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Abstract

The book A Generative Theory of Shape (Michael Leyton, Springer-Verlag,
2001) develops new foundations to geometry in which shapeis equivalent to mem-
ory storage. With respect to this, the argument is given that art-works are maximal
memory stores. The present paper reviews some of the basic principles concerning
our claim that, in particular, musical works are maximal memory stores. The argu-
ment is that maximizing memory storage explains the structure of musical works.
We first review the basic geometric theory of the book: A generative theory of
shape is devel oped that has two properties regarded as fundamental to intelligence
— maximization of transfer and maximization of recoverability. Aesthetic struc-
turation istaken to be equivalent to intelligence. Thusaestheticsisbrought into the
very foundations of the new theory of geometry. A mathematical theory of transfer
and recoverability is developed, using symmetry-breaking wreath products. From
this, it becomes possible to develop a theory of musical composition, as follows:
Musical works are complex shapes. A theory of complex-shape generation is pre-
sented, in which any structure is described as unfolded from amaximally collapsed
version of that structure, called an alignment kernel. This process is formalized
by proposing anew class of groups called unfolding groups. The alignment kernel
is a subgroup of that structure, consisting of symmetry ground-states which are
themselves formalized by a new class of groups called iso-regular groups. In mu-
sic, the iso-regular groups represent the anticipation hierarchies, for example the
regular meters of the work. The process of musical composition is then described
by an unfolding group, which "unfolds" the work, by successively breaking the
iso-regular groups of the alignment kernel.

1 Introduction

The book, A Generative Theory of Shape (Michael Leyton, Springer-Verlag, 2001)
devel ops new foundations to geometry in which shapeis equivalent to memory storage.
With respect to this, the argument is given that art-works are maximal memory stores.
The present paper reviews some of the basic principles concerning our claim that, in
particular, musical worksare maximal memory stores. Theargument isthat maximizing
memory storage explains the structure of musical works.



We begin by looking at the nature of geometry, generally. The book devel ops new
foundations to geometry that are diametrically opposed to the foundations that have
existed for amost 3000 years. The conventional foundations are strongly related to
Klein's invariants program, which was formally stated in the late 19th century, but
whose origins can be traced back to Euclid’s fundamental concern with congruence.
Euclid's congruence program was later generalized as Klein's invariants program, and
thelatter, inturn, becamethe basis of 20th century geometry and physics—for example,
Cartan’s moving-frame classification of curves and surfaces, Einstein's special and
genera principles of relativity, Wigner's method of classifying quantum-mechanical
particles, etc.

Our book argues that the invariants program is fundamentally destructive of the
needs of modern computation. The reason is that invariants are those aspects that
are memoryless with respect to applied action: i.e., no action can be recovered from an
object whichit leavesinvariant, i.e., from ageometric object in Klein’sdefinition. Since
computing systems are required to increase memory, the invariants program defeatsthis
fundamental purpose. A related way of saying thisisthat invariants defeat generativity,
whichisbasictocomputation; i.e., anobject that isinvariant under agenerative operation
will not alter under the action of the operation, and thus negate the purpose of the
operation.

In contrast, the theory of geometry developed in our book is concerned with the
needs of computation. For this, we elaborate atheory in which geometric objects store
the effects of actions, i.e., act as memory stores for action. In fact, our basic claim is
this.

Shape = Memory Storage.

This directly opposes the Klein program. As an example, consider the shape of the
human body. There is very little that is congruent or invariant between the devel oped
body and the original spherical egg from which it arose. Thus Euclid's or Klein's
program has almost nothing to say about this situation. However, notice that, from the
developed body, one can recover a considerable amount of the history of embryological
development and subsequent growth, that the body underwent. Therefore, it is much
more valuable to argue that the shape of the body is equivalent to the history that it
underwent, instead of invariants that should have survived in the situation. In fact,
observe that it is the absence of invariants that allows the history to be recovered.
Thus we argue that geometry should not be the study of invariants, or equivaently,
memoryless-ness; but rather it should be the study of memory storage. The book shows
that this new theory of geometry allows oneto devel op powerful analyses of perception,
robotics, and design.

This paper presents the theory of music that arises from the book. The purpose of
the paper is to show that music is a particular example of the theory of geometry as
memory storage.



2 Two Basic Requirements

Let us begin by looking at the general theory of geometry, developed in the book. The
basic argument isthat one substantially increases the power of geometry by establishing
a generative theory of shape founded on the following two criteria which we regard as
fundamental to intelligent and insightful behavior:

(1) Maximization of Transfer. Any agent is regarded as displaying intelligence and
insight when it is able to transfer actions used in previous situations to new situations.
For example, arobot might need to transfer atask developed for one region of awork-
space onto another region of awork-space. The ability to transfer past solutionsto new
problemsis at the very core of what it means to have knowledge.

Also transfer can be regarded as equivalent to re-usability, which is a major issue
driving software-development, e.g., it was the major stimulus in the development of
object-oriented technol ogy.

The book argues that transfer is basic to aesthetics. For example, a symphonic
movement by Beethoven has remarkably few basic elements. The entire movement
is generated by the transfer of these elements into different pitches, major and minor
forms, overlapping positionsin counterpoint, and so on. We argue:

Aestheticsis the maximization of transfer.

That is, transfer is the basis of all intelligent behavior, and we argue that intelligence
is equivalent to aesthetic structuration. Furthermore, those objectsin which transfer is
maximized are actually those objects that people call art-works.

(2) Maximization of Recoverability. A basic factor of intelligence is the ability to
give explanations. An agent must be able to infer the causes of its own current state, in
order to identify why it failed or succeeded — and edit its behavior. Thisis basic, for
example, to design, where one might need to go back to a previous stage, and proceed
in adifferent direction.

But note also that, with respect to an apparently very different set of issues, recover-
ability isbasic to computer vision which requiresrecovering, fromtheretina image, the
environmental processesthat produced that image — an inference often referred to asin-
verse optics. With respect to arelated set of issues, all scienceisabout therecoverability
of those causal processes that |ead to the results on the measuring instruments.

We shall see that a basic aspect of amusical work is that it is organized to ensure
recoverability.

This section presented our two fundamental criteria of intelligence: maximization of
transfer and maximization of recoverability. It will be seen that, if generativity satis-
fies these two criteria, then it has a powerful mathematical structure. Essentialy, this
involves giving a new approach to geometry that incorporates intelligence (aesthetic
structuration) into the very definition of shape.



3 Complex Shape Generation

The primary goal of the book is to handle complex shape. Such a shape might be a
highly complex design, such as a Beethoven symphony, or an assembly in mechanical
CAD —or it might be acomplex real-world scene that confronts the visual system. The
remarkable fact about the human cognitive system isthat, when presented with ahighly
complex structure, such as areal-world scene, it is able to convert the complexity into
an entirely understandable form. This exemplifies the general problem that we will
investigate:

(1) The conversion of complexity into understandability: The basic purpose is to
give a generativetheory of complex shape such that the complexity is entirely accounted
for, and yet the structure is completely understandable.

(2) Under standability and intelligence: Deep consideration reveal s that understand-
ability of a structure is achieved by maximizing transfer and recoverability.

(3) The mathematics of understandability: A significant portion of the book is the
devel opment of a mathematical theory of how under standability iscreatedinastructure.

When putting together the statement in (2) and the theory of aestheticsin section 2,
oneseesthat, according to our theory of geometry, aestheticsisbasicto the conversion of
complexity to understandability. Thus, for example, the computer-vision problem, for
complex scenes, is solved by aesthetics, rather than the techniques currently developed
in the research literature. Furthermore, a consequence of the statement in (3) isthat we
will be giving a mathematic theory of aesthetics.

4 Object-Oriented Theory of Geometry

Geometry of thelast 3,000 yearsisnot object-oriented. A principal reasonisthat object-
oriented programming allowstheidentification and tracking of objectsthrough histories
of complex modification (i.e., allows for recoverability or memory storage of action)
and the congruence/invariance program defeats this; e.g., the adult body and egg could
not be the same geometric object in Klein's sense of object. One of the purposes of our
book is the development of an object-oriented formalization of geometry. The result
is atheory of geometry that has fundamentally opposite characteristics from previous
geometry. The object-orientednessis formulated in arather novel use of group theory:
Groups are seen as descriptions of asymmetries rather than symmetries. Oneimportant
consequence is that the theory provides an entirely new formulation of the meaning of
symmetry-breaking, in which the group expands, on symmetry-breaking, rather than
reduces, asit doesin modern physics. Thisincreasesthe descriptive power of thetheory,
because an expanding group provides greater number of algebraic operators.
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Figure 1: The control group transferring the fiber group.

5 Transfer

A generative theory of shape characterizes a shape by a sequence of actions needed
to generate it. According to our theory, aesthetics is increased by transferring actions
within the sequence. Indeed we argue that an artwork, e.g., a symphonic movement by
Beethoven, isastructurethat has maximal complexity whilesimultaneously maximizing
transfer along the generative sequence. That is, the principle of the maximization of
transfer can be stated thus:

MAXIMIZATION OF TRANSFER. Make one part of the generative sequence a
transfer of another part of the generative sequence, whenever possible.

It will be argued that the appropriate formulation of this is as follows: A situation of
transfer (see Fig 1) involves two levels: a fiber group, which is the group of actions
to be transferred; and a control group, which is the group of actions that will transfer
the fiber group. Thejustification for these structures algebraically being groupswill be
given later, but the theory of transfer will work equally for semi-groups, which is the
most general case one would need to consider for generativity.

Now, one can think of transfer as the control group moving the fiber group around
some space; i.e., transferring it. The transferred versions of the fiber group are shown
as the vertical copiesin Fig 1, and will be called the fiber-group copies. The control
group actsfrom above, and transfersthe fiber-group copies onto each other, asindicated
by the arrow. Thiswill often be referred to as a structure of nested control.

A basic part of our approach isthis:

(1) Givean algebraic theory of transfer.



(2) Reduce complex situations down to structures of transfer.

Transfer will be modeled by a group-theoretic construct called awreath product. This
isagroup that will be notated in the following way:

Fiber Group @) Control Group.

Intuitively, a wreath-product is a group that contains the entire structure shown in Fig
1; that is, it has an upper subgroup that will be called a control group, and a system of
lower subgroups that will be called the fiber-group copies. The control group sendsthe
fiber-group copies onto each other. It does so ssimply by conjugating them onto each
other.

6 Wreath Products

This section describes wreath products in detail. Consider a group, G(C), called the

control group, acting on aset, C', called the control set. Thisaction, called the control
action, is given thus:

GC) x C — C

D

(g , @) — g

Consider also another group, G(F'), called the fiber group, acting on a set, F', called
the fiber set. Thisaction, called the fiber action, is given thus:

GF) x F — F
@)
(T , f) — Tf.
For each member ¢ of the control set C, make a copy of the fiber action (2), thus:
G(F)c X F(: — Fc
(©)
( Tc ) fc ) I chc-

Notice that there will now be a set of copies F,. of the fiber set, called the fiber-set
copies, indexed in the control set C. Also, there will be a set of copies G(F'). of the
fiber group, called the fiber-group copies, also indexed in the control set C'. Thefiber-
group copies correspond to the columns in Fig 1. Each such column acts on its own
"persona” copy of the fiber set.

The following point iscrucia: If we think of the control action, given at (1) above,
as a permutational action by the control group on the elements of the control set, then
this same action induces a permutational action by the control group on the copies of
thefiber. The latter permutational action isindicated by the arrow in Fig 1.



In most cases, in this paper, the control set C will be the control group G(C) itself.
Thus the fiber copies will be indexed in the control group. This is caled a regular
wreath product. In Fig 1, thiswould mean that there is one column (fiber-group copy)
for each element in the control group above. However, the present section defines the
most general type of wreath product —wherethe set C' is some general set on which the
control group has an action.

Now take the direct product of the fiber-group copies. Thiswill be called the fiber-
group product, given thus:

1@ (4)
ceC
The entire bottom block in Fig 1 can be considered to illustrate this direct product.
Notice that the control group action of G(C') on C' induces an action of G(C') on the
set of indexes ¢ within the direct product in (4). Most crucialy, this action of G(C) is
an automor phic action on the direct product.
Next, take the semi-direct product of the entire lower block and the control group

above, thus:
{I[ ¢(F)} ®GO). (5)
ceC
The lower block [].. G(F). is the normal subgroup of the semi-direct product. In
any semi-direct product, the upper group acts as an automorphism group of the normal
subgroup (here the lower block); and in this case the chosen automorphic action will be
the one defined in the previous paragraph.

Next consider the set F' x C, which we will call the data set. Notice that this set
decomposes into the fiber-set copies F,.. The data set is shown as the entire block in
Fig 2 (ignore the arrows for the moment). The columns in this figure are the fiber-set
copies. Thisblock corresponds, column for column, to the lower block in Fig 1 where
the columns are the fiber-group copies. The fiber-group copies in Fig 1 act on their
corresponding fiber-set copiesin Fig 2.

Now for the final fundamental point concerning wreath products. Thereis agroup
action of thewreath product G(F)@G(C) onthedataset F' x C. That is, in terms of
the figures we have given, thereis an action of the entire Fig 1 (upper control group and
lower block) on the block in Fig 2. To define this action, let us assume, only for the
purposes of notation, that the control set C isfinite, of cardinality n. Observe that, by
the semi-direct product structure of the wreath product (as shown in expression (5)), a
single element from the wreath product must be of the form:

((Tey s Tey s -5 T ) 1 g) (6)

where each T, is an element taken from its fiber-group copy G(F')., (columnin Fig
1); and g is an element taken from the control group (upper level in Fig 1).

Now thefull element shown as expression (6) actson the data set (the block in Fig 2)
in the following way: Each element 7., in expression (6) acts only on its own fiber-set
copy Fr, (itscorresponding columnin Fig 2). Then the control element ¢ in expression
(6) permutes the fiber-set copies (columnsin Fig 2).

Let ustherefore see the effect of the full element in expression (6) on asingle point
in the data set. This point will be shown asthe first dot (in the sequence of dots) in Fig



Figure 2: lllustrating the action of the wreath product on the data set.

2. Thisislocated in thefiber-set copy F., (itscolumnin Fig 2). Notice that the dot can
be expressed as the ordered pair (f , ¢;) inthedataset F' x C (thefull block).

Now apply the full group element, expression (6), to this point. Notice, since each
T, in expression (6) acts only on its personal fiber-set copy, only the element 7., will
act on the point (f , ¢;). It will move it to the point (T, f , ¢;) which is the second
dot in Fig 2. The arrow from the first to the second dot corresponds to the action of
T,,. Finally, the element g in expression (6) moves the second dot to its corresponding
position in the column indexed by gc¢;. So the final dot is given by the ordered pair
(Te, f » gci) inthedataset F' x C.

The above therefore defines the group action of wreath product G(F)@WG(C') on
thedataset F' x C'. It will be called the full wreath action, and we have seen that it is
given thus:

{ G(F)®G(C) % [FxC] — [FxC]
()
( <(TC1’T62’ ""Tcn>|g> ) (fvcl)) — (Tcif?gci)‘

7 Mathematical Theory of Transfer

We are now ready to give our rigorous theory of transfer, asfollows: Each copy G(F).,
of the fiber group, acts on its own copy of the fiber set F.. One can view the control
group as transferring the fiber-group copies around the fiber-set copies. In fact, this
action is achieved by the automorphic action of the control group within the wreath
product, as given by themap . Thisaction sendsthe fiber-group copies onto each other
via conjugation. Therefore:

MATHEMATICAL STRUCTURE OF TRANSFER. Transfer will be modelled by



the conjugacy action of the control group on the fiber-group copies within a wreath
product.

8 Theory of Gestalt

A musical work is structured by perceptual organization — often referred to as Gestalt
organization. In Leyton [16], [17], [18], [19], [20], [21], | put forward severa hundred
pages of psychological evidence that lead to the following theory of Gestalt:

THEORY OF PERCEPTUAL ORGANIZATION (GESTALT)

The human perceptual system forms organizations by maximizing
transfer; i.e, the structural cohesion is formed by making one part
of the perceptual input the transfer of another part of the percep-
tual input, where-ever possible. The mathematical consequence is
that perceptual organizations are structured as n-fold wreath prod-
ucts, Gi WG ®. .. WG, .1

Wewill later give several extended examplesof thiswith musical meter, modulation,
and melodic form. However, it is best to initially illustrate the above with an example
from the visual domain, to show that the musical examples are merely instances of the
general process of perception—whichinturnismerely an instance of our general theory
of geometry.

As an initial example, consider how the human visual system structures a square.
In a sequence of psychologica experiments, Leyton [18] [19], we showed that human
vision represents a square generatively, in much the same way that one draws it on a
sheet of paper —i.e., drawing the sides sequentially around the square. Notice that this
in fact involves a crucia transfer structure thus: The first side is generated by starting
with a corner point, and applying translations to trace out the side, as shown in Fig 3.

Next, thistrandational structureistransferred from onesidetothenext—rotationally
around the square. In other words, there istransfer of trandations by rotations. Thisis
illustrated in Fig 4.

Therefore, the transfer structure is defined as the wreath product:

Trandations @ Rotations

where Trangdlations is the fiber group (corresponding to the side) and Rotations is the
control group (transferring the side). Thiswill now be defined rigoroudly, as follows:

IThroughout this paper, the term and notation n-fold wreath product Gi@G2@®... WG,
will mean that the hierarchy of control groups were added successively from left-to-right, thus:

(.. (GC1@G2)@G3)BG)®. . .)AG .



Figure 3: The generation of aside, using translations.

Figure 4: Transfer of trandation by rotation.

Thetranslation group (generating the side) will be denoted by the additive group R.
The rotation group is Z, the cyclic group of order 4, which will be represented as

Zy = { e, roo, Tig0, T270 }

where ry means clockwise rotation by 6 degrees. We now construct a regular wreath
product of these two groups. The construction will use the terminology of section 6.

The group Z4 will be the control group, G(C'), and the control set will bethe set C
of four side-positions around the sgquare:

c1 =top, cg =right, c3 = bottom, ¢4 = left. (8)

The control action of Z4 on the set {¢1, co, 3, ¢4} Will correspond to the clockwise
rotation of the four side-positions onto each other.

The translation group R will be the fiber group, G(F'), and the fiber set will be
the infinite line F' containing the finite side as a subset. This is mathematically and
psychologically an important concept, as will be observed shortly. The fiber action of
R onthefiber set F" will be the obvious tranglation of the infinite line along itself.

10
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Figure 5: The sguare on the projective plane.

For each of the four members ¢ of the control set C', make a copy of the fiber
action. Thus there will now be a set of four copies {F,, , F.,, Fe,, F¢, } of the fiber
set, called the fiber-set copies, indexed in the control set C'. These will be the four
infinite lines that contain the four finite sides as subsets. This structure is illustrated
in Fig 5, where P and Q represent the points at infinity. Clearly the structure has
considerable mathematical significance because it corresponds to what is called the
complete quadrilateral in projective geometry. It aso has considerable psychological
significance. For example, in Leyton [23], we have shown that it allows one to solve
long-standing Gestalt problems such as the orientation-and-form problem. Particularly
important is the fact that it psychologically acts as the Gestalt completion of the square
because it allows the location of vanishing points in perspective projections.

Corresponding to the four fiber-set copies, therewill befour copies{R.,, R.,, R.,,
R, } of the fiber group, called the fiber-group copies, also indexed in the control set
C. Each fiber-group copy (translation group) will act on its own "personal” copy of the
fiber set (infiniteline).

One can now define the regular wreath product:

R@® Zy ©
where this group is the semi-direct product:
[Re, X Rey, X Rey xR, | © Zy. (10)

The automorphic action of the control group Z,4, on the fiber-group product R., x
R., x R., x R., corresponds to the action of Z, on the control set {c1, c2,c3, ¢4},
whose elements now appear as the indexes on the four fiber-group copies R.,. This
means that the fiber-group copies are rotated around the square. In fact, in accord with

11



the structure of a semi-direct product, Z, carries out this action by conjugating the
fiber-group copies onto each other.

Thedataset F' x C, inthis example, is the Gestalt completion of the square—i.e.,
given by the four infinite lines containing the four finite sides, asindicated in Fig 5. We
can think of this as four infinite wires overlapping each other.?

The wreath product RWZ, acts on the data set (the Gestalt completion), in the
followingway: By inspection of the semi-direct product form (10) of thewreath product,
an individual element from the wreath product is of thisform:

< (TC1 ’ T02 ) TC3 ’ TC4 ) | T'o > (11)

whereT,, € R., and rg € Z4. The action of the group element (11) is then interpreted
asfollows: Each translation T;.,, movesits own infinite wire along itself by the amount
indicated by that trandation, and then the remaining component r4 rotates the four
wires by the amount 6. Notice therefore that the group element (11) maps the Gestalt
completion of the square to itself, and that consequently the wreath product at (10) isa
symmetry group of the Gestalt completion.

In our generative theory, the Gestalt completion is cut down to its visible portion,
the finite square, by placing what we call an occupancy group, Z- (acyclic group of
order 2), at each point along the infinite line containing a side. The group switches
between two states, "occupied” and "non-occupied,” and iswreath sub-appended below
the above group thus

Zo MR W Zy.

Notice the power of thiswreath product isthat it isaregular one. That is, going from
left to right, thereis one copy of Z, for each element in the group R above it, and there
isone copy of R for each element of the group Z, above that. For ease of exposition,
the occupancy level will be ignored in the present paper.

Now observe that the group at (9) gives gener ative coordinates to the square, as
follows. Any point on the square can be described by a pair of coordinates:

(t,r) € (R, Zy)

wheret € R and r € Z4. The first coordinate gives the generative (trandlational)
distancealong aside, and the second coordinate givesthe generative (rotational) distance
of aside from the first generated side. Therefore a point is given acompl ete generative
description from the origin.

Fig 6 illustrates this by giving the coordinates of four of the points.

The crucial thing to observe is that the coordinates maximize transfer. Fig 7 illus-
trates this by showing that the coordinates on one side are atransfer of the coordinates
of another side.

Now, deformed shapes are handled in our system by adding extralayers of transfer.
For example, to obtain a parallelogram, one adds the general linear group GL(2,R)
onto the two-level group of the square thus:

R@® Zy ® GL(2,R). (12)

°Note that, since, generally, fiber-set copies are independent sets, the four infinite linesto not intersect but
overlap.

12
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Figure 7: The control-nested structure of those coordinates.
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Noticethat the operation used to add G L(2, R) onto thelower structure RWZ, is, once
again, thewreath-product @ which meansthat GL(2, R) actsby transferringR®WZ,, as
follows: Sincethe fiber group RWZ, represents the structure of the square, this means
that GL(2, R) transfersthe structure of the square onto the parallelogram. In particular,
it transfersthe generative coordinatesof the squareonto the parallelogram. For example,
GL(2,R) transfers the four points on the square in Fig 6 onto the corresponding four
points on the parallelogram, as shown in Fig 8.

More deeply till, the fiber group RWZ, in expression (12) is itself a transfer
structure, as seen in Fig 7, where rotation transferred the tranglation process from the
top side onto the right side. This transfer structure is itself transferred, by GL(2,R),
onto the parallelogram, as shown in Fig 9. That is, we have transfer of transfer. This
recursive transfer is encoded by the successive @ operationsin expression (12).

What has been illustrated here is our principle of the maximization of transfer:
The parallelogram is given a generative description, all the way up from a point, that
maximizes transfer. That is, the point istransferred by translations to create a side, the
side is transferred by rotations to create a square, and the square is transferred by the
genera linear group to create aparallelogram. Everythingisre-usued. Thisisthebasis
of our theory of aesthetics. For example thisis the basis of a symphonic movement by
Beethoven. We are giving here asimplefirst illustration of the mathematical principles
involved.

In our theory of music, the concept of anticipation hierarchies will be crucial. We
shall arguethat, for deep mathematical reasons, such hierarchieshave arole correspond-
ing to the 3D shape primitives of mechanical CAD. Therefore it will be useful here to
illustrate our theory of geometry with three-dimensional shape. For example, consider
the structure of a cylinder. The standard group-theoretic description of acylinder is

SO(2) x R (13)

where SO(2), the group of planar rotations around a fixed point, gives the rotational
symmetry of the cross-section, and R gives the trandational symmetry along the axis.
Notice that in (13) the operation linking the two groups is the direct product operation
X.

For us, the problem with this expression is that it does not give a generative de-
scription of the cylinder. In computer vision and graphics, cylinders are described
generatively as the sweeping of the circular cross-section along the axis, as shown in
Fig 10. To our knowledge, the group of this sweeping structure has never been given.
We propose that the appropriate group is:

SO(2) @ R. (14)

Notice that it uses the wreath-product operation @ rather than the direct product x,
and therefore the group has a very different structure from that in expression (13). The
operation @ meansthat this new group has afiber-contral structure, inwhich SO(2) is
the fiber group and R isthe control group. Thisisexactly what is seen in the sweeping
structure shown in Fig 10. The cross-section is generated first as a fiber, and then its
position is controlled by translation.

14
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Figure 8: The transferred coordinates from a square.

Figure 9: The transfer of transfer.
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Figure 10: The sweep structure of a cylinder.

We concludethissection by stating, moreprecisely, the principle of the maximization
of transfer. It says two things: Given a data set: (1) Generate the set by maximizing
re-use of the parts of the generative sequence; i.e., maximize the height of the wreath
product. (2) However, make the height non-spurious; i.e., do not introduce level swhere
there are no detectabl e distinguishabilitiesin the data set. This second condition relates
to the theory of recoverability (section 14), which says that generative operations are
introduced to account only for asymmetries (distinguishabilties), not for symmetries
(indistinguishabilities). This can be illustrated as follows: A set of equally-spaced
points along a line can be generated by the group of integers, constituting one level.
Alternatively, this set can be generated by a two-level structure, in which one particular
fiber copy correspondsto aparticular pair of adjacent points, and the control corresponds
to the group of even numbers that moves this pair onto the next pair, and then the next
pair, ..., successively along the line. However, since the points are equally spaced, this
would be a spurious decomposition into levels, because there is no distinguishability,
along the line of points, that justifies this decomposition.

9 Shape Generation by Group Extensions

One can see from the above discussion that the concept of group extension is basic to
our generativetheory. A group extension takesagroup G; and addstoit asecond group
G5 to produce a third, more encompassing, group G, thus:

Gi®G, = G
where (E) isthe extension operation. (For introduction to group extensions, see Rotman
[34].)

16



Itisclear, looking back over the examples given so far, that according to our theory:
Shape generation proceeds by a sequence of group extensions.

That is, shapegeneration startswith abase group and successively addsgroupsobtaining
astructure of thisform:

Gi®G2® ...® Gy

Thisapproach to shape-generati on differssubstantially from standard shape-grammar
approaches, e.g., that of Stiny and Gips [10], [36], which are based on the application
of production rules. In our approach, structural elements correspond to groups, and the
addition of structural elements corresponds to group extensions.

Structural elements — Groups.
Addition of structural elements —> Group extensions.

Furthermore, imposing the condition of maximization of transfer demands that the
structure G1®G2®. - - ®G,, be actudly of the form GiWG@W. .. WG, In other
words, the extension operation (€) is the control-nesting operation @W.

10 Algebraic Theory of Inheritance

Our theory of music is inherently object-oriented, in the sense of object-oriented pro-
gramming. Indeed we argue that object-oriented inheritance is a fundamental part of
musical perception and composition. A central component of our generative theory of
shape is amathematical theory of inheritance, which will now be described, and which
becomes essential to every part of the music theory.

Theterminheritance, in object-oriented programming, refersto the passing of prop-
erties from a parent to a child, [27]. The child incorporates these parent properties, but
also addsitsown. Thiskind of structure coverstwo types of situation. Thefirstisclass
inheritance, whichisastatic software concept, and the second isatype of dynamic link-
ing created at run-time. The book gives an algebraic theory of both types of inheritance,
in the geometrical domain; i.e., related to shape. Notice that, since our theory of shape
is generative, spatial movement and deformation are understood as part of the specifi-
cation of shape. Thus the command operations in shape classes are understood as part
of the specification of higher order shapes (e.g., configurations). Notice that, in shape
classes, the command operations — which include spatial movements and deformations
—form groups.

Inthispaper, wewill havetimeto deal with only the dynamic type of inheritance cre-
ated at run-time. Thisisfundamental to all computer-aided design, assembly, robotics,
animation, etc. A typical exampleisachild object inheriting the transform of a parent
object, and adding itsown. Itisinstructivefor the music theorist to consider the follow-
ing examplein architectural CAD: Hereadoor isdefined asachild of awall, and moves
with the wall if the designer decides to change the position of the wall. However, the
door can also open and closewith respect toitsattached positionin thewall. Thismeans
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that the door inherits the movement of the wall, but adds its personal movement with
respect to the latter. Clearly, examples of this type are profuse in music. For instance,
we shall later show that modulation has exactly this structure.

Now for the basic statement of our algebraic theory of inheritance:

ALGEBRAIC THEORY OF INHERITANCE. Inheritance arises from a wreath
product:

Parent <—  Control group
Child +— Fiber group.

This can be illustrated by returning to the door/wall example. Let us suppose that the
command group of motions for the wall is the Euclidean group E(2) on the plane (i.e.,
the base-line of the wall can be trandated and/or rotated within the plane of the floor
plan —which is atypical operation in architectural CAD). Let us also suppose that the
command group of motions for the door isthe rotation group SO(2), since the door can
rotate about its fixed hingein the wall. Then, our claim is that the combined transform
structure of the door and wall is given by aregular wreath product of the two command
groups thus:

SO(2) @ E(2).

The reason is easy to see as follows: Let us move the wall by a command operation
g € E(2). Then, because the door moves with the wall, ¢ moves a copy of the door’s
rotation group SO(2) together with the wall, i.e., sends the copy of the door’s rotation
group within thefirst wall position onto the copy of the door’s rotation group within the
second wall position. Infact, g achievesthisby conjugating thefirst copy of therotation
group onto the second copy. Thus the fiber-group copies of SO(2), in the above wreath
product, correspond to the copies of the doors's rotation group in each of the different
wall positions.

WORLD

OBJECT 3
Transform
OBJECT 2
Transform
OBJECT 1
Transform

Figure 11: The representation of parent-child relationsin 3D Studio Max.

It will be useful, for later discussion in this paper, to consider here diagrammatic
aspects of current design programs. Because run-time inheritance is created by the
designer, it is usually represented by diagrams that the designer can view. It will be
useful for us to show how these diagrams can be converted into algebra. A good
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diagrammatic representation is used by 3D Sudio Max, asillustrated in Fig 11. Here,
inheritance is represented by indentation —i.e., an indented object is a child of the next
object above with respect to which it isindented. Each object, except the World object,
has a transform shown just below it. The transform relates the coordinate frame of the
object to the coordinate frame of its parent. Thistransform isthe "persona” transform
of the abject. In addition, the object inherits the transform of its parent. The object
therefore adds its personal transform to its inherited transform. This means, of course,
that via its parent, it inherits the transform of its parent’s parent, and so on. By the
above Algebraic Theory of Inheritance, such diagrams can be converted into algebrain
the following way:

GROUP OF ENTIRE TRANSFORM STRUCTURE. Consider a set of n + 1
objects: Object 1 to n, and the World. Suppose that they are linked such that Object
is the child of Object i + 1, and Object n is the child of the World. Let Object i have
personal transform G;. Then the group of the entire transform structure is the wreath
product:

GiWG W ... WG,

11 Theory of Relative Motion

We shall soon argue the following:
Musical works arerelative maotion systems.

Thiswill allow usto give adetailed algebraic theory of music, because relative motion
is an inheritance phenomenon, and thus it will be possible to use the algebraic theory
of inheritance from the previous section.

Relative mation is a powerful organizing force in cognitive representation. For
example, it is a classic Gestalt result that the visual system organizes motion into hi-
erarchies of relative mation; furthermore, basic decomposition theorems in classical
and quantum mechanics allow momentum to be organized into hierarchies of relative
momenta— a basic tool for problem-solving in physics.

Computer animatorsknow that rel ative motion isan inheritance phenomenon. Thus,
using our algebraic theory of inheritance, it is now possible to give an algebraic theory
of relative motion:

ALGEBRAIC THEORY OF RELATIVE MOTION. A relative motion system cor-
responds to a wreath product in which the relative motion is given by the fiber group
and the absolute motion, to which it is judged, is given by the control group:

relative motion @) absolute motion.

19



OO0 o0 —

Figure 12: A relative motion system.

This theory will be used to explain both melodic and rhythmic organization in music.
However, itisinstructivetofirst look at avisual example. Fig 12 showsawheel moving
along the ground. If one follows asingle point on the wheel, it makes a complex curve
called acycloid. However, the human eye does not organize the movement in this way.
Instead it decomposes the motion into a relative motion hierarchy, in which the point
is seen as executing circular motion around the wheel-center, and the wheel is seen
as moving as whole in a straight line. Our algebraic theory explains this as follows:
The visua system organizes the motion into a wreath product in which the fiber is the
rotation group SO(2), and the contral is the translation group R:

SO(2) @ R.
Generally, our fundamental rule of relative motion isthis:

Decomposethemotion into two symmetry groups, such that one group
transfersthe other.

This givesawreath product where the transferring symmetry group isthe control group
and the transferred symmetry group is the fiber group.

As shown in Leyton [23], the above theory explains relative motion in human per-
ception, classical and quantum mechanics, robotics, and computer animation.

12 Serial-Link Manipulators

It will now be argued that there is a profound relation between serial-link manipulators
in robotics, and modulation in music. Both are decompositional means of reaching a
point by hierarchical transfer. Therefore their mathematical structureisidentical. This
section considers serial-link manipulators, and the next deal s with musical modul ation.
Both illustrate our theory of inheritance, and in particular our theory of relative motion.

Standardly in a serial-link manipulator (such as the human arm), one says that the
frames of two successive links arerelated by aspecial Euclidean transformation A;, and
thusthe overall relationship between the hand coordinate frame and the base coordinate
frameis given by the product of matrices

A1Ay .. A, (15)

corresponding to the succession of links. (see[2], [31]).
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Now, in setting up the object-oriented structure of such manipulators, one usually
stipulates that a distal link is a child of the next proximal link, and so on, successively
along the manipulator. Our argument is that this arises from the transfer structure: The
distal link has a space of actionsthat istransferred through the environment by the next
proxima link. This exemplifies our claim that the basis of inheritance is the deeper
notion of transfer. Itisthisthat allowsusto formulateinheritancealgebraically interms
of wreath products. Thus, we argue that the group of a serial-link manipulator has the
following wreath-product structure:

SE(3), ® SE3): @ ... ® SE(3), (16)

where each level SE(3); isisomorphic to the specia Euclidean group SE(3), and the
succession from left to right corresponds to the succession from hand to base (distal to
proximal).

The entire group we have given in (16) for the serial-link manipulator, is very
different from the group that is normally given in robotics for seria-link manipulators.
Standardly, it is assumed that, because one is multiplying the matrices in (15) together,
and therefore producing an overall Euclidean motion 7' between hand and base, the
group of such motions 7" is simply SE(3). However, we argue that this is not the
case. The group is the much more complicated group given in expression (16). The
conventional group S E(3) necessarily models the arm as arigid structure, whereas the
wreath product (16) models the arm as a structure we call semi-rigid: a group where
rigidity breaks down at a discrete set of points. Most crucialy the wreath product
models the object-oriented structure, which is basic to all computation concerning the
kinematics.

13 Musical Modulation

With the above concepts, it is now possible to understand deeply modulation in music.
The first thing to observe is that modulation, rather than being ssimply a trandation
system, is actually a relative motion system. For example, when one talks about a
musical piece has having modulated to the dominant, one means that movement is now
judged as within the dominant key, yet the dominant key isjudged, as awhole, relative
to the tonic key. Notice that the same movement could be judged as within the tonic
key. However, its position isinstead judged through a hierarchy of relative motion.

Thefact that modulationisarel ativemotion system allowsusto seethat it necessarily
involves an inheritance hierarchy. For example, movement within the tonic key is the
transform bel onging the parent, and movement within the dominant key isthetransform
belongingtothechild. Thelatter inheritstheformer inthehierarchical manner described
above. Thus, let the symbol S be the group of movements within a scale. Then, the
ability to movethe scal e to any position within the scaleisgiven by thefollowing wreath
product:

S@S.
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The control group represents the action of modulation, and the fiber group represents
the key to which one modulates. Thiswill be now be explained using the full detail of
section 6.

For the purposes of illustration, wewill assume that the group S of scale movements
isgiven by Z,, acting along the semitone scale. Thus both the control group and fiber
group will havethe structure of Z 5, and, to distinguish between thesetwo roles, we will
let the contral group be denoted by G(C'), and the fiber group by G(F'). Furthermore,
both the control set and fiber set will be the set of twelve semitones, and, again, to
distinguish between these two roles, the control set will be denoted by C' and the fiber
set by F'. Members of these two sets will be indicated by ¢; and f; respectively.

Now, for each of the 12 members ¢; of the control semitone set C', make a copy
of the fiber action. Thus there will now be 12 copies { F..,, F.,, ..., F.,, } of thefiber
st, indexed in the control semitone scale C'. Each of these copies will itself be the
semitone scale (asfiber) rooted at adifferent tonic ¢;, within the control semitone scale.
That is, we now understand the control semitone set to be the set of available tonicsfor
modul ation.

Corresponding to the 12 fiber-set copies, there will be 12 copies {G(F)., , G(F).,,

..y G(F).,, } of the fiber group, also indexed in the control set C. Each fiber-group
copy (copy of the group of scale movements) will act on its own "personal” copy of the
fiber-set; i.e., its own personal scale.

One can now define the regular wreath product:

GFOGIC) = Zi12 @ Z2 a7
where this group is the semi-direct product:
[G(F)ey X G(F)ey X -+ X G(F)e,,] © G(C). (18)

Theautomorphic action of the control group G(C'), onthefiber-group product G(F') ., x
G(F)ey X -+ x G(F)¢,,, corresponds to the action of G(C') on the control set {cy, c2,
..., c12 }, whose elements are the tonics and now appear as the indexes on the 12 fiber-
group copies G(C'),,. This means that the fiber-group copies are moved up and down
the control scale; i.e., there is modulation. In fact, in accord with the structure of a
semi-direct product, G(C) = Z,» carries out this action by conjugating the fiber-scale
groups onto each other. The following observations are crucial:

(1) Theabovediscussionclearly illustrates our claim that modulationisarelative motion
system. That is, the control group G(C) = Z;2, which represents the modulation
movement, corresponds to the absolute motion, with respect to which any fiber-group
copy represents the relative motion within the "frame" that has been moved by the
absolute motion.

(2) The above discussion alsoillustrates our claim that modulation is an object-oriented
inheritance system. In accord with our algebraic theory of inheritance (section 10), the
parent corresponds to the control group and the child corresponds to the fiber group.
Thus, any movement by the parent is inherited by the child.
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The wreath product gives the complete symmetry of the scale structure, asfollows:
The dataset F' x C, in this example, is decomposable into the set of fiber-scale sets,
rooted at the different tonics. It will be called the scale system. The wreath product
G(FYWG(C) = Z12@W7Z, 4 acts on the scale system, in the following way: By inspec-
tion of the semi-direct product form (18) of the wreath product, an individual element
from the wreath product is of the form

((Tey, Toy s oov s Ty, ) | M) (19)

where T, € G(F)., and M € G(C). The action of the group element (19) is then
interpreted asfollows: Each scalemovement T+, shiftsthenotesof itsownscale £, , and
then the remaining component M performsamodul ation acrossscales. Noticetherefore
that the group element (19) maps the scale system to itself, and that consequently the
wreath product at (18) is a symmetry group of the scale system.

The following profound point should be observed:

The object-oriented structure arises from the symmetry structure.

That is, in the symmetry structure we have developed, the fiber of the symmetry cor-
responds to a child object whose group of command operations consists of movements
within a scale, and the control level of the symmetry corresponds to a parent object
whose command group is modulation.

The reader can see that successive modulation from the home key is given by an
iterated wreath product:

L. B®SASWSWS.

Notice that thisis structurally equivalent to the type of group we gave for the serial-
link manipulator in expression (16); that is, the recursive substitution of a group action
withinitself. Thereasonissimplebut profound: In both cases, the hierarchy represents
ahierarchy of workspaces. Furthermore, in both cases, the workspace on any level has
the same structure as the workspace on any other level. This means that a workspace
moves an identical workspace about itself.

14 Recoverability

According to our theory, people call astructure, an art-work, if itismaximally complex,
but allows the maximal conversion of the compl exity into understandability. Our theory
says that this conversion is achieved by maximizing transfer and recoverability. We
have begun to examine the algebraic structure of transfer. It is now necessary to bring
in the factor of recoverability. By recovery, we mean the following problem:

Given adataset, recover or infer asequenceof oper ationsthat gener ate
the set.
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Our first book [21] was a 600-page analysis of this problem, and one of the main
conclusions of this analysis was the following:

ASYMMETRY PRINCIPLE. Theonlyrecoverableoperationsaresymmetry-breaking
ones. That is, a generative program is recoverable only if it is symmetry-breaking on
each of the successively generated states.

Now it isclear that there are many processesin theworld that anot symmetry-breaking,
but are symmetry-increasing; e.g., atank of gassettling to equilibriumunder the standard
entropy-increasing process. Our theory says this:

SYMMETRY-INCREASING PROCESSES. A symmetry-increasing processis re-
coverable only if it is symmetry-decreasing on successive data sets.

So, for example, you can recover the fact that the tank of gas was entropy-increasing
over time, if you kept a set of records (e.g., photographs) and the records are linearly
ordered, e.g., they are laid out from left to right on atable, in which case the sequence
of photographs breaks the left-right symmetry of the table. In other words, the increase
in spatial symmetry in the tank of gas corresponded to a decrease in spatial symmetry
of the record structure.

15 Theory of Symmetry-Breaking

A basic factor emerges from the above discussion: In order to ensure recoverahility,
the control group must be symmetry-breaking on its fiber. Thus, the following should
be observed: The transfer component of our theory leads to wreath products, and the
recoverability component adds the construct that the wreath products are symmetry-
breaking.

Close examination revedls that this gives a far more powerful theory of symmetry-
breaking than the conventional one that underlies physics and chemistry.

CONVENTIONAL VIEW OF SYMMETRY-BREAKING. Symmetry-breaking is
a reduction of symmetry group.

Thus the transition from a square to a parallelogram is conventionally given by the
following reduction in symmetry group:

D4 — ZQ.

That is, the eight operationsin D, are reduced to the two operationsin Z.
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However, according to our view, thisis inherently weak because it means a loss of
algebraic structure.

In contrast, our approach to symmetry-breaking can beillustrated with the example
givenin section 8 of thetransition from asquareto a parallelogram: Thistransition was
modelled by adding, to the symmetry group of the square, thegeneral linear linear group,
viaawreath product. Thus, in our approach, symmetry-breaking actually preservesthe
original group. The breaking of asymmetry group G iscarried out by extending G, by
another symmetry group G, viaawreath product thus: G, @WG». Theoriginal symmetry
isgiven by thefiber copy of GG; which correspondsto theidentity element in the control
group G2. Non-identity elementsin G break the symmetry of the fiber group. Wreath
products of thiskind will be called symmetry-breaking wreath products.

NEW VIEW OF SYMMETRY-BREAKING. Symmetry-breaking is extension via
a wreath product. The extending group is the symmetry group of the asymmetrizing
action.

Most crucialy, in our view, symmetry-breaking correspondsto an increasein symmetry
group! More deeply, this undermines the standard notion that groups represent sym-
metry. Rather, we argue that they are maximally compact descriptions of asymmetry.

16 New Foundationsto Geometry

Essentially, the recoverability of generative operations from the data set means that the
shape acts as a memory store for the operations. More strongly, we argue in the book
that all memory storage takes place via geometry. In fact, a fundamental proposal of
our theory isthis:

Geometry = Memory Storage.

Thistheory of geometry isfundamentally opposite to that of Klein'sin which geometric
objects are defined as invariant under actions. If an object is invariant under actions,
the actions are not recoverable from the object. Therefore Klein's theory of geometry
concerns memorylessness, and ours concerns memory retention.

17 RigorousTheory of Aesthetics

Near the beginning of this paper, we proposed that aesthetics is the maximization of
transfer. It will be useful for us, at this moment, to consider thisin the area of physics.
Theterm aestheticsisusedin physicswith respect to symmetriesof the dynamic eguation
(law) of any particular branch of physics. Thisin fact means that the symmetry group
of the equation is transferring flow lines of the dynamic equation onto each other. So
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the attempt to identify symmetries of the equation is an example of our principle of the
maximization of transfer.

In fact, the term aesthetics is used also with respect to one other phenomenon in
physics. origin states. For example, current models explaining the physical constitu-
tion of the universe argue for a succession of symmetry-breakings from the underlying
starting state (first to hypercharge, isospin, and color, and then to the electromagnetic
guage group). There is considerable puzzlement in physics as to why backward sym-
metrization from the present data set should be the case. However, according to our
theory, backward symmetrization is logically necessary. Our Asymmetry Principle
states that a generative sequence is recoverable only if present asymmetries go back to
past symmetries in the generative sequence.

The above considerations therefore show that there are two uses for the term aes-
thetics in physics: (1) the characterization of transfer, and (2) the characterization of
recovered states. In fact, one can seethisin all aspects of quantum mechanics.

The question therefore is this: To what extent are these two situations of aesthetic
judgement separate from each other? Our theory says that they are not separate. In
section 15, it was seen that each level of thewreath hierarchy necessarily takes on simul-
taneously the roles of transfer and recoverability. To use physics as an example: The
symmetry group acts both asthe past state and as the operational structurethat transfers
flow lines of the Schrodinger equation onto each other. This is clearly evidenced for
examplein spectroscopy. Thus our complete definition of aesthetics can now be stated:

Aestheticsisthe maximization of transfer and recover ability.

In this way, transfer becomes closely linked to memory storage. This allows us also to
give atheory of art-works:

Art-works are maximal memory stores.
Therules of aesthetics are therefore the rules of memory storage.

18 Inferred Starting States

Wewill now givearulethat turnsout to befundamental to theentire processof recovering
generative history:

INFERRED STARTING STATES PRINCIPLE. To maximize recoverability, the
inferred starting state of a generative sequence must be structured by an iso-regular

group.
where we define:
ISO-REGULAR GROUP. Thisisa group satisfying the following three conditions:
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LEVEL-CONTINUOUS

Plane R@®R

Sphere SO(2) @ SO(2)
Cross-Section Cylinder SO(2) @R
Ruled Cylinder R@® SO(2)

LEVEL-DISCRETE

Cube R@R@ZQ@Z?)
Cross-Section Block RWZ, W R
Ruled or Planar-FaceBlock R@®W R @ 7Z,

Table 1: Classification of surface primitives by maximizing transfer and recoverability

() Itisan n-fold wreath product, G;WG@W. . . WG, .

(2) Each level G; iseither a cyclic group or a connected 1-parameter Lie
group.

(3) Each level G; isrepresented as an isometry group.

To illustrate the concept of an iso-regular group, notice carefully that two of the groups
given earlier are examples of iso-regular groups:

Square: RW Z4
Cylinder:  SO(2) @ R.

Now turn to the Inferred Starting States Principle given above. We will soon see
deepillustrationsof thisinmusic, but asaninitial intuitive examplein thevisual domain,
consider a bent pipe that you might see lying in the road. It is clear that, merely by
describing this as bent, you understand the generative origin to have been a straight
pipe, i.e., acylinder. But acylinder is given by an iso-regular group. So the generative
originischaracterized by aniso-regular group, whichiswhat ispredicted by the Inferred
Starting States Principle.

One powerful advantage of this principle is that it alows us to give a system-
atic classification of the surface primitives (starting states) of visual perception and
computer-aided design. Thisis shown in Table 1.

Not only do iso-regular groups characterize the starting states in human perception
and computer-aided design, but they characterize the starting states of physics (e.g.,
flat-space time universes in relativity, and sets of commuting observables in quantum
mechanics), as shown by us in Leyton [23]. The next section will demonstrate their
crucial importance to music.
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Our claim is that the fundamental power of structuring origin states by iso-regular
groups isthat this allows maximal recoverability.

19 Musical Meter

With the above proposal, that origin states are iso-regular groups, it is now possible
to understand deep aspects of musical structure. We will first examine musical meter.
Standardly, one saysthat the beat stream is divided into anumber of levelsof groupings:

(2) Primary accent grouping.
(2) Secondary accent grouping.
(3) Division into beats.

(4) Division of beats.

(5) Subdivision of beats.

Thefirst level corresponds to the bars. The second isthe major division of the bar, that
occurs in the case of bars with more than three beats. For example, 4/4 timeis usualy
perceived as divided into two successive subgroupings of two beats. The third level is
the division into the beat itself. And the fourth and fifth levels are successive divisions
of the beat. Now for our algebraic theory of meter:

ALGEBRAIC THEORY OF METRICAL STRUCTURE. Given a metrical unit
(e.g., a bar, a subgrouping, a beat), its occurrence within the next higher unit is given
by a cyclic group Z;, and its division is given by a cyclic group Z;. The upper group
Z; transfers copies of the lower group Z; as fiber, along the musical work. Therefore,
the relation between the upper and lower group is that of a regular wreath product:

7; ® Z.

The full metrical hierarchy, corresponding to the accent hierarchy of the bar structure,
is therefore given by an n-fold wreath product

Zm1 @ Zmz @ s @ Zmn-
If one defines the standard invariant metric on time, then this wreath product is an
iso-regular group.
A particular aspect of this statement can be given as follows:

THEORY OF DIVISION. Division by j iswreath sub-appendment by Z;.

Asanillustration, consider an excerpt from Bach’s Two-Part Invention No. 12, shown
in Fig 13. The time signature 12/8 has a subgrouping structure that divides the bar into
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Figure 13: Bach: Two-Part Inventions, No. 12.

two halves each of which has two beats. The right keyboard hand further divides the
beat by three, and the left hand creates an additional division by two. Thus the full
metrical structure is given by the following wreath product.

beatsubdivision W) beatdivision @) beat W) subgrouping

= ZoWZs W Zo W Zs.

The following should be noticed: Generally, a group of the form Z, @ S,,, where
there are n copies of the fiber Z,, and the control group .S,, acts as a permutation
group on those n copies, is caled the hyperoctahedral group of degree n. When n is
2, the hyperoctahedral group isZ, @ S2, which is actualy the dihedral group of order
8 (the standard symmetry group of the square). As illustrated in the above example,
the top two levels of the 12/8 signature comprise this hyperocahedral group. In the
genera case, therefore, the time signature 12/8 is the wreath-subappendment of Zs to
the hyperoctahedral group, thus:

Lz W) Zoy @ Zs.

Now let usgive atheory of simultaneousdivision. For example, some bars can have
double and triple division occurring simultaneously:

SIMULTANEOUS DIVISION. Smultaneous division of an interval by different
numbers Dy, Do, ... D,,, will be given by wreath sub-appendment by the direct product

ZD1 XZD2 X .. XZDH-

This can be illustrated with the second movement of Brahms 1st Piano Concerto, as
shown in Fig 14. The time signature is 6/4, which is interpreted here as a sextuple
meter due to the slowness of the tempo. Such 6/4 meter decomposes the bar into two
subgroupings, each of three quarter notes. Then the simultaneous use of simple and
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Figure 14: Brahms: Piano Concerto No. 1, second movement.

compound meter divides the beat into two (in the right hand) and into three (in the | eft
hand). Therefore, the full group of the metrical structureisthis:

[divisionA x divisionB] @) beat @ subgrouping

= [ZQ XZg]@Zg@ZQ.

As a further illustration, consider Fig 15 from the second movement of Bartok’s
String Quartet No. 4. The second violin and viola are in 2/4; and the first violin and
cello are in 6/8. Both 2/4 and 6/8 are duple meters. Thus the beats coincide in all
four instruments. Nevertheless, the divisions do not. In the second violin and viola,
the division isinto two; whereas in the first violin and cello, the division is into three.
Notice that there is no division between the level of the bar and the level of the beat.
That is, the full group of the metrical structureis:

[divisionA x divisionB] @ beat

= [ZQ X Zg] @ ZQ.

Notice that this means that the simultaneous divisions are each children of the beat —in
accord with our algebraic theory of object-oriented inheritance.

20 Complex Shape

Using the geometric concepts devel oped above, it becomes possible to give a powerful
theory of musical composition. To do so, it is necessary to examine some of the main
theory of complex shape developed in the book Leyton [23]. In this section, the theory
will beillustrated using the visual domain, because, we will argue, in the next section,
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Figure 15: Bartok: String Quartet No. 4, second movement.

that there are deep abstract relationships between the visual domain and musical com-
position. Thisparticularly concernsa profound correspondence between theiso-regular
groups of the visual and musical domains.

Consider themain problem for establishing agenerativetheory of complex structure.
According to section 14, recoverability is possible only if the generative operations are
symmetry-breaking. But this means that, as one proceeds forward in the generative
sequence, the symmetry group of the structure quickly reduces to nothing. This means
that there is a loss of algebriac information, which means a loss of generativity. This
problem will now be solved, using the theory of symmetry-breaking of section 15.

What we will do here is develop a symmetry group for a complex environment.
This will be a powerful structure because it will contain al the required information
for usability, navigation, manipulation, etc. The theory will become fundamental to the
theory of musical composition presented in the next section.

It is necessary to solve the fundamental problem of concatenation. Consider Fig
16. Each of the two objects individually has a high-degree of symmetry. However, the
combined structure, shown, loosesmuch of thissymmetry; i.e., causesaseverereduction
in symmetry group. We want to develop a group theory that encodes exactly what the
eye can see. In particular, in the combined situation, one can still see the individual
objects. Therefore, we want to devel op a symmetry group of the concatenated structure
in which the symmetry groups of the individual objects are preserved, and yet thereis
the extrainformation of concatenation.

The solution to be proposed is this: The generative history starts out with the two
independent objects, and therefore the symmetry of this starting situation is given thus:

chlinder X chbe

which is the direct product of the groups of the two independent objects. The reader
should carefully notice the following: The direct product symbol here should not be
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Figure 16: Concatenation of cylinder and cube.

regarded as representing adirect product between fibers, as previously. 1t will be within
asinglefiber.

Now, by the maximization of transfer, the starting group, i.e., this direct product
group, must be transferred onto subsequent states in the generative history, and there-
fore it must be the fiber of the wreath product in which the control group creates the
subsequent generative process.

L et ustakethe control group to bethe affinegroup AG L(3, R) onthree-dimensiona
real space.> The full structure, fiber plus control, is therefore the following wreath
product:

[chlinder X chbe} @ AGL(37 R)

Now, it is necessary to fix the group representation of this wreath product. First,
by our theory of recoverahility, the control group must have an asymmetrizing action.
Thus proceed as follows: The particular fiber-group copy

[chlinder X chbe] e

corresponding to the identity element e in the affine control group, must be the most
symmetrical configuration possible. This exists only when the cube and the cylinder
are coincident, with their symmetry structures maximally aligned. It will be called the
alignment kernel.

Next, choose one of the two objects to be areference object. Thiswill remain fixed
at the origin of the coordinate system. Let us choose the cube as the referent. Given
this, now describe the action of the affine control group as providing an affine motion
of the cylinder relative to the cube. Each fiber-group copy

[chlinder X chbe} g

3An element of this group is a linear transformation composed with a translation. AGL means Affine
General Linear.
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for some member g, of the control affine group, is therefore an arrangement of this
system. In fact, any fiber copy will be called a configuration of the system. For
example, Fig 16 corresponds to a configuration. The crucia concept is this: The role
of the affine control group isto transfer configurations onto configur ations.

The wreath product we have presented:

[chlinder X chbe] @ AGL(37R)

gives the complete symmetry group of the concatenated situation. It hasal theinternal
symmetries of the objects individually, as well astheir relationships.

Let us now understand how to add a further object, for example a sphere. First of
all, the fiber becomes the following, with the added sphere group:

GspheTe X chlinder X chbe-

In such expressions, our rule will be that each object, encoded along this sequence,
provides the reference for its | eft-subsequence of objects. Thusthe cubeisthe referent
for the cylinder-sphere pair, and the cylinder is the referent for the sphere.

Accordingly, there are now two levels of control, each of which is the affine group
AGL(3,R), and each of which is added via a wreath product. Thus we obtain the
3-level wreath product:

[Gsphere X chlinder X chbe} @ AGL(37 R) @ AGL(37R)

This is interpreted in the following way: Initially, the three objects (cube, cylinder,
sphere) are coincident with their symmetry structures maximally aligned. Thisis the
fiber-group copy called the alignment kernel above. The higher affine group movesthe
cylinder-sphere pair in relation to the cube. The lower affine group moves the spherein
relation to the cylinder.

Theabovediscussionhasbeenillustrating aclassof groupswecall telescopegroups,
whichwereproposed by usin Leyton[23]. To get anintuitive sense of atelescopegroup,
think of an ordinary telescope. In an ordinary telescope, you have a set of rings that are
initially maximally coincident. Then you pull them successively out of alignment with
respect to each other. A telescope group is a group structured like this.

In fact, it is part of a still larger class of groups we call unfolding groups, which
whichwereal so proposed by usin Leyton[23]. Unfolding groupsarethe most important
class of algebraic structuresintroduced in that book. The basic ideaisthat any complex
structure such asadesign in CAD is unfolded from amaximally collapsed form which
we call the alignment kernel. Two main properties characterize unfolding groups:

Selection: The control group acts selectively on only part of its fiber.
Misalignment. The control group issymmetry-breaking by misalignment.
Now, in order to establish agroup theory of CAD, our procedure wasthis: We spent

severa years working through every single operation in each of severa of the main
CAD, solid modeling, assembly, and animation programs, including several rel eases of
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Figure 17: Modulation has an opening tel escope structure.

AutoCAD, ProEngineer, 3D Studio Max and Viz, Architectural Desktop, Mechanical
Desktop, etc., aswell asall the major manuals on each of the programs — approximately
15,000 pages of text.

Each individual situation was characterized by a group, and a new class of groups
was invented for any situation that could not be formalized in terms of a previously
created class of groups. Proceeding in this manner, we eventually found that three
classes of groups could handle any newly created situation. They were called:

(1) Telescope groups.
(2) Super-local unfoldings.
(3) Sub-local unfoldings.

The above has looked so far (intuitively) at the structure of telescope groups. The book
shows that serial-link manipulators are examples of telescope groups. Therefore:

Musical modulation is an example of a telescope group.

That is, intuitively, modulation involves a set of initially coincident scales that succes-
sively dlide against each other, out of alignment — like an opening telescope. Thisis
illustrated in Fig 17.

SQuper-local unfolding groups are structured by adding a control level above the
existing wreath hierarchy, but such that it acts selectively on only part of the existing
hierarchy. Such groups model situations, for example, in AutoCAD, where one freezes
part of the existing structure and manipulates some unfrozen cross-hierarchy selection
of elements; or conversely, situations, for example, in 3D Studio Max, where the cross-
hierarchy selection is locked and manipulated over a sequence of steps.

Now consider sub-local unfoldings. Here, an extrafiber level isattached below only
some part of the existing hierarchy. We shall soon see that this is the mgjor basis of
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musical composition. However, inorder tofully understandthis, itisbest tofirst examine
an apparently different design process. mechanical CAD. Thisis design in mechanical
engineering—formingthebasis, for example, of theaerospace and automotiveindustries.
It is generally accepted that mechanical CAD proceeds by a process called feature
attachment. The remainder of the paper will do the following:

1. Givean algebraic theory of feature attachment in mechanical CAD.

2. Show that thisis equivalent to musical composition.

To accomplish this, it is necessary to give more of the algebraic theory of object-
oriented software, that we developed in Leyton [23]. First of all, within that theory,
there is an analysis of class structure which says that each geometric class consists of
an internal symmetry group, specified often in the invariants clauses of the software
text for the class — and an external group consisting of command operations, such as
deformations, specified in the feature clauses of the class text.

A principle claim of the theory is that the relation between the internal symmetry
group and command structure, in the software text, is awreath product, thus:

Goym @ G(O)

where G, istheinternal symmetry group and G/(C') isthe group of command opera-
tions. Thisisno morethan an algebrai c formulation of the phenomenon of re-usability,
within the specification text of the class. That is, according to our theory, re-usability
istransfer and transfer is modelled by wreath products.

Now let usturn to cloning in object-oriented programming. Itisimportant to notice
that, when one clones an object, oneis producing a copy with the same instance values.
This means that one is essentially creating a copy that is aligned with the original, as
can be seen in such programs such as 3D Studio Max and Viz. This copy can then be
manipul ated viaitscommand operations, whichwill then pull thecloneout of alignment,
i.e., break the symmetry of the object-clone pair.

We are now ready to turn to object creation and feature attachment. Feature attach-
ment isthe term used in mechanical design for the successive addition of structural units
and components. Itis, of course, the main processin any design. Our basic proposal is
this:

THEORY OF FEATURE ATTACHMENT

When one creates objects and attaches them in the design structure,
oneisentering new instancesintothealignment kernel, and positioning
the command group for each new instance in the appropriate wreath
position within the unfolding group corresponding to the inheritance
hierarchy of the structure.
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21 Theory of Musical Composition

With these concepts, it is now possible to give atheory of musical composition. Recall
that our basic principle of aesthetics says:

Aestheticsisthe maximization of transfer.

This was seen in section 13 with respect to the structure of modulation which was
modelled by an n-fold wreath product, i.e., hierarchical transfer, of the scale structure;
and it was seen also in section 19 with respect to musical meter which was modelled
by aniso-regular group —again, a structure of hierarchical transfer. It will now be seen
with respect to melodic form.

Significant progress has been made in understanding sequential organization by
psychologists working on the generation of serial patterns. Herbert Simon, himself an
outstanding musician, together with collegues, was the first to consider rule-systems
for psychological sequence generation, Simon & Kotovsky [35], Kotovsky & Simon
[14]. A further advance was made by Restle [32], who used hierarchies of rules. Fig
18 shows an example typical of one of Restle’s hierarchies. Three generative rules are
used in this hierarchy: T' = transpose by one unit upwardsin the scale; R = repeat; and
M = mirror about the scale center. Here the scale is assumed to consist of 12 notes.
Each of the operators takes the entire subsequence that it dominates via its left node
and maps it to the entire subsequence dominated by its right node. Notice that the tree
is strictly nested, aterm used by Greeno & Simon [12], meaning that all the operators
within alevel are exactly the same. The condition of strict nesting is equivalent to the
fact that the tree can be represented by arecursive formula. 1n the example shown, the
formulais:

M(T(R(T(1))). (20)

The symbol 1, in this formula, is the left most 1 in Fig 18; and the formula generates
the remainder of the sequence.

An additional advance came when anumber of researchersindependently started to
use groups to structure the rules; Babbit [1], Leyton [15], Greeno & Simon [12], Jones
[13]. Themajor school for the use of group theory in music has become that of Guerino
Mazzolain Switzerland: Mazzola[24], [25], [26]. See aso the work of Thomas Noll
[29], [30]. Further group-theoretic work has been done by Economou, [3], [4], [5]; and
also Gallin [11].

We argue that, when one examines the hierarchical theory of Restle, one must
conclude that the human mind is maximizing transfer. That is,

The process of sequence comprehension or generation is a process of
transferring previous structure onto future structure.

The fact that the mind tries to maximize this can be seen by the psychological studies
carried out by Restleto support hishierarchical rules—e.g., profilesof anticipationerrors
showed that subjects were mapping previous structure onto the anticipated structure,
Restle & Brown [33].

Our generativetheory of shape saysthat thisisbest modelled by wreath products. We
proceed as follows: Let uscall agroup generated by a set of compositional operators,
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Figure 18: An example of one of Restle’'s rule hierarchies.

arule group ;. Given a hierarchy of the type shown in Fig 18, the levels will be
numbered upward from 1 to n. Now assign arule group to each node. Within any level
1, the nodes should each receive the samerule group ;. We arguethat the rule-structure
of the hierarchy is given by taking the wreath product of the groups ;, thus:

R @R @ ... @R,

Observe that, with the three operators defined by Restle, the group is iso-regular.
Therefore, we now seethat both the metrical and melodic structures, intheir basic forms,
are given by iso-regular groups. This supports our claim that origin states are given by
iso-regular groups and that the subsequent generative process is symmetry-breaking by
breaking the iso-regul arity.

Now according to our generative theory of shape, complex structure is created by
unfolding, which is selection plus misalignment. One loads a set of iso-regular groups
intothealignment kernel. Thesewill represent the strict metrical or melodic anticipation
hierarchies of Restle.

According to our theory, the anticipation hierarchies are iso-regular groups and
complexity in awork will break the iso-regularity, and thus break the anticipated struc-
ture. Thisisafundamentally important concept: Breaking the anticipation hierarchy is
equivalent to breaking the iso-regular group:

Breaking the anticipation hierarchy.
Breaking theiso-regular symmetry.

Most crucially, our theory says that breaking the iso-regular group must itself be
achieved by transfer; i.e., broken iso-regularity must be perceived as the transfer of
iso-regularity. Thus, since the iso-regular components are loaded into the alignment

37



a
.
* & o
.-

Figure 19: Anillustration of local meter atlas, from [8]

kernel, the breaking is carried out by adding control groups above the alignment kernel
which will selectively deform and move the iso-regular components.

Toillustrate, let usreturnto meter. Mazzola[25], [ 26] invented theimportant concept
of alocal meter atlas. Thisisthecovering of anirregular pattern by local regular meters.
Toillustrate, observethat, in Fig 19, the melody has an irregular structure of onsets, as
showninline X of thediagram. Below this, thelines marked a-e are each regular meters
that cover the onsets in the above irregular pattern. These local meters are maximal in
the sense that they extend the furthest distance allowed by the onsets in the irregular
pattern. Nestke, & Noll [28] and Fleischer & Noll [9] call these, inner local meters,
to distinguish them from the meter structure determined by the time-signature of the
score; i.e., corresponding to the conventional hierarchy of beat accents associated with
the bar-lines, etc. The accent structure corresponding to the time-signatureis called the
outer meter structure. Using this theory, extensive and insightful analyses have been
developed by Mazzola [26], Fleischer, Mazzola, Noll, [8], Fleischer [6], [7], Fleischer
& Noall [9].

What we do now ispropose agenerativetheory of thelocal meter atlas. Toillustrate,
returnto Fig 19. Recall that linesa-ein that diagram givetheinner local meters. Notice
that they all correspond to iso-regular groups (each with an occupancy subgroup). What
weargueisthat theatlas, i.e., arrangement of these groups, was generated from astarting
statein which theseiso-regular groupswere maximally aligned, and that the subsequent
generative process misaligned those groups. That is, the atlasis the misaligned version
of the alignment kernel. The misalignments were created by wreath-appending control
groups above the alignment kernel that selectively deformed and moved the iso-regular
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groups that comprised the alignment kernel. Notice that one can regard the ultimate
reference object within the alignment kernel —i.e., the ultimate parent in the inheritance
hierarchy defined by the control groups — as the metric structure given by the time
signature.

Our musical theory istherefore mathematically equivalent to our theory of mechan-
ical CAD. To seethiscrucial similarity, consider the following example of an unfolding
group:

[Gl X GQ X Gg] @ AGL(3,R) @ AGL(S,R)
Thefiber [G1 x G5 x G5 isthedirect product of iso-regular groups; and the copy of this
fiber, corresponding to the identity element in the full control group, is the alignment
kernel. The successive control groups AGL(3,R) create successive misalignments of
the iso-regular groups in the alignment kernel. The profound point is this:

Mechanical CAD: the iso-regular groups, G;, loaded into the alignment
kernel, are the shape primitives (cylinder, sphere, cube, etc.).

Music: the iso-regular groups, G;, loaded into the alignment kernel, are
the anticipation hierarchies.

In other words, what have been called features in mechanical CAD (e.g., the cylin-
drical hole or rectangular block) correspond to the metrical and melodic anticipation
hierarchiesin music.

Therefore our theory of feature attachment in mechanical CAD, becomes equivalent
to our theory of composition in music. That is:

THEORY OF MUSICAL COMPOSITION

Musical compaosition proceeds by successively adding new iso-regular
groups (anticipation hierarchies) into the alignment kernel, and posi-
tioning the command group for each new instance in the appropriate
wreath position within the unfolding group corresponding to the in-
heritance hierarchy of the structure.
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