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TESSELLATIONS

TEMPER: A System for
Music Synthesis from
Animated Tessellations

THE QUESTION OF PAINTING AND Music

Much literature has been written and many works have been
completed in the area of audio-visual composition and
performance. Most of these works start with the implicit
assumption that sound and images can run concurrently
withoutany kind of interaction and correlation. Usually only
the synchronization of elements in time—sound linked with
video or film—is attempted. However, there are a number
of works that, while not specifically devoted to audio-visual
objectives, have given more importance to correlating
graphic and musical information, such as work involving the
graphic representation of musical information, either to
define notational systems [1] or to automatically produce
traditional [2] or auditory [3] scores. In this article, we use
the term ‘traditional score’ when referring to a common
music notation score; and the term ‘auditory score’ when
referring to a kind of music notation used to help listeners
understand musical sequences and structures—particularly
when the music either cannot be or is not represented by
means of a traditonal score (e.g. electronic, computer,
ethnic musics).

Some of Kandinsky's written works are illuminating with
respect to analogies between graphics and music [4]. Sev-
eral articles published in Leonardo provide rich overviews of
work in music visualization [5]. The stimulating work of
Whitney [6] involves the synthesis of audio-visual processes,
with a high correlation between auditory and visual aesthetic
information. The work of Brian Evans is also significant in
this field [7]. In addition, paintings have inspired the struc-
ture of music in many works: in the work of Cervetti, paint-
ings by Bosch are depicted in music [8]; in the work of
Brecker, the structure of a painting by M. C. Escher deter-
mines the process with which one rhythmic pattern gradu-
allv transforms into a second one [9]. Yet other works are
based on fractals as the generative structures both for graph-
ics and music.

Our research can be considered within the framework of
the works we have mentioned, but our aim is to go beyond
the traditional; we wish to investigate several kinds of aes-
thetic expressions—literature, painting, music, architecture
and other forms of art—in order to find out if common
structures exist among them. Our ultimate goal is the defi-
nition of a knowledge base suitable for the description of
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multimedia compositions and
performances in which there is
a high level of correlation among
different media.

We conducted a series of
experimental works devoted to
building our knowledge base.
Some of our experiences bear
mentioning: in one work, the
metric-rhythmic structure un-
derlying the dialog between
Othello and Iago in Shake-
speare's Othello was translated
into music; another project
involved the development of
the computer program Traslitteratore [10], which allows
the translation of any literary text (i.e. any text file) into a
musical composition that respects metrics and accentua-
tions of natural language. Other projects are in progress: for
example, data received from the galaxy UGC 9567 have
been translated into sound bv means of temporal com-
pression and the application of suitable scale factors for
amplitude and frequency values [11]. All of this work con-
cerns correlations between graphic animation and musical
processes.

Within the framework of our general project for the
definition of a knowledge base, we are concentrating on
flows and limits in the process of aesthetic perception. A
central point in the design of new kinds of aesthetic works
is certainly the definition of suitable audio-visual ‘stews’.
Viewers must not be bored by information flows that are
either too poor or too repetitive (which is the same), or
overwhelmed by too rich or too varied an informative flow
[12]. Ourworking hypothesis is that the whole audience can
enjoy the audio-visual work only if the quality and quantity
is within a certain range, which may vary from individual to
individual but cannot exceed certain limits. Note that even
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tion of graphics and music, with
special attention to drawings based
on tessellations. After a theoretical
investigation primarily devoted to
the creation of a conceptual frame-
work, the authors developed a
prototypal computer program,

for

the editing of tessellations and for
the definition of performance paths
that include the animation of tessel-
lations and the synthesis of music
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Fig. 1. Examples of the four symmetry operations allowed in the
plane. Each point in the plane is transformed into another (for
example P into P’) by the symmetry operations; these are outlined
by the vector ¢ for the translation, the mirror line m for the re-
flection, the angle o for the rotation and the mirror line g togeth-
er with the vector ¢ for the glide reflection. The illustrations for
the translation and glide reflection operations should be consid-
ered as infinitely and repeatedly extended in the direction of the
vector {.

when the quantty of information given to members of
an audience is equal, receiving capabilities may differ, de-
pending on qualities of the information itself. A trivial but
effective example would be that the same phrase, expressed
in different natural languages, is of quite different value
depending on the listener's mother-tongue. In other words,
we think that the design of audio-visual works may be re-
garded as a kind of qualitative and quantitative ‘information-
flow engineering .

CORRELATIONS BETWEEN
GRAPHICS AND MUSIC

We are interested in a special kind of graphic process known
as tessellations, or tilings—drawings made up of one or more
shapes that fill the plane without gaps between them when
appropriate symmetry operations such as rotations, reflec-
tions and translations are applied to them. Drawings of this
kind are well known in the works of Dutch artist Escher
(13-15].

From a certain point of view, tessellations show surprising
affinitv to musical pieces; in particular, graphic symmetry
operations are closely related to common musical opera-
tions: there are mirror-like musical pieces that are similar to
graphic reflections. tonality transposition and time repeti-
tions in music that are similar to translation, cyclic tonality
changes that recall rotations, and so on [16].

We were interested in checking to see if these affinities
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are onlv superticial or if they have deeper roots. If the latter,
we also wanted to discover if it is possible to associate a
tessellation to a musical piece. If so, then we wanted to know
if this association would correlate the artistic contents of the
graphics with the music; last, we wished to investigate
whether this process can be enacted bya computer program.
In dealing with these problems, we intended to obtain a
work that presented a solid theoretical base as well as prac-
tical results. This requirement brought some additional
difficulties. so that some ideas were temporarily shelved
because of implementation problems. On the other hand
we discovered things notstrictly linked to theorv. We accom-
panied these studies with a program; our aim was not only
to obtain a practical demonstration of the theory, but also
to develop a graphic and musical instrument that can actu-
ally be utilized for audio-visual performances [17].
Gathering together practical and theoretical require-
ments, we mainly followed these development guidelines:
1. The association between graphic and musical elements
should be attempted only from graphics to music. The
reverse, or a one-to-one correspondence, is possible,
but could not easily be done in a proper manner
because of quantizing problems.

2. Graphic-to-music transformation must be done accord-
ing to an exact function, whose behaviour can be modi-
fied by the ‘composer’ through special parameters.
There should not exist any casualness in the transfor-
mation; neither should it be possible to work on the
music independently from the graphics.

3. Theassociation should be easily perceived by the audio-
visual observer; therefore it is important to note the
limitations of the human brain relative to the capabili-
ties of perception, abstraction and concentration.

4. The software should be able to perform the graphics
and music in real time; only in this manner is it possible
to obtain results that can be utilized for a demonstrative
or artistic purpose.

Tessellations

The graphic side of our work consists of the study of tessel-
lations. In particular we considered a kind of tessellation
called isohedral. A tessellation can be obtained through the
partition of an unlimited plane in sets of limited and con-
nected points, so that every point in the plane belongs to
one and only one set. From a graphic point of view every set
is a shape; if all the shapes on the plane are directly or
reflectively congruent—that is, they can be superimposed
by an isometry—the tessellation is said to be monohedral;
if, on applying the isometrv needed to superimpose any two
shapes, the whole tessellation superimposes on itself, then
the tessellation is isohedral.

For the study of tessellations, we used the crystallographic
theory of symmetry groups [18]. The details can be found
in several publications, but we will point out here that in
accordance with this theory we start from the concept of
isometry [19], the operation that relates two congruent
objects in the space. An isometry is called a symmetry opera-
tion if it can be applied to the whole space instead of to a
single object, that is, if the spaces before and after the
application of the isometry are identical.

There are only four kinds of symmetry operations in the
plane: translations, reflections, rotations and glide reflec-
tions (Fig. 1). The combination of two symmetry operations
is another symmetry operation; so interaction between a set



of operations generates other operations—however, there
are limits on the kinds of operations possible. For tessella-
tions, it is compulsory to have two non-parallel translation
operations because otherwise it would not be possible to fill
up the plane.

As a result of these considerations, there are 17 allowed
combinations of symmetry operations. It is possible to dem-
onstrate that everv set of allowed symmetry operations.
joined to the binarv operation of composition (that vields
another symmetrv operation), forms a group (in the mathe-
matical sense of the word). For this reason these combina-
tions are named svmmeurv groups [20]. The ones in which
we are interested are called bidimensional (with exactly two
translations) and monochromatic (no symmetry operations
will change the shapes’ colour).

This leads to an important demonstration: to any isohe-
dral tessellation we can apply all the symmetry operations in
one of the 17 bidimensional monochromatic spatial groups.
We say that the tessellation belongs to that symmetry group
[21,22].

To define a tessellation we first need a shape and a group
of symmetrv operations. But we have some more points to
develop. It is obvious that a generic shape cannot belong to
any group: hence itis not easy to build a tessellation starting
from an isolated shape. Besides, every attempt to modifv a
shape to fit to the adjacent one will also modify all the other
shapes, creating holes that are difficuit to fill.

Furthermore, consider the fact that the border of a shape
is also part of the border of the adjacent one; we call the
common border between two adjacent shapes a side, and we
call the ends of sides vertices. Sides
join only in vertices, and three or
more sides necessarily join in a ver-
tex. It is easy to find out that two
tessellations belonging to the same

tain this kind of formulation belongs to five hierarchically
ordered categories: ‘

Symmetry group: one of the 17 bidimensional monochro-
matic spatial groups.

Tessellation scheme: one of the 81 isohedral tessellation
schemes, chosen in accordance with the symmetrv group.

Translation vectors: the two vectors corresponding to the
shortest symmetrv operation of non-parallel translation,
defining the scale and the orientation of the tessellation.
Some symmetry groups impose bounds on the ratio length
of the vectors and on the angle subtended by them.

Vertices: the joining points of sides of adjacent shapes: the
symmetry group and translation vectors impose bounds on
the vertices' reciprocal position.

Sides: the lines defining a path between the adjacent
vertices of a shape. Some parts are defined by a symmetry
operation applied on another part: the independent parts
are free from bounds, even if in special cases crosses and
coincidences of sides cause the main shape to break into
several.

This method proved to be particularly suitable to build
tessellations; the "weft’ of the symmetry operation is implicit
(in a computer program it is automatic); therefore it is
possible to concentrate on the shape to be built without
wasting attention on its insertion into the whole drawing.

The Graphics and Music Connection

The main problem was how to associate graphic and musical
elements. To settle the question with a correct theoretical
approach and at the same time with an association that is

Fig. 2. A three-step transformation from birds to winged horses (shapes are inspired by
Escher’s works) performed by the TEMPER program. Notice that lines that appear curved
are in fact composed by short straight segments.

symmetry group can be topologically
different—that is, we cannot stretch
one into the other. There are 81
different ways to build topologically
distinct tessellations, as is shown in a
study by Grinbaum and Shephard
[23].

We looked for and found a |\
method, suitable to be implemented
on a computer, to facilitate the
building of tessellations. We start
from a set of 81 models of tessella-
tions, supplying a single shape thatis
a simple example for every scheme;

L]

7 -

then we allow the sides of this shape

——

to stretch. In fact, it is enough to [T g =
stretch only some parts of the sides,
because the other parts are obtained
by transpositions: every stretch of a
partshould be reproduced on all the
parts of the sides that can be reached
through the application of a symme-
try operation. Because this mecha-
nism does not modify the symmetry
operations, the shapes so obtained
necessarily belong to the same tessel-
lation schema and can then tile the

plane. 7
The information needed to main-
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not too hidden to an observer-listener. it was necessarv to
begin a studv of the nature of graphics observation and
music listening.

The first phase of this study was an analysis of the
dimensions defining graphic and musical spaces: the
decomposition into dimensions can be made in several wavs.
but we thought that everv attempt should fall within one of
the following wavs:

Spatial: the events to be examined are simple elements
(i.e. points and segments in graphics: notes in music): these
clements have to be lving on a coordinate system such as a
bidimensional plane in graphics or time and pitch in music.

Functional: the events to be examined are complex ele-
ments on which compositional and transformational func-
tions can operate: examples of this kind of function could
be symmetrv operators in graphics. or transposition and
mirroring in music.

After an opportune choice for the decomposition of the
two representational spaces is made. it is necessary to estab-
lish pairs between the chosen dimensions, so that a given
eventin aspace can be translated into a corresponding event
in the other space only by transforming its coordinates. The
choice of dimensions and the coupling of them is without
doubt the most critical phase of the whole work because it
defines the transformation between graphics and music; so
the results strictly depend on these choices.

At this point we met a serious problem: how to treat the
temporal dimension. In fact this dimension is usually absent
in graphic work (except for subjective aspects); while itis a
fundamental component in music. This difference is the
main cause of the dissimilar kinds of mental images that
form in our minds in the two cases. Since one of our aims is
to make as evident as possible the association between
graphics and music, a careful examination of the temporal
question is needed.

To properly treat the temporal dimension, it is necessary
to balance the quantity of information contained in the
graphics and music, relative to the capabilities of the human
brain receiving this information, and to compare it with
previously received information. This balancing operation
is difficult and delicate because reception capabilities [24]
and short-term associative memorv have dissimilar charac-
teristics for visual and auditorv information.

In accordance with the work's requirements, and bearing
in mind the problems previously illustrated, we had to make
some decisions about which methods to use for the associa-
tion of graphics and music.

In deciding between the spatial or functional approach,
we chose the former for several reasons:

1. The functional approach is surelv more significant:
indeed it is related to the spatial one as semantics is to
svntax; nevertheless this advantage works against itself
for the more complex and less intuitive association.

2. Operations work on composite entities that cannot be
directly associated with a single musical event; there-
fore a second level of interpretation is necessary for
everv entity. For this step the spatial approach becomes
indispensable.

3. A translaton made with the spatial approach will im-
plicitly reflect the behaviour of the operations that
define the functional approach: without recognizing
the underlving structure, every element of original and
transformed entities is translated in the same way.
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For these reasons the results of a spaual approach are
simpler than the results of a functional approach. without a
notable loss of significance.

Following the choice of adopting the spatial approach it
was compulsory to use horizontal and vertical dimensions to
define the drawing plane. and to associate these dimensions
with tempo and pitches, respectivelv. The result is a scan of
the plane from left to right; graphic elements are translated
into musical ones as they are touched by the scan; the higher
the graphic element in the drawing, the higher the pitch of
the note generated.

This solution could seem oversimplified, but the pairing
of dimensions obtained a good balance of graphic and
musical psychoperceptive aspects. Indeed we notice that an
observer of a graphic work usually considers it more natural
to find the more solid objects in the lower part of a drawing,
because it creates a feeling of gravity and, from a musical
point of view, low-pitched notes give a heavier feeling.

Another important consideration was that horizontal
time scanning could be made from right to left, although,
for Western people, reading from left to right (including
musical staves) is a more natural motion [25-27].

We have vet to define the graphic elements necessary to
be translated. In accordance with the spatial approach, these
clements are the strokes of the drawing, that is, the sides of
the tessellating shapes. But if we notice that music is com-
monly perceived as a sequence of discrete events (notes),
not as a continuously varying sound [28], a better choice is
to consider the sides made up only of broken lines; then
their vertices can easily be associated with single discrete
musical events. Therefore a curved line should be approxi-
mated by a sequence of straight segments.

All these choices express the metaphor of the melodic
line (a graphic word—line—for a sequence of notes) in a
way that calls to mind the musical stave. This means that the
interpretation of the music generated by tessellations is not
dissimilar to that used by musicians performing a piece, so
the brain can apply a well-stated mechanism.

In addition, we considered it to be of great importance
to define the musical scale used during translation, that is,
which pitch values correspond to the scale degrees, or notes.
It is useful to note that for music, once the key or tonality
with which one is playing is fixed, every degree does not have
the same importance. We can roughly set two groups:
pitches inside and outside of the scale. The latter are gener-
ally used only as intermediate notes, because otherwise they
could easily result in unpleasant dissonance. To further
justify this choice we note that there are instruments, espe-
cially the wind instruments, that are tuned in a particular
tonality, and that even common music notation makes a
distinction between pitches inside the scale and outside the
scale, specifving the second pitches with special symbols like
sharps and flats.

We have yet to solve the problem of the temporal dimen-
sion: left-to-right scanning is a valid choice, but it is usually
completed in too short a time to provide a feeling of com-
pletion. Rather, the corresponding graphics are generally
perceived as the finished work. This causes a lack of balance
in informational content.

To eliminate this problem we decided not to use a fixed
image, but, rather, to gradually transform one tessellation
into another one with a sequence of intermediate tessella-
tions. In this way the graphics are supplied with a temporal
dimension comparable to the musical one, since a stillimage
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Fig. 3. The transformation function: a three-step transformation from a straight line to a
three-segment broken line. The relative length of the segment OA with respect to the total
length of the broken line OC is the same as the length of the segments OA’, OA” and OA™
with respect to the lines OC’, OC” and OC". respectively. The same relationship applies to

this is immediately tollowed bv the
transtformation between the second
and the third tessellations. and so on
until the end of the sequence. When
the scanning of a step reaches a ver-
tex of a side that is required to be
translated into music. a note is gen-
erated according to the musical pa-
rameters supplied.

To improve the capabilities of the
program, some user-defined parame-
ters are supplied to change the be-
haviour of the translation function;
a group of parameters is associated
with every tessellation in the se-

all the corresponding segments within the broken lines.

is changed into a slow animation, whose steps are scanned
from left to rightata constantspeed. The contemporaneous
performance of sequences of tessellations and of the corre-
sponding sequences of notes result in a greater feeling of
completion and satisfaction.

For this purpose we studied a special transformaton
function that acts on the sides (broken lines) of the
tessellations. This function is able to continuously generate
tessellations between any two tessellations; therefore it is
possible to execute a gradual transformation (with the re-
quired number of intermediate steps) from one tessellation
to a second one, from the second to a third, and so on (at
this point the function applies only to tessellations of the
same tessellation scheme). The quality of the transforma-
tion function was also evaluated in an experimental way. by
observing the sequence of steps produced. Our aim was to
avoid a feeling of variation in speed or discontinuity in
motion (Fig. 2).

The transtformation function is based on a linear interpo-
lation of a pair of points belonging to the corresponding
sides of the starting and final tessellations. One of these
pointsisavertex of the broken line defining a side: the other
point lies on the other side at the same distance. measured
relative to the total length of the lines (Fig. 3).

A CASE STUDY: THE TEMPER PROGRAM

Based on the theoretical work described above we devel-
oped a computer program named TEMPER (TEssellating
Music PERformer). We gave priority to the musical aspects,
which are the more original parts of the work, rather than
to the graphics, which reflect already existing theories.
Therefore at present only one of all the possible schemes of
tessellations is implemented: the one with four-sided shapes
joined in vertices and with no symmetry operations other
than two wranslations (symmetrv group 'pl’ [29], tessella-
tion scheme "'TH41" [30]).

The program consists of two logical sections: (1) A graph-
ics editor, which allows one to build, save and modify tessel-
lations composed of translation vectors with broken lincs as
sides. The tessellations are organized in an ordered se-
quence: every sequence can be saved on mass storage. (2) A
performer of sequences of tessellations. which shows on the
screen everystep of the transformation between the firstand
the second tessellations, according to the tempo required:

quence. Such parameters are divided
into three groups:

Temporal parameters: these parame-
ters allow one 1o set the speed of the graphic transformation
and, as a consequence, the tempo of the music generated;
itis possible to specifv the number of steps to be shown and
the time required to scan everv step.

Scale parameters: these parameters make it possible to
decide which musical scale and tonality to use and which
pitch interval should relate to a certain variation in the
height on the drawing.

Voice parameters: these parameters permit one to choose
which sides should contribute to sound generation: a dis-
linctvoice can be assigned to every side to obtain polyphonic
and polytimbric effects. For instance, it is possible to assign
two voices, one with a melodic function and one with a
rhythmic function, to different sides, or to assign two voices
repeating the same melodic line with a fixed delay. Chang-
ing voices could completely change the perception of a
musical piece.

Sound generation is carried out by external devices such
as synthesizers and samplers, driven by a Musical Instrument
Digital Interface (MIDI).

CONCLUSION

Musical pertormances produced by TEMPER were encour-
aging, because the pieces were often pleasant. We experi-
mented with varving the available musical parameterson the
same sequence of tessellations to obtain significant techni-
cal and aesthetic differences. Through careful choice of
parameters, every tessellation produced satistactory melo-
dies. This result was surprising considering the low level of
musical knowledge included in the program. however, itwas
Jjustified, considering the characteristics of the drawings.

[t would be a mistake to think that a translation between
tessellations and music, carried on in the manner described
in these pages, produces a sequence of disconnected notes.
Music generated from a drawing will reflect certain charac-
teristics in the musical structure; if we analyze these charac-
teristics we will find properties that are usuallv found in
musical pieces.

Periodicity is a constant factor in the tessellations. For
musical pieces, the concept of period is fundamental, too.
in reference either to time—supplying rhythmical bases—
or to pitch—allowing existence of harmonv (e.g. octave
repetitions and frequency ratio). It is not an accident that
the association of graphic. musical and temporal dimen-
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sions involves the pairing of periodic elements. The result
is that musical pieces generated by tessellations in this way
are to our ears rhythmic and harmonic.

Furthermore we consider it significant that we obtained
interesting musical pieces from drawings created onlv for
graphic purposes. On the other hand. we successfullv treated
strictly geometric tessellations: in this case the variety of
shapes and melodies produced is surprising. even if the
drawings are very simple and defined by a4 mimimum of
information.

As a related result, we have noticed that when we set
the transformation speed at a high value, we obtain an
animation (i.e. we cannot distinguish between one frame
and the following one), however, we cannot concurrently
svnthesize music due to the excess amount of musical infor-
mation produced with this method.

We have recently proposed audio-visual works made by
TEMPER to be used in the context of multimedia perform-
ances; we wish to continue this activity to better understand
TEMPER'’s potential and to improve its functions. Many
audio-visual works and performances have to be created with
the fundamental involvement of a new kind of artist—a
creator of both music and graphics.
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