a performative output
from Kanno, but one where the ‘territories’ of composition
and performance are conceived in a different way, redefin-
ing what Hayden and Kanno do.

3.2 NEXUS and GUIDO Music Notation (GMN)

The prototype NEXUS patch live-generates and combines
event-lists of pitch, duration and register information with
randomly selected GMN °‘tags’ [32] representing standard
CPN aspects (e.g. meter, clefs, beams, dynamics, and
some articulation classes). It involved more string format-
ting (via the sprintf object) than was undertaken in previ-
ous Hayden-Kanno projects, in order to generate complete
lines of GMN code, rendered as CPN in INScore. Figure
1 is an example of GMN code with its associated CPN.

/TL/scene/myscore set gmn "[\\meter<\"4/8\"> \\clef<\"g\">
\beam (\\slur (g1/8 c1/16 el1/16 a&0/16 c&1/8 ¢1/16))]"

Figure 1. GMN to CPN example

Given the NEXUS system does not use the more meta-
phorical notations often utilised in pieces involving gener-
ative scores, such as images, graphics or text, there is a
more direct (less arbitrary) representational relationship
between the generative aspects - what is rendered from



GMN - in terms of properties: what the performer sees as
CPN, what is played by the performer, and what the lis-
tener hears in performance.

3.3 The performer Graphical User Interface

The NEXUS system functions somewhere between an in-
strument/performance system and a composing tool. It has
a modular construction which generates live notational
fragments of varying lengths and complexity, a process
triggered by the performer, using the GUI (see Figure 2).

CONTROLS:
p scaler

‘SPACE BAR:
TRIGGER NEW SCORE: - - - - >
(not written Into coll)

LEFT-CLICK (TO START): - -- >,
NEW SCORE (written into coll)

ENTER: NO RESTS / RESTS.

“P"= PLAYBACK
RECORDED NOTATIONS ON/OFF

...............

write my_coll
s W W
1 [g]

coll notations.

mmmmmmmmmmmmmmm

pporied_giobal_pitcn

" \lintens<\" \"> "
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Figure 2. Prototype performer GUI (detail)

The performer can alter the GUI settings to influence
various musical parameters:

»  Pitch generation method

*  Rhythm generation method

*  Variation of registers

»  Variation and periodicity of pitch classes

*  Variations of rhythmic values (length, similarity)

»  Probability of rests and dotted rhythms

*  Phrase shape, contour and phrase direction

*  Max/min number of ‘events’ (‘event’ = rest or note)
»  Interpolation between ‘initial’ and ‘target’ settings.

3.4 Generative musical parameters: pitch-classes

Underlying pre-compositional decisions were involved in
the patch design: e.g. a selection of pre-composed pitch-
class sets (messages containing pre-defined numerical
lists) were built into the initial programming to facilitate
the controlled random generation of 12-TET pitch materi-
als. A later development was the addition of the option to
generate pitch-sets algorithmically using Markov Chains
via some abstractions from Essl’s Real Time Composition
Library (RTC-lib 7.1) [33], making selections from the
harmonic series or the Pythagorean cycle, facilitating
pitch-fields on a continuum between chromatic atonality
and quasi-diatonicism (see Figure 3). Markov Chains can
also be applied to the domains of rthythm and register, ac-
cording to user choice via the performer GUI.

18

p markov-matrices

[ start value

Flashes when no

chaiisniay transition is possible

0335556452411 pitch order (Markov)

27118139104605

‘ L LI Xl | vitch sequence (Markov)

atdcackgffighedib

 pich sequence proses)
1

T LA ) ritch sequence (Markov)

Figure 3. Pitch-class set generation sub-patch (detail)

3.5 Generative musical parameters: duration

To make the live-generated music sight-readable, Hayden
limited the possible set of subdivisions of the beat to sim-
ple duplet ratios (no tuplets), although dotted rhythms are
possible, and the semiquaver (16" note) is the shortest pos-
sible rhythmical unit. A duration series is generated with
the pitch-sets in a sub-patch called ‘generator’ (see Figure
4). Using stochastic processes, the patch then splices these
pitch-sets and rhythmical series together into an event list,
distributing events across registers according to the GUI
controls. This sequence can be interleaved with another
randomized series of rests or pitches. The event list forms
the basis of a line of GMN code, excepting the ‘tags’ added
at the end of the generative process.

Figure 4. ‘Génerator’ sub-patch (detail)

3.6 Saving generated notations: the coll

A useful feature of the system, with both performative and
compositional applications, is that it can save and recall
generated materials, using the coll object. Figure 5 shows
an example of a coll (‘notations’) within which each com-
plete line of GNM code is stored and recalled. The auto-
mated control of timings triggering the recall of saved ma-
terials can be adjusted, or, saved notations can be recalled
manually in combination with newly generated materials.
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Figure 5. Coll of GMN code (detail)

These functions arose from Kanno’s desire to have a
mixture of familiar and new notations when interpret-ing
the material on-the-fly. Hayden and Kanno became aware
of the interpretive distinction between live-gen-eration (of
not-so-new material) and live-notation (of newly
generated material). They use this variety in or-der to
produce multiple levels of attention on the part of the
performer. To provide performance flexibility, an option
was added to splice ‘simple’ (i.e. live-generated) and
‘complex’ (i.e. pre-saved) colls into a single coll, in order
to combine simpler (live) materials and more com-plex
(pre-prepared) materials (see section 2.5). The splic-ing
of coll indices can either be randomised, or, the order of
generation preserved if the interpolation system is used
(see section 3.7). This was deemed necessary to utilise
fully the expressive skills of the performer and realise
more fully the compositional potentials of the system (see
section 4).

3.7 Global formal shaping: interpolation functions

Most musical parameters defined in the patch can either be
given fixed (numerical) values or can transform gradually
within each successively generated notation (single coll in-
dex). However, creating effective larger-scale formal
transformations between successive coll indices has been
an important development of this project. To achieve this
end, a pattr system was implemented to interpolate values
between user-defined ‘initial” and ‘target’ global settings
(see Figure 6). Almost every musical parameter (in numer-
ical form), as defined on the GUI, is connected to the pattr
system so a linear, exponential or user-drawn table inter-
polation can be selected, across a user-defined coll size, to
give a large-scale transformation of multiple parameters
simultaneously. Michael Edward’s hyperboles 2 (see sec-
tion 2.3), has parallels with Hayden’s NEXUS system, alt-
hough Kanno’s potential compositional interventions in
hyperboles 2 affect more global criteria. When performing
NEXUS, Kanno can also influence the local detail of the
music more directly (as well as global formal shaping),
through the various parametric controls available on the
GUI connected to the interpolation system. This aspect of
the system crucially enables Kanno to anticipate the likely
global direction and formal contouring according to the
chosen parameters and interpolation type and adjust her
performance of each notation accordingly.
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Figure 6. Interpolation controls in main GUI
4. NEXUS: CHALLENGES AND SOLUTIONS

4.1 The function(s) of ‘live’ generation in making
the piece: why °‘live’ notation?

The following section outlines some of the practical chal-
lenges and solutions in response to questions raised so far
in the development and uses of the NEXUS system. An in-
novation afforded by live notation systems is that the per-
former has the means to change the generative parameters
of a notated composition during its performance, while re-
maining in the symbolic domain. Nevertheless, ‘live-ness’
in computer music is an oft-debated point by John Croft
amongst others [34]. The extent to which the ‘real-time’
generative approach is ‘live’ is a moot point, discussed at
length by Simon Emmerson [35]. It is not ‘in-time” in the
sense that the production of the musical data and its soni-
fication by the human performer are not simultaneous
when material is generated in the symbolic, not audio, do-
main. What can be said for certain is this approach can
guarantee the uniqueness of each performance (although
colls can be saved and recalled: see section 3.6), and the
uniqueness of performer responses, which is nevertheless
based on defined musical objects resulting from concrete
constraints. The question of the identity of the NEXUS-
generated piece and/or performance inevitably arises, and
whether the computer should be regarded as an instrument
or a compositional tool (or both): computer-mediated
‘live’ notation somewhat deconstructs this traditional bi-
nary division in Western art music. The answer to this
question lies in the artistic uses of the system. Part of the
aesthetic of the piece (in fact, an infinite set of pieces), is
that each performance is unique, created by defined algo-
rithms which have infinite variations yet are highly con-
strained. Many of the generative processes are automated
versions of Hayden’s ‘out of time’ formalised composi-
tional methods when writing fixed scores but are simpli-
fied to enable sight-reading. Likewise, through experience,
it has become something akin to an instrumental extension
for Kanno as she learns to anticipate the general effects of
changing certain parameters as a means of directing the



live performance. The idea of a hybrid compositional and
performance tool is therefore apt.

4.2 How is notation generated so that the system cre-
ates the symbolic material Hayden-Kanno want to use
to make music?

Notation is one of the most influential communication
tools in classical music, and the knowledge and skills em-
bedded in its use amongst composers and performers re-
main significant. Hayden and Kanno are interested in how
the computer could complement creatively their existing
expertise in their handling of notation, to the extent that the
relationship between live computer-generated CPN and
human performer interpretation intrinsic to the project ex-
pands their understanding of the potential of ‘text’ in mu-
sic. The NEXUS system has been developed iteratively, af-
ter feedback from Kanno’s experimentation, gradually
constraining the parameters until notated material emerges
that is both musically convincing and sight-readable (con-
straint of register was an important factor). Programming
decisions are also aesthetic decisions, affecting directly the
notational outcomes of the system. Yet the material is nec-
essarily incomplete (Hayden’s ‘symbolic deficit’), in par-
ticular regarding timbre and articulation, and ‘needs’ the
interpretation of a human performer to ‘complete’ its trans-
formation into sonic musical material.

The affordances of Max-enabled live notation for the
performer’s interpretative spontaneity are the main points
of investigation, as is finding a useful definition of what
Hayden and Kanno mean by ‘musical’ in this digitally-me-
diated context. The point at which the outcomes can be re-
garded as ‘music’ is an aesthetic judgement: e.g. Hayden’s
use of Markov Chains, for more weighted probabilities in
relation to pitch, thythm and register, has significantly
helped to achieve this ‘musicality’ from the points of view
of composer and performer alike. Hayden and Kanno ob-
served that the use of Markov Chains reinforces the linear
melodic character of the generated material by suggesting
a sequential direction, thus helping Kanno to create phras-
ing (what Essl calls ‘controlled randomness’, where the
sonification of weighted probabilities means less general
scattering of pitches) [36]. The use of Markov Chains to
control registers made the generated notations more ‘mu-
sical’, given the importance for the violin of register for
melodic shape, phrasing and tone quality, in the sense of
having more differentiation and perceived cumulative
flow, whilst being less predictable in overall character.
There is a need for a certain balance between predictability
and surprise in the generated material, in order for it to bear
some sense of ‘musicality’. With too much predictability,
the composition-performance becomes a pastiche exer-
cise; if there is too little predictability, it becomes too ran-
dom and reduces Kanno’s role to merely being a translator.
The generated notation has to ‘give’ something, i.e.
‘speak’ to the performer, enabling and inviting them to
make sense of it, which in turn requires the performer to
have a certain familiarity with the visual ‘language’: it can-
not be completely different each time.
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4.3 How do computer-generated notation and per-
former interpretation contribute to ‘expressivity’?

In the process of computer-generated CPN fragments be-
coming musically ‘expressive’ through performance inter-
pretation, determining the contributions of the patch and of
the performer is not a straightforward question. To begin
to answer this, Kanno makes an important distinction be-
tween ‘properties’ and ‘behaviours’ of musical material;
‘properties’ are the combined statistical/numerical pro-
cesses that generate the material (the various parameter
sliders and settings on the GUI and associated internal al-
gorithms), whereas ‘behaviours’ are the perception of the
nature of the musical object or entity itself, in totality or
gestalt. As a performer, Kanno is less worried about zow
the musical object has been generated, but more focusing
on what is generated. From a composition point of
view, this is relatable to a distinction between generative
processes (multi-variable algorithms internal to the patch)
and generative results (the notation as a musical entity).

Kanno and Hayden consider the potential multiple action
possibilities arising from notation material (one definition
of ‘expressiveness’) as an important aspect of this project.
They are concerned mostly with the material’s ‘behaviour’,
more than its ‘property’. The statistical properties of the
material determine possible ‘behaviours’, but ‘behaviours’
themselves have so much more ‘expressiveness’ than the
material (or its said ‘property’). During the early stages of
the project, Kanno thought she was going to select (or find
a rule for selecting) action possibilities from notation (in a
Cage-like procedure). However, what Kanno does now is
to recognise and amplify material ‘behaviours’ observable
within notations, an aspect that the interpolation system has
significantly enhanced. Kanno selects or gives perspective
to simultaneously appearing ‘behaviours’ according to how
the performance is going.

Excepting ‘minimal’ music, the results of compositional
processes are usually heard, as opposed to direct percep-
tion of the processes themselves. When performing, musi-
cians don't usually think about #ow the material has been
made, but more what the material is and how to interpret it
expressively/musically. The NEXUS project makes Kanno
consider compositional parameters more than she usually
would when interpreting fixed notations, given she can
manipulate what are more usually called compositional pa-
rameters at any point. Many decisions are deliberately left
to her, including choices of tempi, details of dynamics and
articulation classes, as well as the (dis)continuity between
successive generated notations. It is not Hayden and
Kanno’s aspiration for the system to become an autono-
mous virtual composer nor performer, so the notational
outputs from the system are necessarily incomplete.

4.4 The symbolic deficit: what is the relationship be-
tween generated notation and live interpretation?

Given the generative CPN material is deliberately lacking
in detail, the ‘symbolic deficit’ means that much of the



sonification decisions are in the hands of Kanno’s musi-
cianship. Her focus is to shape the material, make it into a
performance that ‘works’ and is in some way ‘musical’,
relying heavily on performance intuition and experience.
Much of the performer’s decision-making will be around
parameters not defined by the programming: phrasing,
timbre, articulation, tempo, intermediate dynamics (be-
yond ff and pp) and so on. There is a controlled quasi-im-
provised process taking place where Kanno reacts to the
notations in the moment: the system is an invitation for
performance. On the one hand, the CPN was necessarily
simplified from Hayden’s usual practice (his fixed scores
are much more complex) whilst still embedding something
of his compositional ideas in the programming. On the
other, it gives Kanno the ability to influence the outcome
of a performance that is nevertheless very constrained,
given the composer-defined limits on what can happen.

4.5 Symbolic generation and interpretation: ‘in-time’
or ‘out-of-time’ actualisation?

To use Xenakis’ famous distinction, there are both ‘in-
time’ and ‘out-of-time’ applications of the NEXUS system
[37]. Although we have focused on a performance use
which is as close to being as ‘in-time’, ‘live’ or ‘real-time’
as possible (minimum time-lag between generation and in-
terpretation), one can use the system to generate material
any time before the performance, an ‘out-of-time’ compo-
sitional application. One could, as Michael Edwards does
with his ‘slippery chicken’ software, generate notation al-
gorithmically, to create a fixed score to be rehearsed in
preparation for a later performance [38]. Each generation
of the piece would still be unique so it would be a valid
approach as long as that version was not repeated. Hayden
and Kanno decided to use the NEXUS prototype to com-
bine pre-prepared and live-generated materials for variety
of output and performance strategy, but this is not a given.
These are aesthetic decisions, adopting a more ‘experi-
mentalist’ approach which requires performance unique-
ness and unpredictable (but not unknown) outcomes: it is
the controlled randomness that interests Hayden and
Kanno, in between the aesthetics of Cage and Xenakis.

5. FUTURE DEVELOPMENTS
5.1 Initial phase of the project

The first phase of the project has been a technical consoli-
dation of the current Max7 prototype, which focused on
improving the efficiency and effectiveness of the genera-
tion of the GMN data rendered as notation in INScore, the
underlying stochastic mechanisms which generate the
GMN data, the GUI design, organization of sub-patching,
functioning of parametric controls, and fixing fundamental
notation issues (e.g. beaming, groupings of rests and beats,
dotted rhythms, clefs and transposition, visual formatting,
completion of incomplete bars with rests and so on).

5.2 Current phase of the project

The current phase of the project is optimizing the musical
affordances of the GUI and generated CPN for the
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performer, finding solutions to the issues of maintaining
musical interest and variety, while retaining playability,
through combinations of sight-readable (live) and more
complex (pre-prepared) materials. This has included im-
plementing more variability within the idea of 'complexity’
from a perceptual point of view, more variety in the possi-
ble lengths and characters of generative notations, more
efficient handling of larger-scale global formal control of
musical parameters (via the interpolation system), and a
more flexible generative approach to pitch-class set and
duration series creation, selection and succession (via Mar-
kov Chains). The next part of this phase will be the nota-
tional implementation of violin-specific techniques (e.g.
double-stops, harmonics, microtones, and articulations).

5.3 Final phase of the project

The final phase of the project will be to make the NEXUS
system interactive by implementing the real-time analysis
of sonic descriptors, e.g. timbral and temporal features of
the live violin signal, by using Max externals such as Nick
Collins’ 11~ object (see section 1), Tristan Jehan’s library
(pitch~, loudness~, brightness~, noisiness~, bark~, ana-
lyzer~, shifter~, segment~, beat~) [39], the iana~ object
(Todor Todoroff) [40], the yin~ object (Norbert Schnell,
implementing the Cheveigné and Kawara model) [41], the
FTM/Gabor object library IRCAM) [42] [43], fiddle~ and
bonk~ objects (Miller Puckette) [44], or the Zsa.De-
scriptors libraries (Mikhail Malt and Emmanuel Jourdan)
[45], in order for the computer to influence decisions about
the generation of future notations in a feedback situation.
We are also considering adding some live DSP, so the
patch generates sound which is related in pitch, rhythm and
timbre to; (a) the generated notation; and/or (b) the played
sound from the live violin, as counterpoint to the live vio-
lin sound itself. A further development could be to imple-
ment a network connection to enable the coordination of
multiple generative notations between different comput-
ers, allowing an ensemble of live musicians to use the sys-
tem, whether synchronized or in free time.

6. CONCLUSION

The project has raised fundamental questions about the
past, present, and future significance of CPN in technolog-
ically-mediated composition and performance. The explo-
ration inherent in the development of the NEXUS system
has involved: (a) an interrogation of the relationship be-
tween the underlying technical aspects of the system de-
sign and (pre)compositional programming decisions that
determine the processes of how material is generated in the
symbolic musical domain; (b) the evaluation of resultant
generated CPN fragments as a symbolic language appro-
priate for making music; and (c¢) how such generated sym-
bolic material becomes musically expressive through per-
former reading and the implications of interpretation for
system design. The current phase of the project has fo-
cused on two technical developments: (1) implementing
higher-level interpolation controls to enable larger-scale
formal transformations; and (2) implementing a more mu-
sical control of linear contouring via Markov Chains. Such



‘higher-level controls’ shape the global transformation of
the notated materials through the gradual interpolation be-
tween user-defined ‘initial” and ‘target’ states (or presets),
where previously, successive colls were separate, discrete
and non-connected entities. This necessitated the finer tun-
ing and calibration of multiple control parameters. The
more musical control of linear contouring, phrase direction
and phrase shaping was achieved by mapping Markov
Chains to successions of pitch-classes, rhythmic units and
registers. This proved to be a more flexible and musically
intuitive approach to the (performer-defined) constraints
enacted upon the algorithmic generation of materials. We
continue to investigate controlling the larger-scale trans-
formation of such constraints over time in relation to per-
ceived ‘musical’ performance outcomes. Within these pro-
cesses, it has been fundamental to calibrate the system to
identify enough space in the generated CPN to enable
Kanno to do something interpretative so that the final work
engages her skills and musicianship, rendering a live per-
formance as more than the sum of its parts.
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ABSTRACT

The Tonnetz is a useful tool for representing musical ex-
cerpts or full pieces containing mainly major and minor
triads. However, when a musical composition contains dis-
sonant triads or higher-order chords, it can only give a lim-
ited representation of it. The Harmonic Wheel is a physical
tool that combines a Tonnetz transformed into a polar grid
with a plastic disc containing the lines that define the ma-
jor, harmonic and melodic minor scales, together with the
scale degrees and the symbols of the corresponding sev-
enth chords. This way, it allows to represent a large variety
of musical works, including both triads and seventh
chords, as well as to find the chords that are common to
different keys. To show its main characteristics and ad-
vantages, several examples are given from different musi-
cal styles. In all cases, the representations obtained are
simple and compact, and therefore easy to memorize,
which makes the Harmonic Wheel a powerful and versatile
tool for analyzing and composing music, as well as provid-
ing an efficient mnemonic notation.

1. INTRODUCTION

The Tonnetz is a graphic representation of musical notes
and their consonance relationships, that is, the consonant
intervals (perfect fifth, major and minor thirds) and the
consonant triads (major and minor) formed by them. There
are two relevant representations of it: the Oettingen/Rie-
mann and the Douthett and Steinbach, which are dual [1,
2]. The Oettingen/Riemann Tonnetz (Figure 1) is a trian-
gular lattice, where the notes are at the vertices and the
consonant triads on the triangles, while the Douthett and
Steinbach’s Tonnetz (also called Chicken-Wire) is a hex-
agonal lattice, where the notes are on the hexagons and the
consonant triads at the vertices. In both cases, the edges
represent the consonant intervals, which in turn define (in
different ways) the P, L and R operations, which stand for
parallel, leading-tone exchange and relative, respectively.
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They are defined for consonant triads and, for example, P
maps C major to C minor, L maps C major to E minor and
R maps C major to A minor, and vice versa [1].

Both Tonnetze are infinite in a plane, that is, in a 2-di-
mensional (2D) space. However, they are periodic in 3 di-
rections, so, by choosing any 2 of them, we can obtain an
alternative representation on a torus, which is a finite sur-
face in a 3-dimensional (3D) space.

Generalizations of the Tonnetz to include other (disso-
nant) intervals and trichords or higher-order chords, such
as tetra- or pentachords, lead to more complex geometries,
which require 3 or more space dimensions [3 — 6].

Both the analysis and composition of some kinds of mu-
sical pieces can be greatly simplified by representing their
notes and harmonies on a Tonnetz, mainly when they only
include major and minor triads. Logically, 2D graphs are
simpler and easier to use than those requiring 3 or more
space dimensions.

In this respect, some examples of representing musical
excerpts on a 2D Tonnetz are given in [7], which only con-
tain major and minor triads. They consist of binary and ter-
nary combinations of PLR operations and correspond to
nineteenth century music by Brahms, Schubert, Beetho-
ven, Verdi and Wagner. Other examples, from mid-twen-
tieth century Jazz and Latin repertoire, are given in [8],
where most harmonies are seventh chords. Therefore, in
order to represent them on a 2D Tonnetz, the seventh was
omitted in the dominant seventh chords and the root was
omitted in the half-diminished chords.

The Harmonic Wheel [9] is a practical 2D Tonnetz,
where one of the axes is re-oriented so that the notes of a
major key form a rectangle, thus resulting in a full rectan-
gular grid, which is then transformed into a polar one. The
final graph is an annulus, which is finite in a plane, thus
keeping the advantages of both the planar and the toroidal
Tonnetze. Additionally, the regions corresponding to the
major, harmonic and melodic minor scales, together with
the scale degrees and the seventh chords associated to
them, are also indicated, which facilitates the representa-
tion of harmonies of tonal pieces.

To show its main characteristics and advantages, first a
couple of examples on diatonic modulation are given,



which deal with finding the pivot chords. Then, the harmo-
nies of five musical excerpts and pieces are represented on
the Harmonic Wheel: an excerpt by Beethoven included in
[7], a well-known tonal song, a Coltrane’s composition in-
cluded in [8] (but represented there on a chromatic circle
instead of a Tonnetz), a piece whose harmonies are based
on Béla Bartok’s axes, and a song including modulations.

In all cases, the representations obtained are simple and
compact, and therefore easy to memorize, which makes
this representation system an efficient mnemonic notation.
It is worth pointing out that some of the examples here pre-
sented are, in some cases, studied in the 12 keys, so having
such a mnemonic notation is greatly helpful. In fact, the
Harmonic Wheel, together with other similar tools, are part
of a subject of a Master on Music and Scenic Arts in a
Doctorate Program.

2. HARMONIC WHEEL

Figure 1 shows the Oettingen/Riemann Tonnetz, where the
notes are assigned to the vertices and the major and minor
triads to the triangles. The horizontal lines represent the
perfect fifths and the two oblique lines the major and minor
thirds. Additionally, a region containing the 12 major and
12 minor triads just once is marked with a dashed line.

In Figure 2, the notes in that region belonging to the C
major key are marked with circles, except the tonic, which
is marked with a rectangle. Then, the two oblique sides are
re-oriented to become vertical (Figure 3), so that the notes
of a major key form a rectangle (the 3 notes of the C major
key outside the rectangle are in fact repeated on it) and,
therefore, the whole grid becomes rectangular. Further-
more, the 6 consonant triads belonging to the C major key
are inside the rectangle and the C major and A minor triads
are in its centre. As well, each pair of relative triads forms
a smaller rectangle, which is assigned the corresponding
key signature. This way, each triad also represents the cen-
tre of a major or natural minor key.
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Figure 1. Oettingen/Riemann Tonnetz and a region with
the 12 major and 12 minor triads.
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Figure 2. The C Major key on the Oettingen/Riemann
Tonnetz.

Figure 3. The C Major key on a rectangular grid.

In Figure 3, the notes at the bottom are repeated at the
top, which means that this diagram is cyclic in the vertical
direction. In contrast, obtaining a cycle in the horizontal
direction requires to add more notes and triads until com-
pleting a cycle of fifths.

If we do so and then curve the diagram to make it circu-
lar, the result is the Harmonic Wheel, shown in Figure 4.
This way, the rectangular grid is transformed into a polar
one, so that the horizontal lines turn into circumferences,
the vertical lines into radii and the diagonal lines into spi-
rals. Consequently, the 3 types of cycles are now as fol-
lows: a closed cycle on each circumference, containing 12
perfect fifths (or fourths); an open cycle along each radius,
containing 4 minor thirds; and an open cycle on each spi-
ral, containing 3 major thirds. The first two cycles are
clearly seen on the graph, while the last one is not so evi-
dent, and this is the reason why it was chosen with the least
number of intervals (3).

In practice, the Harmonic Wheel is a physical tool con-
sisting of two rotating discs: one cardboard, with the full
polar grid printed on it (including the notes, interval lines,
triads and key signatures, in black and red colours), and
the other a transparent plastic, with the lines defining a



major key printed on it (in blue). The two discs are joined
together at their centres with a rivet, which allows select-
ing any major or natural minor key, together with its cor-
responding major and minor triads. To compare this tool
with a 3D Tonnetz, Figure 5 shows a handmade toroidal
Tonnetz, where the blue lines correspond to a major key
(in this case, Eb major). The difficulties for using it in prac-
tice are apparent.

Returning to the Harmonic Wheel, the scale degrees and
the seventh-chord symbols are also printed on the plastic
disc in blue (Figure 6). And, because the major scale re-
gion only takes up one fourth of that disc, in the final de-
sign two other fourths are utilized to print the correspond-
ing lines, scale degrees and seventh-chord symbols for the
harmonic and melodic minor scales, while the other fourth
remains free.

Figure 4. Harmonic Wheel and the C Major key (polar
grid).

Figure 5. Handmade toroidal Tonnetz and the Eb Major
key.

Figure 6. Scale degrees and seventh chords of C Major on
the Harmonic Wheel.

Logically, the triads associated to each degree of those
scale types are obtained by simply omitting the sevenths in
the seventh chords. This includes not only major and minor
triads, but also augmented and diminished.

The addition of the plastic disc to the polar grid, which
allows selecting any major or minor scale (natural, har-
monic or melodic) with its corresponding scale degrees,
triads and seventh chords, makes this tool a powerful and
versatile resource for analyzing and composing a variety
of musical styles. To show it, some examples are given in
section 4, where, for simplicity, only the bare diagram and
the major scale will be used.

3. INTERVALS AND CHORDS

The red lines in both the rectangular and polar grids repre-
sent the consonant intervals, that is, the perfect fifths, the
major and the minor thirds (as well as their inversions).
The rest of intervals, which are dissonant, are the semitone,
the tone and the tritone. Every interval belongs to an “in-
terval class” characterized by its minimum number of sem-
itones (considering the given interval and its inversion
within an octave), so there are 6 interval classes, named 2-
1 to 2-6 after Forte [10]. Here, we will represent them by
icn, n being the number of semitones, which ranges from
1 to 6. Interval classes ic3, ic4 and ic5 are directly repre-
sented on the grids, whereas ic1, ic2 and ic6 can be ex-
pressed as a combination of two of the previous ones by

icl =ic4 —ic3 =ic5—ic4 )]
ic2 =ic5—ic3 =—-2-ic5 2)
ic6 =2-ic3 3)

Additionally, the following equation holds:
ic3+icd+ic5=0 @)

which means that the sum of the 3 consonant intervals
gives a closed line, which in turn defines a triangular area
corresponding to a consonant triad, major or minor. All
these equations have been represented graphically in Fig-
ure 7, where, for simplicity, a rectangular grid was consid-
ered. Of course, the corresponding representations on a po-
lar grid are easy to visualize mentally.
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Figure 7. Interval classes on a rectangular grid.

In pitch-class set theory, every “set class” (a generaliza-
tion of chord type) is assigned a Forte name consisting of
two numbers separated by a hyphen, the first one corre-
sponding to the “cardinality” (the number of “pitch-clas-
ses” or notes in the set class) and the second to an ordinal.
For example, a diminished triad (3 pitch-classes) is named
3-10, and a minor seventh chord (4 pitch-classes) 4-26.

A practical way to describe the structure of a “pitch-class
set” (a particular chord) is by means of the “intervallic
form” [11], which is the sequence of intervals (in semi-
tones) between every two adjacent pitch classes, including
the interval between the last and the first ones. For exam-
ple, the intervallic form of a major chord, such as C major,
is {435}, because the intervals between its adjacent notes
(C E Q) are 4, 3, and 5 semitones (the latter being the
interval from G to C). The circular shifts of this intervallic
form, which are {354} and {543}, also correspond to the
same chord (but starting from a different note). For a minor
chord, the intervallic form is {345} or any of its circular
shifts. As it is equal to the intervallic form of a major
chord, but in reverse order, a minor chord is said to be the
“inversion” of a major chord, and they two form a set class,
whose Forte name is 3-11. So, in order to distinguish be-
tween them, a letter “a” or “b” can be added to the Forte
name (a general criterion for assigning them is provided in
[11]). As a last example, the intervallic form of a dimin-
ished triad (set class 3-10) is {336}. Since it is “inversion-
ally symmetrical”, no letter will be assigned to it.

To relate chords to intervals, for set classes with 3 or
more pitch-classes (as trichords and tetrachords), an “in-
terval-class vector” is defined, which has 6 components
that list the number of times each interval class (ic1 to ic6)
is contained in the given set class. For example, the inter-
val-class vector of a diminished triad is (002001), because
it contains 2 interval-classes ic3 and one ic6, and the inter-
val-class vector of an augmented triad is (000300), as it
contains 3 interval-classes ic4.

Now, a question arises: which are the most common tri-
chords and tetrachords? Regarding the common practice
period (around 1650 to 1900), the harmonies are mainly
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built by superimposing thirds on the 7 degrees of the ma-
jor, harmonic and melodic minor scales [12, 13]. This
leads to the 4 basic triads and the 7 basic seventh chords,
which correspond to set classes 3-10, 3-11a, 3-11b, 3-12,
and 4-19a, 4-19b, 4-20, 4-26, 4-27a, 4-277b, 4-28, respec-
tively. In addition, the augmented sixth chords give rise to
the 3-8a (Italian) and 4-25 (French). Table 1 shows all tri-
chords from 3-8 to 3-12 and Table 2 all tetrachords from
4-19 to 4-28. They include the symbols here used to repre-
sent them, the intervallic forms (starting from the root) and
the interval-class vectors. For other musical styles, such as
Pop, Latin or Jazz, all harmonies in these tables are quite
common. A useful list of most common chords in these
styles is given in [14].

Figures 8 and 9 give the graphic representations of those
harmonies (on a rectangular grid), where the roots are
marked with circles and the dashed lines represent tritones
(ic6).

Trichord Symbol IF ICV
3-8a 7* 462 010101
3-8b O** 642 010101

3-9 sus4 525 010020
3-10 dim 336 002001
3-11a m 345 001110
3-11b M 435 001110
3-12 + 444 000300

Table 1. Characteristics of trichords 3-8 to 3-12. An aster-
isk (*) means “omit 5 and a double asterisk (**) “omit
b3”. A major chord (3-11b) is usually represented by the
root without any symbol. IF: Intervallic Form, starting
from the root. ICV: Interval-Class Vector.

Zﬁgﬁg Sggll_ IF ICV Basic Trichords
4-19a mA 3441 § 101310 m, +
4-19b A5 4431 | 101310 M, +
4-20 A 4341 | 101220 m, M
4-21 9* 2262 | 030201 T*, Q**
4-22a 9) 2235 § 021120 sus4, M
4-22b m4 3225 § 021120 sus4, m
4-23 7sus | 5232 ] 021030 2 X 4sus
4-24 745 4422 1 020301 T*, O*F* +
4-25 7b5 4242 1 020202 | 2x 7*,2 x O**
4-26 m7 3432 § 012120 m, M
4-27a (% 3342 | 012111 O** dim, m
4-27b 7 4332 | 012111 7*, dim, M
4-28 O 3333 ] 004002 4 x dim

Table 2. Characteristics of tetrachords 4-19 to 4-28. An
asterisk (*) means “omit 5” and a double asterisk (**)
“omitb3”. Symbol “(9)” means “add 9”, whereas symbol
“9” adds both the minor seventh and the ninth. IF: Inter-
vallic Form, starting from the root. ICV: Interval-Class
Vector.
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Figure 9. Tetrachords 4-19 to 4-28 on a rectangular grid.

The last column of Table 2 shows which and how many
trichords from Table 1 are contained in each tetrachord,
which can be easily visualized by comparing Figures 8 and
9. Note that both tetrachords 4-20 and 4-26 contain a major
and a minor triad, but there is a great difference between
them: 4-20 includes a semitone (icl = 1) while 4-26 does
not (icl = 0).

Therefore, representing the trichords and tetrachords on
the rectangular or polar grids gives us an insight into their
inner structures and the relationship among them. Moreo-
ver, representing those chords on the Harmonic Wheel,
which allows to visualize the relations among the chords
belonging to a major or minor scale, will give us a further
insight into the characteristics of tonal music, the relation-
ship among the keys and a broader perspective of the the-
ory of modulation.

4. REPRESENTATION OF HARMONIES

Apart from representing single chords, we will look for
more general applications. Thus, a pair of examples on di-
atonic modulation are given, which deal with finding the
pivot chords. As well, it is interesting to represent full har-
monies from musical excerpts or whole pieces, since they
can show the underlying design of the composition. Thus,

28

five examples from different musical styles are repre-
sented on the Harmonic Wheel. The corresponding audios
are available both on Spotify and iTunes. All representa-
tions happened to be simple and compact, and therefore
easy to memorize, which makes this representation system
an efficient mnemonic notation. Apart from Tables 1 and
2, Table 3 gives the symbols and notes of other extended
and altered chords used in the examples, for the root C.

4.1. Diatonic Modulation: Pivot Chords

Diatonic modulation consists in changing from one key to
another by means of a common or pivot chord, which is
interpreted differently in each key [12, 13]. Finding all
pivot chords between the two keys by comparing the
chords associated to each of them is laborious. On the con-
trary, the Harmonic Wheel provides a simple and visual
procedure for finding them. For simplicity, we will only
consider consonant pivot chords, that is, major or minor.

We will start with the modulation from C Major to G
Major. Figure 10 shows the original key with dark blue
lines and, superimposed to it, the destination key with light
blue lines. For clarity, only the curved rectangles defining
the keys are represented. But, in practice, the scale degrees
printed on the plastic disc will show the two degrees each
chord represents in the two keys. From that figure, it is ob-
vious that there are four common or pivot chords: C, Am,
G and Em.

Secondly, let us examine the modulation from Db Major
to B Major, which will involve enharmonic chords. The
two keys are shown in Figure 11 with dark and light blue
lines, respectively. The pivot chords are directly obtained
from this figure, which are either Gb and Ebm or F# and
D#m.

Chord Notes Chord Notes
C6 CEGA Cm(9) CEbGD
C(9) CEGD Cm9 CEbGBbD
C9 CEGBbD Cm7/6 CEbG A Bb
C749 CEGBbDE | Cm7/11 CEbGBbF
C9/13 | CEGBbDA | Cmll | CEbGBbDF

Table 3. Symbols and notes of some extended and altered
chords with root C.

Figure 10. Pivot chords when modulating from C Major
to G Major.



Figure 11. Pivot chords when modulating from Db Major
to B Major.

4.2. RL operations: Beethoven’s Ninth Symphony

The next example is an excerpt from the second movement
(Scherzo) of Beethoven’s Ninth Symphony. In mm. 143-
176, there is a series of consonant triads related by R and
L operations as follows:

C Am F Dm Bb Gm Eb Cm Ab Fm
Db Bbm Gb Ebm Ch Abm E C#m A

Figure 12 shows these triads on the Harmonic Wheel,
where they follow a circular pattern on the cycle of fifths
(or fourths), which is incomplete but includes both the ma-
jor and minor triads. In each R or L operation, two notes
remain fixed, which are shown on the interval line being
crossed. The same example is analyzed in [7] and repre-
sented on a 2D Tonnetz, but in this case the representation
takes up a full page due to the length of the chord progres-
sion, even though it does not complete an entire cycle.

4.3. Tonal Composition: Autumn Leaves

Autumn Leaves by Kosma [14] is one of the most well-
known Jazz Standards and one that Jazz students first
learn. Its harmony repeats the following chord sequence:

Cm7 F7 BbA EbA A? {D7} Gm (G7)

All these chords belong to the same key, Bb major or G
natural minor, with the only exception of D7, which for
that reason is written in braces. The last chord, G7 in pa-
rentheses, does not belong to that key either, but it is in-
cluded only sometimes to resolve to Cm7. Except Gm, all
chords are seventh chords, so they cannot be represented
properly on the Tonnetz (since it just contains triads). On
the contrary, they largely match the chord types indicated
on the Harmonic Wheel when choosing the Bb major scale
(Figure 13). The chord Dm7 is substituted with D7 to re-
solve to Gm. As well, there is a last chord sequence,
slightly different from the previous one:

{C9 Fm7 Bb7} EbA A® (D745} Gm (G7)
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Figure 12. Harmonic structure of Beetheven’s Ninth Sym-
phony, second movement, mm. 143-176.

Figure 13. Harmonic structure of Autumn Leaves.

where the chords that are different are in braces.

This song is, in some cases, studied in the 12 keys [15],
so using the Harmonic Wheel is of great help to visualize
and memorize the harmonies.

4.4. Chords by Major Thirds: Giant Steps

In contrast to the last example, Giant Steps by Coltrane
[16] is considered a challenging Jazz tune, since its har-
mony does not belong to any major or minor key. On the
contrary, it follows a major third cycle, that is, a spiral line
on the Harmonic Wheel. The full chord sequence is the
following:

BA [D7] GA [Bb7] EbA
[Am7 D7] GA [Bb7] EbA [F£7] BA
[Fm7 Bb7] EbA [Am7 D7] GA [C#m7 F47] BA
[Fm7 Bb7] EbA [C#m7 F47]

This harmony is based on 3 major seventh chords: BA,
GA and EbA, whose roots are a major third apart, thus di-
viding the octave into 3 equal parts. If we consider those
chords as I degrees, the chords before them are either a V7



or a pair [Im7 V7, which are written in brackets to simplify
the analysis. The cadence IIm7 V7 IA is the same as the
first 3 chords in our last example (Cm7 F7 BbA), which
has a clear representation on the Harmonic Wheel. The
other cadence, V7 IA, is simply a reduction of that one.
Figure 14 shows the harmonic structure of this piece,
where the 3 main chords (BA, GA and EbA) follow a spiral
line and complete a major third cycle. The cadences V7 1A
and [Im7 V7 IA are represented by solid and dashed lines,
respectively. For clarity, the first part of the song is repre-
sented in blue and the second one in green. Of course, the
3 major chords are assumed to be major seventh chords.
As in the previous example, this song is also studied in
the 12 keys [17], so the Harmonic Wheel is again a helpful
tool, once the diagram in Figure 14 has been memorized.

4.5. Chords in Béla Bartok’s Axes: Indudable

Béla Bartok’s axis system was first published by one of his
disciples, Ernd Lendvai, after performing an exhaustive
analysis of his work [18]. In summary, it states that relative
and parallel chords have the same harmonic function
(tonic, subdominant or dominant). This leads to groups of
8 chords with the same harmonic function, their roots be-
ing a minor third apart; that is, they follow a minor third
cycle or a radius on the Harmonic Wheel. For example,

C Am A Ffm F4§ Ebm Eb Cm

Indudable by Nuio [19] is a Bossa Nova whose second
section has a harmony based on 2 such axes, one with ma-
jor chords and the other with minor chords. The following
basic chord sequence is played four times:

Gfm C# Fm Bb Dm G Bm E

The major chords C#, Bb, G, E belong to one of the axes
and the minor chords G#m, Fm, Dm, Bm to the other one.
If the first chord, GBm, is considered a Im degree, the next
chord is the major IV degree (as in a melodic minor scale),
C#, which is enharmonic to Db. Then, if this chord is now
considered a new I degree, then the next chord is the IIIm
degree (as in a major scale), Fm. And this process is re-
peated cyclically. The corresponding diagram is repre-
sented in Figure 15, where the relationship among the
chords, as well as the minor third cycles in the radial di-
rection followed by them, are clearly shown.

The real chords, however, are more complex, since they
contain 3 to 6 notes to enrich the harmony. The actual
chord sequence is given below and is played twice. For
clarity, similar chords have been grouped in brackets.

[G#m(9) G#m7/6] [C# CHA] [Fm(9) Fm9] [Bb BbA]
[Dm7 -] [G6 /] [Bm7 /] [E7sus /]
[GEm(9) GEm7/6] [CE° ~] [Fm(9) Fm7/6] [BbC /]
[Dmll -] [G6 ] [Bm7 Bm7/11] [E7b5 /]

Each chord lasts one beat and the symbol “/”” means to
repeat the last beat (in these cases, the previous chord). As
well, two diminished-seventh chords (C4° and Bb©) were
included to increase the variety of chord types.
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Figure 15. Harmonic structure of Indudable, second sec-
tion.

4.6. A Piece with Modulations: All The Things You Are

All The Things You Are by Kern [14] is another well-
known Jazz song. An Intro consisting of chords Db749 and
C749 is followed by this harmony:

Fm7 Bbm7 Eb7 AbA DbA [Dm7 G7] CA x
Cm7 Fm7 Bb7 EbA AbA [A? D7] GA x
Am7 D7 GA » F4° B7 EA {C7%5)
Fm7 Bbm7 Eb7 AbA DbA {Gb9/13}
Cm7 {B°} Bbm7 Eb7 Ab6 (G° C7)

where each chord lasts one measure, as well as each pair
in brackets or parentheses, and the symbol “#” means to
repeat the last measure (in these cases, the previous chord).

The chords in the first phrase belong to the same key, Ab
major or F natural minor, except the last three, which form
a cadence ending in CA, the dominant of F minor. Figure
16 shows these harmonies, where the first chord types are
exactly as indicated on the plastic disc.



Figure 16. Harmonic structure of All The Things You Are,
first phrase.

Figure 17. Harmonic structure of All The Things You Are,
second phrase.

The chords in the second phrase are analogous to those
in the first one, but in Eb major or C natural minor, which
represents a (transient) modulation to the dominant. The
new chords are found by simply rotating the plastic disc
one step clockwise, as seen in Figure 17. Again, the first
chord types are exactly as indicated on the plastic disc. Un-
like the first phrase, now the cadence starts with a half-
diminished chord, A, but then it is repeated starting with
Am7. Another cadence follows, ending in EA, and moving
to C785 to resolve to Fm7, the original key.

The rest of chords, with two exceptions written in braces,
belong to Ab major or F natural minor, so they are found
by rotating the plastic disc one step counterclockwise.
Now, the Cm7 chord is included and the phrase ends in
Ab6, the tonic chord with the added major sixth. The last
two chords in parentheses are used to return to the begin-
ning.

As shown in Figures 16 and 17, most chords in this song
are diatonic to a particular key, so the chord types are ex-
actly as indicated on the Harmonic Wheel. Moreover, most
of the time, their roots move by descending fourths, thus
being easy to visualize and memorize.

5. CONCLUSIONS

The Harmonic Wheel is a physical tool consisting of two
rotating discs: one cardboard, with a Tonnetz transformed
into a polar grid, and the other plastic, with the lines defin-
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ing the major, harmonic and melodic minor scales, to-
gether with the scale degrees and the symbols of the cor-
responding seventh chords. It has been used to represent
single chords, excerpts and full harmonies from different
musical styles, considering both triads and seventh chords,
and including modulations. In some cases, the harmonies
followed one of the three cycles defined by the consonant
intervals and, in others, they were diatonic to a particular
key. In all cases, the Harmonic Wheel has proved to be a
powerful and versatile tool for representing the harmonies
and, therefore, to show the underlying structures of the
musical compositions here considered. Furthermore, it
provides an efficient mnemonic notation by means of sim-
ple and compact diagrams.
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RESURFACING MECHANICS AND ACTION IN MUSIC NOTATION:
THE MUSICWRITER
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ABSTRACT

This text discusses the compositional use of the Mu-
sicwriter, a music notation device used after old engraving
practices such as lithographic notation and metal printing
blocks for music printing, but discontinued before modern
digital notation. After a short description of this singular
device, the author presents his ongoing composition/en-
graving project: ‘Meaning The Score’, a series of tyscores
(or typed scores) performed using the Musicwriter; the no-
tation of this series is conceived as an emergent property
of the performative interaction with the Musicwriter, nota-
tion that is later reinterpreted by musicians that react to
both, the live-typeset notation and the composer’s perfor-
mance that created the score in the first place.

1. MUSICWRITER

As early as 1885, Charles Spiro patented his Columbia
Music Typewriter, a rotating disc with metal music-types
to manually press or stamp on paper to notate music. Later
‘music stamping’ machines, such as the French Dogilbert
(1905), the German Nocoblick (1910), the British Walton
Music Typewriter (1923), and the German Melotyp/Noto-
typ (1931), were all original inventions that paved the road
to one of the most flexible and interesting music typewrit-
ers: the Keaton Typewriter.

In 1936, Robert Keaton from San Francisco, California pa-
tented his music typewriter, a round portable metal reel of
music-types mounted on a drafting-like table. Keaton’s
unique design allowed to treat the engraving surface as an
open canvas, basically making possible any imaginable
music layout (Figure 1).

Keaton’s first machine was ten years later superseded by
composer Cecil Effinger, inventor of his own music type-
writer. Effinger’s Musicwriter is basically a modified type-
writer; it uses a reduced set of music notation symbol in-
stead of the usual alphanumeric characters found in con-
ventional typewriters. Anyone familiar with alphanumeric

Copyright: © 2020 Mauricio Rodriguez. This is an open-access article
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typesetting would find the Musicwriter’s keyboard config-
uration as an intuitive and ergonomic interactive device
(Figure 2).

Figure 1. Keaton Music Typewriter. (Archive of
Rec-orded Sound, Stanford University).
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Figure 2. Musicwriter (Olympia GS3). Keyboard layout.



Effinger’s company, Music Print Corporation, produced
the prototype model for later music typewriters built in
partnership with Smith-Corona (in 1950), Allen (in 1955),
Olympia (in 1965), and even an electronic model produced
by /BM in the late 1980s.

Despite its thoughtful design, the Musicwriter never really
had a widespread use in major publishing houses or pro-
fessional typesetting environments; its relatively high cost,
laborious process to typeset conventional music, and its
delicate calibration (extremely prone to errors), were all
factors together that favor its eventual decay. However, all
these inconveniences would eventually have been over-
come if the Musicwriter had not been overshadowed once
and for all due to the emergence of digital notation in the
late 1960s.

2.TYPED SCORES OR TYSCORES &
MEANING THE SCORE

Meaning The Score is a series of typeset scores or tyscores
using the Musicwriter in its Olympia version (a modified
GS3 machine). This piece is an evolving work in which
each page of it is live-typeset as part of its performance.
This is a work whose ‘in situ’ notation [1] is conceived as
an emergent property of the performative interaction [2]
with the Musicwriter, notation that is later reinterpreted by
musicians that react to both, the live-typeset score and the
composer’s performance that created the score in the first
place (Figure 3).

m 7]

Figure 3. Live-typesetting of Meaning The Score. Matt
Ingalls (Clarinet) & Mauricio Rodriguez (Musicwriter).

Due to the incremental nature and visual scope of the full
score, the pages of Meaning The Score are usually dis-
played as standalone visual works in gallery settings. Over
its various performances in collaboration with artists such
as Wilfrido Terrazas, Matt Ingalls, and Guillermo Galindo,
among others, this project has become an open platform to
explore the dynamic relationship between music and its
multiple forms of representation [4, 5, 6]. The endless
notational plasticity of the Musicwriter to create different
forms of music representation has definitely met the aes-
thetic and creative expressions (sonic and visually) of this
artistic project (Figures 4 & 5).
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Figure 4. Tyscore No. 002. Ribbon ink on paper.
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Figure 5. Tyscore No. 016. Ribbon ink on paper.

The Musicwriter was conceived to typeset conventional
or common Western music notation [3]; despite the
reduced set of the conventional music symbols
embedded in the Musicwriter, the flexibility of its design
allows to notate music documents of the most varied
representations; as an example of that, it is shown here
the author’s transcription of one page of ‘Threnody to the
Victims of Hiroshima’ by Krzysztof Penderecki [7]
(Figure 6), and a transcribed fragment of ‘Tertium Datur’
by Boguslaw Schaeffer [8, 9] (Figure 7):
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Figure 6. Tyscore Transcription of Threnody to the
Vic-tims of Hiroshima by Penderecki.
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Figure 7. Tyscore Transcription of Tertium Datur
by Schaeffer.

Thanks to the veteran-owned New York based company
FJA, who have provided the author with original hand-
made colored ribbon spools, the visual expression of the
represented music adds some interesting subtlety with
some coloring enhancement (Figure 8 and 9).
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001010001011110100
1110000101010
1010000010100010
1101
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1010001
0101010010111
1001010001110
10101011
101010010001
101000100101001001
1001010010010001

Figure 8. Tyscore No. 068. Colored ribbon ink on paper.

3.INTER-TEXT: PIANO ROLL MUSIC &
MUSICWRITER

To show some additional interactions with the Mu-
sicwriter, an ongoing project incarnation of Meaning The
Score uses piano rolls as the typeset surface. In this case,
the tyscores result as the musical re-interpretation of the
codified (punched) music on the rolls, so the typeset scores
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are ‘visual/musical comments’ over the visual/musical
perforations on the rolls. The created pieces are then re-
interpreted by musicians who react to the gestural live-
typesetting performance, the typeset score, the piano roll
perforations, and to the physical disposition of these very
large-format scores (over 15 feet) on the displaying space
(Figures 10, 11, 12).
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Figure 9. Tyscore No. 080. Colored ribbon ink on paper.

To appreciate the creative process in Meaning The Score,
the following video-link presents a performance in collab-
oration with composer/improviser Matt Ingalls:

www.mauricio-rodriguez.com/MTS.mp4

4. CONCLUSIONS

The Musicwriter is an old heavy-duty typesetting device
that never really had a widespread use in professional mu-
sic typesetting. Its very laborious usage (a one single-page
of conventional music notation averages 5000 key
strokes), its extremely prone-to-error complicated calibra-
tion, its heavy weight (around 42 pounds), and most im-
portantly, its disadvantageous position before digital nota-
tion technology, were all factors that contributed to the
permanent discontinuation of this original music notation
device.

Nevertheless, using the Musicwriter as a musical instru-
ment for live-typesetting performances has opened a fruit-
ful space to explore the multiple and dynamic relations of
music and visual design. Meaning The Score is a work that
hopes to stimulate a unique appreciation of sound and mu-
sic through varied forms of visual representation, but over-
all, this work series aims to revive an engraving practice



that is almost unknown in the times of a generalized usage

of music notation software.

www.mauricio-rodriguez.com/tyscore.html

il

Figure 10. Tyscore No. 120. Colored ribbon ink on
piano roll.

Figure 11. Tyscore No. 138. Ribbon ink on piano roll.
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Figure 11. Tyscore No. 138. Ribbon ink on piano roll.
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ABSTRACT

This paper aims to present the process of composition of a
piece in which the musical material integrates syntactic
and semantic dimensions of a poetic language. Modeling
the semantics of speech gestures through graphical nota-
tion and using formant synthesis to generate the electronic
sounds are also the subjects that will be explained in order
to give an outline about the way poetry and prosody con-
tribute to the microstructure and macrostructure of a vocal
piece.

1. INTRODUCTION

Mots de jeu' is born of the challenge to compose a musical
work built on the sensitive and emotional content of a text,
and thereby to create what could be called a speech ges-
ture. Beyond the abstract meaning of words (the signified),
the composition seeks to capture the vocal gestural imprint
of poetry and use it as both a morphological and structural
model for the entire work, acting as a counterpoint to the
signifier.

From a technical perspective, the piece involves repro-
ducing phonemes and generating sounds using formant
synthesis [1] in the OpenMusic visual programming envi-
ronment [2, 3, 4] (OM-Chant library [5, 6, 7]), and produc-
ing a sound that gives the illusion of an augmented human
voice. The ambiguous quality produced by formant syn-
thesis echoes the challenges specific to the language of
several poetic texts drawn from the collection L 'Espace du
dedans by Henri Michaux. The language of these poems is

! Mots de jeu for 5 female voices and electronics is the first of a series
of pieces entitled L'Espace du dedans, based on the text by the Franco-

Belgian poet, Henri Michaux (1899-1984). Commissioned by the French
Center of Musical Creation (CIRM), it was created on December 9, 2018
by the vocal ensemble Mora Vocis at the Marc Chagall museum in Nice,
as part of the Manca festival, with the assistance of Camille Giuglaris.

2 «[...] while ordinary language tends to vanish, as soon as it is under-
stood, to make room for the ideas, impressions, acts, etc. that it evokes,
poetry tends, in its very form, to persist in our mind; the poem is some-
thing that lasts, it is par excellence memorable.” [8, p.152]

Copyright: © 2020 Alireza Farhang and Jean-Frangois Trubert. This is
an open-access article distributed under the terms of the Creative Com-
mons Attribution 3.0 Unported License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original
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37

Alireza Farhang
University of Cote d’ Azur, France
(IDEX UCA-JEDI, ANR15-IDEX-01)
University of Antwerp, Belgium
alireza farhang@yahoo.fr

constantly revealing new discoveries, and their original
and emerging poetic content can never be fully grasped,
opening the door to multiple points of view in a process of
composition that is constantly moving back and forth be-
tween the microscopic and local dimension of the language
and its models (phonemes, syllables and words) and the
macroscopic dimension (syntactic and semantic). The re-
sult is a superposition of formal structures organized ac-
cording to the vocal gestures selected for their paradig-
matic function as form generators. As we will explain be-
low, this has an impact not only on the sound structures but
also on the spectral morphology of the whole piece, as the
work on vocal formants necessarily has an incidence on
the harmonic and textural dimension of the synthesis pro-
cess and its combination with the voices.

The composition process of this piece will therefore re-
veal what happens upstream of the sound matter where,
through graphic schemes, the prosody of Henri Michaux’s
text gives birth to an acoustic matter. How is the poetic
environment perceived and analyzed? What vocal gestures
have been combined and how? How can a gesture or vocal
gestures lead to more macroscopic musical structures and
what notation signs could be used to convey them? How
do we bring human vocal matter in contact with synthe-
sized vocal matter?

2. MODELING PROSODY

To meet the challenge of creating a formal structure for
this piece based on the voice and of mobilizing all the vo-
cal resources of the poem, it was essential to work from a
text that could be segmented into small speech units, while
retaining the poetic expression of the whole. The poetic
material also needed to be malleable to a certain extent to
allow us to move the words, the syllables and the pho-
nemes, for instance. This full potential is immediately ap-
parent on reading the poem collection L Espace du dedans
by Henri Michaux, where these very aspects reveal a tre-
mendous musical power.3

3 Consider the example below:

« Comme une cloche sonnant un malheur, une note, une note n’écou-
tant qu'elle-méme, une note a travers tout, une note basse comme un coup
de pied dans le ventre, une note agée, une note comme une minute qui
aurait a percer un siecle, une note tenue a travers le discorde des voix,
une note comme un avertissement de mort, une note, cette heure durant
m’avertit. »

This passage is used in the final section of the work (measure 98 until
the end of the piece). The text revolves around the words “une note”,
repeated 9 times. With this repetition, the poet uses a circular form to
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Figure 1. Graphic representation of a speech gesture.

Regarding the composition of Mots de jeu, the goal was
not to simply reflect the text in the music,* but rather to
follow the principle of a geometric translation: to model a
form of contamination between verbal matter and musical
matter, where the texture of the words — both their meaning
and the bodily form of an intention or of a /ogos — would
then serve as reference [9, pp. 12-20]. To achieve this goal,
a graphic representation of vocal gestures was first imag-
ined as an abstraction of speech and as a graphic represen-
tation of its acoustic temporal form (see Figure 1).

The preliminary process therefore involved modeling
speech gestures and defining graphic schemes. The value
of these schemes is strictly subjective. The graphic sign is
placed in a space (on the page) that is neither ordered nor
homogeneous, where it combines several functions con-
veying the strength, the energy, and the internal movement
of the gestures that arise from the words, the letters, and
the interjections, etc. In some cases relationships are estab-
lished between the size of the letters and the dynamic and
in others, correlations are made between durations, etc.
(see Figure 2).

Figure 2. The strength, energy and internal movement of
the phonemic gestures.

express the multiple facets of “une note”. As indicated in the score, this
forms a counterpoint of words or from a certain point of view, a counter-
point of vocal gestures produced by juxtaposing the sung and breathed
gestures of two groups of singers (voices I and II against voices IV and
V). The counterpoint is possible because of the circular and repetitive
quality of the text that does not necessarily unfold in a linear fashion.
Voice III then operates as a contact surface between the two groups of
voices and gives a dramatic aspect to the musical discourse. The text also
speaks of the independent quality of the music, of the fact that the only
meaning of a note is the note itself without referring to an external mean-
ing. In several respects, the act of reading the text is already music in its
own right because it speaks about music in the same way that music
speaks for itself.

4 ... and not necessarily by amplifying the meaning that music could
add. Michaux was very reluctant to have his poetry set to music, and even
categorically opposed to it, to the extent that he wrote to Robert Bréchon,
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2.1 Graphic design of vocal gestures

The A graphic scheme is a visual bridge which seeks to
lead the observer from a concrete unit to an abstract one.
The unit becomes an element of material in the
Schaefferian sense of the term: from each unit, a character
(essentially of a structural and morphological nature)
emerges and crystallizes as it adopts different variables
and becomes “a structure of value variation” to use Michel
Chion’s own words [10, p. 67]. Each graphic sign can be
used multiple times, in different situations and with differ-
ent parameter settings. We therefore consider that there are
several levels of modeling of a source vocal gesture. Each
is determined by the degree of distance (i.e. the degree of
fidelity) with respect to the source gesture, from level 1
where there are many similarities between the phonology
of the text and its spectral and transcribed translation, to
levels 3 and 4, where elements from several source ges-
tures are combined in a complex way such that the origin
of the gestures can no longer be identified. At this level,
the process of abstraction grants the freedom to translate
the prosody into the sound matter illustrated in the graphic
notation and materialized in music. This approach is ap-
plied to both the sound synthesis part and the vocal part.
The first level represents the morphology of words de-
rived directly from their phonetic analysis. In this case, the
graphic schemes represent the succession of phonemes and
take into account the transitions or morphing (passage
from one state to another without a noticeable transition)
between them. The first task was to group phonemes into
classes according to their spectral content (see Table 1).

the French poet and essayist, to tell him: “I am looking for a secretary
who knows forty or fifty different ways of writing ‘no’ for me.”

In 1966, weary of the requests he had received for adaptations, he wrote
René Bertelé, the great specialist of 20th century literature, to tell him:
“Would you be so kind as to answer no to this lady on my behalf. I am
not taking any more risks and songs do not seem to me to be a good prep-
aration for a composer who wants to capture ‘exorcisms’.”

In 1957, Pierre Boulez wrote to the poet: “I would like to set your
Poésie pour pouvoir to music, and I would like you to read the text.”

To which Henri Michaux responded: “Pierre Boulez, who is not just
anyone, believed, even though I had warned him, that a musical compo-
sition with a powerful orchestration would add something or at least
translate more directly (!) what this poem is about. After two auditions,
the work was removed from the composer’s catalogue.”

H. Michaux, Lettre 8 Michel Mathieu, dated January 24, 1979, cited by
J.-P. Martin.



Vowels Semi-vowels Consonants
Voiced Plosives Fricatives Voiced

[a] [£] [ce] [5] z z
£ £ (m] [n)
g Z

[a] [e] [e] [€] [3] [1] [ce] [o] [0]
(I ul ] o) (w1 (4l ] c (b] [d] (2] v11(z] (3]
2 2
Voiceless 53 53 ) Voiceless
" . [p] [t] [k] [f1[s11]
Table 1. Classification of phonemes according to their spectral content.
Plosive onset Plosive offset Soft onset Soft offset Stable Unstable
Voiced
—
> [weEmen
o o o J u
[b] [d] [g] [m] [n] Whend wird ool vih [w] [yl (] (a] (€] [&] [5] y
[b] [d] [g] [m] [n]
Breathed
fll(s
(1 [s1 1)) Pt
[p] (t] (k] Quand un mot 56 termine par
les plosives
[p] [t] (k]
Voiced
and L cnaiiannd TTTITTT T
breathed [v11z113] [=][r]

Table 2. The outline of the phoneme shapes.

In order to represent phonemes graphically, we grouped
them in a slightly different, more subjective way. Catego-
ries were defined according to the rate of periodicity and
the articulatory form of their spectral content. The black
color represents the periodicity (voicing) and the gray
color the breath noise (voiceless or devoiced phonemes).
Some phonemes, such as vowels, have a simple and stable
structure while others, such as liquids, have a shape that
undergoes micro-evolutions. The phoneme [R] presents a
more complex spectral structure. It is a vibrating phoneme
(trill) whose shape varies depending on the context.7 Table
2 shows the outline of the phoneme shapes.

These profiles are used as a graphic alphabet, a type of
abstraction designed to show the acoustic behavior of each
phoneme. Obviously, the progressive transition from one
phoneme to another must also be represented in the graphic
scheme. Figure 3 shows the progression of the acoustic
structure of the word “étrange”.

Figure 3. Graphic scheme representing the profile of the
acoustic structure of the word “étrange”.

The word begins with the vowel [¢], which has a hard
attack and ends with the plosive consonant [t] which has
an abrupt onset and offset, hence the short silence which
precedes the phoneme [R] which has a granular character,
and so on. The scheme also expresses the intonation of the
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French language. The upward movement of the word em-
phasizes the second syllable while the tone descends on the
last two letters.

The second level is considered as an intermediate step in
the transformation of the word gesture into a musical ges-
ture. Thus, the graphic schemes that represent “phonemes”
and “words”, free themselves from their linguistic content
(signified) to produce a musical gesture (a kind of virtual
signifier). It can be quite short, limited to a simple pho-
neme or as long as a fraction of a word. The gesture is
achieved by observing the spectral behavior of the profile
and serves to form the composition material of the piece
(see figure 4).

At the third level, the simple gestures are superimposed
in order to build more complex gestures. At this level, the
morphology moves away from its original state to the ex-
tent that source words can no longer be identified.

Voice processes can be included, such as vibratos, pitch
changes, staccato or damped movements, which are not
usual in spoken language. This level corresponds to purely
vocal gestures, sometimes quite complex, but without
identifiable words. At this stage, the macro-gestures are al-
most ready to be used as structural elements of the musical
discourse.

The example below represents the gesture for the entry
of voice V which is derived from the word “étrange”. The
vocal gesture is electronically augmented. The phoneme
[R] which has a granular character, is first pronounced by
the voice. Then the granular synthesized sound similar to
the phoneme [R] transforms the beginning by stretching it
out not only in time, but also in space. The spatialized syn-
thesized sound which lasts around 4 seconds undergoes
micro-variations in timbre. It is then enriched by another



Figure 4. The profile of the vocal gestures derived from the words

synthesized sound or gesture, which consists of the succes-
sion of the vowels [a] and [U] and a fairly fast vibrato. The
result is represented graphically in Figure 5.

Figure 5. Profile of a complex gesture.

The fourth level appears in the final score, which can be
considered as a hybrid medium where conventional nota-
tion meets graphic notation. We note that several complex
gestures are superimposed to give a wider dimension to the
vocal part. When this level is reached, the formal and tex-
tural progression of the work can be seen (see Figure 6).

The abstract aspect of these schemes generates a mallea-
ble material which, depending on the context, can be
adapted to new musical situations in which the profiles
adopt a new duration, a new spectrum, a new height, and a
new temperament. Gestures can be segmented into shorter
units or on the contrary combined with other micro-ges-
tures to create a complex profile while sharing certain pa-
rameters such as temperament, etc.

Thus, the vocal gestures — sung but also electrically sim-
ulated — go through a series of derivations which produce
variations in their parameters and particularly in their

(14 CLINT3

étrange”, “plus” and “chose”.

temporalities. The gestures can be very localized (limited
to a phoneme or one syllable) or more extended (to a sen-
tence or even a structural unit — see Figure 6).

2.2 Formal structure of the piece

The drawings also have a poetic and semantic function.
They do not replace the traditional notation but comple-
ment it. They not only reflect the microstructures, but also
a macrostructure which integrates the meaning of the text
without using it in its original state. Consider for example
the introduction and the first section of the piece composed
from the following text:

Oh! Quelle étrange chose au début, ce courant qui se révele, cet
inattendu liquide, ce passage porteur, en soi, toujours et qui était.
On ne reconnait plus d’entourage (le dur en est parti).

On a cessé de se heurter aux choses. On devient capitaine d’un
FLEUVE...

In this excerpt, Michaux talks about music, time and the
fact that music bends time and resists the flow of time. For
the poet “to make music [...] is to practice the art of drift-
ing, which is not only to let oneself be carried along where
the currents lead, but to modify the perceived movement
of music.” [11] The introduction of the piece only repre-
sents synthesized sounds, accompanied by the singers’
body gestures, without voice. The synthesized sounds are
modeled from the combination of fricative and plosive
phonemes’ such as [r] (a voiceless alveolar r), [ § ], [k] and
[p]- This opening represents both resistance and current (as
in the image of the river). The modeled gestures therefore
contain an accumulated energy which is suddenly released
before coming up against other obstacles (see figure 7).

Measures 1-23 24 -39 40 - 86 87-97 98 -114 115-129 130 - 144
Entrance of the sung voice. This After a caesura, the A filtered breath (continuous The The chord This is the
. . The words . . . . .
opening represents both resistance discourse is now based on or damped) based on discourse is| becomes [climax of the
. . pronounced are . . . . . .
and current (as in the image of the| more an increasingly dense |whispered gestures begins this| led by the more piece. The
river). This section has a floating | . . flow of vocal gestures, section of the piece. The juxtaposed | important. [chord appears
. . intelligible. . . . o
aspect in which the words are not The range is sometimes unintelligible | spoken sentences are longer. | spoken and | The textural in its
presented as such. The range is wider an%i the (simple or complex The text is not necessarily |sung voices,| progression | complete
narrow. Measure 1 represents . gestures), sometimes intelligible however. The |where voice |appears in the| form such
. Lo spoken voice | . .. . . . .
plosives and fricatives. intelligible (words and | chord that briefly appeared in | III seems to | relationships that the
. meets the sung .
Synthesized sounds only. Lo sentences). The final measure 75 reappears be opposed | based on discourse
voice in . .
Measures 2 to 23 mostly represent} . chord first appears in gradually through repeated | to the other | harmonic | resembles a
counterpoint. . .
stretched vowels. measure 75. gestures. voices. intervals. chorale.

5 A plosive occurs when a blocked airflow in the mouth, pharynx or
glottis is suddenly released.
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Figure 6. Graphic representation of gestures in the score (measures 24 to 26).
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Figure 7. Sonogram of the opening of the piece (before the
first entry of the singers) and the scheme distribution. This
extract lasts a total of 12 seconds. The gestures result from
the superimposed graphic schemes. In the temporal evolu-
tion of the spectrum we observe the sudden change in the
formants produced by the occlusive phoneme “k”. The
short, damped breaths are also visible.
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The same text generates the entire next section (first sec-
tion) where the song first appears: Figure 8 represents a
rough drawing of a large gesture of affirmative speech
which is the inspiration for the composition of the first sec-
tion of the work (measures 2 to 43). This introduction,
which lasts about 3 minutes, has a latent character, inter-
rupted by the rhythm of short caesuras such as “OH”, a
vocal gesture of exclamation (measures 2, 9, 12 and 19).
The short cadence that begins from measure 24 concludes
the 4 caesuras that preceded it.

Different types of gestures (voiced, voiceless, breathed,
etc.) can be superimposed to create even more complex
profiles (see Figure 9). In measures 43 and 44 for example,
the fricative or plosive phonemes are combined with the
constantly evolving vowels and nasals. Here again, a flow
of vocal gestures is generated by the singers’ voices com-
bined with the synthesized sounds. The texture of the piece
is quite dense, unlike the beginning.

Sometimes, when two formant synthesis voices are su-
perimposed while going through constant pitch and reso-
nator modifications, a third virtual voice can be heard. Its
material is a succession of harmonics from a fundamental
tone, resembling East Asian overtone singing (measures
44 and 45). This further increases the density of the texture
of this section.
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Figure 9.

The combination of voiced and voiceless gestures generates more complex gestures.
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Figure 10. Measures 77 to 80, the sung voice combined with the synthesized sounds.

2.3 The textural progression and the harmonic outline
of the work

Although the progression of the piece is based on changes
in texture and timbre, rather than on harmonic relation-
ships in the classical sense of the term, in some sections of
the work the textural progression can be described through
chords and relationships between intervals. The table be-
low describes the formal progression of the piece.

The contrapuntal structure of the piece, quite discreet at
first, progresses around a central pitch (B flat) and be-
comes increasingly dense. Starting from measure 25, the
vocal part covers an interval that extends to an augmented
fifth (see figure 9). The process continues and the gestures
become shorter and shorter leading to reduced phrases.
The texture’s density increases and the gestural or phonetic
units become shorter and increase in number.

Figure 10 is an example of complex matter in which the
percussive phonemes of voice II are combined with the
damped and filtered breath-like noise (pulse-train) of the
synthesized voice, while the voiced gestures are aug-
mented by a succession of synthesized vowels, simulated
using resonators and morphing techniques.

In measure 82, voice II is in the high register, followed
by the first brief appearance of a large chord in measure 75
(see Figure 11), which is the dominant color in the finale
of the piece. In measures 81 and 82 (see figure 12), the
range of the vocal part reaches a climax in the fortissimo

Figure 11. First appearance
of the chord, a combination " ﬁ?ﬁ
of voiced and voiceless ges- R

tures generating more com- f
plex gestures.

dynamic. In measure 83, voice I1I (spoken) makes the tran-
sition from the loaded and tumultuous texture of measure
82 to a calm and more static texture. In measure 84, as in
the previous measures, voice III pronounces “taine” with
an inhaled breath prolonged by the sustained breath of the
electronic sound. The word “d’un” in measure 85 puts an
end to the voiced gestures of the synthesized sound and
begins a new discourse whose material is the whispered
voice and the damped breaths produced by electronic
means.
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Figure 12. Measures 81 to 86, the sung voice combined with the synthesized sounds.
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Figure 13. With the emergence of chords, the vertical temporality replaces the horizontal temporality.
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At the end of the piece, with the return of the chord (see
Figure 13) resembling a chorale, a vertical temporality fi-
nally replaces the horizontal temporality. The linguistic el-
ements become more concrete and the text begins to sur-
face in an intelligible way.

3. TECHNICAL ASPECTS

Voice description systems are usually based on a source-
filter acoustic production model. The source produces a
sound and gives it pitch or noise and power. The vocal tract
acts as an acoustic filter and defines the timbre of the sound
originating from the source. Each of these contributions
play an important role in the spectral content and therefore
in the phonetic information of each sound.

For the composition of Mots de jeu, a software called
Chant was used to control the voice synthesis via the OM-
Chant library in OpenMusic. OM-Chant provides for con-
tinuous control of the parameter settings for the different
formants. Synthesis events can be fundamental frequency
values of the pulse train (f0), FOF parameter matrices,
noise generators or formant filters.

The role of electronics is to extend the human voice’s
timbre and technical performances. However, from a com-
position perspective, synthetic sounds must remain linked
with the characteristics of the human voice, hence the use
of formant synthesis. The modeled gestures therefore al-
ways remain linked with the vocal gestures of the singers.
Different types of sounds and processing were used to pro-
duce the synthesized sounds: filtered or pulsed white noise
to produce a colored breath (continuous, damped or gran-
ular) and periodic formants to produce the vowels. Further
processing was added such as vibrato and morphing.

3.1 Filtered breath

Figure 14 shows an OpenMusic patch that generates a con-
tinuous noise. The noise parameters are controlled by an
amplitude envelope and by inputs which can be used to
adjust the total duration of the noise and its onset. Three
filters can be applied to the source signal. Each filter con-
tains two formants with two fundamental frequencies. The
parameter settings for the number of formants, the onset,
the duration and the amplitude of each frequency can be
adjusted separately.

At the patch output, a synthesis engine generates the
sound based on the input values. The source can produce a
damped noise or a kind of staccato breath whose damping
frequency is controlled by an envelope. The three filters
mentioned above can be applied to the pulsed noise.

When the frequency is low, the sound generated resem-
bles a pulsation. When the frequency value is increased,
the sound rendered is similar to a voiceless alveolar [r] or
a jeté or to flutter-tonguing on the flute filtered by inde-
pendent trajectories.

This effect was often used to prolong the gestures result-
ing from the pronunciation of [r] by the singers (measure
50) or as a pulsed breath passing through the whispered
voice in measures 87 to 90. Figure 15 shows the patch and
the spectral content for this gesture. On the sonogram, the
independence of the formants’ trajectory is explicit. We
can observe the change in frequency of the pulsation that
follows the frequency envelope of the patch.

3.2 Vowels

As a general rule, the different vowels are simulated by
adjusting the frequency, amplitude, and bandwidth values
of three groups of simple sine waves (three formants). The

Llil Continuous controls: NOISE

Amplitude of
the noise

(233.08187 300)

amplitude

FILTER event 1

FILTER event 2

nfilters onset durantion
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amplitude

FILTER event 3
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amplitude

[

n filters onset durantion

sove-sound
L]

Figure 14. OpenMusic patch generating a continuous breath.
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Figure 15. Patch generating a continuous breath with the settings for each formant. The sonagram below shows how

the formants of the produced sound evolve.

trajectory of each of these values determines how the for-
mant of the sound produced evolves, and therefore how the
formant of the vocal gesture evolves.

3.3 Transition between phonemes

Compared with other signals, the speech signal requires
more elaborate transitions. These sections show significant
formant evolutions. Consonants or articulations (staccato,
legato, etc.), for example, are expressive states which
cause spectrum micro-evolutions that are essential for their
phonetic and semantic profile. The word “ama”, for exam-
ple, represents the transition between two stable states
(two vowels) via the nasal “m”. Using the graphic repre-
sentation of the formant paths (sonogram), we can observe
the temporal behavior of the frequencies, amplitudes, and
bandwidths, etc. between the phonemes. Figure 16 shows
the evolution of the voice formants pronouncing “ana”
(left) and “ama” (right). As can be seen in the sonogram,
the profile of “M” is straighter. This can be explained by
the fact that “M” has a more abrupt onset and offset than
the phoneme “N”, as can be heard by the ear.

The transition and morphing between voiced vowels and
phonemes require an elaborate technical operation. The
CH-TRANSITION function is used for the transition be-
tween phonemes. It adjusts the behavior of intervals when
they overlap. Figure 17 represents a patch where the vow-
els (here O, EOE, I) make the transition between phonemes
such as B or L. In the patch, the frequency band filters, the

transition envelope, the fundamental frequency and the
amplitude were used to adjust the parameter settings which
determine the spectral content of the phonemes. By manip-
ulating the envelopes, phonemes are produced which can-
not be pronounced by the human speech production sys-
tem.

Figure 16. The sonogram resulting from the analysis of
the phonemes “N” (left) and “M” (right) surrounded by the
vowel “A”.

3.4 Vibrato

Compared A vocal vibrato also requires a complex for-
mant trajectory. The OM-Chant library allows us to adjust
different parameter settings that generate vibratos that can-
not be achieved by the human voice, while maintaining the
voice’s characteristics. Two of these parameters are speed
(frequency) and amplitude.
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Figure 17. Phoneme succession patch with the transition controlled by frequency band filters.

3.5 Sound triggering

The electronic component of Mots de jeu was created en-
tirely in a computer-assisted composition environment.
None of the processing is carried out in real-time. Close to
500 micro-gestures were generated in OM-Chant then ed-
ited and spatialized (in stereo) in Logic Pro, reducing the
number of edited sounds to 48. To trigger the sounds, a
simple Max patch was designed. It can be activated either
by the sound engineer in the sound room or by the com-
puter music designer using a pedal or directly on a com-
puter keyboard, in which case the electronic sounds follow
relatively closely the temporality of the musicians.

4. CONCLUSION

Mots de jeu is born of the challenge Thanks to the human
capacity to perceive the slightest changes in the spectral
content of the voice and thanks to formant synthesis and
visual control technologies, composers have a wide range
of possibilities to explore material produced by the voice.
L’Espace du dedans® is a series that draws from formant
synthesis techniques while focusing on the man-machine
relationship, on poetry and on new technologies. The com-
position Mots de jeu is an attempt to illustrate the poetry
of Henri Michaux by conveying what language paradoxi-
cally is unable to express. Henri Michaux does not hesitate

¢ L’espace du dedans includes Mots de jeu (2018) for 5 female voices
and electronics, Chuchotements burlesques (2019) for ensemble, an actor
and electronics, and a piece for vibraphone and electronic chorus (2019).
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to express his frustration that words are trapped in what we
are taught and what others would like to impose on us. For
him, language imposes limits on beings and things. It
forces the world into a grid and freezes meanings and iden-
tities.” Or, to use Gaston Bachelard’s words, Mots de jeu
somehow attempts to illustrate that “poetry is a metaphys-
ics of the present moment [...]. It is the principle of essen-
tial simultaneity where the more dispersed and disunited
being achieves unity” [12, p.224].

While Michaux did not hesitate to invent new words
which acoustically remained familiar to the ear of a French
speaker, he would probably have been tempted to invent
new phonemes and would have included them in his po-
etry, if he had had access to the technologies we have to-
day. In this sense, Mots de jeu shares Michaux’s approach.
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ABSTRACT

A framework for musical interaction design and notation
based on social network analysis is proposed. To this end,
the affiliation network model, which comprises actors and
events, is employed. Maintaining a sufficiently flexible
definition of event can cater for both music improvisers
and composers alike. If the (number of) events, their time
occurrence and their action space (what happens in a given
event) can be subjectively defined, then the concept of
authorship and the continuum between improvisation and
composition can be arbitrarily explored. The theoretical
axioms of the affiliation network, along with methods for
analysing its dynamics are presented. Furthermore, it is
suggested that such analysis can provide a suitable strat-
egy for notating emergent and/or composed musical in-
teractions and, retrospectively, for designing some anew.
Finally, a general scheme is illustrated, along with some
speculative blends for its practical implementation.

1. INTRODUCTION

Networks can represent and study the interdependence, in-
teraction and behavioural emergence of multi-agent sys-
tems, often a synonymous of complexity. Music ensem-
bles, by virtue of the dynamical and complex interactions
that define them, can also be considered as multi-agent sys-
tems, thus (socio-musical) networks. Improviser and re-
searcher David Borgo, for example, states that “music, as
an inherently social practice, thrives on network organiza-
tion” [1, p. 11]. This characteristic has recently afforded
ecological approaches and novel technological paradigms
to music improvisation and composition, with contribu-
tions from practitioners, academics and researchers alike.
In this paper a particular social network model, the affilia-
tion network, is considered as a framework for both struc-
turing and representing musical interactions.

1.1 Continuum

Musical composition is the strictest application of musical
interaction, as it defines roles, times, content and expres-
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sion for any given player in a music ensemble. Free musi-
cal improvisation sits at the opposite end of the spectrum,
as it does not make a predefined commitment to any musi-
cal parameter, relying instead on the dynamic negotiation
of the musical space and its organisation on behalf of the
players, in real-time. Between these two extremes, there
are countless hybrid tropes that blend improvisation and
composition with varying degrees of integration, aimed
at providing expressive opportunities and improvisational
space to the players, while abiding by a top-down struc-
tural design. Amongst these, one can list aleatoric mu-
sic [2] and comprovisation [3], although the contemporary
and modern music composition practice abounds with ex-
amples of such blends. These, inevitably, require bespoke
notation systems and methods.

1.2 Horizontal Time

There are innumerable approaches to notational systems
developed to grant varying degrees of freedom to the per-
formers. Amongst them, one could list proportional spa-
tial notation (e.g., Luciano Berio’s Sequenza I), time-based
pictographic scores (e.g., Cage’s Waterwalk), approximate
pitch systems with (e.g., tape-notation in Krzysztof Pen-
derecki’s Threnody for the Victims of Hiroshima) or with-
out staves (e.g., Schillinger graph-style notation [4]), al-
tered (e.g., Baude Cordler’s Belle, Bonne, Sage) or specific
notation systems (e.g., Xenakis’ Psappha), time-based ab-
stract representation (e.g., Hans-Cristoph Steiner’s Soli-
tude) or notation (e.g., Rudolph Komorous’ Chanson),
free abstract representation (e.g., Earle Brown’s Decem-
ber 1952) or notation (e.g., Mark Applebaum’s The Meta-
physics of Notation).

However, in the majority of the above, one cannot but
notice the hegemony of linear time, which includes circular
or periodic structures (e.g, George Crumb’s Songs, Drones,
and Refrains of Death). Temporal dependencies in (but not
limited to) this particular musical domain are more often
than not viewed as a serial procedure: event A happens
before event B, and so forth.

Things do not seem too different in contemporary prac-
tices involving computer aided notation and/or composi-
tion for interactive musical performances. These include
screen scores [5] and other scoring methods in the con-
text of networked performance [6, 7] and laptop orches-
tras, sometimes referred to as responsive scores. Recent
couplings of MaxScore [8] with node.js ! have enabled be-
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spoke generation of scores for each client in networked
performances comprising large numbers of players [9].
Nevertheless, systems as the latter, or such as John [10],
ZScore [11], Decibel ScorePlayer [12] and so forth, are
still primarily anchored to a horizontal viewpoint of time.

Motivated by the desire to break with a linear representa-
tion, notation and design of musical interactions, a method
drawing from social network theory is proposed.

2. NETWORK THEORY

A network can be thought of as a systemic architecture
within which elements connect and interact with each
other. The bare minimum needed to describe a network
is a definition of its topology and of its logical and opera-
tional affordances. In other words, it is necessary to know
who/what is connected to whom/what, how these connec-
tions are formed or abandoned, and what are the eventual
logical (or non) rules upon which these connections are
contingent. A network can be represented as a system of
connections (edges) between nodes (vertices). A basic un-
derstanding of network theory’s terminology is assumed,
however, the reader can refer to the Appendix, to this end.

2.1 Considerations

Many of the network model architectures developed in
the context of graph and social network theory are diffi-
cult to port to a musical domain. The reasons are case-
specific and embedded in their core axioms. For exam-
ple, in the Erdds-Rényi random graph model [13], given a
sufficiently large network, nearly all nodes will have the
same degree (see Appendix). Furthermore, such model
does not account for the instantiation of edges beyond ran-
domness. Similarly, the Watts and Strogatz’s small-world
model [14], while it exhibits small average shortest path
length (see Appendix), a large clustering coefficient (see
Appendix) and addresses the absence of hubs (a node with
atypically high degree), is still eminently stochastic. The
scale-free model [15], on the other hand, abandons ran-
domness as a potential way to explain large, complex so-
cial networks, thanks to the notion of preferential attach-
ment [16]. However, a scale-free model is no less problem-
atic when applied to music ensemble interaction or compo-
sition. In an ensemble of music performers and/or impro-
visers, the number of musicians is relatively small and each
element (the musician) cannot be considered simpler than
the system (the ensemble). Each musician is a complex
decision-maker, evaluating strategies and responding not
only to the local neighbourhood but also to the system as a
whole. Furthermore, while it needn’t be so, the prevailing
norm in music performance and composition is to have a
fixed number of players, while a scale-free network is dy-
namically growing and comprises a very large number of
nodes (far exceeding the typical largest music orchestra).
A candidate model for this paper’s speculative framework
is, instead, the affiliation network.
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Figure 1. A bipartite graph representation on a two-mode
network.

Figure 2. A hypergraph representation on a two-mode net-
work.

3. AFFILIATION NETWORKS

An affiliation network, also called rwo-mode network, is
described as “a network in which actors are joined together
by common membership of groups or clubs of some kind”
[17, p. 2570]. This model manages to introduce some
non-trivial behaviours and a deviation from the low cluster-
ing coefficient of the random graph. A two-mode network
can be represented as a bipartite graph or a hypergraph, as
shown in Figure 1 and 2, respectively. Alternative ways ex-
ist to express the network concisely, without using a graph-
ical representation, as it can be seen in the incidence matrix
in Table 1. Rows represent the events and columns the ac-
tors, and their affiliation to any given event is expressed as
a binary value. Based on the interaction strength, the edges
in a bipartite network can be weighted, using a ratio scale
(4 is twice 2, etc.). Figure 3 is an example of the same
network with added weights.

Affiliation networks are relational and can show how ac-
tors and events are related, how events create ties amongst
actors and how actors create ties amongst events. In
general, affiliation networks can exhibit non-overlapping,
nested or overlapping relations, as shown in Figure 4. Two-
mode networks can include the synchronous existence of
several events, which actors are free to choose from. This
modus operandi can be useful for a musical interaction de-
sign that wants to expand and develop in time vertically, as
well as horizontally (see Section 1.2). To design and no-
tate musical interactions based on this model, it is worth
describing its inner working a bit more in detail.

3.1 Measures and Metrics

The one-mode projection of the events (A, B, C, D, E) of
the network in Figure 1 is obtained by constructing the 5-
vertex network such that every event is connected to an-
other if there is at least a member that participated to both.
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Table 1. The same affiliation network in Figure 1, ex-
pressed as an incidence matrix.

Figure 3. A weighted bipartite graph.

Conversely, the one-mode projection of the nodes (1, 2, 3,
4,5, 6, 7) is obtained by connecting actors who have been
part of the same event. The two one-mode projections are
shown in Figure 5.

One-mode projections lose some of the information of
the bipartite network, for example in the actors’ projection,
the number of events that any given two connected mem-
bers have in common is not deducible. Things improve
when using weighted edges, as shown above. However,
neither hypergraphs nor bipartite graphs offer a compre-
hensive visualisation of the three layered structure consist-
ing of actor-event, actor-actor and event-event. For this,
Galois lattices have been proposed [18], but they are be-
yond the scope of this paper.

Despite the partial information loss, one-mode projec-
tions can be useful if one wishes, for example, to calculate
shortest paths in the two-mode network, by simply project-
ing onto either actors or events and calculate path lengths
as one would do in one-mode networks. A simple notion
in a two-mode network is that of co-affiliation. An un-
normalised measure of co-affiliation can be constructed by
simply using a pairwise actor contingency table, as shown
in Table 2, which refers to nodes 1 and 2 in the weighted
bipartite graph of Figure 3.

In Table 2, the quantity a is a measure of the number of
times that nodes 1 and 2 co-attended an event. To nor-
malise this quantity, it is sufficient to divide a by n, which
can be useful to compare other pairs of nodes. Alterna-
tively, one can divide n by the min((a + b), (a + ¢)), thus
accounting for the maximum possible overlap given the
number of events attended by both. Yet another normalisa-
tion would be to divide a by (@ + b+ ¢), which expresses a
in relation to the events that are possible to attend. Another
important property in a network is that of centrality, which
has been defined in a number of ways, for example based
on degree (how active an actor is in the network), eigenvec-
tors (if a central actor has ties with other central actors),
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Figure 4. Non-overlapping, nested and overlapping rela-
tions (top to bottom).

OO @ ;
W\l QE |

Figure 5. One-mode projections.
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closeness (how short are the potential paths to other ac-
tors), and betweenness (potential to mediate between other
actors).

4. SOCIOMETRIC ANALYSIS

The measures discussed so far can be useful for the socio-
metric analysis of the network. For example, one could de-
duce who are the most central actors or events, how these
relate to one another, the eventual overlaps of memberships
and in general capture inner structures and behaviours.
When thinking in musical terms, the actors being players,
these insights can be used retrospectively for the design of
structured musical interactions or for notating interaction
dynamics which can be conveyed back to the performers.

In [19] it is posited that there are three main approaches to
representation used in responsive scores. These are based
on low-level audio, mid-level performance data, and high-
level score data, respectively. In the same paper, a fourth
approach is proposed, leveraging on machine learning to
classify latent “musical agents” based on information re-
trieval methods and telemetric data. It is suggested that
“technology can help us navigate this unknown territory
through the transmission and generation of vital informa-
tion and create new performance perspectives.” In this pa-
per, in agreement with the last statement, yet another ap-
proach is put forward, based on sociometric analysis, in-
stead.

4.1 Dynamics

The principal motivation for using an affiliation network is
to afford concurrent events and group memberships. This
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Table 2. Co-affiliation of nodes 1 and 2 in Figure 3’s net-
work.

property opens up design strategies for a multiplicity of
musical interactions, which remain available to the play-
ers. However, this does not mean that one can entirely
disregard sequential dependencies. Rather, the two view-
points can coexist in the same conceptual space. An actor
might be part of several events at different times in the per-
formance, whether sequentially or periodically, although
several events might be available at the same time. In a
musical context it is reasonable to assume that a player
can only be part of one event at the time, unless placing
severe constraints on attention and focus which would re-
flect negatively on the quality of the music played. There-
fore, to achieve dynamical re-configurations of the bipar-
tite graph, a notion of sampling could be introduced. The
rate at which players make changes in their outgoing ties
could be also used as a further measure, e.g., a ‘rate func-
tion’. These repeated network snapshots could be regarded
as discrete observations of a process developing in con-
tinuous time, where actors make changes in their evalua-
tion of the state of the network, and constitute each other’s
changing environment. At each sampling step each player
controls his/her membership and within each sampling pe-
riod he/she (potentially) controls his/her behaviour in re-
lation to the clique (in the current analogy: the musical
cluster). Such discrete observations could be used to com-
pute the measures described in Section 2.3, as well as for
generating a time-explicit graph for visualisation purposes.
Figure 6 illustrates two time steps in a hypothetical af-
filiation network (with only two events). Measures such
as degree have to be redefined in relation to the network
model. If considering a “one-mode” representation, then
one will have measures for actor degree and for event de-
gree. For an actor ¢ and an event j these will be, respec-
tively, the number of different actors who participate to the
same event as actor 7, and the number of different events
which share an actor in common with the event j. As an
example, Figure 7 shows the evolution of four player’s de-
gree over time 2

5. SCHEME

The proposed framework is medium agnostic, and can be
realised in whichever format is most congenial to the de-
signer. For example, graphic scores could well be em-
ployed, as would any arbitrary blend of traditional nota-
tion techniques, abstract scores and technology-based rep-
resentations. However, since we would like to benefit
from the sociometric analysis described earlier, the specific

2 This data is taken from one of the author’s system’s during a real
performance.
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Figure 6. Cumulative graph after two periods (left) and
corresponding time-explicit graph (right).
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Figure 7. Example of four player’s degree over time, from
a “one-mode” perspective.

choice would depend on having a way for actors to route
membership decisions back to the network. To this end,
computer-aided systems, and in particular the networked
performance paradigm, whereby the design and/or compo-
sitional parameters (e.g., the timeline of scheduled event,
the content specifics, etc.) are shared over a co-located or
remote computer network, are an obvious choice. Prac-
tically, the system could be configured as a many-to-one
topology, where each player receives and visualises the
available information about the affiliation network state on
his/her terminal. A central server would host the ‘score’
or the sequence of available events that are presented to
the actors, along with arbitrarily complex descriptions of
what any given event musically entails. Affiliation deci-
sions’ routing could be done in many different ways, for
example, a foot-pedal array, a numerical keypad, a graphi-
cal user interface, and so forth. The server could thus per-
form some of the analysis discussed in Section 4 and this
information could feedback into the system, at some level.
For example, if it was the case that a particular event was
consistently poorly attended, the system could choose to
replace it > with a suitable alternative.

In exploring this model speculatively, two extremes can
be considered to illustrate the potential flexibility of the
system. In the first case, the framework would be used
by ensembles of improvising musicians, thus the specifi-
cations on both actors and events would be assumed to
be minimal and/or consensually agreed amongst the con-
stituent players. In the second case, the framework would
be used by composers who can have complete agency over

3 stochastically or according to specific rules.



A

Make a soft sound loud
and an old sound new

Figure 8. A speculative score, for illustration purposes only, with events ranging from abstract/aleatoric to conventional
notation. Event A is borrowed from Oliveiros’ Klickitat Ride, 108 possibilities 54 opposites, in [20]. Event K is Kirk-
patrick’s The Book of Musical Patterns Nol [21]. Event S is an example of relative pitch notation [22], and event X is a

detail from Verheul’s Nocturne No.14 [23].

both the actors (e.g., orchestration) and the events (e.g.,
event 1 = play specified musical material/score/ideas, event
2 =...). However, this very case would collapse the affili-
ation network into a sequence of pre-established member-
ships to groups on behalf of given actors. Notwithstanding
this caveat, all continuous options in between free impro-
visation and highly constrained network parameters could
be considered. Whatever the case, it is assumed that ac-
tors are free to join any given event available. This affor-
dance will be dependent on how the time sampling is im-
plemented, whereby, at given time occurrences, the players
are presented with the opportunity to change their group
membership. Of course, it is possible to introduce arbitrary
flexibility regarding the sampling period. For example, this
could be stipulated a priori by the composer (e.g., regular
or periodic time frames, time-line score, etc.) or negotiated
in real-time by the improvisers, for example by means of a
voting system or by cueing. Similarly, the events available
at any given sampling step could be invariant or chang-
ing (both in action space and in number). These options
could be chosen/fixed by the composer, stochastically de-
termined (e.g., using a probabilistic automaton), or even
negotiated as above. In general, the network dynamics
could depend on endogenous (e.g., intrinsic in the design
or resulting from reciprocity, transitivity, etc.), exogenous
(e.g., actor variables) and dependent (e.g., ego-by-proxy,
network position of strongest personalities) factors. The
attendance to a given event in a musical framework of this
type will then likely be a function of the willingness to co-
operate with a given set of players (for a wide range of
motivations) and of the appeal that a given event has for a
player. Regarding the events’ content, it is ultimately up to
the end users or music designers to make specific choices
in this regard. Figure 8 illustrates some of these options
along the continuum, from abstract to notated. The overall
scheme derived from this speculative application of affili-
ation networks to musical interaction is thus very simple,
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and can be summarised as a parametric space spanning a
continuous domain ranging from designed to emergent, as
seen in Table 3.

ACTORS |
Mixed ‘

‘ SAMPLING ‘ EVENTS ‘
‘ Number | Content | Membership ‘ Individual

Sectional

Fixed

Mutable

Table 3. A simple scheme.

6. CONCLUSIONS & FUTURE WORK

Graph models can be useful for exploring modalities of
musical communication, interaction and creation, whether
more composition-oriented or more improvised. How-
ever, to harness the potential of the network’s notion in
the context of finite music ensembles (which normally
do not grow or shrink arbitrarily during the course of
a given performance), considerations regarding structural
and dynamic characteristics of the chosen graph model are
paramount. Affiliation networks can offer an interesting
viewpoint in that they allow concurrent options for the
players to choose from. Thus, they challenge the well-
established paradigm of sequential time normally used
for interpreting, experiencing, and designing or compos-
ing musical interaction. Providing that non-intrusive and
seemingly integrated ways to route membership decisions
are implemented in this context, sociometric data analysis
can be fed back into the network, thus injecting the musi-
cal interaction design process with real-time opportunities
to morph and adapt, if one so wishes. However, since this
model is purely speculative at this point, it remains to be
seen whether or not it constitutes a valid scheme that can
be flexible enough to accommodate a wide range of musi-
cal organisation level needs. Thus, the author endeavours



to implement a working prototype in the near future and to
test it in a real-performance environment.
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Appendix

The degree of a vertex is the number of edges ending in that
very vertex. Directed and undirected graphs are defined
based on whether the edges can be traversed in both direc-
tions or not, respectively. Walks are ways to get from one
vertex to another, for example, a walk (ahkjs...z) is a
walk between a and z. A path is defined as a walk where all
edges and nodes are different and a cycle is a closed path.
The shortest path from one vertex to another is called a
geodesic path, whereas the average distance is the average
of the minimal path length between all pairs of vertices.
The coordination number is the average degree in a graph,
and the network diameter represents the maximum degree
of separation between all pairs of vertices. In other words,
is the longest geodesic path between any two vertices. A
clique is a fully connected sub-graph. More formally, a
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clique is a set of nodes where every node is connected to
every other in the set and where no node outside of it is
connected to all the nodes that are members of it. Further
essential definitions include the clustering coefficient of a
vertex, defined as the average ratio between the vertex’s de-
gree and the number of neighbours that are also connected
to each other, and the degree distribution p; which, for a
graph with N nodes and X} being the number of nodes
having degree k, is equal to % A complete graph is such
that each pair of vertices are adjacent, which means there
is an edge joining them and the vertices are incident with
such an edge. Finally, two graphs are isomorphic if there is
an injective mapping (one-to-one) between the vertices on
one graph and the vertices of the other, such that the num-
ber of edges linking any two vertices in one graph is equal
to the number of edges linking the corresponding vertices
in the other graph.
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ABSTRACT

Music improvisation, which is defined as creatively and
playfully exchanging musical concepts, is often associated
with expert musicianship and musical skill. While there
are numerous methods for live scoring improvisation, there
are not many resources aimed at assisting novice perfor-
mance during improvisational activities. Jam Tabs is a
notation system that helps coordinate idiomatic musical
expression for novice musicians using color-coded instru-
ments and a colored visual display.

Jam Tabs utilizes a seven-color notation system, LED
cubes and a colored piano keyboard to assist novices in
coordinating chord progressions—a common musical ele-
ment used among improvising musicians in popular west-
ern music contexts. We have observed that novice piano
players could follow chord progressions in tonal music note
for note using color coordination while improvising. We
found that seven colors in any key provide enough infor-
mation for players to experience a satisfactorily expressive
and creative jam session.

1. INTRODUCTION
1.1 Improvisation in Music Notation
1.1.1 Music Notation

Music notation is defined as a visual notation containing
images, symbols or codes used to represent musical sound
or instruction for performance [1]. Though music notation
has been used to depict many aspects of music throughout
history, symbols that place emphasis on the relationship
between pitch and time are common in popular western
music contexts.

Music notation can be differentiated from music visu-
alization, which is often expressed as a representation of
music in real-time—produced with emphasis on aesthetic
value, or to depict an aspect of the music. Music notation
in the context explored, however, conveys information that
allow players to refer to a common resource, synchroniz-
ing musical activity between musical agents.
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Lead Sheet Example

Commonly Used in Jazz

CMaj7

A- G7

A- 67 Cmaj

Figure 1. Example of a lead sheet for Jazz style improvi-
sation.

1.1.2 History of Improvisation in Music Notation

Throughout world history music notation for improvisa-
tion has been utilized to convey broad or generalized mu-
sical information. One of the first examples of music no-
tation, discovered in ancient Sumer around 1250 BC, con-
tained: a poetic text of hymnic character, some lines of mu-
sical notation, a symbol specifying the genre of composi-
tion, the instrument tuning, and the composer [2]. It can be
argued that these ancient scores were intended for impro-
visation rather than note for note replication of a piece—
common in written scores of today. In the 13th century, and
likely before then, India’s Raga music, a traditionally im-
provised classical music, was written and performed in the
eastern world [3]. Also of note, western music composers
like Mozart and others in the eighteenth century, utilized
figured bass to indicate the underlying musical content for
improvising over a cadenza [4]. In more recent years, mu-
sicians of many genres use lead sheets, chord charts, and
other abstract notations to show only the essential compo-
nents of the underlying musical material.

1.2 Current Use of Notation in Improvisation

Traditionally, jamming is a term used to describe a musi-
cal improvisation activity, implying real-time musical cre-
ation, often with an underlying theme or familiar tune.

Though jamming is more popular in genres such as jazz
and blues music than in many other western music tradi-
tions, it is nevertheless a skill available to musicians in all
genres of music [5]. A common form for representing mu-
sic, both for performance and for jam sessions, is the lead
sheet. A lead sheet usually consists of the chord root and
quality contained within a bar of a given number of beats
(see Figures 1 and 2). A lead sheet may also contain writ-
ten music, but it is not an essential component of the nota-
tion. Additionally, instead of the letter name for a chord,
a roman numeral is given instead to represent the chord in
reference to the key or tonal center of the song (see Figure
3).
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Figure 2. Example of how a lead sheet may appear. Con-
tains chord charts or diagrams
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Figure 3. Example of a lead sheet for Jazz or Blues style
improvisation may appear. In this example roman numer-
als represent harmonic content

1.3 Music Notation for Improvisation

The traditional western music score has formed the ba-
sis for many other, less formal, western music notations.
Many of these notations are used among musicians in record-
ing studios, jam sessions, gigs and during practice for the
purpose of creating flexibility in their musical output. Mu-
sic improvisation, which entails some degree of freedom
during a performance, requires less information in a no-
tation than a musical piece that is more prescriptive and
explicit in its intended expression. Therefore, music no-
tation for improvisation is uniquely concise in its use of
symbols—often displaying only a few musical descriptors.

1.4 Act of Improvisation

When improvising, the musicians in a group will often play
notes that are present within the chord being played on the
lead sheet. More advanced musicians may be able to incor-
porate other elements of music present in their improvisa-
tions, but nevertheless having access to this information
while participating in a jam session or while practicing im-
provisation over a backing track is helpful for many impro-
visers. In order to fully utilize a lead sheet a musician must
know:

1. What the symbols on the lead sheet refer to.

2. Where the notes are that are being referred to on
their instrument.

3. Some musical vocabulary to use while referencing
the music being played.
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Depending on the instrument being played this task can
be very difficult to achieve. Musicians improvising in real
time can have timing constraints at approximately 30 mil-
liseconds before sounding asynchronous [6, 7]. In the case
of the piano keyboard, the task requires a minimum of 12
notes to be recognized from a pattern of black and white
keys. If a note, or series of notes, is to be played at 60
beats per minute, in common time (four beats per bar), with
a chord change occurring every bar, an improviser would
have to locate a new and unique note on the piano every
four seconds in order to reference this basic musical con-
cept in the chord progression. An improviser who does not
have knowledge of the keyboard would not be able to play
notes in the chord progression with just a lead sheet and
a piano keyboard. Therefore, without instruction or prior
knowledge, an improviser would not have enough infor-
mation to begin an improvisational activity.

1.5 Improvisation Pedagogy

Improvisation in music education has been researched in
numerous western music genres. Some Jazz and Blues mu-
sic educators have created exercises to bolster improvisa-
tion skills by breaking down solos, trading rhythmic clap-
ping, scat singing, and utilizing multiple software tools to
support the improvisation activity [8, 9]. There is also a
rich history of improvisation pedagogy relating to caden-
zas in classical music. For this type of improvisation edu-
cation, musical passages are selected from famous classi-
cal improvisers, such as Mozart, and practiced in various
ways—often in an effort to replicate the composers style
without playing the music verbatim [4].

Stages of improvisation education have been outlined by
Kratus for optimizing the growth of the improviser [10,
11]. These stages of learning can be best categorized as
being a multi-leveled system with tasks that increase in be-
havioral complexity [12]. Pedagogical techniques in this
system separate aspects of the music for isolated training,
such as rhythm, style and technique. According to Huovi-
nen, improvisation pedagogy can also be broken down into
two methods: a music theoretic approach, and the other be-
ing a ’dramaturgical’ approach. In this view the music the-
oretic approach focuses education on the chords and scales
that an improviser should be playing during the improvi-
sation, and the dramaturgical focuses on balance, variation
and tension [13]. When analyzed for differences in im-
provement for variation in play, both methods have shown
to increase complexity of musical concepts while impro-
vising. Those who are taught using a music theoretic ap-
proach demonstrated higher variability in dissonance, while
those taught using the dramaturgical method demonstrated
an increase in rhythmic variability [13].

Extra-musical factors can also play a significant role in
the effectiveness of improvisation pedagogy. Studies in
children have shown that while learning to improvise, so-
cial context plays a critical role when ascribing meaning to
improvisation. Learning how children ascribe meaning to
improvisation can influence how they perceive what they
are doing and how they can work to improve upon it [14].



Figure 4. Jam Tabs system containing notation and col-
ored piano keyboard.

1.6 Color in Music Notation and Instruments

The use of color in music has been used many times over
the course of history. Colored notation has been utilized by
composers such as, John Cage, Olivier Messiaen, Alexan-
der Scriabin and Gyorgy Ligeti to enhance the musical
content of their scores in a variety of ways [15]. The use of
color has also been demonstrated to make music notation
easier to read for young children [16] and has been used
in piano instructional books from many popular publish-
ers. These instructional books are often accompanied by a
set of stickers that are to be applied to the instrument. A
variety of stickers can be found in stores, including: black
and white letters of the musical alphabet, pictures of mu-
sical notes as they appear on a score, and colors of various
shapes.

More recently, color and light have been used to sup-
plement music education by lighting notes that are to be
played on the lit instrument. Piano companies such as
Casio(®) and Yamaha(R) have lit keyboards, and guitar com-
panies such as Fretlight(®) have LED embedded guitar necks
to guide learning guitar players to the correct notes.

2. MOTIVATION

Skilled musicians often describe being in a pleasurable state,
achieving flow [17] and bolstering creativity [18] when im-
provising. While there are numerous methods for live scor-
ing improvisation [19, 20], there are not many resources
aimed at assisting novice performance during improvisa-
tional activities using notation. Many resources are avail-
able for players that have an understanding of scales, chords,
time signature, and their instrument. These visualizations
often display various chords or scales while a musical piece
is played and are aimed at an audience that has already
spent a significant amount of time with their instrument.
Several resources are available for novices by augment-
ing instruments so that they are easier to play [21, 22].
Many more resources are available for novices to experi-
ence music in novel ways through collaborative musical in-
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struments and interactive musical systems [23, 24, 25, 26].
These methods, however educationally useful, can neglect
desirable aspects of participating in a traditional jam ses-
sion, such as playing a traditional instrument or maintain-
ing control of ones musical contribution.

The proposed system was designed to coordinate players
of both traditional and non-traditional instruments as well
as accommodate music improvisation at more difficult lev-
els of play. The system was designed to assist in making
collaborative musical experiences easier for novice musi-
cians of any instrument by providing an optimal amount of
visual information.

The following design problems were identified as the most
pressing issues to address in novice music improvisational
settings:

1. Providing information regarding the root note of a
given chord on a visible notation.

Providing a series of root notes that clearly represent
an order or progression.

. Demonstrating a time signature, or how many beats
are present per chord.

Including features that allow musicians to recognize
where in the progression they are at any given time.

. Providing a reference to the instrument itself in order
to aid in the interpretation of the notation element.

Maintaining visibility of the notation from any angle
in the jam session allows musicians to focus atten-
tion on a single common notation when in a group.

Information about the chord progression ties all members
of the jam session together and is often the main content
of a lead sheet. This information is available to musicians
either visually or auditorily. Aural information, however,
does not persist in time. An intermediate level of aural
skill (auditory musical element recognition) is generally
required in order to follow along in a jam session. This ob-
servation coupled with the fact that current systems of vi-
sually displaying music are beyond the interpretation of a
novice player, suggests that a new method of visually dis-
playing relevant chord progression information is needed
in order to increase the number of novice musicians who
can participate in improvisational activities.

This paper presents a system that addresses these design
constraints and also provides additional benefit to the novice
improviser. The design solution was developed through
numerous observations of jam sessions using various rele-
vant technologies.

3. JAM TABS DESIGN PROCESS

In order to make improvised musical activities less stress-
ful and creatively productive for novice musicians, Jam
Tabs utilized a seven-color notation system, addressable
LED lights inside of an acrylic cube (LED Cube, see Fig-
ure 10) and a color-coded piano keyboard to coordinate the
essential content of a lead sheet—the chord progression, a
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Figure 5. Color selection and reference to relevant har-
monic content

common musical element used among improvising musi-
cians. A color-coordinated notation in addition to color-
coded instruments enables novice musicians to quickly iden-
tify the salient notes in a chord progression on their instru-
ment (see Figure 4).

3.1 Color Selection

Colors for the LED cubes were selected in order to pro-
vide seven distinguishable colors to display. Primary and
secondary colors were used to distinguish the first six col-
ors. The seventh color chosen was white also because it
is easily distinguishable from the other six (see Figure 5).
Additionally, by using the sequence and colors of the rain-
bow, an inherent order is given. Doing so enabled the LED
cubes to be easily distinguished from each other while si-
multaneously providing an order to the colors. Pitch infor-
mation is notated through color because it does not have
spatial restrictions. This allows color to be used on the
cubes and any visual instrument. Color also has the capa-
bility, if not confined to a shape, to be omnidirectional.

3.2 Time Signature

The LED cubes, similar to lead sheets or chord charts (see
Figure 2), indicate a full measure of music. The cubes
indicate a time signature (number of beats present per cube
in a bar of music), through a series of neopixels located on
the edges of the cube (see Figure 6). For example, if the
chord progression is in common time (four beats/bar) the
neopixel strip will show a white light that moves from one
neopixel to the next lower neopixel. This occurs four times
in one cube and then the following series of lights in the
cube initiates.

3.3 Accidentals (Sharps and Flats)

Notes that are outside of a given key are displayed as a
combination of the adjacent colors. Each cube is separated
into two parts in order to retain the capability of showing
the seven colors used to represent the major scale as well
as the five notes that are in between the seven notes (see
Figure 7).

Splitting the bar had two notable benefits. First, increas-
ing the number of colors to twelve spread the spectrum of
color and took away from the ability to distinguish them.
Second, the colors that are found in between are perceived
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Beat: 5 6 7 8

Figure 6. Beats per minute demonstrated by a moving
LED on either side of the colored face of the cube. Number
of lights per color/section indicate the number of beats per
bar of music. This example indicates a 2-chord progression
(I-V), each played for a duration of four beats (common
time) at a given tempo.

Color: Orange / Yellow Yellow Green

EEERILO N

Red / Orange Orange
i

Chord Number: #/ bii #ii / biii i v
Green/ Blue Bive Blve / Purple Purple Purple / White White
#V/bV \ #V /bvi vi #vi | bvii vii

Example: Ly

Figure 7. Demonstrates how accidentals are portrayed in
color. Accidentals (sharps and flats) are shown by split-
ting the neighboring colors in half and merging them into
a single section.

as being some combination of the surrounding notes. This
is similar to the already familiar concept of sharps and flats
in classic music notation. This, among other features, al-
lows for players to recognize notes that fall outside of the
key quickly and easily. For these reasons, only seven col-
ors were included in the final design.

3.4 Backing Tracks

A jam or backing track, defined as a minimalistic instru-
mental track that provides the background for a small jam
session, consisting of a drum beat and at least two other in-
struments, can be played to support the players. This type
of support is not often used in group jam sessions but is of-
ten used by musicians to practice their soloing skills [27].
Musicians will often utilize resources such as YouTube®),
Band-in-a-Box(®) software, iReal Pro® and other forms
of generated or recorded jam tracks for this type of prac-
tice, regardless of genre. It has also been demonstrated
that children as young as five years of age can experience
positive effects during music improvisation sessions when
using harmonically relevant backing tracks [28, 29].
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Figure 9. Vinyl piano bar placed behind the keys of a dig-
ital piano keyboard instrument.

3.5 Piano Bars

Vinyl piano bars, colored in the same colors as the LED
cubes, are used to demonstrate the relationship between
the notation and the instrument. Piano bars easily fit be-
hind the keys of most piano keyboard instruments making
color associations nearly instantaneous. The colors can be
moved from one key to another to demonstrate key changes
and are also accurately spaced to retain the relative spacing
differences between keys (see Figure 8 and 9).

4. HARDWARE PROTOTYPE

The Jam Tabs system consists of LED cubes that provide
the user with an interactive light display. The root note of
the chords present in the jam track is displayed as a color
that can be found on the piano keyboard.

This general design structure lends itself to a myriad of
design options. Any system that can omnidirectionally dis-
play seven colors and a vertical arrangement of squares and
dots can accomplish the main design parameters of Jam
Tabs.

Included in these possible designs are projections, phys-
ical colored non-backlit cubes, light projection elements
such as flashlights and laser pointers, LED strips, LED
cubes, holographic displays, and other similar technology.

4.1 Supported Technology
4.1.1 LED Cubes

Jam Tab lights reflect the color of the note present in the
music at a given time. Jam Tabs allow for keeping track
of what beat in the chord progression is currently occur-
ring. LED Cubes reflect bars of music and accurately de-
pict chord changes within key by color. LED Cubes can be
seen from any angle (see Figure 10).

4.1.2 Colored Keyboard

Colored bars were used for color application. These match
colors present on LED cubes (see Figure 8 and 9).
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Figure 10. Physical representation of the LED cube hard-
ware prototype.

4.1.3 Backing Tracks

Music in the form of “backing tracks” are provided to mu-
sicians at a recommended tempo of 75 beats per minute.

5. LIMITATIONS
5.1 Western Music

Jam Tabs can be used in improvisational settings for any
genre of music. Currently however, the Jam Tabs system is
designed to be played within tonal western music scales in
order to improvise effectively. This is because the colors
chosen are optimized for a twelve-note system.

5.2 Subdivision of the Bar

The current Jam Tabs system does not accommodate mid-
bar chord changes. This is because each cube is treated
as a single bar of music. It is possible to change the time
signature to the number of beats present in the smallest
subdivision of the bar and then apply the appropriate num-
ber of LED cubes to fill the rest of the notation, but this
method could easily result in many LED cubes displaying
what could be non-essential components of the progres-
sion. It is therefore preferred to assign subdivisions as full
bars on a case by case basis.

6. DISCUSSION

Jam sessions using the LED cubes are possible in small or
large group settings. The majority of users thus far have
utilized the cubes in a private setting, in which they were
practicing their improvisational skills. The usefulness and
design implications of a commonly visible notation require
further investigation, however; it is hypothesized that com-
mon visibility, like that of Jam Tabs, will enhance the inter-
active component of a jam session and will create a better
sense of community than personal music notation.

Our initial observations lead us to believe that the system
successfully accomplished the design parameters it set out
to fulfill. It was observed that novice piano players can
have fun, creative, and surprisingly successful improvisa-
tion sessions using the Jam Tabs system. The system has
been utilized in groups of up to 25 people, a session which



had its own challenges and successes. It was nevertheless
interesting to observe which design parameters work best
for which group size. The effect of group size on the suc-
cessful use of the Jam Tabs system is a topic for future in-
vestigation and may even shed light on the social dynamics
present in group and collaborative musical play.

Overall accuracy of the notes being played by the partic-
ipants when following a chord progression seems to be an
accomplishable task for most, if not all, participants. Few
errors with regards to pitch and duration occur throughout
the improvisational activities indicating that players were
not getting lost or confused.

Multiple players have responded in regards to the use-
fulness of the lights as a reference for the order of colors,
such as in a progression. It is possible, however, that some
participants have more auditory recognition skills than oth-
ers for musical elements. This may suggest that there is
a slightly different set of design parameters that may be
uniquely applicable to players who are beginning to play
a new instrument but have significant experience in music
generally, or with another instrument. These players may
be able to track the progression and time signature better
than complete novices, but still have very little knowledge
and capability of finding the correct notes on the piano key-
board instrument provided. Further investigation is needed
to address this type of musician and a separate system may
be designed if necessary.

Several usability problems arose in creating and observ-
ing the use of the prototype. The first is an issue with dis-
playing subdivision of a bar of music. A single color cur-
rently represents a chord and a bar of music. If one wanted
to represent two chords in a bar of music they would have
to reduce the time signature or increase the number of cubes
in the system. This issue is likely best solved on a case by
case basis. The second issue that arose was the number
of LED’s present on the neopixel strip representing time
signature. To solve this issue it may be helpful to use only
common time signatures. It is also possible to use irregular
spacing to solve this problem, although it may create other
usability issues.

These two issues cannot be addressed without redesign-
ing certain components of the system. Further iterations
of Jam Tabs will address these concerns and relate them to
current structures in music. It is likely to be the case that
not all music can be completely represented on the Jam
Tabs system, but it may be generalized or used in such a
way that novices can still be successful with most music to
warrant the current design.

7. CONCLUSIONS

Overall, the Jam Tabs system proved to be very useful
for providing the essential information of a jam session to
the novice musician. The practice of following the root
note of a chord progression seemed to be improved and it
was particularly helpful for identifying and playing sharps
and flats. It was also observed that near all novice mu-
sicians were able to creatively and satisfactorily express
themselves while improvising regardless of key. Most im-
provisers played as though playing with four sharps, such
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as in the key of E major, was just as simple as playing in
the key of C with all white notes.

In order to explore these concepts further, future studies
aimed at evaluating the impact of the Jam Tabs system on
improvisation learning and interaction will be conducted.
In addition, future user studies that investigate the effec-
tiveness of the several visual components as well as what
degree of complexity can be achieved in the system will
also be conducted. This would include a study investi-
gating most effective choice of colors as well as a study
addressing the effectiveness of the system on learning im-
provisation. Though improvements will be made in future
iterations of this technology, the Jam Tabs system is appar-
ently quite useful for novice musicians in group improvi-
sational activities.
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ABSTRACT

There are different approaches to a good pronunciation
when singing in foreign languages. One promising exam-
ple is the use of the International Phonetic Alphabet (IPA).
Transcribing lyrics with this alphabet has a tradition of
sev-eral decades, but it can be very time-consuming when
done manually, especially if you want to store IPA
information directly within a score. We investigated, for
what musi-cians the use of IPA is useful and what they
normally do when singing in foreign languages. In a
questionnaire with more than 450 participants from 19
different countries we asked singers and conductors about
their strategies when singing in a foreign language and
whether they thought it was useful to have IPA inside a
score. We identified a vari-ety of strategies which are used
for singing in foreign lan-guages like listening to
recordings or to experts of the tar-get language.
Additionally, 60-70 % of all participants and 90 % of
opera singers think that a phonetic alphabet could be
helpful in a score. Test subjects were also asked to name
the languages they wanted as transcriptions in the notes,
where Russian was second to none. As a consequence of
these results, we are working on an automated approach
for writing IPA information directly in MusicXML data,
thus combining IPA transcription with the original score.

1. INTRODUCTION

Using the International Phonetic Alphabet (IPA) for tran-
scribing lyrics has a tradition of several decades, but it
can be very time-consuming when done manually — espe-
cially if you want to store IPA information directly inside
a score. To investigate the acceptance of IPA notation in
scores among the music community, we ran a question-
naire study with 457 participants from 19 different coun-
tries, aged between 17 and 83. We asked singers and con-
ductors about their strategies when singing in a foreign lan-
guage and whether they thought it useful to have IPA inside
ascore. As a solution for this linguistic problem of singing,
we are working on an automated approach for writing IPA
information directly in MusicXML data, thus combining
IPA and the original score. Firstly, we will describe the
history of using IPA for singing and the linguistic issues
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that arise when singing in different languages. Then, we
introduce the structure of our online survey, and discuss
our participants’ answers. Finally, we will conclude with
a short summary and an outlook on our technical approach
which we developed for storing phonetic information into
a score.

2. LINGUISTIC ISSUES AND A HISTORY OF
USING IPA FOR SINGING

In linguistics, the fields of phonetics and phonology are
concerned with the pronunciation of sounds in all languages
and their physiological constraints. How and for which
reasons speech sounds are formed are the central questions
in this area. Furthermore, they investigate and describe sets
of sounds and rules about them in individual languages.
One of their most important tools is the International Pho-
netic Alphabet (IPA) [1]. For singing, we must consider
some additional rules (that would not be appropriate for
speaking) to account for the adjustment of phonetics and
phonology, because spoken and sung sounds are often dif-
ferent:

One of the most widespread errors is that spo-
ken and sung sounds are the same. Nothing is
further from the truth. [...] The adjustment of
phonetics to the vocal phrase is the real prob-
lem for any accompanist and coach and the so-
lution constitutes a very important part of this
art. [2, p. 5]

The Austrian-American conductor Kurt Adler, who wrote
these remarks, was among the first people to take an inter-
est in IPA regarding musical lyrics. He wrote about us-
ing IPA for singing in different languages already in the
1960’s. A further pioneer was Berton Coffin in the 1970’s
[3]. He explained physiological characteristics of singing
for breathing, vowels and consonants. He wrote further
books about singing in Italian, French, and German [4].
If we read such literature, we must be aware that there is
a continuous development of the phonetic languages and
that there are often different schools for singing in a par-
ticular language. Therefore, it is often difficult to iden-
tify a common rule set for singing. Since the 1990’s, Nico
Castel has translated and transcribed Italian, German, and
French opera libretti, which have set the standard for vocal
literature today. Further literature for singing with IPA is
available for Latin, old French, old English and many other
languages [95, 6, 7, 8].



In these 50 years of efforts of using IPA for transcrib-
ing musical lyrics, the lyrics were always separated from
the musical score. In our view, the logical consequence of
this development is to use IPA directly in musical sheets,
which is not a standard procedure in classical music yet.
Nevertheless, there are various problems with storing IPA
information in a score. The transcription itself is difficult
because there are different orthographic texts and simple
one-to-one descriptions of the pronunciation are not possi-
ble for these texts. Furthermore, one must consider many
languages with complex linguistic rules, like the syllable-
final obstruent devoicing in German. Additionally, rules
that apply specifically to singing must be accounted for.
Diphthongs in German, for example, are to be transcribed
differently for singing than for speaking and the distribu-
tion of syllables might differ from that for speaking.

3. QUESTIONNAIRE

The online questionnaire in German and English described
in this chapter was created in November 2018 [9]. In a
first step, the three-part structure of the questionnaire is ex-
plained. Subsequently, the questionnaire is systematically
evaluated on the basis of this structure.

Firstly, socio-demographic data of the participants will be
analysed. Then, strategies for singing in foreign languages
and the evaluation of phonetic transcription in the scores
will be discussed.

3.1 Design

At the end of the questionnaire, we asked the participants

about their proficiency concerning singing in general. Here,
we were also interested in socio-demographic data, like

age, gender, country of origin, or profession of our par-

ticipants. In the second part, we asked about strategies

for singing in foreign languages. The most common ap-

proaches to such pieces of music are determined by means

of Multiple Choice. Another Multiple Choice and a Single

Choice question clarified what kind of annotations the par-

ticipants use when singing in foreign languages and whether
they are familiar with the principle of phonetic transcrip-

tion. There was always the possibility of free text input.

The third part was about evaluating the usefulness and value
of using IPA in scores. In addition, it was determined for

which languages, pieces and genres a transcription in the

scores is desired. These questions were again based on

multiple choice, a rating scale and free text information.

3.2 Sociodemographic data and self-assessment

457 participants from 19 different countries, 280 female,
171 male and six persons with undefined or diverse sex
took part in this survey over a period of almost three months.
396 test persons came from Germany, 12 from Austria,
ten from Switzerland, nine from Sweden, three from the
USA, three from Slovakia, and further participants from
Belgium, the Netherlands, Italy, the UK, Uruguay, Spain,
Norway, Lithuania, Israel, Denmark, the Czech Republic,
China, Bulgaria or from other countries not marked.
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Figure 1. Participating choir singers, soloists, conduc-
tors, opera singers, composers, and participants who did
not identify with these options - Question 9. This being a
multiple choice question, the percentages need not add up
to 100 %.

The relevance of the questionnaire is demonstrated not
only by the participants from numerous countries, but also
by the age of the test subjects, which varies from 17 to 83.
There are many participants between 20 and 30, but there
is also active participation in the survey between 30 and
60. There are even some participants older than 70 and 80.
One can thus speak of a complex topic that attracts people
of all ages.

The self-assessed singing ability of the singers is well
suited for further examination for several reasons. Pro-
fessionals are represented with 35 %, advanced singers
with slightly more than 32 % and amateurs with almost
18 %. As we will show in the following two subchapters,
the needs and strategies of these groups in dealing with
foreign-language music are different under certain condi-
tions. Multiple entries for the profession are rare at around
5 % and are therefore not taken into account in the analysis.

We also expect different preferences in the musical spe-
cialization of the participants. So, it is obvious to assume
that soloists, who are represented with 34.1 %, have other
needs than choir singers, who, as can be seen in Figure 1,
are very strongly represented with 69.6 %. Conductors and
opera singers are also clearly represented with 22.1 % and
14.2 %, respectively. We interpret more than 100 conduc-
tors within a questionnaire as an indicator that this problem
of singing in foreign languages is particularly important for
leaders of singing groups.

Some of the participants identified with more than one
of the groups, e.g. they reported to be both a soloist and
a choir singer. We treated these simply as a part of both
of these groups and not of a special group “soloist-choir-
singer”. We assume that in a situation where a participant
acts as a choir singer, it does not play an important role
whether or not he also acts as a soloist at other times.

3.3 Strategies for Singing in Foreign Languages

When singers are confronted with pieces in foreign lan-
guages, they use a variety of possibilities to cope with this
linguistic challenge. As shown in Figure 2, the strategy of
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Figure 2. Relative frequency of the strategies used for
singing in foreign languages. These strategies are Listen-
ing to recordings, taking notes in the sheets, or seeking
advice from experts. The strategies to avoid singing in a
foreign language, to neglect other strategies or the correct
pronunciation are used much less frequently - Question 1.

listening to recordings is particularly popular (83.4 %) and
not a significant problem in the digital age. Also, more
than 80 % of all singing individuals take notes. Accord-
ing to the statements of many participants, writing serves
as a memory aid and is therefore a central component of
their work with music. In the case of borrowed musical
sheets, however, it can be problematic or even forbidden to
take notes. It is also not useful or necessary to take notes,
when the test subjects are in an early singing stage, have
an excellent auditory memory or elaborate language skills
for the target languages in question.

Advice from a person who is familiar with the language
to be sung is sought in about 69 % of cases. About 31 %
of the test subjects do not seek additional opinions. On
the one hand, this may be due to the lack of opportuni-
ties, especially in the field of laypersons, of whom only
about 50 % seek advice. Or, on the other hand, to the un-
willingness to deal with the target language more closely.
Such a reluctance can point to a conscious neglect of the
correct pronunciation. However, only 4.4 % of the test
subjects state that correct pronunciation is sometimes not
so important to them. This low relative frequency shows
the intention of almost all musicians to achieve a pronun-
ciation as “correct” as possible when singing. Moreover,
avoiding to sing in a language one does not master is rare,
with a prevalence of only about 10 % among the partici-
pants. This means that most singers are not afraid to be
confronted with music in foreign languages.

Almost 10 % of the test subjects also use other strategies
for singing in foreign languages. The additional remarks
include the involvement of speakers of the mother tongue,
the use of specialist literature and websites, translations
and often handwritten transcription or transliteration.

The next question investigated, which strategies the test
subjects use when taking notes in the sheets. This question
specifically aims to show whether singers approach this is-
sue systematically or not. As can be seen in Figure 3, only
22.5 % of the respondents stated that they follow a strategy
that they had previously defined when taking notes in the
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sheets; 11.4 % of all laypersons, 24.2 % of all advanced
singers and 30.6 % of all professionals follow a strategy.
A logistic regression gives significant results for the posi-
tive responses of the advanced (z = 2.061; p < 0.05%) and
for the positive responses of the professionals (z = 2.710;
p < 0.01 % %) compared to the general sample of positive
responses to this response option. For the laypersons, no
significant result is achieved. This is probably due to the
already small group size of laypersons and additionally to
the few positive answers, with only eight occurrences in
total.

Also, whether the singers take notes above or below the
text to be sung seems to be unsystematic with about 50 %
each. There is also no decisive difference between layper-
sons, advanced singers and professionals. Normally, the
original text is retained and only erased by 5 % of all test
subjects. It is astonishing that only about 20 % some-
times do not know how to write down unknown sounds.
This value indicates a high level of linguistic knowledge
and a conscious examination of the musicians’ pronun-
ciation strategies through singing. Since a large number
of academics are also surveyed in this questionnaire, this
value was certainly influenced by phonetic instruction at
colleges and universities and by the intensive study of lan-
guages and speaking. However, it is likely that for certain
sounds and words in some languages, awareness is only
rudimentary, e. g. when one thinks of the complex real-
isation of tonemes in Norwegian or Mandarin in singing
[10, pp. 294-295]. When interpreting this answer, it must
also be taken into account that 20 % of the test subjects do
not make any notes at all in the sheets, but are neverthe-
less taken into account in the false answers and thus also
have an effect on the value of the true answers given in the
graph. Thus, the error rate in this question is increased.
However, this does not diminish the general tendency to-
wards a lack of systematic notes in the notes. This impres-
sion is reinforced by further remarks of the respondents,
who, for example, say that they write the improved pro-
nunciation on the staff, that they adapt themselves specifi-
cally to the place on a sheet of music. They further stated
that they use partly phonetic transcription (IPA), partly in-
vented characters, or that they stick over the original, e. g.
Japanese, text with having listened to a recording.

Approximately half of all test persons state that they have
not yet been confronted with phonetic transcription. 100
people, or 22 % of participants, can remember a discus-
sion about phonetic transcription, but not exactly in which
context. 128 people, or 28 % of participants, can remem-
ber and often cite the encounter with foreign languages,
the confrontation at school and university or pronunciation
dictionaries as a source. The high number of those who
apparently have not had any encounter with phonetic tran-
scription or IPA can be interpreted in two ways. On the one
hand, it is possible that some test persons have interpreted
this question in the context of this questionnaire in such a
way that they have never worked with phonetic transcrip-
tion while singing or that they did not know how to use the
term phonetic transcription or IPA, but know the theoreti-
cal concept. On the other hand, it is possible that people
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Figure 3. Answers to the question how the subjects pro-
ceed when taking notes. The answers are distributed more
or less equally, whether they take notes above or below the
notes. Followed by the frequency of those who make up a
strategy before taking notes in the sheets and by the state-
ments of those who sometimes do not know how to trans-
mit a sound, other remarks and the statements of those who
sometimes cross out the original text - Question 2.

with a lower educational level or older people could not
actually gain any experience with this concept, as it is ex-
plicitly noted by some test persons.

3.4 Phonetic transcription in the sheets

In the third section of the questionnaire, the subjects were
confronted with a concrete example of IPA transcription
within musical scores (see Figure 4). The purpose of this
figure was to assess whether they considered such a repre-
sentation of a language useful. Exactly 60 % of the partic-
ipants find a transcription in the sheets meaningful. Con-
sidering that, as described above, 50 % of the participants
state that they have not worked with phonetic transcription
yet, this value is high. However, a concrete example is
given for this question, which might facilitate an answer.
This assumption is confirmed by the fact that those who
indicated in the previous question that they had not been
confronted with phonetic transcription before are evenly
distributed between the yes and no answers to the mean-
ingfulness of IPA in the scores.

Slightly more than 31 % of the participants do not find
such a transcription in the sheets useful, and only 3 % do
not care. The rest are undecided or give their opinion on
this question in the notes. Fears are, for example, that IPA
is too difficult to interpret for the untrained or that the text
becomes too confusing. In addition, the above-mentioned
problem between phonological theory and phonetic real-
ity in singing is addressed and the therefore the approach
with IPA is criticized. Some musicians also note that a dis-
cussion of the target language is necessary in order not to
neglect semantic and other linguistic problems; moreover,
it would tempt laziness if one no longer had to deal with
the target languages. Positive feedback is also provided,
such as the emphasis on IPA’s easy readability, or its use
in languages that use a foreign alphabet and are thus diffi-
cult for respondents to read, e. g. Russian for singers whose
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Figure 4. Example of a phonetic transcription in a musical
sheet. This was presented in a similar fashion to the partic-
ipants as a part of Question 4. The piece “Die zwei blauen
Augen” by Gustav Mahler can be found in the song cycle
“Lieder eines fahrenden Gesellen” (around 1884-85).
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Figure 5. Answers to the question whether the experimen-
tal subjects think whether transcriptions in sheet music are
useful or not - Question 4.

native language uses the Latin alphabet.

In the next question, the test subjects were asked to name
the languages they wanted to see as transcriptions in the
notes (see Figure 6). Russian is clearly in the first place
with an absolute frequency of 113 wishes, which corre-
sponds to over 35 % of all wishes. We suppose that in
many cases, this might also mean Old Church Slavonic
language variants or dialects, which often appear in choral
literature and which the respondents may have identified as
Russian; this is due to the Cyrillic alphabet, which is used
for Old Church Slavonic and present-day Russian alike. A
priming bias from the first question of the questionnaire
is also likely, as it explicitly mentions a foreign language
that uses a Cyrillic script. This example was chosen to
make the relevance of singing in a difficult-to-read lan-
guage clear to the singers from the outset. Note that this
priming only potentially explains the high result for Rus-
sian but not for other often-named languages. Two other
languages were named substantially more often than the
rest and those are French (53 times) and Czech (37 times).
There were also responses that specified language groups
or rough geographical indications. “Chinese” was men-
tioned nine times and probably refers primarily to Man-
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Figure 6. Languages the subjects stated they wanted as
transcriptions in the scores. Question 6.

darin, the most widely spoken language in China, which is
also the world’s most common mother tongue with around
918 million speakers [11]. With eight mentions, Slavic lan-
guages lead the field of explicitly named groups. Note
that responses clearly referring to a group of languages
and responses that were only given once were not included
in Figure 6. Of course, these answers mirrored the geo-
graphic and linguistic background of our participants. They
are therefore not universally generalizable, but still repre-
sent an interesting sample from within the questionnaire’s
target audience.

4. CONCLUSION AND OUTLOOK

The aim of this paper was to show that the phonetic and
phonological problem of singing affects many singers and
associated persons. Furthermore, it was shown that this is
a complex linguistic problem with many facets and possi-
bilities for a solution.

As a promising solution, we have described the develop-
ment of phonetic transcription for singing in the last 50
years and suggested as a logical consequence to use IPA
directly in the musical sheets. In a questionnaire, we asked
singers about their methods when dealing with the problem
of singing in a language they do not know. These strate-
gies, such as taking notes or consulting an expert of the
target language, were evaluated and conclusions drawn for
possible help. The test subjects were also specifically con-
fronted with the suggestion of a transcription directly in
the scores. The question as to whether they think such an
approach makes sense was answered in the affirmative by
60 % and only a little over 30 % are against such a solution.
It also turned out that the test subjects had clear preferences
regarding the languages to be transcribed. Russian, French
and Czech are particularly desired for transcription in the
notes. Genres that should be used for a transcription in the
sheets are choral music and operas, but also classical solo
literature.

Now, we are working on an automated approach in the
form of a computer program that facilitates transcription in
the musical sheets. The goal of our circular transcription
process is to become as automatic as possible. With the
help of a decision tree and numerous improvement mech-
anisms, such as regular expressions, this program is spe-
cially programmed for sung text. The potential for im-
provement of the transcription process under programming
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aspects and possible further offers, such as voice record-
ings, were further results of this questionnaire.

A frequent criticism of our proposed solution is that the
central theme of the meaning of the text and the learning of
the language is not taken into account. In order to counter
this criticism, additional work should be done with narrow
and wide translations and assistance provided for learning
the target language, such as alphabets and audio examples.
In this way, it is ensured that the emotional content of the
target texts is not lost, but transported across borders.
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ABSTRACT

The paper describes the concepts and compositional
process of my recent real-time graphic score work Arcos,
for cello and augmented violin bow. The work's graphic
notation is generated directly from gesture data of various
bowing techniques. A Myo armband was used to record
cello bowing data, and the augmented bow's own position
tracking module was used to record its motion data. After
processing the data, gestures were visualized on the
screen, as a form of real-time graphic notation based on
imitation. This notational approach—a low-level symbol-
ic representation of gestures—allows for an immediate,
intuitive interpretation on the spot, and provides an in-
stantaneous connection between notation and action. My
work also offers a distinct perspective on notation for
electronic instruments in the context of real-time ac-
tion-based scores.

1. INTRODUCTION

1.1. Real-Time Action-Based Notation

One approach to digital scores with notation that is “cre-
ated or transformed during an actual musical perfor-
mance” [1, p.1], i.e. real-time scores, focuses on repre-
sentation of performance actions. This so-called ac-
tion-based notation, albeit not restricted to real-time
scores, helps to facilitate sight-reading and to provide the
performer with easily available information for interpre-
tation on the spot. These are crucial features for the prac-
tice of real-time scores. Gerhard Winkler, a real-time no-
tation pioneer, writes:

Different parts of the score have to be reduced to a
number of elements, which can be learned and 'trained' in
advance, and which can be seized with 'one glance'
immediately during a performance. On the other hand the
used signs have to be precisely [sic.] enough to avoid that
the musicians shift into 'improvisation' [2, p. 2].

Furthermore, he emphasizes the importance of creating
an environment in which performers and computers can
communicate and influence one another in a “complex,
non-linear way”, [2, p. 1].
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Winkler maintains that combining graphic notation and
standard, common-practice notation is the most efficient
way to create real-time scores. For example, his work
KOMA (1995-96), for string quartet and interactive live
electronics, features a score that changes in real-time ac-
cording to decisions the leader of the quartet makes at the
moment of performing. The score combines different
types of notation, such as common-practice notation to
indicate pitch; graphic notation to indicate glissandi; and
text to indicate microtonal changes in cents [2, pp. 2-3].

Seth Shafer continues Winkler's approach with Ter-
raformation (2016-17), for viola and computer. Its re-
al-time score combines a five-line staff for common-prac-
tice notation; tablature for fingering positions; and color
gradients for bow position and left-hand finger pressure
[3, p- 4]. By applying physiological models of perfor-
mance actions, Shafer designed a score that facilitates the
“cognitive translation from graphic representation to bod-
ily action” [3, p. 3]. The algorithm that drives the score
takes into account these physical action models when se-
lecting what musical material to present at a given mo-
ment. This action-based procedure guarantees to produce
idiomatic material that is easy to sight-read, yet still al-
lows for wide sonic variety and depth [3, p. 6]. However,
while Shafer intends to balance the cognitive strain on the
performer, the score interpretation process appears to be
time-consuming and unintuitive. In his paper about Ter-
raformation, Shafer relays violist Mike Capone's experi-
ence interpreting the piece. This process involves several
stages, from gathering information from the different
parts of the score to executing the performance actions
[4].
On the other hand, graphic notation by itself could
provide sufficient information to the performer, especial-
ly when used to indicate simple actions. Ryan Ross
Smith, for example, developed an idiosyncratic graphic
action-notation language which employs radial motion to
specify points of attack (and sometimes sustain) in time.
Albeit its apparent simplicity, this notational approach al-
lows for complex rhythmical procedures, from hocket to
polytemporality. Smith also applies ideas of imitation for
action notation. For example, the scores of his works
Study no. 15b (2013), for cello or upright bass, and Study
no. 15b.1(2013), for violin or viola, show the finger-
board of the instrument, with circles that indicate where
to press the strings [5, 6].

Particularly interesting to this paper is Smith's Study
no. 50 (2015), for a percussion ensemble, in which each



performer plays on seven wooden planks. The real-time
score shows attack cursors that travel along arcs between
seven nodes. One node is assigned to each plank, and the
attack cursor indicates when to play which plank. The
score is projected downwards from above the ensemble,
so that the nodes are positioned directly over the planks.
Projecting the score in such fashion “creates a direct cor-
respondence between the notation and the instrument” [7,
p. 6]. The performers, then, can interpret the score instan-
taneously by imitating the motion they see. It is, however,
a one-way communication between computer and per-
formers. The algorithm that drives Study no. 50 generates
the notation in real-time automatically and randomly,
without any external influences nor an overall composi-
tional structure, as Smith strives for an infinite “consis-
tently-inconsistent flow of events” [7, p. 6].

I set forth to design an intuitive graphic notation envi-
ronment by recreating actions on the screen, directly from
gesture data, that the performers can imitate. This ap-
proach allows to extend the amount of information the
performers receive, while maintaining a simple, easy to
sight-read notation. It provides an instantaneous connec-
tion between notation and action through a low-level
symbolic representation of gestures. In addition, per-
former's actions influence the score in real-time, and ev-
ery action may produce different outcomes, consequently
forming a non-linear interaction between performer and
computer. This interaction is further enhanced by com-
posing for an electronic instrument. Doing so, however,
necessitates special attention in designing this real-time
action-based score.

1.2. Gesture and Morphology

Action-based scores for acoustic instruments rely on the
inherited, physical interrelation between gesture and
sound. The composer who notates actions presupposes
that the physical properties of a gesture affect the sound
directly. An example for this link between gesture and
sound would be a guitarist who wants to produce a loud,
bright sound, that encompasses a wide frequency range.
To do that, the guitarist would forcibly strum all the
strings in one motion, close to the bridge, with the finger-
nails or with a plectrum. On the contrary, to produce a
soft, warm, low frequency sound, the guitarist would
pluck the lowest string gently with the inner part of
thumb, close to the fingerboard. Thus, as Garth Paine
notes, the “physical gesture determines the amplitude,
pitch, and timbre of each [sound] event” [8, p. 1]. Trevor
Wishart, in his seminal book On Sonic Art, coins the term
sound morphology to describe this link between action
and sound objects, the “gestural structure” of sound, and
how this interrelationship manifests in time [9].

Live electronic performance poses a unique problem
in regards to morphology, as the “traditional links with
physical sound-making are frequently ruptured” [10, p.
1]. Kim Cascone even characterizes live laptop perfor-
mances as sound created in a non-existent place, with a
fake sense of authenticity [11]. A solution to this issue
lies within gestural sound control and embodied interac-
tion with sound, using what is generally referred to as
new interfaces for musical expression (NIME). However,
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to provide the most convincing sense of authenticity in
live electronic performance, such interfaces must take
into account vital gestural elements that affect the sound,
such as pressure, speed, and position [12].

My composition is written for an acoustic instrument,
cello, and a hybrid instrument, which combines a violin
bow with a digital sound processing component. For lack
of a better term, I refer to this instrument as an augment-
ed violin bow. Composing a real-time action-based score
for such an electronic instrument raises challenges not
only regarding morphology in electronic music perfor-
mance, but also regarding expressing electronic instru-
ment's morphology in notation. The gesture data ap-
proach to graphic action-based notation presented in this
paper offers one possible way to address these challenges.

2. COMPOSING ARCOS

2.1. Background

Arcos was composed during my residency at Phonos
Foundation in 2019. The idea for a real-time score that is
based on gesture data formed after premiering my piece
(bcn)621 (2018), for cello, percussion, and laptop, which
is unified by bowing actions. All of the performers in this
piece are using bows, playing similar and related ges-
tures. For the laptop part, it meant creating a fitting inter-
face for performing that will provide the same perfor-
mance abilities and relationship between action and
sound as the cello and the percussion do. Thus, I built an
augmented violin bow, guided by notions of sound mor-
phology in electronic music performance. Naturally, in
this context of an action-based composition for an ensem-
ble, these notions have an even greater significance. Sec-
tion 2.3, about instrumentation, elaborates more about the
augmented violin bow.

The composition of (bcn)621 uses isorhythm tech-
niques, applied to actions within blocks of time, in order
to shape a perceivable structure through timed sections of
actions. The parts consist of a fixed series of gestures,
each within a defined time frame. The series repeats itself
in the same order but in different durations. Changes in
the overall duration of the sequence affect the durations
of the individual time frames proportionally. For exam-
ple, the cello sequence begins with playing tremolo, then
resting, then scraping the bow along the strings. The total
duration of the first instance of the sequence is 45 sec-
onds, with playing tremolo for 4 seconds, resting for 3
seconds, and scraping for 6 seconds. When the sequence
repeats for the third time, its overall duration is 90 sec-
onds. Then, the same gestures take 8 seconds, 6 seconds,
and 12 seconds respectively.

Although (bcn)621 was successful in terms of achiev-
ing the compositional and conceptual goals it aimed for,
there were practical issues that complicated rehearsing
and performing the piece. I believe that the gesture-based
real-time score of Arcos offers a solution for these issues.

The main problem was maintaining the accurate times
of the sections. The temporal units are measured in sec-
onds, indicated by a tempo mark of 60 beats per minute.
The interface of the digital instrument shows a timer,



cues count, and automatic on-screen instructions. The cel-
lo and percussion performers, however, had to constantly
count beats in order to make sure they execute actions in
the exact times and for the right durations. This need for
endless counting was very stressful for the performers,
and diverted their attention away from performing the
piece as an ensemble in a musically sensible way. To re-
lieve the performers, I made a visual click track, a Max
patch, that shows beats and bar numbers'. While this
patch helps immensely, and allows for a smooth perfor-
mance, it brings additional technical requirements that
could be cumbersome, such as mounting an auxiliary
screen. In addition, monitoring the digital instrument is
done visually, which presents too much visual informa-
tion at once, and can be confusing during a live perfor-
mance. A real-time score, then, would significantly re-
duce the strain on performers, as well as it would keep
technical requirements to the essential minimum. It
would alleviate practical difficulties, while still support-
ing and developing the concepts explored in (bcn)621.

2.2. Key Concepts

Same as with (bcn)621, the broad concepts of Arcos are
unity by bowing gestures, and structure through blocks of
time. The current work also presents the central concept
of creating a more natural, intuitive performance environ-
ment through a low-level symbolic representation of ges-
tures. This idea, which came as a response to the pitfalls
o f(bcn)621, is manifested in generating the real-time
graphic notation directly from gesture data.

Basing the whole notation on gesture data brings the
gestures even more into the forefront of the work, further
emphasizing the idea of actions as a means of unifying
the composition. As with any real-time score, sight-read-
ing becomes the prominent way of performing. The ges-
ture data driven notation presented here offers a more im-
mediate, intuitive approach to sight-reading.

My basic assumption is that imitation is a rudimentary
form of communication, which elicits instantancous, in-
stinctive response. Since the graphic notation is generated
directly from gesture data, the performers can imitate
what they see naturally, executing performance actions
intuitively and idiomatically. They can perform in a way
that is already ingrained in the performance practice of
their instrument, without the intervention and interpreta-
tion of high-level symbolic notation. By contrast, the
score of (bcn)621 combines common-practice notation,
action-based graphic symbols, and text instructions.
While this notational approach is effective in explaining
on paper which gesture to play and for how long, the
process of learning the score—the symbols and their
meaning—and interpreting it, is time consuming and re-
quires intense conscious effort.

The real-time aspect of Arcos also contributes to this
concept of intuitive performance by eliminating the need
for counting temporal units, and even for thinking about
time all together. It lets the performers focus exclusively
on performing.

1 A standard click track was not a viable option, due to the need for
indicating bar numbers.
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Generating the graphic notation directly from gesture data
brings the work closer to what Juraj Kojs sees as the
“pure action-based scores”, which provide immediate,
easy access to music, and “utilize images that suggest
clear instructions at first sight and [that] need no further
explanation” [13, p. 67]. One reservation, however, re-
garding the configuration of my real-time score, is that
the algorithm selects which gesture to display from a
closed set of given actions. This type of real-time score is
referred to as live permutated, or real-time permutative
score [14, 15]. Since only the order is indeterminate, but
the material itself is known, the performance does not en-
tail pure sight-reading. In a sense, however, this resonates
Winkler's notion of real-time notation that can still be
learned in advance.

An isorhythmic structure is applied in Arcos as well,
with large sections, divided into blocks of time, that re-
peat in augmentation or diminution. When the sections
repeat, the change in overall duration alters the durations
of the internal units proportionally. The ratios in this case
derive from data analysis of gestures, but simplified. And,
as I have mentioned above, the order of the actions is not
fixed, unlike the sequences of (bcn)621.

Since actions are no longer organized in a set order,
units of rest, or inaction, have a greater importance for
the perception of the structure. As these units of inaction
are the only fixed segments within each section, they be-
come the key element for comprehending the structure,
functioning as markers of form.

In addition, the visual information contributes to the
sensation of time as an indicator of structure. Seeing how
long a gesture appears on the screen, as opposed to only
hearing a sound being played, may help with grasping the
blocks of time of which the sections consist, and the tem-
poral relationships between them. The combination of
visual and auditory information possibly allows for per-
ceiving more complex temporal relationships. The algo-
rithm itself facilitates the use of unconventional ratios
that are hard to implement on a paper score. On the other
hand, to make these relationships perceivable, they can-
not be too complex. Hence, I decided to simplify the ra-
tios I derived from the gesture data.

2.3. Instrumentation

The piece is written for cello and augmented violin bow.
Since the work focuses on bowing gestures, the cello part
is made exclusively for the right hand, playing with a
bow. The sole left hand instruction is to stop all the
strings lightly—so they are neither fully pressed nor com-
pletely muffled—to produce sound which could be de-
scribed as “hollow” or “airy”. The cellist, however, could
do that by placing a rubber band over the top part of the
neck of the cello, thus, not using the left hand at all. The
cello may be substituted by a double bass. In any case,
the acoustic instrument should occupy the lower range of
frequencies, in order to complement the augmented bow,
which produces higher frequencies.

The augmented violin bow consists of a tangible part
(a violin bow) and a digital part (a Max patch). As men-
tioned above, the purpose of the augmented bow is to af-
ford a physically engaging electronic performance, fo-



cused on bowing gestures. I wanted to express the bow-
ing idea not only in terms of movement, but also in terms
of sound. Therefore, the performance is done with the
bow, and its own sound is amplified and processed. The
bow's motion and position data is mapped to the sound
processing units (figure 1).

The construction of the bow is fairly simple: I mount-
ed a contact microphone on the bow frog, and an LED
diode on the bow stick. The contact microphone amplifies
the bow's vibrations, i.e. the sound of the bow itself, and
the LED is used for tracking the position of the bow,
based on the Jitter jit.findbound method?® The Jitter algo-
rithm follows the LED light as a point in space, and out-
puts two-dimensional coordinate positions of this point.
Since the input is from a webcam, it is crucial to find the
right position in the performance space, and to make sure
no other light interferes with the LED light input. The
amplified sound of the bow is processed in real-time, ac-
cording to movement detection, brightness level, and po-
sition tracking data of the LED light. The audio signal
processing includes a flanger effect and a spectral pitch
shift effect. The augmented bow, then, is both the sound
generator and the gestural sound controller, making it a
standalone instrument with clear morphology.

Max patch

Signal flow

Data flow

Movement
detection/
brightness meter/
position tracking

v
video values

mapping to
audio control

'
v

Contact

mic input

Audio processing —Audio outout

Figure 1. Augmented bow diagram. X axis position is
mapped to pitch shift and flanger delay gain, Y axis
position is mapped to flanger modulation rate, and
distance from the center is mapped to flanger delay
time. Movement activates the audio output, and
brightness controls the volume.

2.4. Data Acquisition, Processing, and Mapping

Clearly, a vital step in creating a score based on gesture
data is to obtain the data and make it usable. Collecting
motion data from the two instruments was done by regis-
tering Myo armband® data of cello bowing gestures, and

2 litter Tutorial 25: Tracking the Position of a Color in a Movie,
https://docs.cycling74.com/max6/dynamic/c74 docs.html#jittercha
pter25

3 A Myo armband is a wearable inertial measurement unit (IMU) de-
vice, built with eight medical-grade sensors. It provides motion, ro-
tation, and orientation estimation of the device in space, via a three-
axis gyroscope, a three-axis accelerometer, and a three-axis magne-
tometer, as well as muscle electrical activity via electromyography
(EMG) [16].
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by capturing videos of the augmented bow position track-
ing, as it appears on the Max patch Jitter window.

Cellist Leo Morello lent a hand, quite literally, with
the cello gesture data acquisition. In a long rehearsal ses-
sion, Morello performed various bowing actions, while
wearing a Myo armband on his right hand. The actions
included normal bowing, scraping the bow along the
strings, circular bowing, ricochet, arpeggiation, applying
different amounts of bow pressure, and bowing on differ-
ent parts of the instrument. The Myo output of each ges-
ture was saved onto a separate text file. Each file, then,
contains accelerometer, gyroscope, quaternion, and EMG
data of specific gestures®. It is important to note that the
Myo device was used only for recording data, and it is
not meant to be used during the actual live performance.

In order to make the cello data available for visualiza-
tion—recreating the gestures on the screen with a virtual
bow—the next step was to calculate the tilt angle, angular
velocity, and angle of rotation around the imaginary cen-
ter from the accelerometer, gyroscope, and quaternion
values®’. A complementary filter was applied in order to
integrate accelerometer and gyroscope values. With the
final angles calculated, it was possible to map three-axis
values to the position of the virtual bow, with X and Y
mapped to the two-dimensional position of the bow on
the screen, and Z to the size of the bow (giving the im-
pression of moving towards and away from the viewer).
To indicate pressure on the bow, EMG values were ex-
tracted from separate text files containing data of differ-
ent degrees of pressure (heavy, medium, light, and gradu-
al change). Figure 2 demonstrates the clear difference in
EMG values between light pressure on the bow and
heavy pressure on the bow.

The computer decides which gesture to show, and in
the relevant cases, what amount of bow pressure to assign
to it. Every gesture is represented with a number of files
(between two to four), to account for variations within the
action, such as intensity or placement of the bow. Each
gesture, then, can be shown in a variety of ways and bow
pressure levels. For the piece, I chose to use six gestures:
normal bowing (side to side motion), circular bowing,
scraping along the strings, arpeggiation/tremolo, tapping
with the bow (hit once), and ricochet (hit and let the bow
bounce).

The process of acquiring and using the augmented
bow data was much simpler. Since a Jitter window shows
the LED light mounted on the bow as a point in space,
videos of each action were recorded directly from the
Max patch (figure 3). Following each video, I pro-
grammed animations that illustrate the movements of this
point in space, that is the motion of the bow. While the
cello part of the score shows actions as they are, the aug-
mented bow part of the score shows actions as they ap-
pear in the Max patch to the performer monitoring the
bow's movements. When the computer decides which
augmented bow gesture to show, the relevant animation is
created in real-time. The animation of each gesture incor-

4 Registering the Myo data was done in Max, using the Myo for Max
externals by Jules Francoise:
https:/github.com/JulesFrancoise/myo-for-max

5 Quaternion values were transformed into Euler angles with the
jit.quat2euler Jitter object.



porates random elements, such as direction or pace, for
the purpose of variation and interest. Here, too, I chose
six gestures, some are closely related to the cello ones:
normal bowing, drumming with the bow, circular bow-
ing, tapping on the bow, plucking its hair, and “bow
crunch” (holding the bow and making crushing motions
with the fingers).
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Figure 2. EMG values of bow pressure: light (top)
and heavy (bottom).

Figure 3. Video recording of the Jitter window,
capturing the motion of the LED diode mounted
on the augmented bow.

2.5. Score Design

The score has two levels of function: control function,
which is done in Max, and graphic display function,
which is done in Processing. The Processing program re-
ceives instructions from Max (via Open Sound Control
protocol®) of which gesture to display and when. While
the “when to display gestures?” is governed by fixed
timed sections, the “which gesture to display?” depends
on the gesture that is currently being played by the aug-
mented bow. Thus, the control function includes a gesture
identification module’. Once a gesture is identified, a first
order Markov chain determines which action to display at

6  The program uses oscP5 library for Processing by Andreas
Schlegel: http://www.sojamo.de/libraries/oscp5/

7  While I tried visual gesture identification methods, such as with the
MuBu Hierarchical Hidden Markov Models objects [17], the best
results were achieved by using audio descriptors, such as a combi-
nation of loudness and spectral skewness [18].
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a given block of time. The Markov chain receives the cur-
rent gesture played on the augmented bow, and outputs
the next one to display for both instruments. Each identi-
fied gesture correlates to different probabilities of which
would be the next gesture to display. These probabilities
were determined according to natural playing positions
and ease of transition between playing actions. For exam-
ple, if the detected gesture is normal bowing, then there is
a 5% chance for the same gesture to be selected next,
30% for drumming with the bow, 20% for circular bow-
ing, 15% for “bow crunch”, 15% for tapping on the bow,
and 15% for plucking its hair. If circular bowing is de-
tected, the same gesture gets 5% to be displayed next,
normal bowing gets 15%, drumming with the bow gets
30%, “bow crunch” gets 15%, tapping on the bow gets
10%, and plucking the hair gets 25%. Finally, the Markov
chain's output is sent to Processing at given points in
time, according to the fixed formal sections.

The code in Processing comprises different modules
for each gesture. When it receives a gesture command
from Max, the corresponding module is activated, and the
relevant gesture is displayed. The graphic representation
of the gestures is generated in real-time. In the case of the
cello part, the gesture data from the corresponding text
file is also being sent from Max in real-time. Figure 4
shows the overall process of the score's algorithm:

Timer:

Processing
fixed sections ======eeececeeaccmecaacncnnnan,
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_.p Process
H : gesture
v . dala

Markov chain:
. p select augmented ___
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bow audio

input Generate
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visualization
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Read cello display
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Figure 4. Overall score algorithm flowchart.

The screen itself is divided into two halves, with the
cello part on the left side and the augmented bow part on
the right side (figure 5). The performers are instructed to
position themselves on stage accordingly. They also must
sit in such a way that still allows the people in the audi-
ence to see the performance actions (i.e. not with the back
to the audience).

The graphic notation, in the form of gestures that the
performers imitate, looks differently for each instrument.
The cello part shows the front of the instrument, includ-
ing the lower part of the fingerboard and the upper part of
the tailpiece. A virtual bow moves on the screen, driven
by the gesture data, instructing the cellist what to play, or
more correctly, how to play. Pressure on the bow is indi-
cated by the color of the virtual bow: the darker the color,
the heavier the pressure (figure 6). The augmented bow
part shows a white dot, representing the LED mounted on
the bow. The movements of the dot instruct the actions to
the performer. Various amounts of delay were added to
the white dot, depending on the gesture, for aesthetic pur-



poses (figure 7). I also decided to alter the point of view
of the augmented bow's part circular bowing animation,
showing the circle from above instead of from the per-
former's actual point of view, which is from the side (fig-
ure 8). The change was made in order to show the circu-
lar gesture more clearly, since the side point of view
could be confusing. This clearer point of view also allows
for greater variations in the motion, and it is more aes-
thetically pleasing than the sideways point of view.

Figure 5. Screen layout: cello part on the left,
augmented bow part on the right.

Figure 6. Cello bow pressure range from heavy
(top left) to light (bottom right).

Figure 7. Augmented bow part: recreating the
LED diode motion, as it appears in the Jitter win-
dow, with added delay.
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Figure 8. Augmented bow circular motion as cap-
tured by video, showing the sideways perspective
(left), and as recreated in the score, showing the
gesture from above (right).

3. CONCLUSIONS

At the time of writing this paper Arcos has yet to be per-
formed. I am unable, then, to determine whether the ges-
ture data approach I took for creating its real-time score
was effective in a live performance situation. Only from
my own perspective, as the augmented bow performer, I
can conclude that interpreting graphic notation that is
generated from gesture data is much clearer, and does
feel more natural and fluent compared to interpreting text
notation. While it is still necessary to learn this type of
graphic notation designed for the augmented bow, and to
practice interpreting it, I consider it an integral part of the
performance practice of this instrument. And, although on
a higher level of symbolic representation than the cello
part, the bow's notation is still derived directly from the
sound morphology of the instrument. It forms a tight rela-
tion, or even a sort of an ecosystem, between action,
sound, and notation.

Furthermore, this gesture-based type of graphic nota-
tion discussed in this paper is especially useful for indi-
cating complicated gestures and different variations with-
in each gesture. However, creating such notation is a lot
more energy and time consuming than providing textual
instructions.

In addition, the setup of one computer that runs both a
Max patch and a Processing program is CPU intensive,
and may be too risky in a live performance setting. So far,
however, it proved stable in testing. In my opinion, it is
also preferable to networking devices, which could be
even riskier in live performance.

While this paper concerns a specific composition, it
illustrates a possible way to address real-time notation for
NIME—using the interface's own data for notation—
which other composers can utilize. Additionally, it could
offer a direction for future work concerning interpretation
by imitation. This attitude towards action notation applied
in Arcos may prove relevant to real-time scores in gener-
al. Research into works that use similar notational proce-
dures could shed more light on this subject as a tool for
real-time notation, and maybe even contribute to our
overall understanding of the process of sight-reading real-
time scores. Such future research might also set the foun-
dations for outlining a conceivable sub-category of re-
al-time action-based notation.
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ABSTRACT

To investigate the influences that information technology
has brought to musical writing and compositional process,
the cases of Giovanni Verrando and Fausto Romitelli —
Italian post-spectral composers of the 1960s generation —
will be examined. After their studies at IRCAM in Paris,
they integrated tools of digital sound treatment and
musical form management into their notation, opportunely
mediated by software and informatics tools. Two
fundamental aspects of their language will be investigated:
the cyclical organization of the form, and timbral
generation techniques as filtering for Verrando and
synthesis for Romitelli. It will be demonstrated how the
principles indicated, deriving from specific methods of
digital treatment of sound, are applied to the creation of
complex timbres reproduced by the orchestra or by the
ensemble. In both cases, the results are a writing process,
compositional way of thinking and sound outcome hybrid
between acoustic and electronic, determining a formal
management mediated by sound data and according to a
prominently IT-based approach.

1. INTRODUCTION

During the 20th century, technology became an integral
part of the sociocultural environment, determining
significant changes in various fields of human activity
according to a technomorphic process.! This reflected a
different conception of the cultural objects, considered as

! The term, applied by Eric Maestri in the musicological field, was
derived from the science and technology scholar Linda Caporael, who

defines ‘technomorphism’ as "the attribution of technological character-
istics to humans" [1]. The concept was discussed by the former author
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data of a heterogeneous nature. The proliferation of
software, the web, personal computers or, more generally,
digital devices in everyday life, has invested an expanding
catchment area, manifesting itself in a different way of
conceiving reality [2, 3, 4]. In the theoretical field, this has
evolved from studies in the area of information theory and,
in parallel, to computer science [5, 6]. The binary code
revolution caused a progressive substitution of the digital
perspective over the analogue one, towards a widening of
the communicative possibilities mediated by virtual
platforms [7, 8]. Therefore, cultural objects have also
acquired the value of data, which can be managed with the
help of computers and which, in an equal and opposite
reaction, are influenced by digital language.

The use of informatics or, more generally, electronic
devices as a tool to support or expand creative and
performing possibilities affected also the musical domain.
Starting from the pioneering studies done in the ‘50s and
‘60s in well-known centers such as Club d’Essay in Paris,
WDR Studios in Cologne, Bell Laboratories in New York
and Studi di Fonologia Musicale Rai in Milan [9], the
experimentation on music software became a focal point
of some institutions’ research during the ‘70s, among
which IRCAM held a central role. There, the spectral
composers found an ideal place to develop their timbral
research: composing “the sound” and not “with sound”
[10, 11] became one of the key principles of their studies
by means of software for sound analysis and production,
or, namely, for the management of the spectral content. At
the same time, some synthesis models were used to
manage the pitches organization, to reproduce complex
sounds by orchestral rendering or generate sequences of
sonic events according to algorithms or abstract criteria.
Therefore, the mediation of informatic procedures and
software such as Max/MSP, PatchWork, OpenMusic,
Audiosculpt, and Csound assumed the dual function of

regarding the sound parameter in the speech Timbre is a technomorphic
thing: A comparative analysis of three case studies, held during the con-
ference Timbre is a Many-Splendored Thing on 4-7 July 2018 at McGill
University in Montreal.



means for sound production and tool to manage the formal
organization [12].

Within this paper, these dynamics will be investigated in
the production of Giovanni Verrando and Fausto
Romitelli, Italian composers of the ‘60s generation who
studied at IRCAM and integrated into their compositional
approach elements derived from informatics and electronic
practice on the basis of what already done by the spectral
authors of the previous generation. The parallel formation
path of the two composers started from the education at the
Conservatory of Milan and the courses of Donatoni at the
Civica Scuola di Musica and Accademia Chigiana, then
proceeded in the Cursus de composition et informatique at
IRCAM — Romitelli from 1990 to 1991, then remaining in
the Parisian institution as Compositeur en recherche from
1993 to 1996, and Verrando from 1993 to 1997 [13, 14].
The ways of managing sound and form were therefore
influenced by common roots, although each one of them
would have then developed his specific means of
expression.’

The cases of the filtering in Verrando’s Filtering — first
movement of Triptych (2005-2006) for large orchestra and
electronics — and the synthesis in Romitelli’s
Hellucination I — Drowningirl — third movement of An
Index of Metals (2003) for soprano, ensemble, electronics
and video — will be investigated, since these pieces,
identifying the stylistic evolution of each author,
exemplify the influences of information technology (IT) in
their compositional approach. The cases presented in the
paper are the results of a research that focuses on the
precompositive material analysis, both by a sonic and
formal point of view. The analysis of the IT derived
sketches and preparatory materials underlines a close
relation between their compositional practice, especially in
the macro-formal and sonic construction domains. In both
the pieces analyzed, the form is conceived in a cyclical
way, but with different purposes: in Filtering, the sounds
are organized as discretized and clearly perceptible units;
in Hellucination I — Drowningirl the modular construction
is conceived in a way that sonically avoids the perception
of the cycle. Therefore, each author manifests a
compositional approach based on modules, to construct a
likewise segmented form or to generate a continuous
process where the modules are not even recognizable.
Moreover, the sonic perspectives are complementary: in
the first case, filtering is a useful process to manage the
spectral content while synthesis is a means for sounds
production; in the second, filtering is an informatics and
symbolic tool while synthesis is a model through which the
spectral content is oriented. The specific dynamics within
which filtering, and synthesis become part of the
compositional process and formal structuring with the help
of informatics tools will be further analyzed.

2 For more information about the interconnections between the two
authors, see the thesis Sincronie: Interconnessioni Formali tra Nova,
Verrando, Romitelli e I’Electronic Dance Music negli Anni '90, which
examines their collaboration in the Nuove Sincronie and Sincronie festi-
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2. GIOVANNI VERRANDO: FILTERING

2.1. Introduction

The experience in Paris was particularly relevant for
Giovanni Verrando: from then on, the composer began to
implement his research on sound through informatic
devices. Since 2005, this aspect has been integrated by
experimentation on timbral possibilities of acoustic
instruments, in what he defines ‘new lutherie’ as “the
stable introduction of new instruments into the ensemble
and a more general openness to the evolution of lutherie”
[16]. This research is closely connected with the usage of
informatics tools: the new timbral possibilities are also
implemented by rendering electronic sounds - often
obtained through entirely digital processes - by means of
the acoustical ensemble. This process involves the
comparison between the acoustic and electronic spectra,
conveyed towards a hybrid outcome. Moreover, this
approach is mediated by the psychoacoustic science
deepened during the IRCAM education, where both the
extended techniques and software research became useful
tools for a deeper study of timbre and syntactic
management of sounds. The notation was therefore
influenced by sounds generation and organization,
mediated by software such as Audiosculpt for the
definition of the timbral content and Max/MSP for the
management of the discrete objects that contain it.* In the
two following sections, these dynamics will be
respectively investigated, taking as an example some
excerpts from Filtering, first movement of Tryptych
(2005-2006) for large orchestra and electronics.

2.2. Timbral content

In Triptych, all the synthesized - and then re-orchestrated -
sounds come from 38 predetermined samples [14, 16]. The
composer works with Audiosculpt to analyze or
resynthesize the sounds, modelling or selecting the
spectral components of samples taken from other pieces or
previously generated by himself through digital synthesis:
from the continuous comparison between the graphic
result visible in the sonogram, the effects generated by the
instruments and the relative acoustic perception, he orients
the compositional process towards the desired sonic result.
This process implies a close relationship between
electronic and acoustic sounds. To clarify this dichotomy,
Eric Maestri defines the categories of ‘endogenous
movement’ (modifiable within itself) and ‘exogenous
movement’ (relative to the gesture): “Electronic sound is
characterized by the expansion of the envelope, and in
particular of the sustain, which becomes the centre of
sound evolution and the moment in which the difference
between the instrument and the electronics is decisive. [It

vals and some aspects of a common compositional approach through in-
formation theory and informatics tools, especially at a syntactic level
[15].

* The composer himself attests the usage of the software in the inter-
view realized by Luca Befera on August 7th, 2019.



becomes fundamental] the control of the evolution of
sound over time; the change of energy in the spectrum
without re-attacking the sound. In this way, endogenous
and exogenous movements change the hierarchy. Where in
instrumental music it is the gesture-carried sound that
dominates, in electronic music it is the texture-carried
sound; the decisive difference between electronic and
instrumental sound seems to me to be given by the
different evolution of envelope maintenance” [17].
Although computer processing allows multiple gradients
between these categories, as well as, in some cases, it is
possible to control the envelope through the
instrumentation, the categories are useful to describe
macro-tendencies of the spectral content, which are
expressed in a perceptual dichotomy or - if the composer
himself wants to recreate electronic effects through
acoustic gestures as in this case study - in hybrid sonic
results.

In addition to the dialectic relationship between
endogenous and exogenous movement, Verrando manages
the formal structure according to the perceptive
differences between inharmonic, aperiodic, harmonic and
sinusoidal sounds [16]. These principles derive from the
psychoacoustics studies made in the ‘90s by Albert
Bregman and Stephen McAdams on the ‘auditory scene
analysis’. This theory is based on the examination of how
the brain processes acoustical images of certain sounds to
recognize their location and connotation. Given two
simultaneous sounds, the listener will or will not split their
perception depending on their sound qualities and,
consequently, on the relationships that he established
between them. An ‘auditory stream’ is defined as “our
perceptual grouping of the parts of the neural spectrogram
that go together” [18] or, in the definition of his proselytes
Daniel Pressnitzer and Stephen McAdams, as “a sequence
of events that can be considered to come from a same
source” [19]. In both cases, listeners segregates the stimuli
present in a sound input system through their perception,
defined as ‘auditory scene’. The streams are discretized
according to the spectral composition of the sounds, their
location within space and different rhythmic patterns.
Verrando uses Audiosculpt to work precisely on the
segregation of auditory streams by observing and
modelling the spectral content through the software’s
graphical interface. In the example in Figure 1 (relative to
what the composer defines as Triptych’s ‘sound 31°%) it is
possible to observe waving bands cancelled in the
spectrum to recreate an oscillation of the inharmonic
frequencies within the sound. Figure 2 shows another
approach, in which Audiosculpt is used for spectral
analysis only. The sonogram at the top left refers to a
sample taken from Rasite, the sixteenth track of the album
Aaltopiri by Pan Sonic: observing and listening, the
composer works to achieve the most similar sonic result,

4 The samples, part of which are shown in Figures 1, 2 and 3, were
kindly given to me by Verrando on August 13, 2019. In the file there are
four folders: the first three are related to different savings of the transcrip-
tion on Finale of the orchestral score; the last one, called “Triptych-Sam-
pler-Max’, presents the 38 samples to be used in the synthesizer and the
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Figure 1. Inharmonicity oscillations in the ‘sound 31’ of
Triptych.
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Figure 2. Comparison between Pan Sonic’s Rasite ex-cerpt
(top left) and ‘sound 2’ of Triptych (top right); the squares
show the spectral affinities and the relative nota-tion.

using cymbals (top right). The resulting adiastematic
notation (bottom) indicates just the durations of the
percussive accents and rubbing of the cymbals, while the
specific instrumental technique is explained in the word-
written instructions. Figure 3 shows a further instrumental
resynthesis: starting from an additive synthesis of
sinusoidal sounds — loaded in the sampler (bottom-left) —
the composer generates a harmonic aggregate (top-left),
which is rendered through the ensemble and represented in
diastematic notation (right). Therefore, these are not
sinusoidal but complex timbres, whose perceptual result
tends to be harmonic.

Hence, each kind of notation aims to translate a specific
timbral category, through diastematic/adiastematic
notation or by simple words explaining the gestures. The
peculiar sonic result, focused on the spectral implications,
is mainly generated by the materiality of non-conventional
objects and instrumental extended techniques derived,
above all, from the endogenous/electronic content at the
very basis of the piece.

Max/MSP patch for the application of these on the keyboard. The synthe-
sizer reproduces either the electronic sounds that cannot be realized with
the instrumentation used (e.g. sinusoidal sounds) or double the orchestral
sound prerecorded in the samples. The approach highlights a retrospec-
tive assembly of discrete elements previously obtained.
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Figure 3. Transcription of the ‘sound 10’ (sonogram on top-left), loaded in the sampler (‘Tast’, bottom-left) and re-orchestrated
in the score for clarinet, bass tuba, electric bass, piano, harp, viola and double bass (right). The written notes are concert pitches.

2.3. Syntax

The spectral content just described is inserted in clearly
defined discrete units. The 38 synthetic sounds, from
which the instrumental orchestration comes from, are
loaded in a sampler on Max/MSP [15]. Each one of these
is marked in the score through the circled numbers (e.g.
Fig. 3, sampler score on bottom-left) and reproduced in the
whole play. The usage of the pre-compositive material as
circumscribed informatic units reflects also the structure
of the piece, organized by ‘blocks’ (numbered in Fig. 4)
structured on data of spectral nature. The blocks content is
managed by Verrando according to the oppositional
categories described in the previous section (inharmonic,
aperiodic, harmonic or sinusoidal sounds), which, by
contrast or affinity, characterize also the blocks
succession. The repetition of the same or similar elements
(letters in Fig. 4) plays an important role in the macro-
formal distribution, defining a cyclicity that operates on
medium- and long-range.

Regarding the organization of sounds, Ingrid Pustijanac
has already observed: “the materials are structured
according to these two possibilities: juxtaposition or
overlapping of only two harmonic planes” [14]. Beyond
the simple consequentiality of the timbral blocks already
discussed, this means that it is possible to identify the
superimposition of multiple auditory streams within them.
These streams are segregated according to the 4 spectral
categories already discussed. In Table 1, a possible coding
of the elements contained in the first 8 blocks is proposed,
defined as follows: harmonic sounds (a), sinusoidal sounds
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(s), inharmonic sounds ( or p if generated by the cymbals)
and impulses (7). The subscripts indicate different types of
these categories, whereas the initial aperiodic sounds (ap)
are recreated by playing the cymbals with the bow,
generating sounds between the harmonic and metallic
connotation. The sum indicates the overlapping of several
elements: although there is a ‘polyphony of timbres’ on the
whole - indicating a sort of ‘global sonority’ of a musical
signal, which consists of several inner components [22] -
by separating the internal streams it is possible to argue
perceptual interconnections between different blocks.
Therefore, in the last two columns, where the
predominance of some elements has been inferred [15], it

a b
A A

Figure 4. Formal distribution of ‘blocks’ over time in the
beginning of the piece.



Duration in Elements Predominant
Blocks (in (s;::j ers) sequences elements
1 13 (ap,) @@ | @@
2 20 +p+D | @) | (2)
3 4 (s+m) (r) ™
4 12 (s+p2+0D | (p2)
5 (ry +13) (r2)
6 (s+m) (r)
7 (ry +13) (r2)
8 16 (s+p2+1) | ()(2) | (5)

Table 1. Coding of the elements contained in the first 8 blocks.

Blocks Structural trends
Intro 1 (a)
2 (=)
-]
g
14 d r4
B v
16-18 (p2)
Coda 19-20 + (rird

Table 2. Macro-formal distribution of the auditory streams in
the first movement of Triptych, Filtering.

is possible to observe some timbral processes operating on
the form as a whole: within the first 8 blocks, a progressive
transformation occurs from the initial aperiodic sonority to
the sinusoidal sound of block 8, passing through different
types of inharmonic sounds. By extending this
consideration to the macro-form (Table 2), it is possible to
observe the repetition of some internal streams on a wider
range. Each time, the different combinations of the same
sounds generate specific polyphonies of timbres. Within
these, the repeated elements maintain a parallel - though
not simultaneous - flow, producing processes of internal
mutation of the spectral components.

Summarizing, informatics spread across the whole piece
and influences the very routes of the compositional
process. First of all, the electronic — or electronic derived

5 Personal call with Luca Guidarini, 12.06.2018. Paolo Pachini was
the musical informatic and video maker that helped Romitelli in An Index
of Metals.
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— sounds generated by software predominate and are
inserted in discrete and clearly recognizable elements.
Secondly, the timbral material is managed according to
quantitative criteria related to the spectral content and
inserted in discrete elements assembled by juxtaposition or
overlapping of sounds. Finally, the identical repetition of
some structural functions resembles a digital treatment of
sound, whose polyphony of timbres is branched into
smaller streams or spectral data. The syntactic structure,
partly derived from spectral practice, corresponds in
Verrando to a specific procedure, which finds in ‘new
lutherie’ a peculiar realization. The resulting notation is
related to digital processes, which are later translated into
the score to ensure an easy intelligibility by acoustic
instrumentalists. However, it always maintains strong
informatics and electronic connotation, manifested in
sonic results and formal management.

3. FAUSTO ROMITELLI: SYNTHESIS

3.1. Introduction

Since his first approach with the IRCAM cursus in 1991,
Romitelli introduces computer aided composition
knowledge — a topic of interest at the Institute since the 80s
— in his practice. With the help of Laurent Pottier, he
developed a personal PatchWork library [23], used for the
pieces written in the ‘90s. In the 2000s, Romitelli started
to work with the OpenMusic language®, mostly to create
and organize fixed harmonic fields in a personal
compositional discourse. Unlike Giovanni Verrando’s
case, Romitelli doesn’t start from a preexistent spectrum
in order to resynthesize the exact auditory image, but
rather from a sound-synthesis criterion that symbolically —
thanks to PatchWork and OpenMusic — generates pitches
aggregates of imaginary complex spectra to be
orchestrated. The actual state of research doesn’t permit to
examine Fausto Romitelli’s personal computer — preserved
by the Giorgio Cini Foundation in Venice (Fondo Fausto
Romitelli, FFR from now on) — but the sketches-driven
analysis permits to investigate the symbolic synthesis
process that allows him to create the formal and pitch
organization of Hellucination I — Drowningirl, the third
section of An Index of Metals (2003), video-opera for
soprano, ensemble and electronics.

3.2. Sources

Currently preserved by the Giorgio Cini Foundation in
Venice (Fondo Fausto Romitelli), the sources analyzed for
this research were conserved in a mixed folder - that
contains sources related to An Index of Metals, Domeniche
alla periferia dell’Impero (1996/2000), Seascape (1994),
and notes for lessons — and consist in:



A. Three pages of annotations, schemes, and tables for
the control of time, density and dynamics (Figs. 5a

and 5b);
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Figure Sb. Third page of A, FFR, transcription

B. Three double-sided pages of sketches, with
references to a and c. (see Fig. 6);
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Figure 6. First two pages of B, FFR, transcription.

C. One glossed page of B.
Techniques for C:M
Modulation” [24].

Truax, “Organizational
Ratios in Frequency

0:1 1:32 1:31 1:30 129 1:28 1:27 1:26

1:256 1:24 1:23 1:22 121 120 1:19 1:18

1:17 116 2:31 1:16 2:29 1:14 1:13

2:25 1:12 2:23 111 332 221 33 110

329 219 3:28 326 2:17 325 18

4:31 323 4:29 117 427 3:20

5:33 2:13 5:32 4:25 53 5:29

4:23 3:17 5:28 2:11 5:27 3:16 5:26

6:31 1:5 6:29 5:24 4:19 3:14 7:32

229 7:31 5:22 313 7:30 4:17 6:25

7:29 1:4 831 7:27 6:23 5:19 4:15 7:26

311 8:29 5:18 7:25 9:32 2.7 93

5:17 8:27 3:10 7:23 4:13 9:29 5:16 6:19

7:22 8:25 9:28 10:31  1:3 11:32 10:29 9:26

8:23 7:20 6:17 11:31 5:14 9:25 4:11 11:30

7:19 10:27 3:8 11:29 8:21 5:13 1231 7:18

9:23 11:28  2:5 13:32 11:27 9:22 7:17 12:28

5:12 13:31 8:19 11:26  3:7 13:30 10:23 7:16

11:25  4:9 13:29 9:20 14:31 5:11 11:24 6:13

13:28 7:15 15:32 8:17 9:19 10:21 11:23 12:25

13:27 14:29 16:31  1:2

Figure 7. C:M ratio
Truax [24].

series of order 32, table from B.

3.3 Control of time and cyclical organization

The first two pages of A contain twelve 3-voices modules
(Fig. 5a). A rhythmic figure, which structures the glissato



gesture of the strings over time and controls its duration
(for a total of 42 quarter notes) in a progressive way, can
be seen on the top of each module. The modules mirror
around an axis represented by the 6th and 7th modules.
They express the cyclical nature of the formal
organization: the twelve-module cycle is repeated eleven
times during Hellucination I — Drowningirl, the last
repetition of the cycle is interrupted at the moment of its
maximum length (at the 6th module). An ordinate series of
numbers (1-13) expresses the formal scheme of cyclical
repetition (see Fig. 5b, right side). Every cycle introduces
elements that increase the global density in the formal
process that expresses a general crescendo, both in the
strings and winds/brass. The internal organization of the
modules, with the help of the glissato gesture on the strings
and of the electronic sounds is conceived in a way that
avoids the perception of the cycles that construct the
section.

Three gestures (Figs. 8 to 10) that produce a gradual
complexity of sonic material are assigned to the
winds/brass instruments, and their use depends on the
density condition:
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Figure 8. Gesture 1.
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Figure 9. Gesture 2

Figure 10. Gesture 3.

The remainder of the third page of annotations (Fig. 5b) is
occupied by a scheme that seems to be useful to organize
dynamics peaks over time. Romitelli, for that, uses the
same temporal modules of the other two pages.

3.4 Pitch organization and FM synthesis

The source B consists of a double-sided bifolio and a
single double-sided page (Fig. 6). It contains a scheme
with 150 bars of pitch aggregates, with numerical
references to A and C, some orchestration indication,
textual references to the soprano part and harmonic
references to the guitar, bass and keyboard parts. The
genetic criteria of those aggregates are explained by two
details of the sketch: a box with the indication “FM
D1[notated]” and the ratios written above every aggregate.
‘DI’ indicates the nominal — and hidden through the
process — frequency of a Frequency Modulation, whose
ratios are expressed over every aggregate. C is a glossed
page of Truax, Barry [24] and contains an organizational
table representing the C:M ratio series of order 32 (Fig. 7).
Truax used the first half of a Farey sequence of order 32

¢ The bach and cage libraries are collections of modules to deal with
Computer-aided composition in Max, developed by Andrea Agostini and
Daniele Ghisi (https://www.bachproject.net/, accessed 18.04.2020).
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due to creating a gradual descending of the modulator
frequency from 1:32 to the harmonic ratio 1:2 that divides
symmetrically the whole series.

Frequency Modulation was used in the so-called
instrumental synthesis since Murail’s Gondwana (1980)
[25] as a static technomorphic metaphor useful to create
complex sounds; in the case of Hellucination I —
Drowningirl, FM assumes structural relevance since the
organization of the pitch aggregates is driven by the
process Truax explained in his table. Starting from that and
from the pitch aggregates of the source B it was possible
to recreate on Max8 — using bach and cage libraries®,
especially the object cage.fim - the OpenMusic patch he
used to create the symbolic FM, from the fundamental
frequency and the ratios between the carrier and modulator
frequency, with a fixed modulation index of 1 (Fig. 11).

Symbolic FM from C/M ratios
(Truax)

dump

Fundamental Frequency

C/M Ratio

ii = @ 2

B

Figure 11. Patch reconstruction on Max8, presentation
mode.

The patch operates with an approximation of semitones,
meaning that the principle behind the instrumental
synthesis of Romitelli is not the aural accuracy of a timbre,
but the creation of interesting-hearing, and processional
driven group of fixed harmonic fields.

3.5 From sketches to score

Figure 12 shows the realization of the first formal cycle in
the strings, in which the density is at its minimum point.
The numbers of the formal modules correspond to those of
Figure 5, the ratios are those of Figure 6.



Figure 12. Pages 12-14, strings section score.

The score corresponds to the sketches within three excep-
tions:

1) The 3™ repetition of the cycle skips the 5" mod-
ule. As a result, the text is sung without interrup-
tion in the vocal part.

In the 3" module of the 7" repetition of the cycle
Romitelli changes the pitch content in order to
preserve the semitonal descending line of those
pitches, without this correction the applications
of Farey’s ratio (8:31) would create an interrup-
tion of the descent.

The last two and a half cyclical repetitions present
a different pitch organization in the winds/brass.
In the previous repetitions those instruments dou-
bled, echoing the pitches of the strings. In those
last cases they become autonomous and play in-
dependent pitch aggregates from B (Fig. 6). As a
result, there is a temporal compression of the pro-
cess duration and an increase of the textural den-
sity.

2)

3)

3.6 Electronics

The 11-channels electronics of An Index of Metals has
three functions:

1. Integration with the instruments;

7 Personal call with Luca Guidarini (see footnote 5).
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2. Articulation of a single event;

3. Sampling from other’s music: the Introduzione from
Pink Floyd’s Shine on You Crazy Diamond and the
Intermezzi from Pan Sonic’s works.

According to Paolo Pachini’, who helped Romitelli in the
realization of some electronics, Hellucination I —
Drowningirl refers to the first function. Pachini filtered a
sound of a bowed metallic tube with a CSound vocoder,
then refiltered and processed it with the FM instructions
Romitelli gave to him. Probably the indications were
similar to the instrumental one since the pitches of every
single spectrum correspond to the instrumental and the
simulated ones.

3.7 Multi-layered form

Formally, the piece presents an independent harmonic line
formed by the soprano, the electric guitar and bass, and the
keyboard runs his own process (Table 3) alongside the
instrumental synthesis.

11) 2(1,5) 3(1,5)
(A)D @ @
A

42) 5@ 6(25 725 8@ 9@ 10(1,5 11(15 12(1)

) o c G
Bb c (A)D c G
B o A c G Bb c
l (AD C A G D A c G Bb (e}
(B)D G Bb D G Bb D G Bb C
(A7D C A G D A c G Bb c
©D Eb F G Bb D G Bob C c#
(AJD C A G D A c G Bb c
©)o Eb F G Bb D G Bb D c A
m DG D A [+ G Bb D |

Table 3. Harmonic line of the guitar, bass, and keyboard
according to the 12 cycles.

The whole harmonic line can be represented as: A (b. 56 —
103) A’ (104 -137) A’ (138 — 158) B (159 — 179) A’
(180 —200) C (201- 221) A”* (222 —242) C’ (243-263) D
(264 — 276). The first A is dilated from the start to the end
of the 6th module of the 3rd cycle. A’ is a variation of A,
compressed in one and a half cycle.

4. CONCLUSIONS

The two analyses, although based on different
assumptions, demonstrate the influence in writing and
notation of an IT approach. The authors, coming from a
similar background where of great importance were the
practices studied at IRCAM, moved towards their specific
experimentations discussed in relation to the considered
pieces. The software usage, strictly connected to a spectral
approach, is implemented towards specific modalities of
sound generation and control of formal organization. The
use of filtering and synthesis processes is emblematic of
these dynamics, as practical applications of abstract
informatic models. Within the macro-form, the internal
processes are stratified in different ways, not explicitly
perceived, but organized to generate cyclical repetition and



continuity. Layering and modularity became two
fundamental principles to manage the spectrum
possibilities, generated from and structured through an IT-
based approach. It is also possible to discern wider
considerations  through these assumptions: their
compositional models belong to a technomorphic
environment which, consolidated in art music context in
the 70s also thanks to the Parisian institution, took specific
ramifications starting from the 2000s. The musical
language becomes more and more permeated by digital
influences both at structural and computer-aided processes
level, as fundamental elements in the authors’ poetics.
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ABSTRACT

Augmented Reality (AR) is becoming, year by year, an
established and well-known technological resource. Ex-
perimentations and innovative applications are produced
in different areas. In music, there already is some use
of such a technology in the fields of education and per-
formance. However, the use of AR features as composi-
tional resources has yet to be deeply explored and leaves
room for innovative research. In particular, the possibil-
ity of notating the gesture in space, instead of on paper or
screen, has been only superficially studied. This research
focuses on the development of a new prescriptive notation
system for gestures that represents extended techniques re-
quiring direct contact between the performer and the vi-
brating body. Such a system has been implemented in the
composition Portale, for small tam-tam, AR environment
and live-electronics.

1. INTRODUCTION AND BACKGROUND

The notation of gesture for music scores has been at the
center of numerous experimentations at least in the past
60 years. The need to expand the Common Music No-
tation (CMN) system derived from an enlarged aesthetic
panorama which, in many circumstances, was taking into
account sounds and performing techniques that had not
been considered and included in the standard practices of
music. The notation of gesture is often connected to the
notion of prescriptive notation (indication of the action) as
opposed to descriptive notation (description of the result).

1.1 Action scores
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In Helmut Lachenmann’s action scores, “...the score is
notated as a series of actions without determining their
precise pitch content or even their precise sounding re-
sult” [1]. In other words, it implies a notation of gesture
which leaves room for some unpredictability in the sonic
outcome. The panorama is extremely vast and varied and
it is impossible to provide a satisfying background in this
paper. Three examples from three different authors will be
provided.
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Figure 1: First two lines of Lachenmann’s Guero

Figure 1 shows the beginning of H. Lachenmann’s Guero
(1969), where the pianist plays the keys themselves (as
the emitter of the sound), with no action on the strings.
The clefs report the whole keyboard extension (almost as
a simplified geography of the instrument) and the score is
based on gestural information (e.g., white squares corre-
spond to the white keys played with finger’s nails) and rel-
atively free proportional time indications. Some degree of
unpredictability is intrinsic in the notational system itself
and is regarded as an aesthetic value of the compositional
thinking.

A further evolution of gesture-based notation, almost com-
pletely excluding CMN elements, can be found, for exam-
ple, in compositions by Aaron Cassidy, such as the Sec-
ond String Quartet (2010), where notes are completely
replaced by lines indicating the left hand’s fingers’ posi-
tions and indications such as trill and vibrato. Moreover,
a grey scale is used to deliver pressure information (from
full pressure to harmonics pressure). A red line indicates
bow position, pressure (using transparency) and strings of
contact. A green line indicates the bowing (which portion
of the bow is being pressed on the string at a given time).
Rhythm of left and right movements is notated on addi-
tional staves. The result is a complex and multilayered tab-
lature that “examines the ways in which limited collections
of physical action types can ‘push against’ constructed, dy-
namic, multi-planar bounding windows”. The complex-
ity of their combination “encourages unusual, unexpected,
and often unpredictable materials to emerge” [2].

Pierluigi Billone’s Mani.Mono (2007) (Figure 2) includes
drawings of the gestures to perform along with the sym-
bolic prescriptive notation of the gesture and the corre-
sponding descriptive notation of the intended sound result.
In this case, gesture-based notation is oriented towards the
sound in a very specific and “deterministic” way: there is
one expected sound result which is meant to be consistent
across different performances. The score indicates how to
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Figure 2: The beginning of Billone’s Mani.Mono

reach a specific result rather than constructing a set of pos-
sibilities through a parametric representation of gesture.
In all the mentioned examples, the notation is coherent
with the aesthetic purposes of the composers and is ade-
quate to meet the artistic goals. This research is not meant
to point out limits of 2D notation in general. However,
new perspectives beyond the already known uses of no-
tation can be pointed out: notation on paper would al-
ways show limits in carefully indicating spatial informa-
tion, as it requires some form of abstraction from the space
itself. In other words, notation on paper can’t notate spa-
tial events exactly where they are supposed to happen, with
their
4-dimensional behaviour. Conversely, AR notation has this
capability. As discussed in sections 2 and 4, in cases where
an articulated use of gesture needs to be connected with a
precise and consistent sound result (with the intention to
minimize the intrinsic unpredictability of prescriptive no-
tation), AR can deliver an unprecedented level of preci-
sion.

1.2 AR for music education and performance

Before describing the content of the AR-based notation
system developed by the author, it is worth pointing out
some background research in Augmented Reality for mu-
sic education, composition and/or performance.

In music instruction, differentiated areas of interest have
been taken into consideration. Interest have arisen around
Western instruments, such as guitar [3, 4, 5], violin
[6, 7], and non-Western instruments such as Gugqin [8],
Koto [9], and Dombyra (Kazhakh traditional instrument)
[10]. The most researched instrument is piano, addressed
in a large number of papers (e.g., [11, 12, 13] to cite a
few). The piano roll is a quite standard tool: virtual blocks
appear in correspondence of the keys to press. As long as a
block is visible, the corresponding key has to be held down.
When the block disappears, the key has to be released.

According to evaluation studies carried in the cited re-
search papers, AR lowers the barrier of entry for begin-
ners, guarantees higher accuracy and better mnemonic re-
tention. The target audience of applications are students
in very early stages and the proposed repertoire includes
compositions studied in the first one or two years of learn-
ing. Although benefits for beginners have been proven, ex-
perts tend to find AR notation systems on traditional reper-
toire confusing and impractical.

It is important to notice that all the mentioned applica-
tions have been developed for allowing students to learn
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an already existing repertoire, as an aid to traditional in-
structional means more than as a stand-alone solution.

With the release of devices dedicated to AR, some exper-
iments have risen. In [14], Kim-Boyle presents the concept
of immersive score. The score 5x3x3, previously realized
in 3D, is ported into an AR environment and in room-scale
size. The performer, wearing the HoloLens 1 I headset, is
immersed in a virtual structure (the score), superimposed
to the real world and can navigate it. In this context, AR is
used mainly in its visual capacity; however, different prop-
erties of the score react to timbral nuances, thus introduc-
ing interactive functions in the AR notation.

On the other hand, the works of Amy Brandon, such as
Augmented Percussion [15], present a deeper focus on AR
interfaces and interaction: bare hands of a percussion per-
former are used to activate/manipulate the sound of virtual
objects, some of which are embedded in the real instru-
ment. The interpreter makes use of a Meta 22 headset.

LINEAR [16] is an AR framework for improvisation that
allows the creation of a notation-interface hybrid in real-
time: a performer, using an iPhone, can generate virtual
bodies along the trajectory of his/her gestures. Those bod-
ies have both the function of interface (they are linked to
specific samples) and notation (for generating the sound of
the original gesture, the performer needs to repeat the same
gesture).

[17] describes an AR controller for sound spatialization
in n-channels designed both for diffusion automation and
for live performance. It allows to position virtual bodies in
the space and to draw trajectories with the gesture. Each
of these bodies is linked to a sound source moving in the
space along the designed trajectories. The tool is designed
for HTC Vive Pro?.

2. THE AR ACTION SCORE: WHY AND HOW

The concept of AR action score will be explained by ana-
lyzing the particular case of the author’s Portale(2019), for
small tam-tam, AR environment and live-electronics.

In the composition, the tam-tam is played in 2 ways:

e by using fingers wearing thimbles;

e by moving one magnet (held in position by another
magnet in the back) over the surface of the instru-
ment.

The finger generates a scratchy timbre when it is moved
continuously on the surface. It also produces a more
“pitched” sound when hitting the tam. The magnets move
the perceived pitch and shift spectral components, behav-
ing as masses attached to the vibrating body. The will
to realize a clear and intuitive notation for indicating the
movement of the magnets (addressed to a specific spectral
configuration) is at the core of the development process.

! An AR see-through device developed by Microsoft.
2 An AR see-through device developed by MetaVision.

3 Non-see-through head-mounted display headset allowing AR content
thanks to the use of front-facing camera for visualizing the real environ-
ment



2.1 How the magnets modify the tam’s spectrum

Figures 3a and 3b report two different results (spectrogram
and pitches of the loudest partials) generated by the percus-
sion of a finger (with thimble) hitting one specific tam-tam
in a specific position (white cross) with the magnet(s) in
another specific position (white circle).

Although some difference has to be expected among re-
peated hits, the spectral content of sounds is consistent for
every position of the magnet and of the hitting finger, given
a specific tam-tam, a specific magnet and a specific thim-
ble. Figure 4 shows the spectral shift obtained with a mag-
net moved on the tam-tam. Every trajectory performed on
the surface of the instrument results in a different shift-
ing effect (although with some similarities between similar
movement shapes).

|:)

Figure 3: Analysis of the excitation of the tam by a metal thim-
ble at the location indicated by the white X with the magnet at
the location of the white circle. 3a and 3b indicate two different
positions both for the thimble and for the magnet. Spectrogram
shows the first 0.6s of the attack, from 0-2kHz. The seven highest
amplitude frequencies are showed in common notation, with cent
deviations.
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Figure 4: Spectrogram displaying the shift of partials during the
movement of the magnet. When the magnets stop moving the
partials become visibly more stable in pitch distribution.

2.2 Notate the effect by notating the action

In general, the accurate identification of sound results in
the context of extended techniques poses well-known lim-
itations # : instability, unpredictability and limited control
over the result (although inside a well-defined timbral
world).

The rationale behind the notation system presented here
is that, by being able to indicate the specific point in space
where the interaction has to be realized, it is possible to
increase the level of accuracy, while decreasing the com-
plexity of the deciphering process.

In fact, if any position of the magnet and of the thim-
ble on the instrument correspond to a quite consistent class
of spectra, the identification of the precise point of ac-
cess is enough for also indicating the result with a satis-
fying precision. In addition, the notation is almost self-
sufficient, requiring few preliminary information. On the
contrary, a notation on paper could need to be comple-
mented with additional audio material and performance
notes (especially in circumstances where a precise spectral
result is required).

The notation system implemented consists in virtual points
indicating hit spots and in virtual lines following
pre-designed trajectories projected directly on the tam-tam.
The performer can see those objects by wearing a headset
for AR rendering.

Figure 5 shows the two playing modes on tam (with fin-
gers and with magnets). The line in the picture on top illus-
trates the trajectory the performer has to follow on the tam
with the index finger. Such a line is not static but moves
(therefore, the direction to follow is made obvious by the
direction of the line along the trajectory). The picture at
the bottom presents the AR indication corresponding to the
configuration presented in Figure 3a: the AR model of the
magnet (black virtual sphere) indicates the intended mag-
net position and the light blue effect representing the hit
point for the finger.

4 1n some cases, considered as aesthetic resources.
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Figure 5: The two ways the performer is meant to play the tam:
fingers with thimbles and magnet(s). On top, the AR line repre-
senting a trajectory the performer has to follow. At the bottom,
the AR notation of the configuration in Figure 3a.

2.3 Notation of time and notation of intensity

In a prescriptive notation system as above, that consists in
a line mimicking the gesture to perform, the notation of
rhythm has two specific aspects.

The first one is that the notation is not symbolic (it does
not use a figure that resembles something else from itself)
but mimic (the movement is actually performed in advance
by a virtual object and subsequently repeated by the per-
former). We are used to adopt some kind of symbol (or
position on paper) to resemble durations (or time propor-
tions). In general, we divide greater time values in smaller
ones, or create longer durations by adding up shorter ones.
In the AR notation system introduced here, time is not
represented as multiples (or fractions) of a fixed amount
of duration; on the contrary, it is represented as a fluid
alternance of internal speed articulations of the gesture.
We could call it continuous rhythm as opposed to discrete
rhythm (the rhythm expressed by metrical values). Such
fluid notation of time can take into account the differences
of speed inside a gesture: in fact, a real performance act
can have an unstable velocity, connected to differences in
sound result (e.g., different speeds of the bow on a string
or, as in Portale, different speeds of a magnet on a metal
surface). Although the metric notation in CMN can be-
come extremely specific in defining different durations, it
will always describe the articulation of a gesture as a se-
quence of finite durations (for going from a point A to a
point B) and not as a fluid change in the gesture’s velocity.

The second aspect is related to the performer’s reaction
time. In fact, rehearsed rhythm learned on a score is pre-
cise. On the contrary, in this system the information is
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conveyed to the interpreter in real-time and every action is
notated in the moment in which it should happen. Clearly,
the performer cannot realize the required actions as soon as
they appear on the instrument. The execution needs some
delay time. For this reason, a certain fuzziness in the rhyth-
mical outcome is an intrinsic component of such a notation
system.

At the current stage there is no clear indication of dy-
namics (which has a noticeable impact on the spectral re-
sult); adding some indicators for that parameter is a fore-
casted enhancement of the software. However, the sys-
tem already notates width and speed of movements and
hits, which have a close relation with dynamics (faster and
wider movement for ff, opposed to small and slow move-
ments for pp).

3. TECHNICAL ASPECTS

The notation system used in Portale relies on a techni-
cal environment requiring different hardware and software
components. In addition to microphones, speakers, sound
interfaces and pc(s) for audio, visual and positional track-
ing processing, the framework requires:

e 1 Head Mounted Display (HMD) ? ;

e 1 stereo VR camera®;

e 2 motion capture trackers 7.

e asoftware developed in Unity 3D for AR processing.

3.1 Headset and trackers

The performer is wearing the HTC headset, which allows
the representation of virtual bodies in space by detecting
the real world with front-facing cameras and representing
it on the internal screens (one per eye). Virtual bodies
are rendered on the same screens. The front-facing cam-
eras natively installed on the headset deliver a poor image
quality (420p per eye) and have a high latency (200 ms),
making it problematic for the performer to follow the no-
tation accurately. For this reason, the ZED Mini Stereo
VR Camera has been mounted on the headset for replacing
the native one, bettering the resolution to 720p per eye and
lowering the latency to 60 ms.
The two trackers are positioned:

e on the tam for detecting the position and orientation
of the instrument. This way, the AR score always
follows the tam’s movement;

e on the right hand of the performer. This tracker is
used as an input device for interacting with virtual
bodies (this component of the composition is not
a part of the notation system described in this pa-
per and therefore its function will not be further ad-
dressed).

5 HTC Vive Pro headset.

6 ZED Mini VR Camera.

7 Vive Trackers, devices used for detecting the position and orientation
in space of objects in the real world.




3.2 Software

The software side of Portale is articulated in two compo-
nents:

e an AR program created and compiled in Unity;

e a Max/MSP project (its functioning is not further an-
alyzed as it is not implied in the notation system).

The AR software is responsible for scheduling, render-
ing and positional tracking processing. The software also
sends control information to Max/MSP when the interac-
tion of the physical performer with virtual objects (detected
through motion tracking) is meant to produce some sound
outcome (generated in Max/MSP).

3.2.1 Gesture design

In the application, gestures are resembled by a virtual ob-
ject (the blue line in Figure 5) following a trajectory with
a certain speed.

The creation of an Augmented Reality score poses two
issues: how to draw a 3D gesture and how to move a body
along that trajectory in time.

The trajectory of the gesture is created with a 3D cubic
Bezier’s curve (a parametric curve used in computer graph-
ics), whose shape and bending can be adjusted by shifting
the position in space of nodes (the white squares in Figure
6) and control points (the red squares in Figure 6, two per
node). Trajectories are designed in advance and cannot be
changed during the performance.

FAIGIE) TR, =
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> | Gesture14 B
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ions

Figure 6: The creation of one trajectory with a sequence of cubic
Bezier’s curves inside the Unity editor.

Two scripts® allow the composer to control the starting
point in time, the internal speed articulation of the gesture
(how long does it take for the line to go from one node to
the next) and its total duration.

4. DISCUSSION

The concept of AR action score and AR gesture-based no-
tation is conceived in the frame of extended techniques
and timbral research. Its main focus lies in the delivery of
mimic (not symbolic) prescriptive information in 3D space
which, while ensuring a certain degree of intuitiveness, al-
lows an accurate control over the result. In fact, in every

8 A script is a custom programming file written in C# that can be at-
tached to virtual objects in order to control their behavior.
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circumstance where the result is consistent given a specific
position of exciters and/or preparation’ , the system pro-
vides a univocal way of notating that result (as a function
of the positions or gestural behavior). The particular na-
ture of time indication in this context produces a condition
which could be defined as continuous rhythm, as a conse-
quence of its capability of notating speed changes in ges-
ture instead of events happening in relation to fixed rhyth-
mical values or in relation to time proportions linked to the
position on paper.

In Portale, the formal development is focused on the evo-
lution of different forms of interaction between the physi-
cal performer and a virtual object (the blue animated line
that runs across trajectories) which, in the last section, be-
comes AR gesture-based notation. Describing the other
stages of interaction would go beyond the scope of this pa-
per. However, it is worth mentioning that, in its implemen-
tation for Portale, the notation system has been used for a
restricted set of pre-designed actions with a relatively nar-
row space for development: only two playing techniques,
only one trajectory at a time, the impossibility for the phys-
ical performer to interact with the notation itself (but only
follow it). These constraints have been implemented mainly
for two reasons:

e Portale is structured around different possibilities of
interaction between the physical performer and vir-
tual objects (and viceversa) and, in this context, AR
notation is one of them;

o the physical conformation of the small tam did not
allow to safely and/or effectively use some solutions '

These constraints are not to be considered limitations of
the system itself, but rather choices of implementation.
Other versions of the system for future compositions fo-
cusing exclusively on AR gesture-based notation will in-
clude broader sets of possibilities.

Although, in the opinion of the author, such a quite un-
precedented possibility shows potentials for future musical
research, there are some intrinsic limitations.

While the system can be considered precise in static sit-
uations, when movements (especially for the magnets) are
considered, the instrument itself and the magnets attached
to it oppose some resistance to the performance gestures.
In fact, the irregularities of the surface of the tam might
sometimes prevent the magnet from keeping its position or
following the desired path. As a result, a precise indica-
tion of movement does not automatically translate into a
precise movement.

Another issue consists in the difficulty of adaptability of
the notation. For example, playing Portale on a tam dif-
ferent from the one on which the composition has been
developed, would make the sound result (at least slightly)
different. In fact, every tam, even if of the same size and

9 Preparation is here intended as a modification of the usual behav-
ior and timbral result of a vibrating body by the addition of extraneous
masses to the vibrating body itself.

0E g, the use of two sets of magnets could have created problems
given the small size of the instrument. In fact, there is a high chance
of having the two sets near enough to generate magnetic attraction, thus
making impossible to have the control over the required techniques



from the same constructor, could present significant tim-
bral divergences. Those dissimilarities would be partic-
ularly obvious in case of tams with different sizes. This
limitation would also hold for other instruments on which
this notational system might be applied.

All of this said, the notation system itself would not
present particular problems of scalability in size (e.g., chang-
ing from an 18” to a 32” tam): the same score would easily
fit a bigger or smaller instrument. That is because the ref-
erence system can be scaled inside the AR software, and
therefore the score itself and all the gestures can be in-
stantly resized accordingly.

One additional constraint is constituted by the organolog-
ical nature of the instruments on which the system could be
used. It would only work for instruments whose vibrating
part can be directly manipulated by the performer with the
gesture (surface-like instruments): most of percussion in-
struments and strings; conversely, it could not fit for wood-
winds and brasses (where the vibrating body is constituted
by the air column).

An informal evaluation carried on December 1st 2018
at the AR/VR Retreat in Berkeley (CA) showed that non-
musicians were able to perform a 30 seconds AR score pro-
ducing a result reasonably close to the intended outcome
after just one repetition after an instruction process that
lasted around one minute. Although only a structured eval-
uation (which will be presented in future research) could
provide trustable results, the informal one was encourag-
ing.

5. CONCLUSIONS

The notation system presented in this article, developed for
the composition Portale, allows one to draw in space and
time the intended gesture addressed to a specific sound re-
sult. The score is formed by a series of static points (in-
dicating specific spots on the instrument) and lines mov-
ing along pre-designed trajectories rendered on the tam.
This notational system guarantees to preserve immediate-
ness and intuitiveness of notation, while being accurate on
the result. In fact, as shown in Session 2, it is possible
to compose the harmony derived from the movement of
the magnet across the surface of the tam without needing
extra sound material or additional spectral/harmonic infor-
mation. The indication of the position of interaction or
of the trajectory is sufficiently accurate to determine quite
consistently the result.

Another point of interest can be found in the notation
of rhythm, not realized through symbols referring to dis-
crete values (such as quaver), or through a proportional
graphic distribution, but coming from the internal speed
articulation of the gesture. AR notation, as implemented
in Portale, mimics the behavior of gesture over time and
represents visually and in real-time the fluid alternation of
velocities with a level of similarity that notation on paper
could not possibly achieve. Such a particular dimension
of temporal indication might be referred to as continuous
rhythm.

The system requires the use of a specific headset for AR
rendering (HTC Vive) and is realized through a custom
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software created in Unity 3D. The trajectories used for
the score can be generated with a graphic editor and cus-
tom scripts allow to compose the internal speed of move-
ment on each trajectory. Trajectories are then automati-
cally placed on the real tam through the use of the Vive
Tracker.

Main limitations consist in difficulties of adaptability (dif-
ferent tams provide a slightly to greatly different sound re-
sult given the same interaction positions and trajectories).
Additionally, the notation is fruitful only on instruments
providing a surface for interaction (while it could not work
on instruments using the air column).

In future work, the realization of a formal evaluation ex-
periment will provide more information on the actual us-
ability, precision and intuitiveness of the system.

6. REFERENCES

[1] A. Heathcote, “Liberating sounds: phylosophical per-
spectives on the music and writings of Helmut Lachen-
mann,” Ph.D. dissertation, Durham University, 2003.

[2] A. Cassidy, “Constraint Schemata, Multi-axis Move-
ment Modeling, and Unified, Multi-parametric Nota-
tion for Strings and Voices,” Journal for new music and
culture, 2013.

[3] C. Kerdvibulvech and H. Saito, “Vision-Based Gui-
tarist Fingering Tracking Using a Bayesian Classifier
and Particle Filters,” in PSIVT’07 Proceedings of the
2nd Pacific Rim conference on Advances in image and
video technology, vol. 14, 2007, pp. 625-638.

[4] M. Lochtefeld, S. Gehring, R. Jung, and A. Kriiger,
“guitAR: supporting guitar learning through mobile
projection,” in CHI 2011, 2011.

[5] J. R. Keebler, T. J. Wiltshire, D. C. Smith, and S. M.
Fiore, “Picking up STEAM: Educational implications
for teaching with an augmented reality guitar learning
system,” in Lecture Notes in Computer Science (includ-
ing subseries Lecture Notes in Artificial Intelligence
and Lecture Notes in Bioinformatics), 2013.

[6] F. D. Sorbier, H. Shiino, and H. Saito, “Violin Peda-
gogy for Finger and Bow Placement using Augmented
Reality,” in Signal & Information Processing Associ-
ation Annual Summit and Conference (APSIPA ASC),
2012.

[7]1 H. Shiino, F. De Sorbier, and H. Saito, “Towards an
augmented reality system for violin learning support,”
in Lecture Notes in Computer Science (including sub-
series Lecture Notes in Artificial Intelligence and Lec-
ture Notes in Bioinformatics), 2013.

[8] Y. Zhang, S. Liu, L. Tao, C. Yu, Y. Shi, and Y. Xu,
“ChinAR: Facilitating Chinese Gugqin learning through
interactive projected augmentation,” in ACM Interna-
tional Conference Proceeding Series, 2015.



[9]

(10]

(11]

[12]

M. Doi and H. Miyashita, “Koto learning support
method considering articulations,” in Lecture Notes in
Computer Science (including subseries Lecture Notes
in Artificial Intelligence and Lecture Notes in Bioinfor-
matics), 2018.

M. K. Zhaparov and U. Assanov, “Augmented reality
based on Kazakh instrument "Dombyra”,” in 8th IEEE
International Conference on Application of Informa-
tion and Communication Technologies, AICT 2014 -
Conference Proceedings, 2014.

M. Weing, A. Rohlig, K. Rogers, J. Gugenheimer,
F. Schaub, B. Ko6nings, E. Rukzio, and M. Weber,
“P.I.A.N.O.: Enhancing Instrument Learning via Inter-
active Projected Augmentation,” in 2013 ACM Confer-
ence on Ubiquitous Computing, UbiComp 2013, 2013,
pp. 75-78.

X. Xiao, B. Tome, and H. Ishii, “Andante: Walking
Figures on the Piano Keyboard to Visualize Musical
Motion,” in Proceedings of the International Confer-

ence on New Interfaces for Musical Expression (NIME
2014), 2014, pp. 629-932.

90

[13]

[14]

[15]
[16]

(17]

E. Strasnick, A. Chambers, L. Jiang, and T. Xiaonan,
“Pianolens: An Augmented Reality Piano Interface.”
[Online]. Available: https://www.youtube.com/watch?
v=5TExa2L1rOM

D. Kim-Boyle and B. Carey, “3D scores on the
HoloLens,” in TENOR 2019 International Conference
on Technologies for Musical Notation and Representa-
tion, Melbourne, 2019.

A. Brandon, “Augmented Percussion,” 2019.

G. Santini, “LINEAR - Live-generated Interface
and Notation Environment in Augmented Reality,”
in TENOR 2018 International Conference on Tech-
nologies for Musical Notation and Representation,
Montréal, 2018, pp. 33-42.

——, “Composing space in the space: an Augmented
and Virtual Reality sound spatialization system,” in
Sound and Music Computing 2019, Malaga, 2019, pp.
229-233.



SYMBOLISING SPACE: FROM NOTATION TO MOVEMENT
INTERACTION

Katerina El Raheb, Marina Stergiou, Akrivi Katifori,Yannis Ioannidis
National and Kapodistrian University of Athens
“Athena” Research Center
kelraheb@di.uoca.gr

ABSTRACT

The last decades the development of whole-body interac-
tion technologies, as well as XR (Extended Reality) tech-
nologies, including Augmented, Mixed and Virtual Real-
ity, created a strong potential for embodied and immer-
sive experiences to support learning and the use of notation
while moving. In our ongoing work, we explore this po-
tential on the user case of familiarizing dance experts and
amateurs with movement notation in general and Laban-
otation in particular. By applying methodologies of user-
centered design, including co-design workshops with nota-
tion and dance experts, interviews, focus-groups, question-
naires supporting the iterative design of our prototype, we
focus on how we can meaningfully transfer the concepts
related to space from notation to full body interaction in-
structions. So far we have developed two prototypes fol-
lowing two paradigms: a. the augmented mirror paradigm
using Kinect and b. the immersive paradigm using HTC-
Vive, that we have used as technology probes to interact
with dance experts in the context of our co-design work.
We reflect on this experimentation and we document the
emerging challenges of transferring a symbolic language
that is meant to be transmitted through paper, into spatial
semantic queues. We discuss the challenges that arise be-
tween the gaps of symbolically referring to space, within
a rich conceptual framework, such as Laban Movement
Analysis (LMA), experiencing space kinaesthetically, and
transferring these into a digital experience, always within
the limitations of the current technologies.

1. INTRODUCTION

While traditional notation of music is an integral part of
music education, at least for classical and western genres,
using notation for movement and dance practice is rather
an exceptional case. Notation and the creation of scores in
dance education, creation and practice is a rather rare and
idiosyncratic process, unless we are talking about system-
atic choreological analysis with the participation of dance
researchers and trained notation experts. While more than
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80 notation languages are mentioned in literature, still La-
banotation, remains the most well-established system for
writing and analysing movement. Although it does not
represent an everyday language for dance educators and
practitioners of any genre, it is still a powerful tool for
movement scholars. In addition, the last decades many re-
searchers and developers in movement computing as well
as Human Computer Interaction have found in Labanota-
tion and Laban Movement Analysis, a powerful tool for
conceptualising human movement [1].

Playful technologies show great potential for making learn-
ing experiences much more interesting and fun for both
adults and digital native young students, through embod-
ied experiences [2], especially in the case of teaching more
complex, analytical knowledge, such as dance notation.
Previous works have discussed the opportunity of cultivat-
ing kinesthetic awareness, i.e. “the perception of our po-
sition and movement in space” through interaction [3, 4],
using audio feedback.

So the question is, what are the implications of exploring
symbolisation of directions in space using notation within
a three dimensional XR experience? We argue that moving
in space to familiarise oneself with concepts about space
on a cognitive level can make the whole process more en-
joyable and intuitive than studying on paper. On the other
hand, while current XR technologies offer a great opportu-
nity to learn or read notation while moving, there are many
implications when it comes to cultivating spatial aware-
ness.These implications originate both from the limitations
of current technologies (e.g., limited precision, visual feed-
back on flat screen or small field of view), and from the
complexity and diversity of the notion of Space, both on a
cognitive and embodied level.

In this experimental, qualitative study, we focus on the
design challenges that emerged during our iterative, partic-
ipatory approach of communicating and capturing simple
directional concepts through the Laban symbols, using two
XR application paradigms. As we have observed, many of
the usability and user experience challenges emerge from
the complexity and expandability of embodied perception
of space in movement practice vs. the strict, geometri-
cal representation of it in the digital environment. Fol-
lowing a research through design logic ([5], we have pro-
posed an experimental whole-body interaction application
that evolved through-out the process. The objective of the
application is to teach the basic Laban direction symbols
through a playful embodied experience, implementing two



paradigms that are inspired by dance practice. The first one
is the mirror paradigm, implemented in our case with the
use of a Kinect motion sensor device and SDK [6] and the
second one is the immersion paradigm, implemented using
virtual reality equipment, HTC Vive [7]. Both prototypes
have been developed using the Unity 3D platform [8]. Sec-
tion 2 provides an introduction to the concept of space in
dance practice, Laban Movement Analysis and Notation
and the idea of the imaginary cube as an extension of the
personal space to practice directions. It is important to note
that unlike music, practicing dance while reading and tak-
ing notation is not a common practice. In Section 3 we
relate our work with previous research and efforts to teach
dance or notation using XR technologies or the paradigm
of augmented mirror. In Section 4 we describe the scenario
of use and the setting of the installation, while in section 5
we explain our methodology during the process of design
and provide details about engaging with the dance and user
community. In Section 6 we present the findings of our re-
search and in section 8 we conclude the work.

2. SPACE AND DANCE PRACTICE

The concepts of space and its perception is prominent in
contemporary dance and other movement practices and the
awareness of orientation of the whole body and limbs is a
skill relevant to most dance practices. Its understanding,
but also re-thinking, re-constructing and developing ideas
around it and its metaphoric and poetic nature is in the core
of both choreography and learning. Therefore the defini-
tion of space in movement practices extends the definition
of the measurable Cartesian space [9].

2.1 Labanotation: a symbolic language for Movement

Based on Laban Movement Analysis (LMA), the theoreti-
cal framework to analyzing movement, Rudolf Laban has
introduced Labanotation, the symbolic language for notat-
ing different aspects of movement, such as directions, body
parts, dynamics, timing and others. It is mostly used for
dance and motion activities and translates motion into sym-
bols, where change of symbols constitutes motion [10].
Labanotation, apart from being the most wide-spread sys-
tem for notating dance, is also a valuable medium for the
cognitive representation of the structure of movement, es-
pecially at the beginning stages of movement learning [11,
2]. The last decades, several digital applications have been
proposed for choreography and dance documentation and
automatic analysis [12, 13, 14, 15]. The potential of LMA
and Labanotation, has also been explored in other domains
such as the design of movement-based interaction [16], de-
sign of expressive animation characters [17], gestural de-
sign [18], and artistic installations [19].

2.2 Laban Movement Analysis and Space

Laban Movement Analysis [20, 21, 22], consists of four
basic elements that concern various movement aspects: Body
(what), Space (where), Effort (how), and Shape (in rela-
tion to what). Space is further categorized in personal,
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Figure 2. Direction symbols of Labanotation

interpersonal and general space. Personal space, the vol-
ume created and occupied by each person or kinesphere is
defined by Laban as “the sphere around the body whose
periphery can be reached easily with extended limbs” [23,
24]. The center of this volume is the center of the mover’s
body. The kinesphere, the imaginary sphere around the
body, can expand or shrink according to the mover’s will
and mood.[17]. The use of space and the relation to the
kinesphere is one of the major aspects in LMA that can ap-
ply to the analysis of both functional as well as expressive
aspects of movement. Further division and transformation
of the imaginary kinesphere into geometrical shapes and
relationships in LMA are used both as educational tools
to cultivate spatial awareness, as well as for analysing and
“reading” existing dance works and performances [25].
Inside the kinesphere the mover’s body can create various
formations which can be seen as polyhedrons. These poly-
hedrons are explored through the movement scales which
are pathways that connect specific points of interest of the
polyhedrons (planes, edges, corners, diagonals etc.) and
can be outlined with each body part. Laban connected
specific polyhedrons of interest with elements like dimen-
sions, planes and diagonals. The most basic polyhedron
is the cube (see Fig.1) and is correlated with the concept
of diagonals. The cube can be furthered divided in three
levels, upper, middle, lower; each level has nine points of



Directonality_OS_FO_Path_Hand_L_big_sphere_004
(M~

o

00:16.3 / 00:30.3

Figure 3. Recordings (video and Optical Motion Capture) of Directionality exercises in the context of the WhoLoDancE

project

interest, eight in the periphery and one in the center(see
Fig. 1 and Fig. 2).

2.3 Moving in a Virtual Cube

Some dance practices highly rely on the use of the frontal
point-of reference usually referred as the “audience” and a
mirror is used both for helping young students to get ori-
ented in the space and also to check the correctness of the
posture or movement. Practicing Laban scales gives prac-
titioners and dancers the chance to enhance their cognition
and perspective of moving in 3-dimensional space. More-
over, they can experience the coherence of kinesphere spa-
tial structure. Apart from the scales, the Laban cube offers
the possibility to the mover practitioners and dancers to
practice various directionality concepts, enhancing in that
way their perspective of the 3-dimensional space. In addi-
tion, besides LMA, the concept of the cube, as a starting
point to create movement forms in choreography, has been
used by other choreographers such as Trisha Brown, which
she has sketched as the imaginary cube and its points in her
work “Locus” [26]. The choreographer William Forsythe
in “improvisation technologies™ [27] provides several ex-
amples for geometries in space and how they can be used
in spatial thinking in a creative context.

In the WhoLoDancE project [28] several exercises, us-
ing the concept of the imaginary cube have been proposed
by the contemporary dance experts to cultivate the sense
of space and self-practice directionality, such as follow-
ing specific sequences of pointing directions by particular
body parts, as shown in Figure 3. In particular, during the
motion capture of those exercises, which aimed to create a
movement library with useful educational content, a metal-
lic physical cube was set in the studio to make more con-
crete the idea of orienting body parts towards points in a
visible, tangible cube.

3. TEACHING SPACE IN A VIRTUAL
ENVIRONMENT

It is true that some dance practices heavily rely on the
use of the mirror both for supporting orientation and for
self-correcting posture and motion. In these cases, the
metaphor of the “augmented-mirror” and the use of Kinect
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[29, 30] have shown positive results regarding both usabil-
ity and effectiveness in self-practice [31, 32, 33]. Mir-
ror, however, as well as, video and Kinect, unless com-
bined with more than one devices, provide only one 2-
dimensional perspective of the body and movement. In
this case, a combination of Kinect with extended reality
equipment might be a solution [34]. Familiarizing some-
one with Labanotation concepts and symbols of space in-
cludes the understanding of high level space concepts and
the architecture of the body. It is definitely an important as-
pect in dance teaching that extends to other domains such
as movement literature, bodily knowledge, but also ana-
Iytical skills regarding space, that is useful for both chil-
dren and adults, and non-dancers. In movement practices,
on one hand there is the improvement of the kinesthetic
awareness, on the other hand there are the cognitive skills
such as memorization, and analytical conceptualization on
space, aspects that can extend to other domains such as
interdisciplinary thinking, geometry, architecture etc. Re-
cent advances in technology for gaming and motion track-
ing, as well as implementing Extended Reality (XR) envi-
ronments have the potential to create effective training en-
vironments and compelling entertainment experiences. It
is commonly accepted, that learning Labanotation can be
hard and frustrating not only due to its novel vocabulary
but also because Labanotation tries to describe motion in
3-dimensional space with 2-dimension symbols. Ballas et
al. [35] describe a Kinect-based system for teaching La-
banotation in mixed reality. The proposed way of teaching
the symbols is by following an avatar that performs ac-
cording to the desirable Laban score. In that way, the user
is intended to learn the symbol by seeing and mimicking
a mirrored, avatar teacher. In addition, mobiles apps have
been developed either to create a score [36], to visualize
and explain the Laban scales [37] , and to read notation
while moving using Augmented Reality (AR) glasses [38].

4. SCENARIO AND GENERAL IDEA

The cube is one of the simplest polyhedrons of Labanota-
tion to explore three-dimensional space and conceptualize
about levels and directions. The exercises proposed by the
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Figure 4. Cube exercise in Augmented Mirror setting us-
ing Kinect

Figure 5. Screenshot from the first person perspective in
VR.

dance experts for directionality with the cube, are consid-
ered as very simple, basic, generic exercises which can es-
calate into more complex combinations depending on the
level of the performer. However, with the fact that Kinect
is based on a depth camera, providing visual feedback on
a two-dimensional screen is a challenge.

4.1 The cube in a VR setting

Taking into account the experience with the Kinect and its
specific characteristics and limitations, we decided to mi-
grate and test the whole scenario in a virtual reality setting,
using virtual reality equipment, to experiment with a more
immersive experience. The application was adapted to be
used with the HTC Vive VR equipment, including a VR
headset attached to a cable and two hand held controllers
which ensure that the Vive sensors record the position of
the users’ hands . The use of immersive VR was greeted
with excitement by the collaborating dance and LMA ex-
perts who explored its possibilities in comparison with the
experience with the Kinect (Figure 4).

However it was immediately clear that the new setting
brought also a new set of challenges. As it is to be ex-
pected, this type of immersive VR required a cumbersome
headset and holding the controls, which seemed to the ex-
perts as a step backwards from the unencumbered use with
the Kinect. Although we had foreseen that in the Vive set-
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ting it would be much easier for the users to complete the
exercises by reaching the correct points on the cube, due
to the higher accuracy of the motion capture, there were
still difficulties. We suspect that this was due to the fact
that the cube was placed in an otherwise empty virtual en-
vironment which might have been a bit disorienting for the
users, as P5 suggested. On the whole, they were very en-
thusiastic with the tool so maybe this was the reason they
overlooked its limitations. The next section will attempt a
further reflection on the use of the Vive comparatively with
the Kinect version.

4.2 Setting and workflow

The scenario of the exercise is as follows: In the Aug-
mented Mirror version the users see on screen their video
camera captured self within a virtual cube, as it is shown in
Figure 4. In the VR (Virtual Reality) version the users are
immersed in the virtual cube. In both versions, the users
are asked, by us orally, to point with their hand to the di-
rection that is given, having the directional symbol, as a
“semantic aid” [39] to reach this direction. The direction
is the edge of a cube which is virtually attached to their
personal space. There are three phases in this task: the a)
Exploration, b) the One-to-one, and c¢) the Memorization.

In the exploration mode the users are asked to point to
the directions and the symbols appear in order to let them
explore and familiarize. When their hand enters the area
that represents a specific direction in the cube-space, the
symbol of this direction will appear in that place allowing
them to observe it as long as their hands stays in that area.
This stage is called “exploration” mode, since the users are
free to go ahead and discover all the directions, as many
times as they want. Therefore, they get informed about the
directions that they are following as well as about which
symbol represents each direction.

In the one-to-one phase of the exercise, the users see the
symbol and they are asked to “reach for” the virtual ball
attached on the corresponding direction and edge of the
cube. If they succeed, the system displays the next sym-
bol. A “win” sound and the temporary color change of the
cube from purple to green are used as corrective feedback
to the user, apart from the symbol change, every time they
succeed. A score is displayed at the end of this stage to
inform the user about their performance. The type of the
score given, is based on how many “hits” they had in the
total amount of the symbols that were displayed. The num-
ber of the symbols that the users have to go through in this
stage is flexible and it depends on the desired difficulty, the
available time schedule etc. An indicative number would
be all twenty-seven symbols, therefore all symbols, one
time each.

After trying the previous stage, during the memorization
mode, the users are now ready to try what they have learned
so far by performing a sequence of moves in order to go
through the combination of symbols-directions that appear
on the screen. The first sequence consists of four symbols,
the second of eight and the third, of twelve. Only if the
users succeed in finding all symbols of a group, they can
move to the next one. If they fail in finding one symbol,



they have to go through the whole sequence again. When
they go to the right direction that the symbol indicates, a
win sound is played, the cube changes color from purple to
green for two seconds and the symbol displayed is replaced
with a grayed-out one to indicate that the users can move
to the next symbol. In this stage, the user can see live in-
formation of how many symbols they have found correctly
out of the total, for each group (four, eight and twelve).

5. METHODOLOGY

Our approach is based on of a longitudinal co-design col-
laboration with four dance and LMA experts that lasted a
year and consisted of a series of co-design sessions. This
long term collaboration was combined with once-off hands-
on demonstrations to a varied user group, involving chil-
dren and adults, dance and movement experts and technol-
ogy experts, in a total of more than 30 users in a series of
different events. Through this iterative design approach,
we aimed to document and discuss the potential and the
challenges in conveying the spatial concepts through the
proposed kinesthetic experience.

5.1 Working with dance experts

Our co-design group involved five dance and LMA experts:

e PI1: semi-professional dancer and teacher, having 25
years of dance practice in ballet, contemporary and
other types of dance as well as theoretical Labanota-
tion knowledge,

e P2: a dance practitioner, contemporary and ballet
dancer, with 8 years of experience and basic knowl-
edge of Labanotation,

e P3: a dance high education professor and researcher,
expert in LMA and Labanotation as notator,

e P4: a renowned contemporary choreographer, with
more than 25 years in making and teaching move-

ment for the stage to children, adults, actors and dancers,

using LMA for educational and creative purposes,

e P5: young dance professional teacher and choreog-
rapher, expert in community dance, having degrees
in dance and Psychology.

The co-design sessions with the experts included several
three to five hour sessions which alternated theoretical dis-
cussions and bodystorming [40] on the concept and method,
initially, and later, as the design and implementation pro-
gressed, hands-on evaluation of the prototype. The experi-
mentation with the tool was at points guided through spe-
cific tasks, at others more free-form so as to explore its
different perspectives and identify challenges.

5.2 Involving other user groups

In order to test the prototype and concept with a more var-
ied user group with or without any background in dance

95

Figure 6. Choreographer (P3) and Expert Labanotator,
participant (P4) using Vive during the co-design session

or LMA, and/or with or without experience with Kinect-
based applications in games, we organized hands-on demon-
strations of the tool in the lab and also in the context of dif-
ferent conferences and events. We involved five users who
were both dance and movement experts, five technology
experts and seven people of the wider public, with special
focus to children and teenagers as digital natives. More
specifically, we involved 15 young digital natives, aged 8-
15 years old, with some of them having experience in bal-
let, but none in LMA or Labanotation.

The installation was offered as a hands-on demonstration.
In all sessions an introductory stage with a presentation
preceded the main tasks to explain the general context and
objective of the study and to give to the participants a short
introduction to Laban s cube and Labanotation. Feedback
was collected while observing the users with the tool and
also, in the form of questionnaires and brief interviews,
also recording their previous experience with movement
practices, as well as with Kinect based games.

6. OUTCOMES AND DESIGN CHALLENGES

In this section we document design challenges that emerged
during the co-design process as well as the remarks and
outcomes from the evaluation with other user groups dur-
ing the demo sessions.

6.1 Supporting memorization

All the dance experts during the co-design sessions, and
also the adults with dance or technical background expressed
their interest in the memorization tasks. After the experi-
ment, even users who had briefly used the application and
had no previous experience with LMA showed that they
actually memorized a good number, and in some cases all,
of the symbols. For the young digital natives, the tasks
were definitely the most clear and fun phase according to
their interview answers and our observations.

6.2 The need to encourage 3-dimensional movement

Although the exercise, and the idea of exploring the cube,
is designed to encourage the three-dimensional use of the
body, this was not fully accomplished with the application.
This was due to the use of the 2D screen combined with



the fact that most people, especially those having expe-
rience with this type of device were expecting to have a
more static, upper body, gestural interaction with the sys-
tem. Regarding the main experience, users who were not
familiar with the Kinect and tended to turn and bend their
body very often, faced some inconsistencies in the results
of their movement. Kinect works best when users face
the camera and make simple movements that don’t involve
much bending or turning.

6.3 User’s familiarity with MS Kinect

We observed that users who were familiar with using and
working with MS Kinect were significantly more success-
ful in completing the tasks than the ones that were famil-
iar with movement and Laban concepts but had no ex-
perience in using Kinect. This was mostly because they
knew the correct way to perform certain moves like bend-
ing and turning that Kinect couldn’t capture with great fi-
delity. Movement experts, on the other side, were more fo-
cused on the representation of their movement and seemed
frustrated that Kinect didn’t always respond well. There-
fore, this lack of familiarity with the medium made it quite
hard for the movement experts to focus on the tasks and
complete them.

6.4 Self-image on screen vs. seeing your space in first
person view

The objective of this installation was to teach the basic
Laban direction symbols during a playful embodied ex-
perience. Through the co-design sessions with the dance
experts and taking into account the outcomes of the in-
volvement of other user groups, we reached the follow-
ing realization: On one hand this type of installation is
in fact effective to support memorization and learning of
the symbols. But on the other, the Kinect motion sensor
device in fact implements the mirror paradigm which im-
plies that the users have to be aware of their own surround-
ing 3D space while at the same time focusing on a two-
dimensional screen to get feedback. This constant shift of
attention between the screen and the physical space is not
the optimal solution for cultivating spatial awareness. As
a conclusion, the MS Kinect hardware might be afford-
able and portable, but was not fully serving the idea of the
cube as an extension to the user’s own body and personal
space. It is true that some dance practices heavily rely on
the use of the mirror for both supporting orientation and
self-correcting posture and motion. The mirror, as well as,
video and Kinect, unless combined with more than one de-
vices, provide only one 2-dimensional perspective of the
body and movement. In these cases, e.g., for ballet, where
usually a more traditional teaching approach with the mir-
ror is applied in the physical world, the metaphor of the
“augmented mirror” and the use of Kinect [29, 30] have
shown positive results regarding both usability and effec-
tiveness in self-practice [31, 32, 33]. In such cases, the
students looking at themselves and their posture and cor-
recting it is the objective. In our case, however, they need
to also consider the symbols themselves and link them to
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the 3D direction and body posture they correspond to look-
ing at a 2D screen. So the cognitive load is greater.

7. DISCUSSION
7.1 Mirroring vs. Immersion

Kinect and Vive experiences, as it was revealed during the
working sessions with the experts, were different in many
aspects. Firstly, the time needed to familiarize with the en-
vironment was significantly less in the Vive, as the whole
exercise seemed more self-explanatory, since the body is
immersed in the kinesphere or the cube rather than pre-
sented on the 2D screen. Observation revealed that their
body posture and movement was different, more free and
natural. The feeling of immersion was strengthened by the
fact that in the Vive experience the users see the symbols
in their own physical environment rather than placed on a
two-dimensional representation of their bodies. As one of
the dance experts, choreographer and teacher explains: “In
the Vive version, I definitely had more conscious feeling
of my body and kinesthetic awareness, the attention was
on my own body, rather than on the screen. In the Kinect
I was searching for my body on the screen, so I somehow
lost my sense of embodiment, it looked more like a funny
game, but I was more connected with the image of my
body rather than the sense of it.” Another expert also notes
that this feeling of immersion, might be an interesting way
to trick non-dancers and people who are uncomfortable or
shy with movement into some type of dancing. “Here you
are not able to see the real world, you can’t see if others
are watching, you are lost in your own space, and this fact,
combined with some playful elements might be a way to
motivate people who do not usually feel like moving or
dancing, since the focus is on the goal”.

7.2 Free hands vs. controllers

Overall the use of the controllers in Vive, vs. having free
hands in Kinect was not annoying or at least was com-
pensated by the immersion and freedom of movement in
the three-dimensional space, according to the dance ex-
perts. P4 notes: “It was strange though that I could see
the controllers but not my hands, however this is a fact [
very easily forgot and overcame.” In fact using the con-
trollers, brought to the discussion the metaphor of drawing
in space, and further creative ideas, such as coloring the
different directions. Another minor issue that we had in
the Vive setting was the presence of the cable.

7.3 Continuous vs. discretised space

Another point that all the dance experts commented on was
the continuity of space and continuation of movement as a
feeling. While Laban’s cube, and the 27 directions can
be seen as benchmark points in space, that allow abstract
communication, and thinking of the geometry of the body,
by creating linear visual metaphors, there is much more
in exploring space, both in Laban’s theory and in kines-
thetic awareness in general. One of the experts expressed
the concern that looking for points and lines, rather than



areas, volumes or even texture of the air that covers the
space might convey a very linear, or “empty” way of mov-
ing. In fact, for the cultivation of movement literacy both
levels are needed: there is one cognitive, analytical aspect
of thinking on movement, that is where even as a choreog-
rapher you create the “skeleton” of the space and then there
is kinaesthesis, the qualities and textures of the movement
that you fill this skeleton with to make it a complete phys-
ical, embodied experience.

As P4 adds: “If I have to compare studying Laban sym-
bols and the concepts using this application, rather than pa-
per reading, then I would definitely vote for it, it is embod-
ied, it is clear, it is fun and effective. Though I would never
say that someone can learn to dance with this application,
I see much more potential for learning the Laban symbols:
it can also be a tool for teaching geometry, or architecture
especially for young, digital natives.”. P1 and P4 agree
on the following: “The process of analysis and learning
a conceptual framework is very important but completely
different from the real, embodied experience although in a
continuous dialogue. The concepts of Body, Space, Effort
and Shape are very useful in helping young dancers un-
derstand the tools that they have, the range of possibilities,
but in the real world in the embodied experience they all
happen at the same time. For example: the focus might be
on Space, and the question is to go from point A to point
B having already a specific Effort, a specific quality.”

7.4 Memorizing symbols vs. improving natural
movement

During the completion of the tasks the dance experts were
much more demanding, they needed to explore the differ-
ence of “pointing at” the direction, vs. “reaching out”, to
be in but also go out of their kinesphere or cube. During the
interviews, some of them admitted that the Kinect was fun,
but somehow restricted their movement, while others had
the feeling that they had to adjust their movement to the
system, though it was fun as a game. One of the experts
observes “at certain points I had the feeling that I needed
to move in a very restricted space, in a very particular way,
this certainly affected my qualities”. This observation re-
minds us of the question raised by Norman “how natural is
natural interaction”. To this point we need to add that this
expert had never used Kinect or Vive.

7.5 Beyond the Cartesian space

During the co-design and evaluation sessions with dance
experts, we have discussed ideas for transforming the ex-
perience into a more imaginative, creative and playful en-
vironment where other modalities of kinesthetic awareness
related to space can be cultivated. We have discussed both
the use of visual metaphors such as the one of drawing in
space with traces while moving from one edge of the cube
to the other. P3 highlights that “the edges of the cube, the
places and the diagonal are important but what is also im-
portant, is the in-between space and its volume, its texture,
especially if our focus is to use this for young dancers”. P4
proposes to add another mode where the symbols will be
replaced by images of tangible objects and the mover can
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create small stories by pointing at, reaching, or grasping
these objects”. Taking into account the impact of story-
making as semantic aid for directional gesture interaction
[39] a next version of the tool combining Kinect and Vive
can be explored both for memory practice and creative con-
text. Another important idea that emerged during the pro-
cess, is that of “constructing” space. Usually virtual reality
technologies are used as a means for entering a ready-made
new environment, however, in many movement as well as
somatic practices, one is asked to fill this place with their
imagination.

Moreover, a very interesting area for future research is
the connection between movement and sound. Special de-
signed sound and audio cues could be given as a sonifi-
cation feedback for example to reflect directions but also
other qualitative aspects of movement (e.g., Effort). Fur-
thermore, a correlation of directions and musical notes or
musical scales can be considered since each direction could
be a specific note and each level a specific octave. In that
way the users “compose” a musical theme while they are
moving. This bridge between music and movement could
possibly help in understanding Laban symbols.

8. CONCLUSIONS

This paper contributes to the field of interdisciplinary re-
search intersecting movement practice and analysis and em-
bodied interaction design. We articulated concrete HCI
challenges on conveying spatial kinesthetic and embodied
knowledge. Through an experimental, co-design process
with dance experts and practitioners we explored and doc-
umented the opportunities and limitations that are avail-
able in current commercially available technologies such
as motion sensing and VR. We conclude that interactive
technologies, can play an effective role in conveying con-
ceptual, analytical knowledge such as teaching a symbolic
language to the young digital natives as well as adults.
In particular, motion depth cameras like the MS-Kinect,
although they are effective for a dance learning context
where the mirror-paradigm is used, according to the lit-
erature, they might be problematic when there is a stronger
need to cultivate the sense of 3-dimensional space. In fact,
they can lead the users into a more gestural, 2-dimensional
pattern of moving. However we cannot overlook the ad-
vantages of such settings in relation to the low cost and
complexity, as well as the fact that, as the experiment showed,
they can become a powerful tool for memorization exer-
cises and foster interdisciplinary, informal learning by mak-
ing “paper subjects” such as learning notation symbol, more
fun, interactive and engaging [2].

The fact that for the wider audience these types of settings
are considered as “electronic games” is an advantage and a
weakness at the same time: it is an advantage as they can
attract young digital natives and engage them in analytical
subjects in a more embodied and fun manner. On the other
hand, there is always the risk of the digital medium impos-
ing its own qualities on the movement, which sometimes
derives from the limitation of the technology itself, rather
than the initial intention of the design.

The fact that a playful embodied task oriented experience



can “trick” people into moving or even dancing without
realizing it is also a very important observation, made by
the movement experts. This opens a wide range of appli-
cations to rehabilitation, and the potential of targeting user
groups that are not keen on moving, nor convinced easily
to start an activity.

Last but not least aesthetics and look and feel of the en-
vironment are of high importance. Though this aspect was
not within our main focus in this study, interesting ideas
have emerged during the co-design sessions for future de-
velopment, in order to make it visually more attractive. We
believe that although the setting is simple and the focus
is on the cube, which is something that was considered a
strength by the participants, our digital environment can
definitely benefit from a future collaboration with visual
and 3D artists to better convey the metaphoric aspects of
space in a more inspiring manner.

Moreover, a very interesting area for future research is
the connection between movement and sound. Special de-
signed sound and audio cues could be given as a sonifica-
tion feedback that reflect if a movement is right or wrong,
for example. Furthermore, a correlation of directions and
musical notes or musical scales would be very interesting
since each direction could be a specific note and each level
a specific octave. In that way the users “compose” a mu-
sical theme while they are moving. This bridge between
music and movement could possibly help in understanding
Laban symbols.

During this work we acknowledge that the continuous di-
alogue with dance and movement practitioners can open
pathways in terms of perception and therefore representa-
tion of spatial aspects and can enrich the field of whole-
body interaction as well as the design of innovative appli-
cations for notation. Dance and movement practitioners
and researchers, can bring innovative insights in embod-
ied and multi modal experiences through challenging and
rethinking the relationship between the Cartesian, measur-
able, perceived and metaphoric space. Based on the out-
comes, we consider a new co-design cycle to develop a
more complete scenario of teaching Laban Movement Anal-
ysis using XR technologies. In addition, more systematic
evaluation experiments need to be held in order to further
study the outcomes of this initial experimental study.
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ABSTRACT

This paper discusses the application of new score-reading
technologies in a set of string quartet studies written for
Apartment House. I highlight how the use of technology
facilitates complex polytemporal relationships within the
ensemble and allows these to be conveyed in a simpler
and more direct manner. I demonstrate the current state of
the score application and draw attention to design features
that differ from existing approaches as well as changes that
have been made in response to performer feedback. This
follows a brief discussion of tempo canon in both my own
work and its broader historical context.

1. INTRODUCTION

The three string quartet studies discussed in this paper are
examples of tempo canon. This is a type of canon where
the same melody is superimposed at different speeds. As
a form, it poses particular challenges to an ensemble as
each performer must maintain their own unique pulse that
is nonetheless in a precise relationship to the other play-
ers. Individual performers may also be required to shift
suddenly to distant tempi with a high degree of precision.
I have developed a new networked score-reading applica-
tion that overcomes these obstacles by embedding a visual
metronome in each player’s part. It is distributed as a Pro-
gressive Web Application and is optimised for tablet de-
vices.

The historical precursor of the tempo canon is the pro-
lation canon (or mensuration canon), a musical form that
first became popular in the early Renaissance. Leading
exponents of this style included Johannes Ockeghem and
Josquin des Prez. The Missa Prolationum by Ockeghem is
the most rigorous exploration of this form and it has been
said that it “may well be the most extraordinary contrapun-
tal achievement of the 15th century” [1]. A section of the
original manuscript is included in Fig. 1 and a transcribed
excerpt is shown in Fig. 2. A single voice is written out
for each canon and the mensuration markings indicate the
respective alterations of the written durations. Fig. 3 trans-
lates this into modern notation, revealing the intricate ways
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Figure 1. Manuscript page of the first “Kyrie” from the
Missa Prolationum by Johannes Ockeghem
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Figure 2. Excerpt from the Missa Prolationum (mensural
notation)

in which the parts overlap and intertwine. It should be
noted that the mensuration markings do not alter all note
values and it is this that distinguishes prolation canon from
tempo canon. In a tempo canon, all durations are scaled
by the same ratio. The Agnus Dei from Josquin des Prez’s
Missa L’homme arme maintains a 2:1:3 ratio throughout
and can therefore be considered a tempo canon as well as
a prolation canon. [2]

During the 20th century, tempo canon was used exten-
sively in the compositions of Conlon Nancarrow. In his
works for player piano, the relationships between tempi
reached ever greater levels of complexity and included ra-
tional, irrational and even transcendental numbers. An ex-
cerpt from the piano roll for Study 49c is shown in Fig. 4.
A defining characteristic of this music is that it demands
performance by machines. Though there have been sig-
nificant attempts to perform some of these works in recent
years !, the extremely intricate layering of tempi is difficult
to perform accurately and Nancarrow’s music for ensem-
bles therefore favoured simpler relationships. Nancarrow
did, however, theorise about the possibility of using syn-

' A key example is Nancarrow: Studies and Solos - Bugallo-Williams
Piano Duo.
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Figure 3. Excerpt from the Missa Prolationum (modern
notation)

Figure 4. Excerpt from Study for player piano no. 49c by
Conlon Nancarrow

chronised video conductors to assist performance.

And I've got the idea of each performer hav-
ing a small television screen, with something
imitating a conductor that comes to the beat,
so they can see it coming, whatever it is. I
don’t think it would be too complicated. It
would probably be expensive, each one hav-
ing his own screen. [2]

Nowadays it is commonplace for each performer to have
their own screen in the form of a tablet computer. Nan-
carrow’s idea can therefore be realised and the challenges
implicit in the performance of tempo canon can be over-
come.

2. THE MUSIC

My own music differs significantly in style from Nancar-
row’s but shares some of the same underlying principles.
In particular, the concepts of convergence period and echo
distance have structural importance. The convergence pe-
riod is described by Kyle Gann as “the hypermeasure that
exists between (potential) simultaneous attacks in voices
moving at different tempos”, while the echo distance is
“the temporal gap between an event in one voice and its
corresponding recurrence in another” [2]. These two con-
cepts play an important role, both during the compositional
process and in the way the music is perceived.

Each of the three string quartet studies has a global base
tempo to which the other tempi relate. The correspondence
between a local tempo and the base tempo is always a ra-
tional number expressed as a ratio of two integers.
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Figure 6. Excerpt from Study 1 (second rallentando)

2.1 Study 1

The four instrumental parts of Study I are derived from
a two-part canon. The upper part is played by the vio-
lins while the lower part is played by the viola and cello.
For the first section of the piece, violin 1 and viola main-
tain a static tempo while violin 2 and cello perform a con-
trolled rallentando. The opening is shown in Fig. 5. At
the tempo marking in Fig. 6, violin 2 and cello reach half
the original tempo and remain there for the duration of the
piece. Simultaneously, violin 1 and viola begin a rallen-
tando, continuing until all parts coincide at the final chord.
Within each rallentando, each beat has a different tempo
and the durations are scaled accordingly using hidden tu-
plets. These are shown in Fig. 7 and reveal the underlying
structure. The score-reading application allows this com-
plexity to be hidden from the performers and for the in-
tention to be conveyed very simply and directly. The uni-
directional nature of the tempo changes in Study I means
that the echo distance between the two instrumental pairs
continues to grow throughout. The expansion of two-part
counterpoint to four independent parts is reminiscent of the
Missa Prolationum excerpt shown in Fig. 3.

2.2 Study 2

Study 2 is the only one of the three studies that begins
with staggered entries, as is typical for a canon, and is
also unique in the set for having all four parts play the
same melodic line. The changes in tempo are less pre-
dictable, however, with each part adhering to its own tem-
poral scheme. The gradual changes of Study I are replaced
by marked changes in tempo every fifty four quaver beats.
These initially become slower, once again creating a feel-
ing of rallentando, before increasing in speed. By this
point, the four parts are intertwined in a complex web of
convergence periods and echo distances. An excerpt from
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Figure 8. Excerpt from Study 2

the score is shown in Fig. 8.

2.3 Study 3

Whereas Studies 1 and 2 are unbarred, Study 3 has bar lines
and a static 4/4 time signature. In contrast to Study 2, all
four parts play different melodic material. These are de-
rived from the same six bar melody and constitute the four
specular transformations: original, retrograde, inversion
and retrograde inversion. This piece is influenced by the
music of Aldo Clementi, a composer who made extensive
use of canonic techniques. The transposition levels were
decided with the aid of an algorithm derived from analy-
sis of Clementi’s compositional methods [3]. As in Study
2, each part moves between tempi independently, though
here the order of tempi is itself canonic. An excerpt from
the score is shown in Fig. 9.

3. THE APPLICATION

When designing the score-reading application, a range of
criteria were taken into consideration. I wanted it to func-
tion both standalone and in a networked environment so
that it would be equally well suited to practice, rehearsal
and performance. It was also important for the timing
to be as accurate as possible and for the embedded vi-
sual metronome to maintain a consistent frame rate of 60
frames per second. For these reasons, I decided the score
and associated timing data should be preloaded onto the
device and all events should be scheduled locally. This
contrasts with other existing approaches such as INScore
[4] and Drawsocket [5] where each event is communicated
in real-time over a network. In my application, network
traffic is kept to a minimum and the only data that is trans-
ferred are transport commands (start, stop and snap) and
a periodic synchronisation algorithm. This avoids poten-
tial issues with network latency and has the added benefit
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Vin 1
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Figure 9. Excerpt from Study 3

Figure 10. Application home screen

that the system is very robust in performance. If the net-
work fails, the performance can still continue. The appli-
cation is packaged as a Progressive Web Application and
can be hosted on the internet for easy access by individual
performers. It is well suited to use without the composer
present as no additional technical knowledge is required.

3.1 Navigation and Layout

The home screen of the application is shown in Fig. 10.
The synchronisation status is displayed in the header. The
circle next to this is green when the device is connected to
the server and red when disconnected. When red, it can be
tapped to reconnect. In the centre of the screen, the avail-
able scores are listed. Selecting a score takes the user to the
screen shown in Fig. 11. This displays the available parts
as well as adding a back button and the selected score to the
header. On selecting a part, the user is taken to the score-
reading screen shown in Fig. 12. The main area is then
occupied by two systems of score. Additionally, transport
controls and the selected part name have been added to the
header, and a footer is displayed containing a slider. This
slider displays the current position during performance and
otherwise allows the performer to navigate the score.

3.2 Rehearsal and Performance Considerations

There are several respects in which the practical aspects of
arehearsal are taken into account in the design of the appli-
cation. Each player can navigate the score independently
in order to look through their part. If a player wishes to
move everyone to the same location, they can use the snap
feature. In addition, the start and stop controls are avail-
able to all players, giving each member of an ensemble
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Figure 11. Part selection screen
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Figure 12. Score-reading screen

equal control. The original tempo markings, expressed as
ratios, are translated into literal metronome marks deter-
mined according to the base tempo. The base tempo can
be altered and this will automatically adjust the metronome
marks for all players. This allows the overall speed to be
adapted during rehearsals.

There are other design features that ease both rehearsal
and performance. The performer always reads from the
top system. The bottom system allows the player to look
ahead in the music and the top system is replaced by the
bottom system as the music proceeds. Performers find this
to be very natural and appreciate being able to look ahead
in the music. It was decided that the current system should
always be at the top rather than alternating as this maintains
a consistent distance between the notation and the visual
metronome. Additionally, the current event in the score is
always highlighted (as shown in Fig. 12). This is useful,
both when navigating the score and during performance,
and overcomes the main drawback of unbarred music, that
the absence of regular visual cues makes it harder to keep
one’s place.

3.3 Visual Metronome

The key distinguishing feature of the application is the vi-
sual metronome. This is crucial to the performance of the
three studies as it provides a visual reference for the current
pulse and this pulse is often unique to each part. The design
of the metronome went through several versions of varying
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Figure 13. Score-reading screen during performance

degrees of complexity. These explored different kinds of
motion and some simulated more closely the movements
of a real conductor. In the end, however, I reverted to one
of the simplest designs. This is a dark grey circle that fades
linearly to white over the duration of a beat. I settled on
this after establishing some important criteria in response
to performer feedback. These were: it must be clear and
simple enough to be used as a reference in peripheral vi-
sion; the start of each beat must be completely unambigu-
ous; and the speed of the beat must be clearly and quickly
discerned. Practical comparisons and performer feedback
led to the current design being favoured over the ‘bouncing
ball’ approach used in applications such as ZScore[6] and
Comprovisador[7]. It also became evident through work-
ing with the musicians that the visual metronome works
in combination with the event highlighting in conveying a
clear sense of pulse. Fig. 13 captures the metronome part-
way through a beat.

3.4 Technology

The score-reading application was created using web tech-
nologies and is distributed as a Progressive Web Applica-
tion. This allows it to be accessed on any platform with a
standards-compliant browser, including both iOS and An-
droid mobile devices. The app can be added to the user’s
home screen and will then open in a full-screen window.

3.4.1 User Interface

The user interface is built using React?, an open-source
Javascript library that was originally developed by Face-
book. React makes it possible to build an application by
combining small, encapsulated components and declaring
how these respond to changes in state. It is well suited
to musical scores where the state is changing over time or
in response to events. The score itself is rendered using
the SVG format. Each system comprises a top-level group
and, within each system, the score elements are grouped in
the hierarchical tree structure shown in Fig. 14. The score
SVGs were created using the Dorico > music notation soft-
ware. The groupings were applied manually using Affinity

2 https://reactjs.org/
3 https://new.steinberg.net/dorico/
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Figure 14. Score data structure

interface {
duration:
tempo: {
numerator:
denominator:

Figure 15. Typescript interface for event input

Designer* as Dorico does not include semantic data in ex-
ported SVGs. A compilation step interprets this structure
to assign a unique identifier to each musical event. The
entire SVG is loaded into the DOM and the bounding box
coordinates are used to set the SVG viewBox to the cur-
rent system. This has significant performance advantages
as adding and removing lots of elements to and from the
DOM can be slow, causing a drop in the browser frame
rate and visible stuttering.

3.4.2 State Management

The application logic is built with Redux > , an open-source
Javascript library for managing application state. This en-
abled me to keep state management distinct from the user
interface layer, preventing overdependence on a single li-
brary and easing testing and development. This decoupling
also allows the core timing logic to run in different envi-
ronments, including both client and server. In my compo-
sition Eluvium, for clarinet and live electronics, this meant
I could use the same core application to create an electronic
score, running in Node.js © , that sent commands to Super-
Collider” . The score timing data is stored in the JSON
format and mirrors the hierarchical structure used in the
SVG (Fig. 14). Each event is an object with the shape
shown in Fig. 15. The duration is a decimal expressing the
number of beats and the tempo is a fraction expressing the
relationship to the base tempo. The client application then
converts this into an object with the shape shown in Fig.
16, determined according to the current base tempo. The
values are all decimals representing seconds.

4 https://affinity.serif.com/en-gb/designer/
3 https://redux.js.org/

6 https://nodejs.org/

7 https://supercollider.github.io/
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interface {
start:
duration:
end:

Figure 16. Typescript interface for event output

3.4.3 Server

In an ensemble setting, each performer uses WiFi to access
the same local area network and connect to a WebSocket
server. This is running in Node.js and is responsible for
relaying transport commands to all connected clients and
synchronising each client to a master clock. The clock syn-
chronisation is done using the open-source @ircam/sync 8
Javascript library. This periodically compares the client
clock to the master clock and compensates for any drift
[8]. In practice, this means that all connected clients can
share a common master clock to synchronise events. When
a performer presses ‘play’, this sends the command to all
connected devices along with a start time in the future. By
default, the start time is a tenth of a second after the ‘play’
command is sent. This ensures that all devices start at the
same time. The local clocks continue to stabilise as the
performance proceeds.

4. CONCLUSIONS

The score-reading application presented in this paper has
proved itself to be a practical and effective aid in the per-
formance of tempo canon. Practice and rehearsal scenar-
ios have been considered on an equal footing with perfor-
mance and the performer experience has been carefully
factored into the design. New works will present further
challenges and I look forward to continuing to use and de-
velop the application. One feature that has been frequently
requested by performers is the ability to annotate a score
and I hope to incorporate this in the future. I would also
like to make the application publicly available so that it can
be used by others. At present, the main obstacle to wider
use is the process of grouping events in the score SVG,
which is laborious and error prone. Though there are ap-
plications such as Verovio® that can encode semantic mu-
sical data in the SVG output [9], I find these too restrictive
when compared to full featured score-writing applications
such as Dorico and Sibelius. 1 will therefore continue to
research and develop methods to streamline this process.
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ABSTRACT

This paper details my adaptation of Lasse Thoresen’s spec-
tromorphological analysis notation for the sake of com-
position and transcription, re-imagining the analysis sym-
bols for use over a spectrum staff system over which pitch
and spectra can be indicated with great detail, and pos-
sibly interpreted by musicians and computers for perfor-
mance. A sound object is notated with regard to its spec-
tral width, density, centroid frequency, significant sound
components, modulation and amplitude envelope. It can
also have a spectrum reference. The symbols are placed
over a spectrum grand-staff with a frequency scale to show
each parameter both from a frequency and pitch perspec-
tive. Also included are suggestions for the visual represen-
tation of spatialisation where positions and movements are
displayed in two or three dimensions above the sound no-
tation while constant rotations are notated as modulations.

1. INTRODUCTION

Lasse Thoresen’s spectromorphological analysis was the
result of years of teaching Schaeffer’s typomorphology at
the Norwegian State Academy of Music [1]. As part of
the development of early electroacoustic music, Schaeffer
developed a vocabulary and a typology culminating in the
famous TARTYP [2] diagram with 28 categories that in
combinations were to describe most if not all sounds of a
music not only concerned with pitch structures. This was
an important, if not necessary, development with regard to
a traditional musicology not ready for a music of recorded
trains and saucepans ! . As the name suggests, Thoresen’s
research also builds on Denis Smalley’s influential theory
of spectromorphology—a highly developed framework for
studying structural relations in music over time.[3].

In order to make practical use of Schaeffer’s typomor-
phology Thoresen streamlined Schaeffer’s diagram and re-
duced the 28 categories to 15, keeping the nine core cate-
gories as well as the six extremes of unpredictable nature.

! Etude aux chemins de fer and Etude aux casseroles are two parts of
Pierre Schaeffer’s genre-originating work Cing études de bruits

Copyright: (©2020 Mattias Skéld et al. This is an open-access article distributed

under the terms of the Creative Commons Attribution 3.0 Unported License, which

permits unrestricted use, distribution, and reproduction in any medium, provided

the original author and source are credited.
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New categories were then introduced to fill the gaps be-
tween the core categories and the extremes. Also, Scha-
effer’s normative vocabulary was removed since he had,
in his typomorphology, incorporated ideas relating to the
suitability of sounds for musical use. But most impor-
tantly, graphic symbols were introduced making possible
graphic analyses of music with a detail and consistency
not possible before. To my knowledge, the Spectromor-
phological analysis of sound objects (hereinafter SASO),
as described in [1] by Thoresen assisted by Hedman, re-
mains the most detailed and developed symbolic system
for analysis of sound structures to this date.

The background for my adaptation of SASO comes from
teaching electroacoustic music since 2004, first at EMS
and later at the Royal College of Music in Stockholm.
When teaching composition students how to analyse the
organisation of sound through aural sonology, I found it
fruitful to also focus on the act of organising sound. How-
ever, neither Schaeffer’s research nor Thoresen and Hed-
man’s development of the same were aimed for composi-
tion. Their tools were developed to describe what is heard.
Categories and symbols used for the composition of mu-
sical structures, on the other hand, are not only descrip-
tive, but also meant to communicate a musical composi-
tion for performance. I found that in order to make full
use of Thoresen and Hedman’s notation in a compositional
context, their symbols needed to be translated into acous-
tic properties that can be communicated and interpreted by
musicians and computers. This translation means both re-
ducing and expanding the symbol palette while develop-
ing a practice for placing the symbols over a fixed time-
frequency-oriented staff system.

2. THE NOTATION SYSTEM IN DETAIL

Unless indicated otherwise, the notation symbols de-
scribed here were all originally developed by Thoresen as-
sisted by Hedman. Refer to [1] for a more detailed descrip-
tion of their system, here abbreviated as SASO.

2.1 Sound spectrum

2.1.1 The spectrum staff system

The first major adaptation of SASO is the placement of
symbols over a hybrid frequency-staff system where spe-
cific pitches are easily identified while a frequency scale



helps relating spectral data to the actual frequency contents
of the sound (see Figure 1). The system covers the com-
plete listening range of our ears but may of course be deci-
mated to using fewer staves if the notated information does
not make use of the full spectral range. This kind of grand
staff system is common in software for computer-assisted
composition for control and/or display of data as pitch, e.g.
the nslider in Max 2. One can of course remove the staff
systems and rely solely on the frequency scale for music
where exact pitch relations have no significance. For such
passages I would still use grey horizontal lines to mark the
boundaries of each octave.

Spectrum staff system
v

16744 Hz

8372 Hz 29’;‘1

oy —— TFM-bell]|«—— Spectrum reference

i«—————Spectral width

I5ma
gD i Significant partial
Spectral density
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Spectrum category

Figure 1. Spectrum staff and an example sound object
with several indicators of sound spectrum and energy ar-
ticulation.

2.1.2 Spectrum categories

The three core spectrum categories, pitched, dystonic and
complex retain their meaning: pifched sounds are sounds
with pitch, dystonic sounds have inharmonic spectra or
are clusters while complex sounds have no pitch. We
need different strategies for notating the ”pitch contour” of
these types of spectra since we perceive them differently.
Pitched sounds, which have harmonic spectra, are (natu-
rally) notated at the position of the root frequency of the
spectrum. Dystonic sounds, which have inharmonic spec-
tra or are clusters of pitched sounds, are placed at the po-
sition of the most significant partial. Complex sounds are
notated at the position of the spectral centroid, marking the
centre frequency of the spectral content of the sound. Fig-
ure 2 shows the three main spectrum category symbols and
what spectral features that define their placements over the
staff system.

2.1.3 Spectral width

Different from SASO, spectral width indicates the signifi-
cant frequency range of a sound’s spectrum with a dashed

2 https://cycling74.com/products/max

107

Where to place the symbol on
the pitch/frequency grid

Pitched @— root of harmonic
sounds with pitch spectrum e
t
. partial with highest Amp
Dystonic 4 sound pressure level '
clusters, inharmonic sounds ‘ ‘
Freq
Amp
Complex l— spectral centroid +
sounds without pitch
Freq

Figure 2. The three spectrum categories, their notation
symbols and what spectral feature that determines their
vertical positions on the spectrum staff

vertical line across the spectral staff system. For filtered
sounds this may be equal to the full frequency range of its
spectrum while for non-treated acoustic sounds it makes
sense to indicate a frequency range of the relatively louder
portion of the spectrum. Figure 3 shows three examples of
spectral width: A is a pitched sound with spectral width
440 Hz-2,6 kHz. Since a pitched sound is notated at its
root, the spectral width is never below its symbol. B is a
dystonic sound with spectral width 164 Hz-2,1 kHz and C
is a complex sound of width 147 Hz—1 kHz. The straight
horizontal line marking the higher limit of the width of ex-
ample C indicates that there is no spectral content above
this line. In SASO, spectral width is presented as a con-
tinuum of different sound spectra from sine tone to white
noise [1].

2093 Hz ) : :

1046 Hz::n E—' . :

5233 Hz '

6160, — @) -——
—¢): i
1308 Hz V.4
c

Figure 3. Three examples of spectral width in the pitched
(A), dystonic (B) and complex (C) spectrum categories,
which are the vertical dashed lines. Spectral density is in-
dicated with the comb-like symbols to the left of the width
lines, while spectral centroid is shown as small line indica-
tors on the left side of the width lines for A and B.

2.1.4 Spectral centroid

The spectral centroid is the centre frequency of a sound’s
spectral energy. It is one valuable descriptor for the per-
ceived brightness of a sound, though not the only one.
Other factors, such as frequency range, also play a part.
It is indicated as a small horizontal line indicator on the
left side of the spectral width vertical line. Combined,



the width and centroid indicators resemble the symbol for
spectral brightness in SASO denoting the perceived bright-
ness of a sound. Figure 3 includes three examples of spec-
tral centroid indications: examples A and B have specific
centroid indicators, while C is from the complex spec-
trum category and has therefore its symbol (a solid square
shape) at the centroid frequency position.

2.1.5 Spectral density

A comb-like symbol represents spectral density, as a value
of the density of partials with high amplitude in a sound’s
spectrum, contingent on the sound’s spectrum category.
For purely pitched sounds (with harmonic spectra) maxi-
mum density in terms of positions of partials is dependent
on the root frequency ant its multiples, while the spectra
of dystonic (inharmonic or clusters) and complex sounds
can be saturated to the extent that they eventually turn
into noise (both ending up in the complex category). The
number of teeth of the vertical comb-like indicator pro-
vides a relative value of density from lowest possible (two
teeth) to maximum (six teeth). There are also two spe-
cial cases: a maximum saturated spectrum, i.e. noise, indi-
cated with a thick toothless comb, implying that the teeth
are too close to separate, and a particular comb-symbol for
indicating spectra with only every other partial-a spectral
phenomenon commonly referred to as having a "hollow”
sound quality. See Figure 4 for an overview of the density
symbols. These are placed over and to the left of the spec-
trum category symbol, unless there is a spectral centroid
indicator in which case the symbol is placed to the left of
this indicator. Figure 3 shows three examples of density: A
has only every other partial, B has a sparse spectrum while
C has a very dense spectrum though it is not pure noise
which would have yielded the maximum density symbol.
The every-other-partial symbol can also be configured to
convey different degrees of density as one sees fit. SASO’s
equivalent symbol is placed on the extension line of the
sound object to indicate spectral saturation [1].

LEFES
| f

density
Maximum  Every other
density partial

Figure 4. Overview of spectral density symbols

2.1.6 Significant partials and components

Particularly dystonic sounds, like bells with inharmonic
spectra, can have multiple significant partials that are
clearly audible and whose frequencies are highly relevant
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when composing for them. While the partial considered
the most significant provides the position of the main spec-
trum symbol, any other significant partials are indicated
with small symbols. Any spectrum category symbol can
be used to represent significant components of a sound.
E.g. an electric fan may have both a noise component and
a humming pitched component. When used as a pitched
sound for composition, the noise would be considered a
complex component of the pitched sound.

2.1.7 Spectrum reference

Not part of SASO, spectrum reference is a text label for
the spectrum to indicate a particular spectrum identity. It
may be the spectrum recognised from our shared bank of
culturally conditioned references such as the sound of an
alto saxophone or a large church bell, or it may be a spec-
trum identity established during the course of a single mu-
sical work. These references can be indicated in two ways,
either as being the spectrum of a known reference or as
something resembling a certain reference. Both are indi-
cated as text labels within square brackets as shown in Fig-
ure 5. The difference is that a reference of resemblance is
italicized, within simple quotes and has no capital letter.
The reference is positioned to the right of the higher limit
of the spectral width vertical line as shown in Figure 1.

[Trumpet] is the spectrum of a trumpet

[*trumpet’] sounds like the spectrum of a trumpet

Figure 5. Spectrum reference, indicated as either being or
resembling a known spectrum

2.2 Energy articulation
2.2.1 Pitch/spectral contour and extension lines

The extension line from the spectrum category symbol
both serves to show how the parameter indicated by the
symbol’s vertical position changes over time, and the du-
ration of the sound.

Any frequency-dependent sound spectrum indicator, such
as the high and/or low value of the spectral width, can have
dashed extension lines to indicate changes. These are then
treated as time-dependent breakpoints when represented as
data.

2.2.2 Granularity and iterative sounds

Granular or iterative sounds is the phenomenon when a
chain of rapidly repeated sound grains form one contin-
uous sound. The symbols used are basically the original
horizontal comb-like symbols from SASO with different
numbers of teeth for different granularity speeds, though
with a five-step scale rather than three. The roundness
of the symbol’s angles can be varied for large, small and
moderate granularity coarseness. However, I introduce an-
other level of severe granular coarseness, when there are
perceived silences between the grains. This is indicated



with the back of the comb-symbol removed to clarify the
separation of grains. For Thoresen, when adapting Scha-
effer’s ideas, granularity and iterative sounds are two dif-
ferent concepts [1] but I find it more useful in this con-
text to treat them as one and the same. See Figure 6 for
an overview of granularity symbols of different degrees of
coarseness and velocity and Figure 1 for its placement over
the extension line. Different sound components may have
different granularity symbols.

Coarseness
Small 7\ — NVVV\
Moderate /\ — M
Large | | «— ||||||
Separate || <«— |1l
Low High
Velocity

Figure 6. Granularity symbols of different degrees of
coarseness and velocity

2.2.3 Accumulation

Accumulations are hordes of sound objects, not to be con-
fused with sounds with granularity where a chain of grains
form one continuous sound. The sounds involved in an
accumulation are notated as a group of small spectrum cat-
egory note heads embraced by a bracket with an extension
line. The number of note heads included depends on what
amount of information is necessary to understand the be-
haviour of the accumulation. The major difference from
SASO is how the placement over the spectrum staff system
affects the positioning of the individual sounds included in
the accumulation. Figure 7 shows three examples of ac-
cumulations. A represents a horde of very short complex
sounds, B consists of slightly longer pitched sounds. C
also has a random indicator specified for the vertical axis,
in this case representing 100 % random positions of the
individual sound particles. The extension lines are posi-
tioned at resulting spectral centroid frequency of the accu-
mulation. Spectral width is indicated in the same manner
as individual sounds, but for the whole accumulation.

For accumulations, levels of randomness can be indicated
both for the spectrum and time axes using a percentage
value and a question mark with arrows indicating the axis
affected as seen in Figure 7. Introducing randomness to the
description of textural sounds is in line with the findings
of Grill et al where ordered-chaotic and homogenuous-
heterogenuous were found to be defining characteristics
relating to the perception of sound textures with over 50
% agreement among expert listeners [4].
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Figure 7. Three examples of accumulations—these can
look very different depending on what sound objects are
accumulated

2.3 Variation

Godgy and Thoresen both suggest gait as the English
equivalent of Schaeffer’s allure - a way of moving forward
[5]. Besides granular gait covered above as granularity,
SASO has indicators for variation with regard to pitch gait,
dynamic gait and spectral gait. Approaching these con-
cepts from a sound synthesis perspective, I choose to treat
them as different forms of modulation with a standardised
and flexible mode of representation:

2.3.1 Modulation

Modulation is change as articulation rather than structural
changes of values. These can be of any kind but common
in the music literature are vibrato and tremolo though these
terms are not used here since they are ambiguous because
of their connections to music instrument practice. A small
line shape placed below the extension line of the sound
component affected indicates the modulation curve with a
short written label below describing the nature of the mod-
ulation. The line shape is to be interpreted as describing
a change covering the full duration as indicated by the ex-
tension line under which it is placed. A small colon mark
means a repeated curve/wave which would be the case for a
vibrato. Further information can of course be introduced as
one sees fit, e.g. a frequency value next to the colon mark
specifying the speed of a repeated variation and the height
of the symbols can be used to indicate various degrees of
modulation. Also, one sound object can have several mod-
ulations and these may vary over time.

Since the main contour for pitch (for pitched and dystonic
sounds) and centroid (for complex sounds) is indicated by
the extension line of the object, modulation of these pa-
rameters are notated on the extension line. See Figure 8
for examples of modulation.

2.3.2 Amplitude envelope

The amplitude envelope of a sound is a special case of vari-
ation, indicated with a line shape thicker than the modula-
tion shapes and is placed below the whole sound object.
No text label is necessary. Figure 8 D shows an example
of an amplitude envelope.
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M

mod:distortion

mod: filter frq

Figure 8. Examples of modulated sounds: A has a re-
peated sawtooth modulation of pitch, B has a sine wave
modulation of amplitude, C has an envelope modulation of
a filter extending over the length of the extension line, and
D has a pulse wave modulation of distortion as well as an
indicator of amplitude envelope at the bottom.

2.4 Rhythm

The visual representation of rhythm was covered in more
detail in [6]. I recommend notating rhythm using tra-
ditional notation on separate staves below the spectrum
staves so that each system of sound notation is mirrored
by a layer of rhythm notation on the separate rhythm staff.
Traditional notation is still the best way for communicat-
ing complex rhythmical relations in terms of note onsets.
However, for the individual durations of each note I rely
on the extension lines of each sound object and its compo-
nents. These lines are used to indicate the duration varia-
tions treated as articulation in traditional notation, such as
staccato and legato. Figure 9 shows an example of rhythm
notated below the spectrum staff.

2.5 Dynamics

While the amplitude envelope can be used to define the am-
plitude shape of an individual sound object, we also need
to address the overall dynamic development of the contents
of a staff system. Depending on the notation purpose I sug-
gest using either traditional relative dynamic notation as
in the example analysis in the Addendum II of the Thore-
sen and Hedman paper [1], or a continuous line graph be-
low the staff system, similar to track volume automation in
Digital Audio Workstations.

2.6 Spatialisation

The representation of spatialisation is not part of SASO,
and there is no common standard for notating spatialised
sound [7] though there are some interesting solutions, see
e.g. [8]. There is much to take into consideration when
visually representing the spatial aspects of music, which
I covered in greater detail in [9]. An important aspect is
how a space and its characteristics can be described from
different perspectives. For notating structurally significant
movements and changes of position I suggest a 2D image
placed above the staves displaying all numbered/labelled
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notated layers from a top view for horizontal movements.
New images are introduced when necessary and/or when-
ever a layer starts or ends a trajectory, which is indicated
using arrows to indicate the change to be performed until
next indicator appears. As in some graphical user inter-
faces for surround panning, positions can either be intro-
duced as coordinates on a cartesian coordinate system or
as angles and distance related to the listener position. This
2D-notation was influenced by the work of Ellberger et al
[8] [10] and Garcia et al [11].

For 3D positioning one can either introduce a front view
image below the top view to account for the added dimen-
sion, or (when applicable) use a combination of colour and
brightness for elevation when more exact readings of el-
evation are not necessary. My suggested colour scheme
was inspired by the artificial horizon of airplane controls
where blue and brown represent the areas above and be-
low the horizon respectively. In my notation, symbols have
brighter shades of blue as they ascend above the centre po-
sition, while they have brighter shades of brown as they de-
scend. Figure 10 shows examples of a cartesian style rep-
resentation (A), 3D positions using top and front views (B)
and 3D positions using colour shades for elevation. The
colour scheme itself is also represented next to the indica-
tor (C). Figure 11 is a short example of notated movements
of two numbered layers of sound notation.

Important for the notation of a musical parameter is to
distinguish structural changes from elements of articula-
tion. As with traditional musical parameters, certain spa-
tial aspects of sound can also be considered articulations
of a sound rather than positional changes, such as a sound
rotating around the listener. The movement is experienced
as a sound in orbit rather than a sound changing from one
position to the other and should therefore be notated as a
case of modulation (See Figure 12).

Sometimes sounds have their own dedicated reverb ef-
fects, functioning as resonators for those sounds rather
than providing artificial room acoustics for the entire sound
world. This is notated as a grey shadow behind the main
extension line of the sound, reflecting the amplitude en-
velope of the effect. A shadow of lesser width than the
spectrum category symbol (as shown in Figure 13 A) rep-
resents reverb with lower amplitude than the original sound
while a reverb with the same width as the symbol (Figure
13 B) represents a reverb of equal amplitude to the original
sound.

2.7 Change and transformation

What Denis Smalley introduced with spectromorphology
in contrast to Schaeffer’s typomorphology is a framework
for describing sounds even as they change, in all their di-
mensions [3]. SASO accounts for this in various ways for
the sake of making detailed analyses possible. Since my
adaptation is supposed to work also for algorithmic com-
position, all individual parameters defining a sound object
can be thought of as an array of one or several breakpoints.
This is reflected in the continuation of spectrum category
extension lines and/or dashed lines extending from the in-
dicators subject to change. For example, in electroacous-
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Figure 9. Short notation examples placed over a sonogram to show the correlation.
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Figure 10. Examples of representation of the positions of
two numbered sound layers: A) a cartesian coordinate sys-
tem for horizontal placement, B) as angles relative to the
centre positions in three dimensions with a top view and a
front view, and C) like B but with elevation represented as
colours with the colour scale shown to the right.

tic music changes to the spectral centroid and the spectral
width of a sound object would be expected results of the
use of automated filters which would result in dashed lines
tracing the changes of width values and centroid frequency
for the duration of the changes. That being said, the com-
poser must decide what is the reasonable level of detail for
notating a sound object.
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2.8 Performance

For performance scores of traditional music notation, sym-
bols are added and/or reinterpreted to accommodate the
various features of each instrument. Similarly, the nota-
tion presented here can not necessarily be performed as is,
but needs to be adapted and in many cases translated to
action notation that makes sense for the performers and/or
sound sources involved. For computer playback this means
converting the notation to midi-like data to be interpreted
by the computer’s sound-producing software. For perfor-
mances with acoustic instruments, an exploratory work
may be necessary to find the actions needed to produce the
sounds prescribed by the notation. Such explorations may
invite the musician to take a more active part in the final de-
sign of the work. The actions can be indicated on a separate
line below the sound notation in the same way that guitar
tablature is often positioned below a staff of traditional no-
tation. Transcriptions of music with unusual playing tech-
niques as in the works of Helmut Lachenmann [12], will
result in scores with major differences between the notated
sounds and their indicated actions.

3. CLOSING REMARKS

What has been described here is not exhaustive but an in-
troduction to my work with adapting Thoresen’s analy-
sis tools for composition and transcription related to the
acoustic properties the system could be imagined to repre-
sent. As with any use of composition tools I expect that
users of this system will make the necessary tweaks and
additions to make it useful for the situation at hand. Exper-
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Figure 12. Spatialisation as articulation expressed as a
form of modulation: A) is a clockwise steady rotation in
two dimensions with one rotation every other second (0.5
Hz) while B) is a counterclockwise 2D rotation tilted in the
3D space.
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imental music composers have shown to be quite inventive
in terms of modifying traditional music notation in order
to convey their musical ideas to musicians. Nevertheless
the foundation of traditional notation remains the West-
ern chromatic scale and their positions over a staff system
constructed with diatonic scales in mind though there are
plenty of suggestions for replacement systems [13].
Starting from a notation system aimed for analysis, the
most important difference from notation used for compo-
sition is not the symbols themselves, but their interpreta-
tion. Neither in analysis nor composition do graphic sym-
bols serve as a complete manifestation of the sound. But
for analysis it can sometimes suffice that certain signifi-
cant features of the music can be assessed, while a com-
posed score may be the carrier of a work’s identity and
must contain sufficient information for its performance. A
consequence of this difference in level of detail may be
that the composed score needs to be broken down into dif-
ferent layers on several systems, while analysis scores of
electroacoustic music are often displayed as one score.
There are several ways in which I will explore these ideas
further, one being the development of software tools for
using this notation for algorithmic composition in similar
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Figure 13. Two examples of reverb added to specific
sounds: A) represents a reverb tail of weaker amplitude
than the original pitched sound while B) represents a re-
verb of equal amplitude to the dystonic sound.

ways and/or in conjunction with existing solutions like the
MaxScore [14] and Bach [15] libraries for Max.

I will presently compose new music with this notation
system to further explore its strengths and weaknesses in
relation to the music creation process together with singers,
musicians and electronic devices. Also, pedagogy remains
an important goal for this work. Following three years of
case studies with first year bachelor students in composi-
tion at the Royal College of Music in Stockholm using this
notation at different stages of its development, I have found
this use of a hybrid system for pitch, inharmonic and noise
components a useful and intuitive way of bringing com-
position students with classical and electroacoustic back-
ground together. The results of the first case study was
presented at TENOR 2018 [16] and a more detailed ac-
count of the three studies will be presented in an upcoming
article.
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GEOMETRIC NOTATIONFOR TIME-BRACKET WORKS,
APPLICATIONS AND PERFORMANCE:

THE CASE OF JOHN CAGE'S MUSIC FOR___
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ABSTRACT

The interpreter who approaches the music of John Cage
composed after the middle of the 20th century is often
disconcerted by a great freedom of execution, associated
with a set of precise instructions. In previous work [8] we
modeled these time brackets (TB) by parallelograms to
build computer interfaces for interpretation assistance in
the context of Cage’s Two’. Over time ([9], [10], [11],
[13]), we realized that the shape used to represent TB,
brought important information for the interpretation and
musical analysis. In this paper we apply previous research
to a computer display conception of John Cage’s Music
for  (1984-87).

1. INTRODUCTION

The interpreter who approaches the music of John Cage
composed after the middle of the 20th century is often
disconcerted by a great freedom of execution, associated
with a set of precise instructions. The result is that, each
time, the musician is led to determine “a version,” and to
decide on a choice among the free elements proposed by
the piece. A fixed score is thus created, which can be used
several times. The musician interprets “his version” while
thinking that it conforms to the composer’s intentions. But
in fact, most works of Cage composed after the 1950s
should not be preconceived, prepared, “pre-generated” for
several executions. Each interpretation should be unique
and “undetermined.” It is in this sense that the use of the
computer can help the performer: a program will allow the
latter to discover without being able to anticipate what and
when he plays. The performance of the work thus escapes
the intention of the musician to organize the musical text.

Copyright: © 2020 Mikhail Malt and Benny Sluchin. This is an open-
access article distributed under the terms of the Creative Commons

Attribution_License 3.0 Unported, which permits unrestricted use,

distribution, and reproduction in any medium, provided the original
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2. OVERVIEW OF EARLIER RESEARCH

In previous work [8] we modeled these time brackets (TB)
by parallelograms to build computer interfaces for
interpretation assistance in the context of Cage’s Two’.
Over time ([9], [10], [11], [13]), we realized that the shape
used to represent TB, brought important information for
the interpretation and musical analysis. The unusually long
duration of this piece, 40 minutes, and the use of TB shows
that the temporal question, and its representation, is
essential in the Number Pieces.

The first step in the process was to model a graphic
representation of each part as a succession of musical
events in time. For this purpose, the temporal structure of
the piece has been represented as quadruples on a timeline.
(s;(k), s, (k), e;(k), e (k)).

Starting Time Zone

8s(k)
\ - ~_
ime Zone

y(k)

sifk)

Time
A .
>»

eik) sk

Overlapping Time Zone

Figure 1. Graphic representation for a generic time
event

To obtain a graphic representation of each event in time
we consider the quadruple: (s,(k), s, (k), e, (k), e, (k))

where (sl(k), su(k)) is the Starting Time Zone and
(el(k), eu(k)), the Ending Time Zone. As the two
intervals have, in our case, a designed superposition, we
prefer to distinguish starting and ending zones by using
two parallel lines (Figure 1). In this representation we
define the “overlapping time zone” the value s, (k) —

e, (k).

The graphic event obtained by connecting the four
points has a quadrilateral shape. The height has no
particular meaning. The starting duration 8,(k) is
defined as the difference (su(k) — sl(k)), which is the
time span the performer has to start the event. In the
same way the ending duration §,(k) will be the time span
given to end the event (e, (k) — e,(k)) . In the general
case, these values are not the same, and the form we get



is asymmetrical. When dealing with Cage’s Number
Pieces, one generally has: §,(k) = 6.(k) = &(k), both
durations are the same, and the figure to represent is a
trapezoid (Figure 2). We call this duration §(k) , the
“Cage Duration” of the event. This is the case in the
majority of the corpus we are dealing with. Special cases
will be mentioned later on.

Starting Time Zone

Ending Time Zone

Time

si(k) el(k) su(k) eu(k)
Figure 2. Graphic representation for a time event in

Cage's Number Pieces

There is mostly an overlapping of the two time zones,
(sl (k), s, (k)) and (el (k), ey (k)) but it can happen that
those are disjoined. We can define a variable y(k) where:
si(k) + y(k) = e, (k). In Cage's Number Pieces, y(k)
depends generally on the event duration. Thus, we
don't have a huge variety of forms.
An alternative way to present a quadruple will be:

(s; (k), 6,(k), 8,(k), y(k)) wherey(k) is the value
previously discussed. This representation can easily
display the regularity in the TB construction (Figure 3).

Sstk)

DNFEIAN

y(k)
sitk)

Time

) 2

Figure 3. An event represented as (5;(k), 64(k), 6.(k), y(k))

Concerning the placement of two contiguous events k and
k+1 we can define a variable £(k), the gap between the
elements k and k+/ where:

e(k) = s;(k + 1) — e, (k) (Figure 4).

AN

K0
sitk+1)

k+1

Time

.
>

T Sk 1)

ei(k)

51(‘ k)

eu(k) ek+1) ek+1)

Figure 4. £(k), The gap between the elements k and k+1.

The geometric presentation described here has been
proved useful in the case of John Cage’s Number Pieces
[8]. A global view of the piece is available, and the time
management, while performing, is improved. In these
pieces, the TBs are filled with only few musical elements
(in a majority of cases only one note).
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3. MUSIC FOR __ (1984-7)

3.1. Presentation

Between 1984 and 1987 John Cage composed a
work (family of works) called Music for . The
principal of this (these) composition(s) is the same:
musical events are spaced over a total duration of 30
minutes, using TB (a technic he has also used in other
works, as well as in the Number Pieces, the works he
has composed in the last period of his life).

There are 17 individual parts (flute, oboe,
clarinet, trumpet, horn, trombone, 2 violins, viola,
cello, 4 percussions, 2 pianos), which can be
performed individually or together in any combination.
The number of performers involved then completes
the title. Thus, Music for two will be the title for any
combination of two instruments from the parts (146
pieces). The principal of this construction is the same as
that of Concert for Piano and Orchestra, an earlier work
of Cage (1957-8). Versions of shorter durations can be
made.

The variety of combinations that can be created, shows
that we are dealing in fact with a family of works. Not
only does the choice of the instruments permit a large
number of realizations, but also each part individually
gives the performer a lot of interpretative choices.

3.2. Brackets design and pitch material

In Music for __ one finds two types of TB: the usual
flexible ones (TB that have variable times within which the
performer begins and ends playing) he calls here Pieces,
and the fixed TB (TB that has specific start and stop times)
he calls Interludes (Figure 5).

FLUTE JOHN CAGE
0'00"=0"00"++110"
0'00"++ 0'45" «4—— begining flexible Time Bracket
%‘; —
PR = =i =7
PP 73 bd %»J}
ending flexible Time Bracket — 0'30"++ 115"
% =
Y »
begining fixed e fixe
SR —1'15" 125" ending fixed
start time 2 stop time
=
;’I‘/

Figure S. Music for __, two types of TB

Music for____is comprised of three kinds of music. Two of
which happen in the Pieces: repeated quiet sustained tones
separated by rests, and dense spatially (proportionally)
notated music characterized by a wide range of quickly
shifting dynamic levels (referred later as to “A” and “B”
music, respectively). The third material is the one that fills
the Interludes, a chant-like notation free of rhythmic
specificity (referred later as “C”), Figure 6.
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15" ras"
~ t—— "C" Material
£ —
il Bt i oth

Figure 6. Music for __, materials used

Regardless the duration choice within TB, it is clear that a
fourth category of music present must be
silence (Represented as classical rest musical notation in
material “A”, and as proportional empty space).

The seventeen parts of Music for  share
several characteristics. The parts use two types of TB:
flexible for the pieces, and fixed for the interludes. The
total number of the TB varies from part to part, as well as
the type. This design is easily detected from our
timeline presentation. Weisser [2] mentions the fact
that in the Number Pieces the internal overlap (the
parameter we defined as y(k) is closely related to it) has a
proportional relationship of (1:3) to the Cage duration
of an event. For example, a time bracket with
duration of 60” will have a 20” of “overlapping
time zone”. Haskins [1] enumerates 6 types of brackets
commonly occurring in Cage’s Number Pieces lengths of
it are: 157, 307, 45, 607, 757, and 90”.

In the parts of Music for _ the flexible TB falls into 4
types (Figure 7). At the time of composition Cage’s
sketches show hand calculations. It is only later on, with
the help of the software developed by Andrew Culver
[2], that the production of the Number Pieces became
more “industrial”. Observing carefully the TB used in
Music for _ shows that the durations are 307, 45”, 607,
and 75” (Table 1) while the “overlapping time zone” is a
constant of 15”. Here therefore, the inner overlap does
not follow the rule of (1:3) mentioned earlier but that of
(1:2), (1:3), (1:4), and (1:5).

1 2 3 4 5 6
o t ) e e

Time Brackets Types

1 2 3 4 s 6
- t L/ [T N T FR F S T

Figure 7. Geometric figures of the TB used in Music for

! ... They are then to be played as though from different points
in space. The players may sit anywhere within the auditorium
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Type 8:(k) = 6.(k) y(k)
1 30 15
2 45 30
3 60 45
4 75 60

Table 1. Flexible TB types used in Music for

The durations of the fixed TB vary between five, ten, or
fifteen seconds (Figure 10). Concerning the overlap (£(k))
between the events: fifteen seconds overlap
occurs between successive flexible TB, but no overlap
occurs between a flexible one and a fixed one.

An initial time bracket noted at the beginning of each
part is in fact the time left at the end of the part, after
the last event and the total duration of 30°. For
example, the trombone last event (an interlude) has
29°15” as ending time. That gives a remaining 457,
which will constitute the initial time bracket. This initial
time bracket permits each performer to determine his own
start time within this time bracket. In this way any
relationship between the event’s placements is dependent
on this initial shift. This personal duration permits the
performers to get to their placement in the halll. The
following table (Table 2) displaces the data of each of
the parts.

Initial TB Number Flexible | Fixed

of TB TB TB

fl 07 <->70” 31 16 15
ob 07 <->40” 33 20 13

cl 07 <->20” 35 18 17

tpt 07 <->05” 35 19 16
hn 0” <->45” 26 17 9
tbn 07 <->45” 38 19 19

vl 07 <->20” 34 24 10

vl 2 07 <->15” 32 17 15
vla 07 <->30” 35 20 15
Ve 07 <->30” 38 19 19
pnl 07 <->35” 36 18 18
pn 2 07 <->70” 28 19 9
perc | 07 <->80” 32 19 13
percIl | 07 <->05" 32 23 9
percIll | 0”7 <->00" 30 18 12
perc IV | 07 <->20" 35 23 12
voice 07 <->20” 38 21 17

Table 2. Data for the individual parts of Music for

3.3. Time brackets graphical representation

In an analog way to our previous work, we generate
(Figure 8) the timeline of each individual part with the
geometric figures (parallelograms for the regular TB and
straight lines for the fixed ones).

with respect to the audience and to each other. Music for
instructions for the players in all individual parts.



--— -

Figure 8. Timeline of the trombone part, first § minutes

In this case the different materials are coded by color:
yellow for the “A” material (long held tones eventually
repeated), green for the virtuosic one “B”, and the slanted
violet lines for the “C” material of the Interludes. The
graphic proportions of the first two materials are respected
in the sharing of the figure. Thus, before approaching the
element 12 of the trombone part (Figure 4), the musician
is aware of the fact that it is composed only of long tones,
and the starting point can be chosen later than that of the
left time bracket. On the contrary, element 5 (Cage’s
duration of 30”) contains approximately half of virtuosic
material, and choosing the starting point early situated will
enable ending in a less panic way.

As with the earlier interfaces we have proposed, this
timeline presentation helps time management. This aspect
is more vital in this case as the events are densely filled
with material (in most of the number pieces, the events
contain only one note) and also the gap between the
elements (the parameter we have defined as £(k)) is
sometimes positive, creating a lapse of time of a
guaranteed silence. In the Music for _  parts, this
parameter is either =0 in the case of Interludes and <0 in
the case of the pieces.

3.4. Parameters deduced from representation

So, one concludes that in the Music for __ parts the
fourth element (silence) will have smaller rate in
comparison to the average Number pieces. For this
reason, we represent a density factor for the green
material (“B”). This is a positive number giving the
ratio of the number of notes to be performed to the
proportional time of that figure.

For example, element 5 shown here (Figure 9) will
have the number 10 associated with relatively large
proportion of the green material (86%). The Cage
duration of this element is 60 seconds we obtain: 10:
(0.86x60) = 0.19.

2'25"«> 3'25" . .
3 ; 1
—— =
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— P

vt
Figure 9. Event 5, in trombone part.

While the preceding element 4 (Figure 10) displays the
number 29 associated with a lower proportion of green
(44%). As the nominal Cage duration for this event is 30”
we obtain the density factor to be 2.19.

2 The only exception occurs in the Percussion II part, for
element 27. The starting time bracket indicates 26’ 15”<—
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Figure 10. Event 4, in trombone part

In all the parts of Music for _ (except for the vocal
part), the pieces are written on two systems. For this
reason, it is hard to estimate, for the musician, the time
given, and the ease to perform.

In analogue way for the inferludes, we calculate the
ratio between the number of notes to duration for the
element (5, 10, or 15 seconds).

For example, for element 21 (Figure 11) we get the
small value of 0.2 (there is one note for 5”). This is
not the smallest one can encounter, as we get 0.06 for
element 36 (one note for a 15” interlude), and 0 for
element 37 (Figure 12).

14'20" 14'25"

==

Figure 11. Event 21, in trombone part

28'55" 29'10"
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Figure 12. Event 37, in trombone part

A higher value occurs when we have a short interlude
containing many notes, as in event 3 (Figure 13). Here the
density factor is 1.6.

150" 155"
b = P

Figure 13. Event 3, in trombone part

These factors are incorporated in the data we compile for
each part: a table in which the temporal data is given in
seconds (Table 3). In the left part we display the TB data
in an equivalent way ((s;(k), 6,(k), 6.(k), y(k)) and
e(k), see Figure 3 and Figure 4), with both Cage’s
durations (which are almost exclusively equal?).

In the last three columns, T1 and T2 display the
materials (“A”, “B” and “C”) that composes each event,
and the last column displays the corresponding density
parameter, p(k). By its nature the material “A”, one held
repeated tone, does not display any density parameter
useful for performance.

>27°00" (45”) while the ending time bracket is 26’45”<—
>27°15" (30”). This may be a print- or calculation- mistake.



5i(k) | 85(k) | 8.(k) | y(K) | ek) | T1 | T2 | p (K)
1 0 60 60 45 0 B A | 046
2 | 105 5 0 C 0,60
3 | 110 5 0 C 1,60
4 | 115 30 30 15 0 A B | 1,58
5| 145 60 60 45 | -15 B A | 0,19
6 | 250 10 0 C 1,10
7 | 260 15 0 C 0,20
8 | 275 15 0 C 0,40
9 | 290 75 75 60 0 B A | 040
10 | 425 0 0 10 0 C 0,20
11 | 435 30 30 15 0 A B | 2,03
12| 465 45 45 30 | -15 A —
13| 525 45 45 30 | -15 A —
14 | 600 0 0 10 0 C 0,80
15| 610 60 60 45 0 A —
16 | 715 0 0 10 0 C 0,30
17 | 725 45 45 30 0 B 0,42
18 | 800 0 0 10 0 C 0,20
19 | 810 30 30 15 0 B A | 1,40
20| 855 5 0 C 1,00
21| 860 5 0 C 0,20
22| 865 45 45 30 0 A —
23 | 940 0 0 10 0 C 0,70
24| 950 | 45 45 30 0 B 0,71
2511010 | 75 75 60 | -15 A B | 0,69
26| 1130 | 45 45 30 | -15 A B | 048
271 1205 15 0 C 0,20
28 | 1220 5 0 C 0,60
29| 1225 | 60 60 45 0 B A | 0,02
301330 0 0 10 0 C 0,60
311340 | 60 60 45 0 B 0,33
321445 ] 60 60 45 0 B 0,75
331535 ] 60 60 45 | -15 B A | 038
3411640 | 0 0 5 0 C 0,80
3511645 | 45 45 30 0 B 0,58
361720 | 0 0 15 0 C 0,07
3711735 0 0 15 0 C 0,00
3811750 0 0 5 0 C 1,20

Table 3. Numerical data for trombone part in Music for

4. GEOMETRICAL FORM AND PARTS
PROOFING

We have been using the graphical time line of Cage’s
Number pieces, to notate the part in a different space,
different from the printed page. The events are prepared as
score stripes (the events) and are displayed in connection
with the cursor and his advancement in the timeline.
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In the case of Music for _, this formal form permits the
detection of anomalies. Playing the part of the original
presentation, and the display of the TB as numerical data
on the timeline, does not permit to grasp particularities,
and especially when overlap occurs. For example, when
we perform the events 25, 26, and 27 in the viola part
(Figure 14. Events 24, 25, 26, and 27 from the viola part,
Music for ) we simply have difficulties to use all the
material. But seeing the form (Figure 15) explains the
origin of this difficulty. Not only the element 26 has an
“abnormal” form (Cage wouldn’t have dared bother the
musician, while his instructions show respect) the
overlapping created makes the passage very hard to play.
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Figure 14. Events 24, 25, 26, and 27 from the viola part,
Music for
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Figure 15. Timeline of the viola part, last 10

A proper solution will be changing the duration of
event 25 (whose density is quite high) and
disregard the abnormal event 26.

As another example one has the violin 1 part,
where different impossibilities occur (Figure 13).
Event 6 overlaps with event 5, event 8 with event 7. Here
a solution should be found before the performance. One
could simply omit events 6, and 7 or generate more
elaborate solutions.

Figure 16. Timeline of the violin 1 part, the first 8 minutes



5. DISPLAYING THE DENSITY FACTOR

The density factor is rather graphically displayed. The
digital information is hardly perceived during
performance. The eye grasps a tendency without having
to get the right number involved.

As a matter of fact, for the moment we display the
density factor (only for B material) as saturation
parameter for the filling color. This is a display option for
the musician. There are different ways to take
advantage of this knowledge and to anticipate the
handling of a musical event while performing. Purely
filled pieces (“A” or “B” type) generally won’t create
performance conflict. They could be handled by
choosing an adequate starting time, taking advantage of
the TB. In compound pieces, (“AB” or “BA” type) one
could use the information on density in order to
anticipate, manage time and resources for the
performance. The parameter enhances the preparation of
the part.

It is interesting to note that John Cage, consulted
different performers and their knowledge when
composing the parts. But he also gave the procedure
for preparing the parts for performance:

Each player should prepare his part by himself and
learn to play it with his own chronometer. There should
be no joint rehearsal wuntil all parts have been
carefully prepared. [ 14, instructions for the players]

6. CONCLUSIONS
At the present time we work to offer the musicians a
way to approach other pieces from the same
family, constructing a generic interface. The task

may be somewhat complicated. The works called
Number Pieces, share the same principal described
earlier, but often contain particularities and exceptions
in the instructions for performance. The interface then
has to be adapted to cover these.

The interface is a substitute to the printed score. It
reveals the structure of the work and provides the
performer with the tool to achieve the “meditative
concentration” needed. The few instructions given by
Cage are integrated in the interface.

Considering the graphic  representation, we
presented above, our main goal was to find geometric
properties and strategies to enhance the performance
of these pieces through computer interfaces. John Cage’s
works have been the target of our work for several
years now. We have developed computer tools for the
interface, and used it in practice. Both concerts and
recordings have been the tests for the usefulness of the
approach towards performance. The modeling process
is transformed in a pragmatic analysis of the musical
phenomena that leads us, step by step, to model some of
Cage’s concepts. Mentioning first the Concert for Piano
and Orchestra (1957), an earlier work that has become
important step of his output [7]. Followed by two of his
number pieces for a small number of performers [8].
These works were also the object of a recording and
performance sessions ([9], [10], [11]).
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