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engineering and Earth science scales. Likewise, the literature of piecewise isometries
(PWIs) provides a similar grounding for cutting and shuffling mechanisms. We start with
one-dimensional interval exchange transformations (IETs), which are the only way to cut
and shuffle in one dimension, and review and extend previous studies, connecting them
in a coherent way. We introduce the concept of time-continuous piecewise isometries,
i.e. PWIs that can be performed on solid bodies in a time continuous manner, without
solids overlapping or the domain needing to be deformed or extended. PWIs with this
property are easier to implement in experiment and applications, as we demonstrate
through their connection to mixing in spherical granular tumblers and “twisty puzzles,”
such as the spherical version of the Rubik’s cube.
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1. Introduction

Interval exchange transformations (IETs) and their higher dimensional generalizations, piecewise isometries (PWIs) fall
in the fortunate class of abstract mathematical concepts that turn out to have applications in areas of practical importance.
Earlier works have noted applications to digital filters [1-4] and “kicked” Hamiltonian mappings [5,6]. Here we bring in
another area: mixing of fluids and, surprisingly, granular matter. The objective of mixing is to bring together two or more
initially segregated materials, increasing the degree of interspersion by creating interfacial area between them, and driving
the system towards a homogeneous state. In fluids, where the elements are atoms or molecules, mixing can be achieved by
turbulence or, more deliberately, by the stretching-and-folding mechanisms of chaotic flows [7]; if the fluids are miscible,
thermal diffusion drives mixing at the smallest length scales. In bulk solids composed of macroscopic (athermal) particles,
the particles can be deliberately rearranged, as in the cutting-and-shuffling of a deck of cards. Stretching-and-folding can
be couched in the language of dynamical systems. But there is also a very physical connection between a horseshoe map
and realizing one in the lab with an actual fluid. Cutting-and-shuffling is becoming a second paradigm for mixing and,
conveniently, can be couched in the language of IETs and PWIs. The physical connection is immediate.

IETs are maps that cut and shuffle a one-dimensional (1D) line interval. They can be traced back to the work of
Keane [8,9], which gave criteria for an IET to be “minimal”, in a sense, mixing. Other studies have since built on Keane’s
work [ 10-24]. For instance, Avila and Forni proved that almost all IETs satisfying Keane’s minimality condition are “weak-
mixing” [19]. While the definition of an IET is simple, their dynamics are surprisingly complex, and the study of IETs is
still active.

PWIs are the natural generalization of IETs to higher dimensional domains. A PWI is a map M : X — X such that X
is cut into a number of pieces that are rearranged and reassembled to recover the original domain X. “Piecewise” means
that a different action is performed on each cut piece, and “isometry” means the map on each piece is length-preserving
(e.g. translation, rotation, reflection, screw motion), such that no stretching occurs. Much of the seminal work can be
traced back to Goetz and Ashwin [2,3,25-36]. Since then, PWIs have found application in granular mixing [13,37-45], and
cutting-and-shuffling combined with stretching-and-folding can be used to mix fluids [46-62].

With mixing as the underlying theme, the present paper reviews and ties together earlier studies on IETs and PWIs,
connecting them in a coherent manner. In doing so we generalize and define broader classes of PWIs, such as the concept
of lune exchange transformations, and time-continuous PWIs, which we use to link to physical systems such as the biaxial
spherical tumbler (BST) flow [13,37-45] and twisty puzzles (e.g., the Rubik’s cube). Definitions are introduced in order
to link areas and studies serving to connect somewhat disjointed PWI studies, as well as outlining directions for future
research (e.g., fully three-dimensional (3D) PWIs).

Framing Questions
When discussing cutting and shuffling motions it is important to consider the following:

e Can the motion be performed on solids, either theoretically or experimentally, without deforming or extending the
domain? Consider, for example, the PWI shown in Fig. 1, where two elephants are cut out, one red and one white,
and their positions are swapped. Imagining the domain as a 2D solid square (like cookie dough), in order to move
the elephants to their new positions it is necessary to pick them up, out of the 2D square domain, i.e. the domain
needs to be extended to three dimensions. Similarly, for split-and-recombine mixers [51-59], such as the design
shown in Fig. 2, where a single channel divides into multiple sub-channels, in order for the channels to recombine
in a non-trivial way, the cross-sectional shape must change, both extending and deforming in shape. In contrast, the
spherical version of the Rubik’s cube, shown in Fig. 3, can be scrambled using cutting-and-shuffling, and the shape
of the domain does not change. It remains spherical regardless of the action performed.

o What type of discontinuous deformation can result from the continuous isometric motion? Is it a cut-and-shuffle
in the traditional sense, like shuffling a deck of cards, or the map shown in Fig. 1? Or does one surface slide over
another, yielding a “slip” deformation, like twisting a spherical cap of the Rubik’s sphere (Fig. 3), or layers of earth
sliding over one another in a thrust fault [63-65]? This is the difference between “cutting” and “sliding” singularities
defined by Kahng [66].

e s the motion orientation preserving, i.e. does it contain a reflection that would make it orientation reversing? For
example, what happens if one of the elephants in Fig. 1 is facing left instead of right requiring both elephants to be
flipped when they are exchanged?
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Fig. 1. Demonstration of an arbitrary cut-and-shuffle action, cutting the same shape from two different positions and swapping them. It is impossible
to parametrically study these types of PWIs because it is impossible to consider every possible shape.

Fig. 2. Mixing fluids by splitting a channel into multiple sub-channels and recombining them.
Source: Adapted with permission from Sudarsan et al., “Multivortex Micromixing”, Proc. Natl
Acad. Sci. USA 103(19), 2006 [59].

© 2006 National Academy of Sciences.

Fig. 3. The Rubik’s sphere operates identically to the standard 3 x 3 x 3 Rubik’s cube ©User:SpinningSpark/Wikimedia Commons/CC-BY-SA-3.0.
Cutting and shuffling is generated by rotating spherical caps, which creates “slip” deformations, but the rotated piece remains entirely within the
spherical domain.

To address the first question, we introduce the concept of PWIs that can be represented as time-continuous motions.
That is, can the PWI, M : X — X, which is a time-discrete map, be transformed into a time-continuous map M’ :
X x [0,1] — X, where M'(x,0) = x, M'(x, 1) = M(x), and M'(-,t) : X — X is a piecewise isometry for all 0 < t < 1?
The new parameter t can be thought of as a time variable that converts the time-discrete map into a time-continuous
motion. Since the time-continuous map M’'(-,t) : X — X is a PWI for each t, pieces are prohibited from overlapping
one another at any given time. As such, the domain does not need to be extended. As an example, consider the map
R, : D — D, which rotates a single unit disk D by «, i.e. R,(r, 8) = (r, 8 4+ «) in polar coordinates. This time-discrete map
can be expressed as the time-continuous map R}, : D x [0, 1] — D, where R, (r, 6; t) = (r, 6 + ta). The map R), satisfies
R,(r,0;0) = (r,0), R,(r,0; 1) = Ry(r,6), and R,(-,t) : D — Disa PWIof D for all 0 < t < 1. As we will show, this
rotation, which is a simple, easily parameterizable (center and radius of disk, angle of rotation), time-continuous PWI, can
be implemented physically. Furthermore, when two disks with different centers are overlapped and rotations are coupled,
complex transport phenomena occur.

Structure of this work
This paper is an outline of possibilities and an attempt to provide a first draft of possible PWIs, ranging from 1D, 2D
planar, 2D spherical, and 3D geometries, some of which may be experimentally realized. The presentation is anchored on
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two concepts. One is seeing higher dimensional cutting and shuffling motions as extensions of one-dimensional interval
exchange transformations (IET). The other is the concept of time-continuous piecewise-isometries, i.e. PWIs that can be
performed on solid bodies in a time-continuous manner, without solids overlapping or the domain needing to be deformed
or extended. The overall objective is to provide a structure that may lead to further insight, extensions, and possibilities. It
is conceivable that a classification could be anchored on a sole, general, complete, and extensible mathematical basis, one
that could allow for proofs and clear limits of what is and is not possible, i.e. limits guaranteed by theorems. However,
with the exception of 1D IETs, and aspects of 2D rectangle exchange transformations, we are not there yet. In any case,
mathematical terminology is needed to anchor the presentation and some of those aspects appeared in the opening
sections of this work. The reader will note in what follows - a presentation of cases, roughly ordered in increasing order of
complexity - an absence of definitive theorem-like wordings and statements, such as “the only possible”, instead finding
phrasings such as “may be possible” or “it appears that”. Further, we will occasionally use physical explanations or even
metaphors to explain the possible physical realizability of the systems proposed.

Let us consider now some of the issues facing us.

The current literature focuses primarily on orientation preserving PWIs (no reflections). It is not clear whether
reflections would significantly change the transport and mixing characteristics of PWIs. It is important to recognize
that, from a practical standpoint, in most cases reflections are impossible to perform as a time-continuous PWI. It is
generally necessary to extend the domain to higher dimensions for a reflection. Using the 1D line interval as an example,
reflections of a subsegment of the line interval can only be achieved by considering the line in the 2D plane and rotating
the subsegment of the line through 180° in the 2D plane. Similarly, by considering a 2D planar shape, reflections can
only be achieved by out-of-plane 180° rotations in 3D. However, if the geometry of the domain is already 3D, e.g. a
sphere, then reflections require passing into the fourth dimension, making them physically impossible. Examples where
orientation-reversal is possible are pulsed source-sink type systems [48-50,67-76], where fluid is extracted from one
point and reinjected at another point. In these studies, fluid particles are generally reinjected along the same streamline
that they are extracted from, making the flow orientation preserving. However, if the particles are reinjected on a reflected
streamline, as considered by Lester et al. [68], the flow becomes orientation-reversing. In essence, the 2D domain itself is
made to be non-orientable, like the Mobius strip. In the classification of PWIs presented here, we consider only orientation
preserving isometries (translation, rotation, screw motion), but not reflections. Note also that the composition of any two
orientation reversing isometries (reflections) is orientation preserving, so if M is an orientation reversing PWI, then M? is
orientation preserving. Complications only arise when a PWI is partially orientation preserving and partially orientation
reversing, i.e. some of the cut pieces are reflected, whereas others are not.

We also restrict our classification to PWIs that are easily parameterizable. These systems can be easily tuned to yield a
desired outcome (e.g. optimal mixing). Consider, as an example of cutting-and-shuffling that is difficult to parameterize,
cutting some arbitrary shape out of the 2D square in one location, then cutting the same shape out of the square in another
location, and swapping the two shapes, as illustrated by the elephants in Fig. 1. The choice of an elephant shape is arbitrary,
and it is impossible to parameterize every possible shape that can be cut out, making it impossible to parametrically study
transport and mixing phenomena. The example in Fig. 1 also demonstrates the difficulty of reflections. If one of the shapes
were reversed (one elephant faces to the left instead of the right), a reflection would be necessary. That is, both of the
elephants would need to be rotated by 180° out of the plane of the domain to reassemble the square.

We categorize PWIs in different geometries by the dimensionality of their transport, i.e. are tracers confined to
curves (1D) or surfaces (2D), or can they explore volumes (3D)? We also consider whether higher dimensional PWIs are
extensions of lower dimensional PWIs, i.e. whether there is a natural embedding (isometric, one-to-one map) of the lower
dimensional PWI into higher dimensional space. Examples of such embeddings include embedding 1D line intervals into
2D squares, which themselves embed into 3D cubes, or embedding 1D circles into 2D disks, which embed into 3D spheres.
As we will show, when these embeddings exist, it is necessary to break geometric symmetries in order to generate higher
dimensional transport. For example, overlapping two disks with different centers breaks the rotational symmetry of each
disk.

A possible classification

A summary of our classification and the relationships between PWIs in different geometries is shown in Fig. 4. Natural
embeddings are indicated by arrows, and classes that can be represented as time-continuous PWIs have a box around their
name. Note that all the time-continuous PWIs are extensions of 1D circle rotations, whereas the others are extensions
of 1D interval exchange transformations. We acknowledge that there may be other ways to classify PWIs, which may
be more useful in other contexts. In addition, there are other PWIs to be classified (e.g. arbitrary cut-and-swaps like
in Fig. 1), which can be added to Fig. 4. The paper is organized as follows, starting from 1D PWIs (circle rotations and
interval exchange transformations), we discuss each class of PWI, following the general layout of Fig. 4. For each class,
we discuss its relationships with other PWI classes, as well as general transport properties, and, where possible, physical
implementations.

In Section 2 we explore cutting and shuffling motions in 1D, on the line interval and the circle, where circle
rotations and interval exchange transformations are the only PWIs. Then, in Section 3 we consider planar and spherical 2D
geometries. Interval exchange transformations naturally embed into both planar and spherical geometries as rectangle
exchange transformations (discussed in Section 3.1), overlapped planar wedge exchange transformations (discussed in
Section 3.3), and multi-axis lune exchange transformations on the sphere (discussed in Section 3.5). A special sub-class of
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Fig. 4. Classification of PWIs in 1D, 2D, and 3D geometries. Arrows indicate natural extensions, known as embeddings. Classes with a box around
their name are time-continuous PWIs, which all extend from rotations of a 1D circle. These PWIs can be implemented, theoretically and in some
cases experimentally, to cut-and-shuffle solids without modifying the shape of the domain in the process, e.g. the Rubik’s sphere in the “Spherical
Cap Rotation” class. Non-time-continuous PWIs are natural extensions of 1D interval exchange transformations, which are the most general form of
PWIs in one dimension.

planar wedge exchange transformations are disk rotations, which are the only planar wedge exchange transformations
that can be represented as time-continuous PWIs of the plane. When two (or more) disk rotations are overlapped,
interesting 2D transport and mixing results, which is discussed in Section 3.4. In a spherical geometry, spherical cap
rotations (discussed in Section 3.6) provide another basic piecewise-isometric motion, which extend from 1D circle
rotations and can be represented as time-continuous PWIs of the sphere. Next, we explore three-dimensional cutting
and shuffling in Section 4. In Section 4.1, we discuss the natural extensions of 1D interval exchange transformations and
2D rectangle exchange transformations to 3D cuboid exchange transformations. In Section 4.2, we show that performing 2D
spherical PWIs alternately on two overlapped spheres provides a general method to create three-dimensional transport
by cutting and shuffling. We discuss the simplest case, where two overlapped spheres alternately undergo solid body
rotations (overlapped sphere rotations), and show that the orientations of the rotation axes play an important role in the
dimensionality of tracer transport. As for overlapped disks discussed in Section 3.4, these overlapped sphere rotations can
be represented as time-continuous PWIs. Lastly, we summarize our results and offer concluding remarks in Section 5.

2. One-dimensional cutting and shuffling
2.1. Interval exchange transformations

We begin with the 1D line interval, where only translations are possible. In 1D, the only orientation-preserving PWIs
are interval exchange transformations (IETs), where the line interval is cut into a number of pieces at the same location
for each iteration, and the pieces are rearranged (translated) according to a permutation, 7z, as shown in Fig. 5(a) for the
permutation 7 = 321. Note that the IETs are shown with finite line width only to make the colors more easily visible,
even though they actually have zero line width. While IETs may seem simple, they give rise to complex behavior, and
have been studied extensively [8-24]. Depending upon the locations of the cuts and the rearrangement permutation, the
black and gray colors may mix, as shown for iteration N = 10 in Fig. 5(a), or the colors may reassemble back to their
initial configuration (N = 0). If the cuts occur at rational points along the line interval (rescaled to have length equal to
one), then the line interval can be cut into a finite number of equal-length segments, and the map will never sub-divide
any of those segments, independent of how many iterations are performed. Effectively, the domain is spatially discrete.
For example, consider cutting a deck of cards after the 10th and 42nd cards to create three piles, then swapping the top
pile with the bottom pile. This action can be repeated indefinitely, and it will never be necessary to cut a card in half.
In fact, it is guaranteed that after 52! iterations, or some smaller divisor of 52!, the deck will return to its original state.
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N =10

N=1 N=2
(b) 3 3 3
1 1 1
2 2 2
— — —
2 1 2 1 2 1
3 3 3

Fig. 5. Interval exchange transformation on (a) the line interval, and (b) the circle, initially colored half black and half gray. Cutting lines are shown
as red. At each iteration, the domain (line or circle) is cut at the same locations into three pieces, which are rearranged according to the permutation
7w = 321. After N = 10 iterations, the black and gray colors are more mixed.

O-0

Fig. 6. The IET that cuts the circle into two pieces and then rearranges them according to the permutation 7 = 21 effectively rotates the circle.
This demonstrates the embedding of circle rotations into circle IETs, shown by the connecting arrow in Fig. 4.

Similarly, any IET with all cuts at rational points will be periodic. In the general setting, where cuts can occur anywhere
along the line, IETs under appropriate conditions eventually cut the line into arbitrarily small segments. For example,
repeating the IET in Fig. 5(a), which has cuts at irrational points along the line interval, will result in smaller and smaller
black and gray segments. This is because it satisfies the Keane minimality condition [8,9,15] and hence is “weak-mixing”.

Practical limitations

In general it is not possible to describe the motion of the entire line interval as a time-continuous PWI, because
segments must cross over one another. For example, in the first iteration of Fig. 5(a), the piece labeled “1” must move past
the “2” and “3” pieces to the end of the line, while piece “3” must move in the opposite direction to the front of the line.
Like trains queued up on a single track, attempting to move in opposite directions, the pieces would collide. For an IET
to be performed as a time-continuous piecewise-isometric motion, it is necessary to embed the line into two-dimensions
so that segments can be moved vertically, out of the line, before they are moved horizontally past one another without
colliding. This is akin to the use of railway sidings on single track lines that enable trains traveling in opposite directions
to pass one another.

2.2. Circle rotations

If the ends of the line interval are “glued” together (a periodic boundary condition), then the line is topologically
equivalent to a circle. Translations along the line can be viewed as rotations about the center of the circle. Fig. 5(b) shows
the same IET as Fig. 5(a), but on the circle instead of the line. Again, pieces must move past other pieces to accomplish the
rearrangement, requiring a second dimension analogous to the railway siding. A special, somewhat trivial, class of IETs
are those that cut the circle into two pieces, and rearranges them according to the permutation 7 = 21, as demonstrated
in Fig. 6. This type of IET simply rotates the circle clockwise through some angle, 6, which is the angle of the first piece.
Therefore, circle rotations embed into circle IETs, shown by the connecting arrow in Fig. 4. Circle rotations cannot really
be considered cutting-and-shuffling, because the circle looks essentially the same after mapping, only rotated. However,
they are the only IETs that are time-continuous PWIs.

Practical implementations

Returning to the analogy of trains on a single track, if the track forms a loop then all the trains can move in the same
direction without collision. When the angle of rotation is incommensurate with 7 such rotations are ergodic, but not
mixing, and when the angle is a rational multiple of 7 the rotation is periodic. This seemingly trivial class of IETs will
play an important role in Sections 3.4 and 4.2. This is primarily because they are time-continuous PWIs, and hence can
be theoretically, and in some cases practically, applied to solids.

A practical implementation of the circle rotation PWI is the Kenics static mixer [77-80] in which helical flutes within
a cylindrical pipe rotate a viscous fluid flowing through the pipe, as shown in Fig. 7. In this case, the circle has non-zero



L.D. Smith, P.B. Umbanhowar, R.M. Lueptow et al. / Physics Reports 802 (2019) 1-22 7

(a)

Fig. 7. (a) The Kenics static mixer [77-80] consists of helical flutes within a cylindrical pipe. Adapted with permission from Saatdjian et al., Chemical
Engineering Journal, 187, pp. 289-298 (2012) [80]. ©2012 Elsevier. As fluid flows through the cylindrical pipe, it is cut, rotated, stretched, and folded,
leading to rapid mixing, as shown by the mixing of red and green colors in the cross-sections in (b). Adapted with permission from Hobbs and
Muzzio, Chemical Engineering Journal, 67(3), pp. 153-166 (1997) [79]. ©1997 Elsevier.

width, extending radially to the center of the circle. As well as rotating, the no-slip boundary conditions at the pipe wall
and at the surfaces of the helical flutes lead to stretching and folding of the fluid. This stretching and folding then results
in rapid mixing.

3. Two-dimensional cutting and shuffling
3.1. Double interval exchange transformations

There are two natural ways to extend 1D IETs to two dimensional planar geometry. They are shown by the two
embeddings into planar geometries in Fig. 4, and relate to “trivial embeddings” of IETs into PWIs [81]. The first extension
is from the 1D line to the 2D square. An IET can be performed in the horizontal direction, cutting the square into vertical
strips and rearranging them, as demonstrated by the map from Fig. 8(a) to Fig. 8(b), followed by a second IET in the vertical
direction, cutting the domain into horizontal strips and rearranging them, as demonstrated by the map from Fig. 8(b) to
Fig. 8(c). The collection of these “double IETs” is a subclass of general rectangle exchange transformations (RETs) [82],
and they have similar control parameters to IETs: the horizontal and vertical cut locations and the permutations used to
rearrange the strips. In terms of mixing, it is likely that the resultant RET will inherit many of the properties (e.g. ergodicity,
weak-mixing) from its parent IETs. An important caveat, however, is that transport is always limited. For example, using
the 4-color quadrant initial condition shown in Fig. 8(a), an infinitesimally thin slice in either the vertical or horizontal
directions can never contain all four colors using double IETs. This can be explained by considering the map on the grid
or rectangles shown in Fig. 8(e-g). Looking at the first row of Fig. 8(e), it contains the numbers 1, 2, 3. The horizontal
IET rearranges the numbers to 3, 2, 1, and the vertical IET moves the entire row down to the third row. However, it is
impossible for any other number than 2 or 3 to be on the same row as 1, because the IETs always rearrange entire rows
or columns. The numbers in each row or column may be permuted and the row or column translated to a new position,
but no new numbers can ever join a row or column.

Practical limitations

Similar to IETs, the sequence of translations cannot be performed as time-continuous motions without rectangular
pieces crossing over each other. Unlike 1D IETs, where it is necessary to extend the domain to two dimensions, RETs
only require additional two-dimensional space in the plane of the rectangle for the time-continuous motion to occur
(translating each column or row in this plane). RETs can be realized in practice if vacant space in the plane is allotted
for cut pieces to move into. For example, “sliding block” puzzles such as the “15-puzzle” and “Rush Hour”, where pieces
can slide into vacant spaces, are examples of RETs. This is an important point for continuous flow channel mixers with



8 L.D. Smith, P.B. Umbanhowar, R.M. Lueptow et al. / Physics Reports 802 (2019) 1-22

(a) /—\ (b) (c) (d)

Initial condition After horizontal IET After vertical IET N=10
N=0 N=1/2 N=1
© 7 N\ (f) (@)

9 8 7

1 2 3 3 2 1
6 5 4

4 5 6 6 5 4
3 2 1

7 8 9 9 8 7

Fig. 8. Double IET, a type of rectangle exchange transformation (RET), consisting of an IET in the horizontal direction, mapping (a) to (b), and an IET
in the vertical direction, mapping (b) to (c). The IET used in each step is the same as in Fig. 5(a). (d) After 10 iterations the colors are more mixed,
but each vertical slice still contains only blue and black, or green and gray. Similarly, each horizontal slice contains only ever blue and green, or
black and gray. (e-g) Each iteration of the double IET rearranges the nine rectangles shown in (e) resulting in (g).

periodic channel segments. Flow in such mixers is often modeled as a 2D time-dependent flow on cross-sectional slices,
and the transport of tracers from the cross-section of one channel segment to the equivalent cross-section in the next
channel segment defines a 2D map. If the periodic channel segments split and then recombine [51,53-59], as occurs in
Fig. 2, then 2D cutting-and-shuffling, as an RET, takes place (along with stretching-and-folding). When the channel splits
into sub-channels, the sub-channels must separate and twist around each other before recombining.

3.2. General double interval exchange transformations — Rectangle exchange transformations

A more general class of double IETs are those that perform different horizontal IETs on different horizontal strips, and
likewise for the vertical IETs. For example, in Fig. 9(a), the square is cut into three horizontal strips, and a different IET
is performed on each horizontal strip [Fig. 9(a) mapping to Fig. 9(b)]. The first two strips use the same permutation to
rearrange the pieces, 7 = 321, but they have different cut locations, and the third strip uses a different permutation,
m = 51432, and different cut locations (and more cuts). Next, a similar procedure takes place in the vertical direction,
cutting the square into three vertical strips, and applying a different vertical IET to each strip [Fig. 9(c) mapping to
Fig. 9(d)]. Note that after 10 iterations [Fig. 9(e)], mixing of the colors using this general double IET is significantly better
than for the double IET shown in Fig. 8(d). In particular, vertical and horizontal slices in Fig. 9(e) can contain all four
colors, whereas in Fig. 8(d) they can only contain two colors. We believe that these more general double IETs generate all
rectangle exchange transformations (RETs) [82], which cut the domain into a number of rectangles and recombine them
after a set of translations.

In contrast to IETs, where it is easy to cut the line at arbitrary positions and rearrange the pieces according to an
arbitrary permutation, it is significantly more difficult to cut the square into a given number of rectangles and rearrange
them in a non-trivial way to recover the square. This problem is akin to the arbitrary cuts and shuffles that were discussed
previously. For certain cases, “theorem-like” knowledge is available. For small numbers of rectangles (four or less), Haller
has classified all possible RETSs, and analyzed their mixing properties [82]. Other families of ergodic RETs can be constructed
via “Pisot matrices” [83]. General double IETs provide a simple method to construct RETs with many pieces. However,
it is not clear from the constituent IETs how many rectangular pieces will be created by a given general double IET. For
example, it is difficult to construct an RET with exactly five rectangular pieces from a general double IET.

3.2.1. Extension to toroidal geometry — Non-PWI

Gluing the top and bottom edges of the square yields a cylinder, and then gluing the left and right edges produces a
torus. The coordinate transformation from the square to the cylinder is an isometry, so PWIs on the square transform to
PWIs on the cylinder. However, the coordinate transformation from the cylinder to the torus is not an isometry. To see
that the coordinate transformation from the square to the torus is not an isometry, consider the map that moves tracers
on the square vertically by half the square height. This is a simple translation (and, hence, isometry) on the square, but
on the torus it amounts to rotation by 180° in the poloidal direction. The outer-most circle maps to the innermost circle,
and so its length decreases, meaning the map is not an isometry. Hence, PWIs on the square are not PWIs on the torus,
and vice versa
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(@) N =0 (b) N = 1/2

strip 1: 321

strip 2: 321

strip 1: 51432
strip 2: 321
strip 3: 321

Fig. 9. More general double IET. First the square is divided into a number of horizontal strips (in this case three), and a different horizontal IET is
performed on each horizontal strip [(a) — (b)]. In this case the first two strips use permutation 321, though with different cut locations, and the
third strip uses permutation 51432. Then the square is divided into a number of vertical strips (again three in this example), and different vertical
IETs are performed on each vertical strip [(c) — (d)]. (d) After N = 10 iterations the colors become mixed, and mixing appears to be much better
than the double IET shown in Fig. 8. In particular, vertical and horizontal slices can contain all four colors.

3.3. Overlapped planar wedge exchange transformations

The second embedding of IETs into 2D planar geometry shown in Fig. 4 is to view the 1D circle as having a non-zero
radial width, i.e. as a 2D circular disk or annular version of the 1D circle. These are trivial “arc embeddings” of IETs into 2D
planar geometry described by Ashwin et al. [81]. Cutting the circle amounts to cutting the annulus into wedges that are
then rearranged. These planar wedge exchange transformations are similar to the cone exchange transformations studied
by Ashwin and Goetz [36]. Planar wedge exchange transformations with a single annulus, as shown in Fig. 5(b), produce
only 1D transport, because there is no transport in the radial direction. We can create 2D transport by considering an array
of overlapped disks (or, equivalently, annuli), which breaks the rotational symmetry. Each disk successively undergoes a
wedge exchange transformation, creating the potential for complex 2D transport and mixing. Fig. 10 shows a simple case
where mixing is created by overlapping two disks with identical radii and alternately performing the wedge exchange
transformation shown in Fig. 5(b) in each disk, which we call an “overlapped planar wedge exchange transformation”.
First the left disk is cut into three wedges, that are rearranged, as shown in Fig. 10(a). Then, the same transformation is
applied to the right disk in Fig. 10(b). These two wedge exchanges form one iteration of the PWI. The second iteration is
shown in Fig. 10(c, d). After 10 iterations, Fig. 10(e) shows that the red and white colors have become mixed. Of course,
the disks can overlap to different degrees. In Fig. 10, the disks overlap by their radius r. Overlap of less than r results in
mixing only at the periphery of each disk, with an unmixed region at the center of each disk. More general overlapped
planar wedge exchange transformations can have more than two disks, e.g. an array of disks [Fig. 11(a, b)], and/or disks
with different radii [Fig. 11(c, d)].

Also note that like IETs on a circle [Fig. 5(b)], planar wedge exchange transformations are generally not time-continuous
PWIs. That is, the rearrangement cannot occur without extending the planar domain of the circles. There is one exception,
which is the subject of the following section.

3.4. Overlapped disk rotations

The embedding of circle rotations into circle IETs, shown in Fig. 6, and discussed in Section 2.2, naturally extends (by
thickening the width of the line in Fig. 5 circle) to an embedding of overlapped disk rotations into overlapped planar
wedge exchange transformations. This is shown by the arrow from the 1D circle rotation class to the overlapped disk
rotation class in Fig. 4.
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(b)

First iteration

Wedge exchange on left circle Wedge exchange on right circle

Second iteration

Fig. 10. Overlapped planar wedge exchange transformation for two overlapping disks. Each full iteration consists of a planar wedge exchange
transformation of the left circle [shown in (a) and (c)], followed by a planar wedge exchange transformation of the right circle [shown in (b) and
(d)]. The planar wedge exchange transformation is the same for both the left and right circles, which is the same as that used in Fig. 5(b). However,
different transformations could be applied to each circle. (e) After 10 iterations the red and white colors become mixed.

(@ (b)

Fig. 11. Overlapped planar wedge exchange transformations can have more complex geometries than the two identical disk case shown in Fig. 10.
For example, there can be more than two disks in an array, shown in (a) and (b), or disks with different radii and degrees of overlap, such as in
(c) and (d).

One of the simplest cases for an overlapped disk rotation map consists of alternate rotation of two identical overlapped
disks. This is demonstrated in Fig. 12. First, the left circle is rotated, as shown by the map from Fig. 12(a) to Fig. 12(b). In
this example the left circle is rotated counter-clockwise by 125° with slip at its edge as indicated. To complete the PWI,
the right circle is rotated clockwise by 125° again with slip at its edge, as shown by the map from Fig. 12(b) to Fig. 12(c).
The second iteration of the PWI is shown in the steps from Fig. 12(c) to Fig. 12(d) to Fig. 12(e). After 10 iterations, Fig. 12(f)
shows that even with this simple map, the red and white colors have become well mixed.

Practical implementations

Overlapped disk rotations do not cut and shuffle in the traditional sense, as occurs in IETs, RETs, and general planar
wedge exchange transformations. Instead, discontinuous deformation is created by a “slip” deformation (known as a
sliding singularity [66]) where the edge of the rotating disk meets the stationary disk. This means that the rotation of
each disk in Fig. 12 can be represented as a time-continuous PWI. That is, pieces do not need to cross over other pieces to
reach their new positions, as is needed for the actions in the general overlapped wedge exchange transformation, shown
in Fig. 10. Instead, the action can be achieved by simple rotations while staying inside the domain. For this reason, many
puzzles known as “twisty puzzles” have been designed based on this concept [84-89]. One of the first to be invented was
the “Cohan Circle” puzzle [85], where two identical circles overlap by one radius. The circles are cut up into a number of
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N=1/2

(C)/? I

N=1

(a)/

N =3/2 N=2

Fig. 12. Mixing produced by and overlapped disk rotation map. First, the left disk is rotated counter-clockwise by 125° [(a) maps to (b)], then the
right disk is rotated clockwise by 125° [(b) maps to (c)]. This process is repeated from (c) to (e). (f) Mixing after 10 iterations.

Fig. 13. Schematic of the Cohan circle puzzle (US patent 4580783, 1986) which was manufactured commercially and also marketed as the “Arusloky”.
(a) The configuration of pieces, with “petals” and “triangles”. (b) The “solved” state. (c)-(f) Rotating counter-clockwise by 60° alternately about the
centers of the left and right overlapped circles.

“petals” and triangles, as shown in Fig. 13(a), which are colored as shown in Fig. 13(b). The pieces are shaped such that
the geometry shown in Fig. 13(a) is invariant under rotations of 60° about the center of each circle. This means the pieces
can be scrambled by performing multiple 60° rotations, as demonstrated in Fig. 13(b-f), where we alternately rotate each
circle counter-clockwise by 60°. Similar to the Rubik’s cube, the aim is to return the puzzle to the solved state [Fig. 13(b)]
after first scrambling the pieces.

Many generalizations of the Cohan Circle puzzle have since been created, including puzzles with more overlapping
circles, circles with different sizes, and circles spaced more or less than one radius apart (see the “Museum” section of
www.twistypuzzles.com for a comprehensive list). An important consideration is where the cuts in the disks need to be
located for the puzzle to function (not jam). In the language of piecewise isometries, the cuts need to be located on the
exceptional set [90], which is the set of all images and preimages of the discontinuities, i.e. points in the domain where
cuts will eventually occur and points where cuts move to. For the exceptional sets shown in Fig. 14, gray regions will
eventually be cut by the map, whereas white regions will never be cut. For identical circles whose centers are spaced
one radius apart, alternately rotating by 60° (as in the Cohan Circle) yields the exceptional set shown in Fig. 14(a), which
divides the domain into a finite number of pieces, which are the petals and triangles shown in Fig. 13(a). Note that three
of the curves that define pieces of the Cohan circle [Fig. 13(a)] are missing from the exceptional set in Fig. 14(a). This
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0L :(QR =1~57.3°

(f)

0, = —0p = 125°

Fig. 14. Exceptional sets for the PWI generated by alternately rotating two overlapped disks. First, the left disk is rotated by 6;, then the right disk
is rotated by 6. In all cases the two disks are identical and spaced one radius, r, apart, except in (e) where they are spaced 1.2r apart. (a) For
6, = 6g = 60°, triangles and petals are formed, as in the Cohan circle puzzle. (b, c¢) For 6, = 6g = 30°, 57.3°, what appear to be complex fractal
tilings are produced. (d) For & = 72°, when the disks are spaced r apart a fractal tiling is produced. (e) However, when the disks are sufficiently
far apart, (e.g., 1.2r) the exceptional set forms a finite polygonal tiling. (f) Rotations in opposite directions break the left-right symmetry of the
exceptional set, as shown for §, = —6g = 125°, which is the same protocol as in Fig. 12.

is because the map does not consider every possible move of the puzzle, only alternate counter-clockwise rotations by
60°. In the puzzle, the disks can also be rotated clockwise, and through 120° and 180° as well, which accounts for these
missing curves in the exceptional set.

The 60° case shown in Figs. 13 and 14(a) is special in that it only requires a finite number of pieces. In general, the
disks would need to be cut into a fractal structure, i.e. infinitely many pieces, as demonstrated by the dense gray regions
in Fig. 14(b-d,f). For puzzle-makers, a system with a fractal exceptional set, known as a “jumbling” puzzle, presents a
challenge, because it is impossible to cut a solid disk into infinitely many pieces. This challenge can be overcome by
“gluing” together infinitely many pieces, a practice known as “bandaging”, so that only a finite number of pieces are
required. Bandaging does however restrict the rotations that can be performed, since the puzzle will eventually jam. In
contrast, for mixing applications with continuous, or fine-grained, media, a jumbling system is desirable, because the map
will cut the media into smaller and smaller pieces that become mixed together. Note that whether a puzzle is jumbling
or not, or equivalently whether the PWI is ergodic or periodic, is not determined solely by the two disk rotation angles,
but also by the distance between the centers of the two overlapped disks. Consider 6, = 6z = 72°, when the distance
between centers is one radius, r; the exceptional set is a fractal, as shown in Fig. 14(d). However, when the distance
between centers is increased to 1.2r, the exceptional set creates a finite polygonal tiling, as shown in Fig. 14(e). Clearly,
there are a plethora of complex phenomena that occur in this simple system with two overlapped disks. For instance,
when the rotations of the left and right disks are the same, the exceptional set has a left-right symmetry, observed in
Fig. 14(a-e). However, that symmetry is broken when the rotation angles are different, as demonstrated by Fig. 14(f).
Changing other geometric properties, such as the relative sizes of the circles or the number of circles (Fig. 11), would
open up even more possibilities for transport and mixing within and between the circles.

Overlapped disk rotations have also been considered as a means to mix viscous fluids [47], where rotations are achieved
by an array of helical flighted ducts in a larger flow channel. Each duct induces a rotation of the fluid within it, like the
Kenics static mixer shown in Fig. 7. Abruptly changing the geometry of the array along the channel, from one configuration
to another, allows the disk rotations to overlap, and mixing similar to Fig. 12 to take place. While this approach has been
considered in the past — both conceptually and experimentally - this line of work seems to have stopped. The fact that
overlapped disk rotation maps can be represented as time-continuous PWIs means that straight cylindrical ducts can be
used. The ducts do not need to twist around each other to create mixing, unlike split-and-recombine mixers that emulate
IETs and RETSs, e.g., the design shown in Fig. 2. A similar principle has been implemented to mix granular materials [91].

3.5. Multi-axis lune exchange transformations

We have discussed two of the three embeddings of IETs into 2D geometries shown in Fig. 4. The third embedding
is not into planar geometry, but into spherical geometry, as lune exchange transformations (when an orange is cut into
wedges, the peel of a wedge is a lune). Instead of cutting the 2D disk into wedges, we cut the spherical shell into lunes, as
shown in Fig. 15(a, b), and rearrange the lunes according to a permutation to reform the sphere, as shown in Fig. 15(c, d).
Rearrangement of the lunes amounts to rotating each of them about a single axis, the line where all the cutting half-planes
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(@) (b) (c) (d)
top view top view

Fig. 15. Spherical lune exchange transformation. (a, b) The sphere, with one half colored orange and the other half colored blue is cut along the
dashed white curves, where the sphere intersects three cutting half-planes, into three spherical lunes. (c, d) The lunes are rearranged by rotating
them about the axis where the cutting half-planes intersect [the vertical axis in (a, c), the axis out of the page in (b,d)] to reassemble the sphere.
The underlying IET defining the cuts and rearrangements is the same as in Fig. 5(b). To generate 2D transport, lune exchanges with different rotation
axes must be used.

Hemisphere cut Wedges rotated Hemisphere cut Wedges rotated
along red curve along black curve

Fig. 16. The BST PWI as a (hemi)spherical lune exchange transformation. (a) The hemisphere is cut along the red curve, creating two lunes. (b) The
lunes are rotated about the z-axis, by 6, and 6, + 7 respectively, to reform the hemisphere as shown in (c). (c) The hemisphere is cut along the
black curve, creating two lunes. (d) The lunes are rotated about the x-axis, by 6, and 6, + 7 respectively, reforming the hemisphere as shown in (e).
Source: Adapted with permission from Park et al. [41], Chaos 26, 073115.

© 2016 AIP Publishing.

intersect [the vertical axis in Fig. 15(a, c), the axis out of the page in Fig. 15(b,d)]. Taking a cross-section of the sphere
through any plane orthogonal to the rotation axis, the map is identical to a 1D IET of the circle, like that shown in Fig. 5(b).
This clearly demonstrates the embedding of an IET. As a consequence, spherical lune exchange transformations with a
single rotation axis only yield 1D transport. Tracers remain at the same latitude.

2D transport on the surface of the sphere can be generated by combining multiple lune exchange transformations, each
having a different rotation axis. We call such a composition a “multi-axis lune exchange transformation”. An example that
has been studied extensively, both theoretically and experimentally, is the biaxial spherical tumbler (BST) PWI [13,37-
43,45]. This is the system that motivated us to study mixing in PWIs. The map can be considered as the composition of two
lune exchange transformations, using two perpendicular rotation axes. For the BST PWI, the upper hemisphere, y > 0 in
Fig. 16!, is invariant under both lune exchanges, so the domain of the BST PWI can be restricted to the lower hemisphere,
where all the interesting dynamics take place. The physical reason for this restriction will be explained shortly. The action
of the BST PWI on the lower hemisphere, y < 0, is shown in Fig. 16. First, a lune exchange transformation is performed
using the z-axis as the rotation axis. The hemisphere is cut along the red curve to form two lunes, as shown in Fig. 16(a).
The two lunes are rotated about the z-axis [Fig. 16(b)], by 6, and 6,4+ respectively, to reform the hemisphere, as shown in
Fig. 16(c). Then, a lune exchange transformation is performed using the x-axis as the rotation axis. The hemisphere is cut
along the black curve to form two lunes, as shown in Fig. 16(c). The two lunes are rotated about the x-axis [Fig. 16(d)], by
6, and 6, + 7 respectively, to reform the hemisphere, as shown in Fig. 16(e). The composition of these two lune exchange
transformations effectively cuts the hemisphere into the four partial lunes shown in Fig. 17(a), and rearranges them to
reform the hemisphere as shown in Fig. 17(b). Varying the angles 6, and 6, changes the size of the lunes, which drastically
changes the transport and mixing characteristics [41-43]. For example, some protocols have an exceptional set that is a
fat fractal and covers almost the entire hemisphere, as shown in Fig. 17(c, d), indicating that most of the hemisphere will
eventually be cut into arbitrarily small pieces which will be rearranged to yield good mixing. In contrast, there are special
protocols, termed resonances [43], such that the exceptional set forms a finite polygonal tiling, as shown in Fig. 17(e).
These resonances are similar to the exceptional sets for the overlapping circle PWIs shown in Fig. 14(a) and Fig. 14(e),
where the map cuts the domain into a finite number of pieces. For these resonances, the entire domain is periodic, and
mixing is generally poor.

1 The vertical axis is y instead of z because the map is the 3D extension of a 2D map where y is vertical.
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Fig. 17. The BST PWI cuts the hemisphere into the four partial lunes, P;_4, shown in (a), and rearranges them as shown in (b). For most protocols
the exceptional set has a fat fractal structure that covers a large portion of the hemisphere, such as in (c) where 6, = 6y = 41.8°, and (d) where
0, = 45.8° and 6, = 36.7°. For a collection of special protocols, termed resonances, the exceptional set forms a finite polygonal tiling, such as in
(d) where 6, = 6, =51.8°.

Source: Adapted with permission from Smith et al., Phys. Rev. E, 95, 062210 (2017).
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Fig. 18. Approximation of the flow of granular particles in a half-filled spherical tumbler. (a) For single axis rotation of granular material the flow
can be approximated as a set of 2D circular slices, as the axial velocity component is quite small [93]. (b) The flow in one 2D slice. A particle in
the bulk experience solid body rotation until it reaches the flowing layer at some position (x, y). Then the granular particle rapidly flows down the
flowing layer, exiting at the reflected position (—x, y).

Source: Used with permission from Zaman et al., Phys. Rev. E, 88(1), 012208 (2013) [93].

© 2013 American Physical Society.

Practical implementations

Another, more physical, interpretation of the BST PWI derives from the flow of granular media in a half-filled spherical
tumbler that rotates alternately about two axes [38,39,45,92]. An approximation for the flow created by single axis rotation
is shown in Fig. 18, with a “bulk” region that undergoes solid body rotation, and a thin flowing layer. In the limit of an
infinitely thin flowing layer the flow is a time-continuous PWI. The infinitely thin flowing layer is equivalent to imposing
a periodic boundary condition at the free surface — particles that reach the free surface are instantaneously reflected
across it.

Switching the rotation axis, say to the x-axis as shown in Fig. 16(c-e), switches the periodic boundary condition
(particles are reflected/rotated in a different direction). This switching results in discontinuous deformation that is neither
a true cut-and-shuffle nor a slip deformation. Cutting occurs when a cluster of tracer particles partially crosses the periodic
boundary when it switches. The periodic boundary splits the cluster into two clusters, which then move independently
when the flow and periodic boundaries switch. In general, the two clusters remain separated, and will not reconnect.
Essentially the same mechanism, switching periodic boundary conditions, is responsible for generating discontinuous
deformations that occur in fluid flows driven by periodically reoriented extraction and reinjection wells [48-50,71-76].
Remarkably, it has been shown that features of the BST PWI, such as non-mixing regions, play a strong role in the transport,
mixing, and pattern formation of granular particles in experiments [45,94].

For the BST PWI, the periodic boundary condition at the free surface means that the lune exchange transformation
shown in Fig. 16 actually occurs as a time-continuous PWI of the hemisphere, which is why it can be implemented in
experiments. However, more general lune exchange transformations are not time-continuous PWIs. The only exceptions
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Fig. 19. (a) Rubik’s sphere from Fig. 3, topologically equivalent to a 3 x 3 x 3 Rubik’s cube ©User:SpinningSpark /| Wikimedia Commons/CC-BY-SA-3.0.
(b, c) Marusenko sphere [97]. Hemispheres and smaller spherical caps can be rotated by 90°.

are uniform rotations of the sphere, which are uninteresting in isolation, but create complex 3D transport when coupled
appropriately, as will be shown in Section 4.2.

3.6. Spherical cap rotations

Another fundamental piecewise-isometry on the sphere is rotation of a spherical cap. As with rotating overlapping disks
in a plane (Fig. 12), spherical cap rotations are extensions of circle rotations (the top-most arrow in Fig. 4). Therefore, they
produce discontinuous slip deformations, and they are time-continuous PWIs of the sphere. This means that the motion
can be achieved without pieces crossing over one another, and, hence, the isometric motion can be theoretically applied
to a solid sphere.

Practical implementations

There are several commercial twisty puzzles that utilize spherical cap rotations [95-97]. In fact, the most well known
twisty puzzle, the Rubik’s cube, utilizes spherical cap rotations, which becomes clear when the cube is transformed into
the Rubik’s sphere [shown in Fig. 19(a)]. Corner pieces on the Rubik’s cube (with three colors) are triangles on the Rubik’s
sphere, edge pieces (with two colors) of the cube are rectangles on the sphere, and center pieces (with one color) of the
cube are squares on the sphere. Twisting a face of the Rubik’s cube is equivalent to rotating a spherical cap on the Rubik’s
sphere by 90°. A more recent puzzle based on spherical cap rotations is the Marusenko sphere [97], shown in Fig. 19(b,
¢). Two spherical cap rotations on a model of the Marusenko sphere are demonstrated in Fig. 20. First, the small cap at
the top of the sphere is rotated by 90° [Fig. 20(b) mapping to Fig. 20(c)]; then the right hemisphere is rotated by 90°
[Fig. 20(d) mapping to Fig. 20(e)].

For all twisty puzzles, the allowable spherical cap rotations are restricted by the existing “cuts” that separate pieces.
Just like for a deck of cards, these physical restrictions mean there are only a finite number of states that can be reached. In
contrast, general spherical cap rotations are not limited by these restrictions, such that any spherical cap can be rotated
through any angle. Hence, general spherical cap rotations can theoretically cut the sphere into arbitrarily small pieces
and yield good mixing. To demonstrate, consider the PWI introduced by Scott et al. [5,6], which is generated by spherical
cap rotations and motivated by a “kicked” Hamiltonian. The action of the map is shown in Fig. 21. First the left and
right hemispheres are counter-rotated [Fig. 21(a) mapping to Fig. 21(b)], then the entire hemisphere is rotated about the
vertical axis [Fig. 21(c) mapping to Fig. 21(d)]. If the counter-rotation of the hemispheres and the rotation of the whole
sphere are 90° or 180°, then the map cuts the domain into (at most) eight pieces (the eight colored octants shown in
Fig. 21), and can be performed on the spherical analog of the 2 x 2 x 2 Rubik’s cube. However, Scott showed that for
general rotation angles the exceptional set has a complex fractal structure, like that shown in Fig. 22 [5,6]. In these cases
the sphere will be cut into infinitely many pieces.

Compositions of spherical lune exchange transformations and spherical cap rotations form a large class of easily
parameterized spherical PWIs. In terms of practicality, all spherical cap transformations are time-continuous PWIs, which
explains their prevalence in twisty puzzles such as the Rubik’s sphere. In addition, using special periodic boundary
conditions that approximate the motion of granular media in tumblers, the family of lune exchange transformations of the
hemispherical shell that comprise the BST PWI are also time-continuous PWIs of the hemisphere. All other lune exchange
transformations require pieces to overlap one another, and hence would be difficult to implement in any practical setting.

4. Three-dimensional cutting and shuffling

PWIs that generate 3D transport appear not to have been considered in the literature. As one would expect, the
extension from 2D to 3D transport is far from straightforward. Here we briefly discuss two relatively simple systems
with 3D cutting and shuffling to give a sense of the added complexity. However, more comprehensive studies are clearly
required.
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Fig. 20. Two spherical cap rotations on a model of the Marusenko sphere [Fig. 19(b, c)]. (a) The pieces of the Marusenko sphere. (b — ¢) The small
cap at the top of the sphere is rotated by 90°. (d — e) The right hemisphere is rotated by 90°.

(a) (b) (c)
slip
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Fig. 21. Action of the PWI described by Scott et al. [5,6]. First, the left and right hemispheres are counter-rotated by angle u (a — b), creating a
discontinuous slip deformation. Then the entire sphere is rotated about the vertical axis by angle w (c — d).

(a)

(d)
rotate
—_—

4.1. Cuboid exchange transformations

Similar to the extension of 1D interval exchange transformations to 2D rectangle exchange transformations, there is
a natural extension to 3D cuboid exchange transformations of the cube. As is the situation for rectangle exchanges, it is
generally difficult to cut a cube into arbitrary cuboids and non-trivially rearrange them to reform the cube. For example,
there are 3D wooden cube puzzles where the aim is to reassemble a large cube from several smaller polycube pieces (each
piece consists of multiple cubes glued together, like 3D Tetris pieces) [98]. It is challenging enough to try to reassemble
the cube back to its starting configuration, let alone trying to find multiple solutions to the puzzle.

Like the double IETs in 2D, triple IETs that perform an IET in each of the three dimensions form a class of cuboid
exchange transformations that are easy to construct and parameterize. An example is shown in Fig. 23, where the cube
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Fig. 22. Exceptional set for a spherical PWI composed of a spherical cap rotation and a rotation, as in Fig. 21 with u = w = n(«/g — 1) (see Scott
et al. [5,6] for details).

Source: Used with permission from Scott, Physica D: Nonlinear Phenomena, 181(1-2), pp. 45-52 (2003) [6].

© 2003 Elsevier.

is cut and shuffled in the x-direction [Fig. 23(a) — Fig. 23(b)], then in the y-direction [Fig. 23(c) — Fig. 23(d)], and then
in the z-direction [Fig. 23(e) — Fig. 23(f)]. Triple IETs are extensions of IETs and double IETs, as shown by the connecting
arrows in Fig. 4. Similar to double IETs, transport in triple IETs is limited. Material is not be able to mix between vertical
or horizontal slices. In Fig. 23(g), each vertical or horizontal slice can only contain four colors. It is impossible for a slice
to contain all eight colors. In addition, like double IETs and RETs, additional 3D space is needed to rearrange the pieces,
so it is not a time-continuous piecewise-isometric motion.

Similar to the more general double IETs, demonstrated in Fig. 9, that we believe form the complete class of RETs, a
more general class of triple IETs allow for different IETs to be performed on different sections of the cube. It is likely that
this broader class of triple IETs encompasses all cuboid exchange transformations. This makes cuboid exchanges easier to
define, and allows for a more systematic study of their properties.

4.2. Overlapped spherical PWIs

In the previous section we discussed spherical lune exchange transformations and spherical cap rotations, but for both
types of PWI, particles are trapped on the surface of a 2D sphere. This is similar to planar wedge exchange transformations
on a single disk, where tracers are trapped on a 1D circle. To generate 2D transport in the plane, we overlapped two disks
and alternated between wedge exchange transformations in each disk, as shown in Figs. 10 and 12. The same strategy can
be employed to generate 3D transport: overlapping spheres (now considered as 3D balls, i.e. the interior of the sphere
is also included). The simplest case is two overlapped spheres, where the PWI is the composition of a rotation of each
sphere, similar to the overlapped disk case with “slip” shown in Fig. 12. The resultant dynamics depends on several factors,
including the geometries of the spheres (distance between centers and sphere radii), the rotation angles for the left (6;)
and right (6g) spheres, and the rotation axes. The geometry of the rotation axes is critically important.

If the rotation axes are parallel, then there is no motion along the direction of the rotation axes. Therefore, tracers are
trapped on planes orthogonal to the rotation axes, as demonstrated in Fig. 24(a, b) for spheres with identical radii having
centers separated by one radius. In each plane orthogonal to the rotation axes, the map is identical to a 2D map with
overlapped disks, like those shown in Figs. 12 and 14, with varying radii and degrees of overlap at each position along the
axes. In particular, the map in the plane shown in Fig. 24(a) is the same as the map in Fig. 14(c). This clearly demonstrates
the embedding of overlapped disk rotations into overlapped sphere rotations, shown by the connecting arrow in Fig. 4.

If the rotation axes are not parallel, but they intersect (when treated as lines that extend to infinity), then transport is
still 2D. Tracers are trapped on spherical shells, where the center of all the shells is the point where the two rotation axes
intersect. This is demonstrated by the examples in Fig. 24(c, d), where tracers are trapped on spherical shells concentric
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Fig. 23. Cuboid exchange transformation as a triple interval exchange transformation. An IET (the one shown in Fig. 5) with respect to each of the
three axes. First, the cube is cut in the x-direction (cutting planes are orthogonal to the x-axis) into three cuboids, which are rearranged as shown
in (a) — (b). The procedure is then repeated by cutting in the y-direction [(c) — (d)], and then in the z-direction [(e) — (f)]. (g) The cube after
N = 10 iterations of the three-step procedure shown in (a)-(f).

e

Parallel axes

0, =0p=1~57.3°

Intersecting axes Intersecting axes

Non-parallel
non-intersecting axes

0, =102, 0 =103

Fig. 24. Tracer trajectories for the PWI given by alternate rotations of two overlapped spheres. First tracers in the left sphere rotate by 6, then
tracers in the right sphere rotate by 6, in both cases the rotation axes are shown as thick black lines. In every figure except (g), 6, = 6 = 1 ~ 57.3°,
and the centers of the spheres are one radius apart. (a, b) For parallel rotation axes tracers are trapped on planes. Each figure shows the trajectories
of 50 tracers (seeded randomly in a plane orthogonal to the rotation axes and within the two spheres) for 1000 iterations. (c-f) For intersecting
rotation axes tracers are trapped on spherical shells. Each figure shows the trajectories of 50 tracers (seeded randomly on a single spherical shell
centered at the point where the axes intersect and within the two spheres) for 1000 iterations. Note that in (e) and (f) the black lines indicating
rotation axes do not intersect in the figure, but would intersect if they were extended to infinity. (g, h) For non-parallel, non-intersecting rotation
axes, tracers in the region of intersection between the two spheres undergo screw motion, which leads to complex 3D transport. (g) The trajectory
of one tracer for 5000 iterations with 6; = 1072, 6z = 1073, and the centers of the spheres spaced one fifth of a radius apart. Small angles are used
to clearly illustrate the screw motion. (h) The trajectory of one tracer for 50,000 iterations explores a 3D volume.



L.D. Smith, P.B. Umbanhowar, R.M. Lueptow et al. / Physics Reports 802 (2019) 1-22 19

with the left sphere, because the two rotation axes intersect at the center of the left sphere. For Fig. 24(e, f), the two
rotation axes intersect at the point where the left axis meets the edge of the left sphere, which forms the center of the
spherical shells. Of course, in this case the tracers cannot extend beyond the boundaries of the two spheres that make
the domain, so the tracers do not cover the entire spherical shell as in Fig. 24(c, d). The reason tracers are trapped on
spherical shells centered on the axes intersection point is that the distance from the intersection point does not change
under either of the rotation maps, i.e. it is an invariant of the PWI.

The last case is non-parallel, non-intersecting rotation axes, which is arguably the most interesting for transport and
mixing. The composition of rotations with non-parallel, non-intersecting axes does not generate another rotation, instead
it generates a screw motion. That is, there is rotation about an axis, but also translation along that axis, termed pitch.
Similar to translations in 1D, and rotations in 2D, screw motions are the most general rigid body transformation in 3D.
For the overlapped sphere map, screw motion is most easily observed when the separation of the spheres is small and
the rotation angles about each axis are also small, as shown in Fig. 24(g), where the centers of the spheres are spaced
a fifth of a radius apart, 6, = 1072, and 6z = 1073, In this case, the screw axis is close to, but not the same as, the left
rotation axis (horizontal). The screw motion persists as long as the tracer stays within the intersection of the two spheres.
For example, the tracer particle undergoing a screw motion in Fig. 24(g) is trapped to a cylinder for the 5,000 iterations
shown. However, it cannot screw along that cylinder indefinitely without exiting the domain. Instead, the tracer ceases
its screw motion when it exits the region where the two spheres overlap. The tracer is then rotated about only one of
the rotation axes, until it reenters the overlapped region and begins a similar screw motion, but possibly on a different
cylinder. Therefore, particles may be trapped for long periods of time on screw cylinders but are able to jump between
cylinders.

After a large number of iterations, the tracers visit the majority of the domain, although we have not explored this in
detail. Three-dimensional transport clearly occurs for spheres whose centers are separated by one radius, with a rotation
angle of 1 about each axis. Fig. 24(h) shows that one tracer explores almost the entire domain. This is in stark contrast
to the cases shown in Fig. 24(a-f), where tracers are trapped on 2D surfaces.

The presence of screw motions opens up many new possibilities for transport and mixing in 3D PWIs. In 2D, tracers
are generally either trapped to a 1D orbit in a cell, or are able to explore the ergodic region. In 3D, tracers may still be
trapped on 1D curves, but they can also jump between screw cylinders. Preliminary evidence suggests that many other
interesting phenomena are possible, including tracers transitioning between screw motions and ergodic motions on 2D
surfaces.

A more general class of 3D PWIs consists of arrays of overlapping spheres, where the PWI is a composition of spherical
lune/wedge exchange transformations and spherical cap rotations within each sphere. This broad class captures the
dynamics of many different PWI classes, as shown by the multitude of connections leading to the general overlapped
sphere PWI class in Fig. 4. The properties of general overlapped sphere PWIs will depend on the properties of the
underlying lune exchanges and spherical cap rotations, as well as the orientations of the rotation axes, as for the two
sphere case. In particular, rotation axes must be non-parallel and non-intersecting to yield screw motions.

5. Conclusions

We have presented a number of easily parameterizable cutting and shuffling motions for different geometries. In 1D,
interval exchange transformations are the only form of cutting and shuffling, akin to shuffling a deck of cards. We have
demonstrated natural extensions (embeddings) of IETs into 2D planar (as rectangle exchange transformations or wedge
exchange transformations on overlapped disks), 2D spherical (as lune exchange transformations using multiple rotation
axes), and 3D (as cuboid exchange transformations or wedge exchanges on overlapped spheres) geometries. We have
also discussed spherical cap rotations, which are extensions of 1D circle rotations that can generate complex 2D transport
when multiple rotation axes are used. Using compositions of these cutting and shuffling actions, large classes of PWIs can
be constructed (Fig. 4) and their properties studied.

One property that we highlight is whether a cutting and shuffling motion can be represented as a time-continuous
PWI. In other words, can the time-discrete map, which instantaneously transforms the domain, be expressed as a time-
continuous motion that can be applied to a solid body without deforming or extending the domain? In 1D, the only PWIs
with this property are rotations of the 1D circle, which naturally extend to rotations of disks in 2D planar geometry, and
rotations of spherical caps in 2D spherical geometry. It is no coincidence that rotations of overlapped disks and spherical
caps are the primary mechanisms that drive many twisty puzzles, such as the Cohan circle (Fig. 13, [85]), Rubik’s sphere
[Fig. 19(a)], and Marusenko sphere [Fig. 19(b, c), [97]]. A key limitation of twisty puzzles is that the domain must be
pre-cut into a finite number of pieces, which restricts the allowable PWI parameters. In effect, the domain of a twisty
puzzle is discrete. For continuous domains, parameter choices are essentially unlimited.

Another example of a time-continuous PWI is the biaxial spherical tumbler (BST) PWI [13,37-43,45]. In contrast to
rotations of overlapped disks and spherical caps, where discontinuous deformations are created by slipping a moving
piece over a stationary piece (known as sliding singularities [66]), the BST PWI generates discontinuous deformations by
periodically changing a periodic boundary condition. The BST PWI has been studied extensively, since it approximates the
flow of granular material in a half-filled spherical tumbler [38,39,45,92]. Unlike twisty puzzles, there are no restrictions
on the parameter choices (the two rotation angles) of the BST PWI, because the domain is effectively continuous and can
be cut into arbitrarily small pieces.
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Note that our classification of cutting and shuffling maps shown in Fig. 4 is by no means complete. Our aim was to
show the relationships between a number of easily parameterizable PWIs in different dimensions and geometries. More
work is needed to form a complete classification, especially for 3D PWIs, which have not been studied previously. In this
study we have only scratched the surface of cutting and shuffling in 3D.

Future work should also focus on understanding and classifying the transport and mixing characteristics of different
classes of PWIs. Even the simplest form of cutting and shuffling, IETs, demonstrates rich transport and mixing phenomena.
Similarly, complete classification of transport and mixing phenomena in other relatively simple geometries has been
shown to be complex [32,82,99]. We expect that other, more complex, geometries will yield yet more interesting behavior.

Moreover, here we have considered systems with only cutting and shuffling. However, many interesting phenomena
occur when cutting and shuffling is coupled with other transport mechanisms, such as stretching and folding [44,48,
49,100] and/or diffusion [10,14,23,101,102]. These couplings should be studied in more detail and in more complex
geometries.
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