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Abstract

We enumerate the state diagrams of the twist knot shadow which consist of the
disjoint union of two trivial knots. The result coincides with the maximal number
of regions into which the plane is divided by a given number of circles. We then
establish a bijection between the state enumeration and this particular partition of
the plane by means of binary words.
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1 Introduction

Knot theory defines a mathematical knot as a closed curve in three-dimensional space that
does not intersect itself. We usually describe knots by drawing the so-called knot diagram,
a generic projection of the knot to the plane or the sphere with finitely many double points
called crossings. It is indicated at each such point which strand crosses over and which
one crosses under usually by erasing part of the lower strand. Additionally, we might also
continuously deform a knot diagram such that we obtain another representation which
is planar isotopic to the former diagram, and the crossings remaining unaltered, i.e., no
introduction of new crossings and no removal of the existing ones [1, p. 12]. The shadow
diagram, or shortly the shadow of the knot is the regular projection onto the plane that
omits the crossing information [5]. If we let 8 denote a shadow, then we call a component
of R?\ 8 a region of 8. We say that two regions are adjacent if the contours of the two
regions have at least an arc in common, and we say that two regions are opposite if their
contour have exactly a double point in common. A checkerboard coloring [7] of a shadow
is a coloring of every region of 8§ to be black or white so that black regions are only
adjacent to white regions, and conversely, white regions are only adjacent to black ones.
Once colored, we label each region: the unbounded one is labeled as a A and so are the
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Figure 1: The diagram of the figure-eight knot and its shadow diagram as well as the
corresponding labels and checkerboard coloring.
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Figure 2: The A-split and the B-split.

regions of the same color. The adjacent regions to an A-region are then labeled as B (see
Figure 1).

A common operation to perform on a shadows crossing is to split it in one way or the
other: we remove the crossing and glue the arcs so that either of the two opposite regions
are merged into one [10, p. 27]. The A-split joins the A-regions while the B-split joins
the B-regions as illustrated in Figure 2.

Thus, any n-crossing knot diagram can be decomposed into 2" final descendants with-
out crossing, which are called states of the diagram [13, p. 71]. A state is a collection of
separated component called trivial knot. We also call such knot unknot whose diagram is
a simple closed loop. We shall refer to k-state a state which consists of £ components.

Example 1. We repeat the operation we performed to the previous figure-eight knot,
and we obtain a complete family of state diagrams of trivial knots (see Figure 3).
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Figure 3: The state diagrams of the figure-eight knot.



Throughout this paper, we only consider shadow diagrams, and for the sake of simplic-
ity, we abusively refer to the shadow diagram by either of the terms knot, knot diagram,
or diagram.

Definition 2. Let S denote a state of a n-crossing diagram D, and let |S| denote the
number of components of the state S. Also, let d,, , enumerates the k-state diagrams. We
define the generating polynomial by the formula

D(x) := me = Zdn,k:ck,
S

k>0
where the summation is taken over all states for D.
Hence, the generating polynomial of the figure-eight diagram is given by
D(x) = 32° + 82° + 5.

Associating a knot operation with a polynomial is one of the most usual ways of
classifying and enumerating knots. The so-called knot polynomials [8, 11] are invariant
polynomials which help to decide whether two different looking pictures in fact represent
the same knot. In this paper, we follow the combinatoric approach of Kauffman by using
a simplified version of the bracket polynomial [11]. We express our polynomial only by
means of the number components of the states without including any further topological
information. This makes sense since we only focus on the shadow diagrams.

The rest of this paper is organized as follows. In section 2, we establish the generating
polynomial of the twist knot of n crossings as well as some related knots. We pay a
particular attention to the cardinality of the class of the 2-states as it turns out to be
the maximal number of regions into which the plane is divided by n + 1 circles in general
arrangement. In section 3, we establish an arrangement of circles that meets the previ-
ously mentioned criterion. The regions of the corresponding partition of the plane are
next encoded with binary words in section 4. We also this encoding scheme to the states
of the twist knot in section 5. Finally we establish a bijection between the partition of
the plane and the class of the 2-states in section 6.

2 Twist knot

First of all, let us focus on the following three family of knots.

Definition 3. Let n be a natural number. A twist loop is a knot obtained by repeatedly
twisting a closed loop. We call a twist loop of n half-twists a n-twist loop, and we refer
to such knot as 7,,. For instance, the O-twist loop and the 6-twist loop are illustrated in

Figure 4.

Figure 4: The 0-twist loop (unknot) and the 6-twist loop.



We introduce the second simplest family of knot by applying a slight surgery to the
twist loop.

Definition 4. We construct a foil knot or shortly a foil [14] of n half-twists by removing
a little arc from the right-end and the left-end of the n-wist loop, then connecting the
ends in pairs by arcs that do not cross each other as in Figure 5. We call a knot of such
kind a n-foil and we refer to it as Fj,.
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Figure 5: Constructing a 6-foil knot from a 6-twist loop

In the same idea, we define the twist knot as follows.

Definition 5. We let T, denote a twist knot [9] of n half-twists which is a knot obtained
by linking the ends of a n-twist loop together. Therefore, we may consider the twist knot
as two-parts knot: the twist part and the link part. The former consists of n half-twists
and the latter consists of two crossings (see Figure 6).

.the twist part
" the link part

Figure 6: The two parts of the twist knot: the twist part and the link part.

Remark 6. Following the construction of the foil knot and the twist knot, we have the
corresponding representation of the 0-foil Fjy and the O0-twist knot Ty in Figure 7. Notice
that the representation of the 0-twist knot always has 2 crossings in the link part.

-

Figure 7: Construction of the 0-foil and the O-twist knot from the O-twist loop.
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We have the following immediate result.

Corollary 7. The generating polynomials of the O-twist loop and the 0-foil knot are re-
spectively given by

To(x) =z
and

Fy(z) = 2°.

In order to compute the generating polynomial T, (z) of the n-twist knot, let us first
focus on how the split operation affects the link part. The results are four intermediate
state diagrams as illustrated in Figure 8.

Figure 8: The states of the link part.

The words AA, AB, BA and BB represent the splits sequence we have applied to the
link part. As an immediate application, we give the generating polynomial of the O-twist
knot.

Corollary 8. The generating polynomial of the 0-twist knot is
To(x) = 2° + 227 + 2.

Proof. The states of the 0-twist knot are illustrated in Figme 9. The associated generating
polynomial is then given by To(z) =  + 2* + 2° + 2

0000

Figure 9: The states of the O-twist knot

Proposition 9. The generating polynomial of the n-twist knot is given by
To(x) = Th(x) + (x 4+ 2)Fy (), n > 1, (1)

where T,,(x) and F,(x) respectively denote the generating polynomial of the n-twist loop
and the n-foil knot.



Proof. Given a n-twist knot, we split the link part and we obtain four diagrams: a n-twist
loop, two n-foil knots and the disjoint union of the unknot and a n-foil knot (Figure 10).

T, UF,

Figure 10: The four intermediate states of the the twist knot.

Hence we write
To(x) = To(x) + 2F,(z) + o F, ().

O
We can solve the expression of T, (z) for the closed form following T, (z) and F,(z).
Proposition 10. The generating polynomial of the n-twist loop is given by
T.(z) =xz(z+1)", n>0. (2)

Proof. When n = 0, we recover Ty(z) = z. Let n > 1, we split the leftmost crossing so
that the resulting diagram is either a disjoint union of the unknot and a (n — 1)-twist
loop, or uniquely a (n — 1)-twist loop (see Figure 11).
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unknot
Figure 11: The states of one crossing of the n-twist loop.
The corresponding generating polynomial is therefore
To(x) = aTh(x) + T (2). (3)
Taking into consideration the expression Ty(z) = x, we obtain

To(z) = z(z+ 1)".



Writing T, (x) := Z tnvkxk and identifying the coeflicients of the generating polyno-
k=0
mial, formulas (2) and (3) allow us to define the following recurrence:

tn,O = 07 tn,l = tn,nJrl = 17 n = 07
bnk = tp—1k + tp—1k—1, 1<k<n+1,;

which gives Table 1 for 0 <n < 6and 0 <k < 7.

n\k[0O 12 3 4 567
0 |01

1 (011

2 1012 1

3 1013 3 1

4 1014 6 4 1

5 (01510 10 5 1
6 |0 16 1520 15 6 1

Table 1: Values of ¢, for 0 <n<6and 0 <k <7,

We notice that the values in Table 1 represent a horizontal-shifted binomial coefficients

table with ¢, , = 1 <k <n+1. Besides, we should mention that the constraint

n
k—1)
tho = 0, n = 0, actually holds for any knot since a state is at least composed by one
component.

Proposition 11. The n-foil knot has the following generating polynomial:
Foz)=(x+1)"+2° -1, n>0. (5)

Proof. When n = 0, we verify Fy(z) = 2. Let n > 1, we split a crossing of the n-foil as
illustrated in Figure 12, and we obtain either a (n — 1)-twist loop or a (n — 1)-foil knot.

Tn—l

Figure 12: The states of one crossing of the n-foil.

We then write
Fu(x) = Tha(z) + Fooa(2). (6)
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Since Tj,(z) = z(z + 1)" and Fy(z) = 2°, we get

ZTk + Fo(x

:(x+1) — 1422
U

As previously, if we write F,( Z furz®, then we obtain the following relation

k>0
by combining (5) and (6):

o1 =0, foo=fiza=1;
fn,O = 07 n 2 07 (7)
fn,k = fnfl,k + -1k, 0< k< n.

The values of f, , are then arranged in Table 2 for 0 <n <k < 12.

n\k ‘0 1 2 3 4 > 6 7 8 9 10 11 12
0 (0 0 1
1 0 1 1
2 10 2 2
3 |0 3 4 1
4 10 4 7 4 1
5 |0 5 11 10 5 1
6 |0 6 16 20 15 6 1
7T 10 7 22 35 35 21 7 1
8 |0 8 29 56 70 56 28 8 1
9 |10 9 37 84 126 126 84 36 9 1
10 |0 10 46 120 210 252 210 120 45 10 1
11 |0 11 56 165 330 462 462 330 165 55 11 1
12 10 12 67 220 495 792 924 792 465 220 66 12 1

Table 2: Values of f,,; for 0 <n <k < 12.

We browse the columns in Table 2 and identify the corresponding OEIS [16] entries.
e We recognize the common constraint f, o =0, n > 0.

e We have f,1 = A001477(n) = n, n > 0. It represents the number of 1-states that
is obtained by applying an A-split at a chosen crossing, and applying a B-split at
the remaining n — 1 crossings. We justify the value fo; = 0 since the 0-foil already
consists of two components.
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e In the third column we have f,o = 1 and f,» = A000124(n) = (Z) +1,n>1.

Here, (fn2)n>1 is the lazy caterer’s sequence [6, p. 5] which describes the maximum
number of pieces of a disk that can be made with a given number of straight cuts.

e Finally, when k& > 3, the remaining columns represent the usual binomial coefficients,

ie., fur = (Z) n> k.

We can now give the closed form of the generating polynomial of the twist knot.

Corollary 12. The n-twist knot has the following generating polynomial
To(r) =21+ )"+ 2% +22° — 2 —2, n > 0. (8)

By formulas (1) and (8), we deduce the recurrence that defines the coefficients of the
polynomial t,(z) = Z ToxT", namely
k>0
{Tn,o =0, o3 =713=1, n = 0; ()
Toge = fag—1+ 20k Ftog, 0<k<n+1.
Next, let us arrange the coefficients in (9) in Table 3 for 0 < n < k < 12, and identify the
corresponding columns.

n

n\ k‘ 0 1 2 3 4 > 6 7 8 9 10 11 12
0 (0 1 2 1
1 0 3 4 1
2 |0 5 8 3
3 |0 7 14 9 2
4 10 9 22 21 10 2
5 |0 11 32 41 30 12 2
6 |0 13 44 71 70 42 14 2
7 10 15 58 113 140 112 o6 16 2
8§ |0 17 74 169 252 252 168 72 18 2
90 |0 19 92 241 420 504 420 240 90 20 2
10 |0 21 112 331 660 924 924 660 330 110 22 2
11 |0 23 134 441 990 1584 1848 1584 990 440 132 24 2

Table 3: Array value of the coefficients of T,(z), 0 <n < k < 11.

e Again, 7,0 = 0, n > 0, which is the common constraint.
e We have 7,1 = A005408(n) =2n+1, n > 0.

e For n > 0, we find 7,5 = A014206(n) = n® + n + 2, which is the maximal number
of regions into which the plane is divided by n + 1 circles in general arrangement.
We give further details in the next section.

9
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Figure 13: Denton-Doyle type 0 move on the sphere.

e When k£ = 3, the corresponding column is defined by the initial value 753 = 1 and

1
the n-th term 7, 3 = A064999(n) = 3 (n*—n+3),n>1

n+1
k
coefficients, horizontally shifted and doubled.

Remark 13. From Table 1 and Table 2, we read

e Finally, when £ > 4, we have 7, j, = 2 ,n > k—1. This is the usual binomial

T (z) = Fi(z) = 2% + (10)
and from Table 1 and Table 3,
Ty(z) = to(x) = 2° + 22% + 2 (11)
Also, checking Table 2 and Table 3, we have
Fy(z) = 11(2) = 2° + 42* + 3z. (12)

We can explain these equalities by introducing the following definition.

Definition 14 (Denton and Doyle [5]). Let us draw the shadow diagram on a sphere.
When we have a loop on the outside edge of the diagram, we can redraw this loop around
the other side of the diagram by pulling the entire loop around the far side of the sphere
without affecting the constraints on any of the already existing crossings (see Figure 13).
We call the move a type 0 move on the sphere, denoted 052

Since this particular move does not remove nor create a crossing, the number of region
remains intact. Knots which are planar isotopic or related by a sequence of 0S% moves
then have the same state diagrams (modulo some rearrangements), and thus, the same
generating polynomial. The equalities (10), (11) and (12) result from this property (see
Figure 14).

3= §-@ &-E&

Figure 14: Knots T = Fy, T5 = 19 and T3 = 11 under 052 move.
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3 A particular arrangement of circles

Let U denote an oriented unit circle of center O in the Euclidean space. We shall refer to
this circle as reference circle. Throughout this paper, we let € denote a finite family of
circles with radius » > 1 and centered at the border of U. We additionally impose that
circles in € are congruent and non-concentric. We let C,,, n > 0, denote a circle in €, of
center C,,, and we refer to the interior of that circle as D,,, i.e., the closed disk bounded
by that circle.

Let n > 0, we say that n circles are in general arrangement when

e they intersect pairwise, that is, if no two of them are tangent and none of them lies
entirely within or outside of another one;

e no three of them share a common point.

Circles in general arrangement divide the plane into a maximum number of regions
that is given by
P(n)=n*—n+2. (13)

Forn=1,2,3,... formula (13) gives 2,4, 8,14,22 32,44 58, ... (sequence A0142016).
The aim of the present section is to show that the circles in € are in general arrange-
ment. We begin with the following classic result.

Theorem 15 ([4, p. 96]). The perpendicular bisector of a chord passes through the center
of the circle.

Proof. An elegant proof is to consider the chord of the circle to be the side of an arbitrary
inscribed triangle whose three perpendicular bisectors must intersect in one point, the
center of the circle. O

Proposition 16. Given three circles in €, exactly one of the intersection points of the
two circles lies at the interior of the third circle.

Proof. Let €; and Gy denote the two circles, and let I and I’ be their intersection points.
The circles are the mirror-image symmetry of each other and whose line of symmetry is
(I1'). At this stage, the points I,0, " are, in this order, collinear since the line (I1")
is also the perpendicular bisector of the chord [C}C5] (see Figure 15). The same scheme
applies when we add a third circle C3. Let (A) denote the line of symmetry of the circles
C; and €3. The line (A) passes through O so that the points I and I” are in either side
of (A). Now, owning to the property of the reflection with respect to the line (A), only
one of I or I' is contained in Cs. ]

Proposition 17. Given three circles in €, an intersection point lies at the interior of the
circle centered at the same region that is bounded by the secant which joins the centers of
the other two circles.

11
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Figure 16: Circle centered at ('3 only contains the nearest intersection point of the circle

61 and (22.

Proof. Without loss of generality, we assume that we have the arrangement of circles as
illustrated in Figure 16. Let the secant (C7C%) which joins the center of the circles €; and
Gy divides the reference circle into two oriented arcs, and let I, I’ be the corresponding
intersections. This secant also divides the plane into two regions such that each of them
contains one intersection point of these two circles. Let the third circle C3 be centered at
C>Ch. We clearly see that C'3] > r. Since an intersection point has to lie in the interior

of G, then the only candidate must be I’ which is located at the same region as (7261
O

Notice that the result remains valid when the centers of the two circles are antipodal.
Theorem 18. No three circles in € share a common point.

Proof. 1f three circles in € share a common point, then their centers are respectively
equidistant to this same point. Necessarily we have » = 1, which is a contradiction. [

Definition 19. Let €, := {C,C,,C5,...,C,}, n > 1, with the circles being arranged in
counter-clockwise ascending order with respect to their index. A lune [2] is the region —
the crescent-shaped slice — delimited by D; \ D;_1, i.e., the region inside one but outside
the other. There are n lunes in this arrangement, namely D; \ D, ; for i = 2,...n and

12
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Figure 17: A rosette of 6 circles

D1\ D,,. The condition we impose on the arrangement of circles is to ensure no circles
are centered along the arc C;C;_.

Proposition 20. No arc of circles meet inside a lune.

Proof. Let k and ¢ be two nonnegative integers such that £ < ¢, and assume in the
contrary that there exist a lune D; \ D;_; that contains one of the intersection points of
Cr and €,. Then the opposite intersection lies inside the circle C;_; by Proposition 16.
Now, C; € D; \ D;_; means that €, € D;, i.e., by Proposition 17, the circle €; is either
centered at the arc @ m In any of these cases, one of the circle G or €, is
located along the arc C;C;_1, which is not conform to the definition of a lune. O

Corollary 21. Let n > 2. Then each lune are divided into n — 1 region.

Proof. The border of a lune contains the two intersection points of its two circles. There-
fore, there are n — 2 circles that must contain one of these intersection points, and leaving
at the same time n — 2 non-crossing arcs through the lune. Consequently, the lune is
divided into n — 1 regions. O

Corollary 22. Let n > 1. The circles in &, divide the plane into n®> —n + 2 regions.

Proof. There are n lunes on the plane, each of which consists of n — 1 regions. Then, the
total regions is n(n — 1) plus the outer region — the plane itself — and the central “hole”,
i.e., the intersection of the interiors of all the circles in &€,. Therefore, there are in sum
n(n — 1) + 2 regions. O

We conclude that the circles in €, are in general arrangement. If the centers describe a
regular polygon, then we call the motif defined by €, a circular rosette. Rosin [15] defines
the circular rosette as a geometrical figure formed by taking copies of a circle and rotating
them about a point — the rosette’s center. For example, we draw a circular rosette made
up from 6 circles in Figure 17. The number of regions defined by these 6 circles is then

P(6) = 32.
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Figure 18: The encodings of the partition of the plane defined by n circles, n = 1,2, 3.

4 Encoding the partition of the plane

We consider the binary alphabet {0, 1}, and we let P,, define the set of words of length n
defined over the alphabet {0, 1} such that a word = € P,, encodes a region of the plane
described by the rosette of n circles. The usual operation of words is the concatenation,
that is, writing words as a compound. If we write a word as m = 0103 - - - 0,,, then the bit
o; = 1 (resp. o; = 0) indicates that the concerned region lies inside (resp. outside) the
i-th circle. Moreover, we associate the plane without circles with the empty word . For
n =1,2,3 we encode the regions of the plane as in Figure 18.

Proposition 23. Let £; denote the set of words associated with the regions of the lune
D;\ Di—1. Then a word m; ; in the set L; is of the form

Tij = 0102010 """ 0p, Og.] gn—Q

where
O =0ip1 =" =045 =1, if i+ <n,
0; = 0441 = ':O'n:O'le'QZ"':O'Z'Jrj,n:l, an<Z+j<n—|—Z—2,
oy =0, elsewhere.

Proof. Since there are n—2 arcs which pass through a lune, they are arranged with respect
to the order of their center and divide the lune into n—1 regions (see Figure 19). A region
belongs to the interior of the circle C; for each j =4,i+1,...,n—1,n,1,2,...,i—2. O

Lemma 24. Given the family €,, by adding a new circle C,, centered along the arc
C,C1, we add a new lune D1\ D, 11, and create a new region inside each already existing
lune.

14



Figure 19: The encodings of the regions of the lune D; \ D;_;.

Proof. The new circle is centered at the arc C,,Cy, therefore, the new lune C; \ €, is
created (see Figure 20). Since an arc of this circle does not intersect any other arc inside
a lune, and since the interior of this circle has to contain an intersection point of each pair

mi0=00--
w1 =100--
Tio =00
7Ti,k — 00"
T k41 = 00--
Tik+2 = 10--
Ti k43 = 11--
Min—2 = 11---

-00100 - -
-00110- -
-00111 - -

-00111 - --
-00111 - --
-00111 - -~
-00111 - -~

10111 ---
/]\

0i—1

-00
-00
-00

10
11
11
11

11

of the other circles, necessarily a new region is created inside each existing lune.

This lemma is the key ingredient in the following encoding formula.

Theorem 25. Let P,, be the set of words encoding the regions of the rosette of n circles.
The set P11 can be constructed with the help of the encodings of the previous region as
well as those of the new regions that is obtained from the insertion of the new circle C, 1.

The set P, 1 is constructed according as follows for m = o109 -+ -0, € P,.

1. Ifo1 =0 then ' =70 € P,4q.

Cs

s
64 64

¢
65 e5

66 e6

Figure 20: The insertion of a new circle creates a new lune and introduce one new region

inside each of the previous lunes.
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2. Ifo, =1 thenn =71 € P,.q.

3. The additional regions are encoded by

p

0111---111 1000 - - - 000
0011---111 1100 - - - 000
0001---111 1110 ---000

) and )
0000---011 1111---100
\ 0000 - --001 \ 1111---110

Proof. First, note that the rules applies for the inner region 1...111 and the outer region
0...000. Now, adding a new circle introduced the new lune D; \ D,,y; which is crossed
by n — 1 arcs. The corresponding regions are therefore encoded by

(1000 - --000
1100 - - - 000
1110 ---000
1111 ---100

| 1111---110

The (n 4 1)-th circle also crosses all the previous lunes. Since C, .1 € C,C and by
Lemma 24, some of the regions of these lunes lie inside the disk D, ,;, and some are
outside. Moreover, by the same Lemma, one additional region appears inside each lune.
So excluding the lune D;\ D, 1, the encodings of regions of the current lunes are obtained
by the following formula for each i =2,3,...,n+ 1:

01 02 03 *++ Oj—2 0;—1 O0; Oj41 0342 " Op-1 Op Onyl
0 0 O 0 0 1 0 o --- 0 0 0
0O 0 O 0 0 1 1 O --- 0 0 0
0 0 0 0 0 1 1 1 - 0 0 0
0 0 0 0 0 1 1 1 1 0 0
0O 0 0 0 0 1 1 1 1 1 0
0O 0 O 0 o 1 1 1 1 1 1
1 0 0 0 0 1 1 1 1 1 1
1 1 0 0 0 1 1 1 1 1 1
1 1 1 0 0 1 1 1 1 1 1
1 1 1 1 0 1 1 1 1 1 1

16



Thus, letting ¢ = 2...n + 1, we identify the new regions inside each lune D; \ D;_; ,

namely
.

0111---1111
0011---1111
0001---1111
0000---0011
0000 - - - 0001.

\

We point out that in the previous calculation we do not consider the lune D, \ D,
as “new”, but rather as an “extension” of the previously lune D; \ D,, as formulated by
Lemma 24. [

In order to handle a more explicit encoding formula, we should introduce the following
notation.

Notation 26. Define the n'" concatenation of a word w as

w" = ww---w,
——

n copies
. 1 0_
with w' = w and w” = €.

We shall make extensive use of these operations throughout the rest of this paper.
The next corollary now directly follows from Theorem 25.

Corollary 27. The partition of the plane divided by n circles is encoded as

P, ={0,1}, P ={00,01,10,11}, P, :={0" 1"} UPr UPPUPPUP! n>3 (14)

where
P ={0"1"* | 1<k<n—1};
Pt = {1 0" [ 1<k <n— 1)
Pot={0F1" PP | 1<p<n—2and 1 <k<n—p—1};
Pro={10"""*1P | 1<p<n—2and 1 <k<n-—p—1}

Proof. For n = 1,2, we have the corresponding encodings as illustrated in Figure 18,
namely P; = {0,1} and P, = {00,01,10,11}. For n = 3, we obtain P3° = {011,001},
Pt = {110,100}, P3* = {010}, P3* = {101} and the inner plus the outer region
{000, 111}. These results also match the encodings in Figure 18.

Assume that the formula (14) holds when n = ¢ > 3 and let us show that it still holds
when n = ¢+ 1. By Theorem 25 and the induction hypothesis, we have

Prp1 = (?21 uPPu {0} )0 U <ZP}° uPitu {1f}>1 UPY, UPL,

17



where
PPO = {0F1 PRt | 1 <
= {0F1PHROP | 2 <
and
PPO={0"1"" 0| 1<k<l-1}.
We deduce that
PPOU PO = {0F1PHFOP | 1<p<l—Tand 1 < k< (-}
- ?g}kl'
Correspondingly, we have
PPIUPPL = {1F0PHF1P | 1<p<l—Tand 1 < k< (-}
Since {0°} 0 = {0""'} and {1°} 1 = {1°"'}, we finally have

Pt = P2, UPR, UPE, UL U {014

Corollary 28. Forn > 1, we recursively define P, 1 as follows.

n—1 n—1
Pt = {071} U (U ?3°p+10p> U (U P ) - (15)

p=0 p=0

Proof. When n = 1, we have

0 1-1
= {0%,1} U (U :J>‘1>°p+lop> U (U P )
p=0 p=0
= {00,11,01, 10}.
Now let n > 2. By Corollary 27, we may combine the pairs P30 |, PO and P, Pl as

T°+1U9’n+1—{0kln_p_k+10p|O<p n—1land 1 <k<n-—p}

o U iP p+10p
and

?1+1uﬂ>;1+1:{1’f0"*p*’f+11p\ogp n—1land1<k<n-p}

o Uj)n p+1

18



We conclude by writing
Prr = {07 1" U (PR, UPY ) U (PR, UPLL,) .
O

Remark 29 (Lang [12]). A sequence a = ag, @y, . .., 0,1 wWith a; € {0,1},i=0,...,n—1
is called a 0-1-sequence. A 0-1-sequence is called bitonic [3], if it contains at most two

changes between 0 and 1, i.e., if there exist subsequence lengths k,m € {1,...,n} such
that
ag,..-,ap_1=0, ag,...,0m_1=1, Gpn,...,ap_1 =0 or
ag,---,ap_1=1, gy ., 0p_1=0, Qu,...,a0p_1=1.

It follows that the set P, as defined in formulas (14) and (15) is exactly the set of
binary bitonic sequences of length n + 1. The cardinal of such set is known in the OEIS
as A014206(n) = n® +n + 2. Indeed, since {0°,1"} NPP* NP N PP NP} = & for any
nonnegative number ¢, then from formula (15) we verify that

n—1 n—1
HPir = # 0TI LY T HPR 00 HPE 1P
p=0 p=0

n—1
:2+22(n—p)

p=0
=n’+n+2 n>1

This formula is actually still valid for n = 0 since #%P; = 2. The value #%P,, 1 describes
the maximal number of regions into which the plane is divided by n + 1 circles in general
arrangement. But recall on the other hand that it is also the number of 2-states that is
obtained by splitting the crossings of the n-twist knot. The following section is motivated
with this enumeration.

5 Encoding the states of the twist knot

In the present section, we associate as well a state of a n-crossing knot with a length n
binary word. If we initially fix the order of splits, then the word w, = o105 - - - 0, relates
the split we have applied at each crossing. The bit o; = 0 corresponds to an A-split at
the i-th crossing, while o; = 1 corresponds to a B-split. As an illustration, we consider
the states of the trefoil T; (3 crossings) in Figure 21.

We impose from here that the first two splits are always those of the link part for the
twist knot. The order of these splits does not matter since the results are 00, 01, 10 and
11. Besides, we always proceed by splitting the leftmost crossing for the twist loop, and
for the foil knot, the split would start with an arbitrary crossing and followed with the
first-nearest clockwise one.

Let T,, denote the set of encodings of the n-twist knot. Thus, T, actually consists of
a set of words of length n + 2. It would cause no confusion if we take into account that
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Figure 21: The states of the trefoil knot and the associated encodings.

the n-twist knot is, recall it, associated with the number of its half-twists (here n). For
instance, the corresponding set associated with the trefoil T, in Figure 21 is given by

T, = {000, 001,010, 011,100, 101,110, 111}.

Let on the other hand F,, and T,, respectively denote the set of encodings of the n-foil
and the n-twist loop. The split of the link part suggests the following formula

T, := 00T, U01F, U10F, U1lF,, n >0

with obviously
01F, N 10F, N 00T, N11T, = @.

Referring back to Figure 8, it is immediate to notice that for n = 0, we have
Tp := {00,01,10, 11},

so that Ty = Fg = {¢}.

Remark 30. If we let T, j, Fx and T, ; respectively denote the subset of T,, F, and T,
which represent the encodings of a k-state, then we have

ka = OOka U Oan,k U 10Fn,k U 11Fn,k—1a n 2 0. (16)

The last factor in the right side is expressed with the 1-state because it coincides with
the states of the disjoint union of a resulting unknot — now counted as one component —
and the n-foil. Moreover

(Y Toi=()Fui=[)Tox =2, (17)
i>0 3>0 k>0
since the states are obtained form a full binary tree. The index i, j and k in (17)

are respectively supposed to follow the range defined in (4), (7) and (9). Consequently,
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Figure 22: The states of the n-twist loop, n =1, 2.

depending on the context, we refer to the empty word when we denote a state of a specified
number of components. For instance, we write Fo; = @ whereas Foo = {¢} because the
knot Fjy consists of two components.

Since we are particularly interested in the class of the 2-state, then by Figure 9 and
formula (16) we write

T072 = {01, 10}, Tn,2 = OOTn72 U OanQ U 10Fn,2 U ]-1Fn,17 n 2 1
Here we have necessarily Too = Fo1 = & as mentioned in Remark 30.

Lemma 31. Forn > 1, we have
Fn,l = Tn,2-

Proof. First of all, notice that they have the same cardinality. Referring back to formulas
(4) and (7), we have #F,; = #T,, = (T) For both knots, we have to choose one

crossing at which we perform an A-split. We then have perform a B-split at the remaining
crossings. So the encodings must be the same. O

Henceforth, let us adopt the following notation: T,, =%, T2 =T, and F, o = JF,,.
Taking into consideration Lemma 31, we now write

%o :={01,10}, ¥, := 015, U 10F,, U 00T, U 11T, n > 1. (18)
Proposition 32. The set of 2-states of the n-twist loop is
To:=2, T :={0}, T, :={1"01"* ' |o<k<n—-1}, n>2. (19)

Proof. When n = 1, there is only one possibility to obtain a 2-state for the knot 77,
namely an A-split. Thus T; := {0}. When n = 2, we have Ty := {01, 10} (see Figure 22).

Assume that formula (19) holds when n = ¢ > 2 and let us show that it still holds when
n = ¢+ 1. When we split the leftmost crossing of the (¢ 4 1)-twist loop, we obtain either
a disjoint union of the unknot and a ¢-twist loop, or simply a (-twist loop (see Figure 11).
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Figure 23: The states of the n-foil, n =1, 2.

The first case corresponds to an A-split, and in order to end up to two components, we
must apply a B-split a each of the crossings of the /-twist loop part. Therefore we have

Ter1 =0{1} U1T,.
From the induction hypothesis we write
Tepr = {01 U {1101 * " o<k < -1}
— {1y u {1 <k <o)
_ {1501M 10<k < e}.
0

Proposition 33. The encodings of 2-states associated with the n-foil is recursively given
by
{E} 9:1 {1} gjn = O(.Tn_l U 19:71—17 n 2 2. (20)

Moreover, for n > 2, we define the set F,, by
F, = {1°01%01" P * 2 |0<p<n—2and 0K k<n—p—2}U{1"}. (21

Proof. When n = 1, an A-split produces one 1-state whereas a B-split produces one
2-state. Accordingly, we have F; = {1} (see Figure 23).
When n > 2, recall that the generating polynomial of the n-foil is given by

Fo(z) =T,-1(x) + F,—1(x).

The first term in the right side is associated with an A-split and the second term with a
B-split. Expressing such polynomial in terms of the class of the 2-state, we have

Fn =071 U1, ;4.
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Let us now use induction to prove that formula (21) holds. When n = 2, the boundaries
0<p<2—2and 0<k<2—p—2imply

By Figure 23, we have F3 = {00, 01,10, 11} where the subset {00, 11} corresponds to
two consecutive A-splits and two consecutive B-splits.

Let ¢ € N be given, and assume that the formula (21) holds for n = ¢. From the
recurrence (20), we write

Foi1 = 1F, U007,
By the induction hypothesis, we have

0T, == {01*01“ " " o< k< -1} (22)
and

1, := {17+01*01 P2 |

0<
= {1P01F01° 71 | 1 < p

</ —-2and <
k

P gﬁ—p—Q}U{HZ}
<l—1and 0 < l

k
<l—-p-1}uf{1}. (23)
Combining (22) and (23) we get

Fopr = {1P01F01 P | 0<pP<l—1and 0K k<L —p—1} U {1},

O
Lemma 34. When n > 1, we have
Tpe1 = (0115, U 1015, U 010T,, U 100T,,) U 00T ;41 U 11,44,
Proof. Taking into consideration formula (20), we have
gn—i—l = Olgjn_i_l U 109:n+1 U OOTn+1 U 117714_1
= 01(07, U1F,,) U10(0T,, U 1F,) U00T ;41 U 11T, 44
= (0115, U 101F, U 0107, U 100T,,) U 00T;p11 U 11T;,41.
O

Corollary 35. Let w € T,, such that w is a compound of a prefix o € {00,01, 10,11} and
a factor B from either &, or T,. Let p be a transformation defined as follows.

p(01) = 011, p(10) = 101, p(00) = 010 and p(11) = 100.
We also define a map b which operates on the suffix of a word in %,

P: T, — {01} = {0102 s 0pony | 0; €40, 1}}
w=af— Pw) =p(a)s, with a € {00,01,10,11}.

Then we have
Tor1 = W(T,) U (00741 U 11T,044). (24)
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Proof. Notice that the map 1 is injective. Indeed, for w and w’ in ¥, the equality
P(w) = P(w') is word equality, i.e., both side are considered equal only if they are made
up of the same number of letter and the same letters at identical positions. It follows that
w = w'. Now consider the restriction of the set %,.; to 011F, U 101F,, U 010T,, U 1007,,.
It is clear that the map A defined as follows is a bijection.

A: 01T, x 10F, x 00T, x 11T, — 011F, x 1017, x 0107, x 1007,
(0181, 1085,0085,118,) +— (0115, 10155, 010835, 1003,) .

Since 01F,, N 10F,, N 00T,, N 11T,, = &, it follows immediately that
P(%,) = 0115, U 101F, U 010T,, U 1007,

and we conclude by Lemma 34. O

Example 36. Consider the set T; = {000,011,101,110}. We have
V(%)) = {0100,0111, 1011, 1000}

and

T, = {01, 10}.
Then applying formula (24), we have

%, ={0100,0111, 1011, 1000, 0001, 0010, 1101, 1110}.

Proposition 37. When n > 1, the set %, is obtained by the formula

T, =" ({01,10}) U (prp(ooyrnp> U (prp(mfrnp) : (25)

where P* =P opo---o0 and P’ = Id.

Proof. Let us use induction to prove that formula (25) holds for any n > 1.
When n = 1, we have

T, = ' ({01,10}) U <U ¢p<00>fnp> U <U ¢p<11>fnp>
= {011,101, 000, 110; :

Assume that the identity holds until n = ¢ > 1 and let us show that it still holds when
n = {4+ 1. Formula (24) allows us to write T, as follows.

T = 'LI)(‘Z@) U 00Ty U11Tp4,
= P(Te) UP?(00)T oy U (11) T,
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where ¥, is given by the induction hypothesis, i.e.,

$(Te) = <x|%({01, 10}) U (U xpp(oomp) U <U wp(11)75p>>

-1 -1
=P ({01,10}) U (U xbp“(ooxn_p) U <U tl)p“(ll)‘Tz-p) :

p=0 p=0
Thus
/-1 Y
T = ({01,120} U (U ‘PPH(UO)‘T@—p) UP°(00) Ty U (U 1|)p+1(11)7z—p>
p=0 p=0
U (11)Tpsy
¢ ¢
=1 ({01,10}) U <U ¢p<00>%_p+1> U (U wf’<11m_p+1> .
p=0 p=0

We might also take advantage of the definition of the map 1 as follows.

Alternative proof of Proposition 37. For p € N*, the map 1 have the following properties:

PP(01) = 0117, PP(01) = 1017, PP(00) = 0117710 and WYP(11) = 10177'0.  (26)
Now recall the recurrence which link F,, with T,,_;
350 = {8}, 351 = {1}, gjn = O‘J‘nfl U 13tn717 n 2 2.
We can unfold this recurrence and rewrite F,, as belows
n—2
F,={1"}u (U 1p0frnp1> . n= 2.
p=0
Now, back to the decomposition of ¥,,, we have

<, =013, U 107, U 00T, U 117,

=01 <{1”} U <nU2 1p07np1>> U 10 ({1”} U (U 11’07,”,1)) U007, U117,

p=0 p=0

n—2 n—2
= {011",101"} U (U 011?07np1> U007, U <U 101?0:Tnp1> U117,.

p=0 p=0
We conclude by (26).
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As similar as the previous section, we have a recurrence formula, namely (25), which
allows us to verify that

n—1 n—1
#T, = #9" ({01,10}) + D #WP(00) T, + > #OP (11T,
p=0 p=0

n—1
=242 Z(n —p)
p=0

= A014206(n).

We confirm that the set P, and ¥, have the same cardinality. The following section is
then devoted to finding a bijection between these sets.

6 The bijection

Recall that
%o :={01,10}, %, := 01, U 10F,, U 00T, U 11T, n > 1

and
P, = {0,1}, P, = {00,01,10,11}, P, := {07, 1"} UPL UPL UPP UPL n > 3.
e When n = 0, we define an obvious one-to-one map ¢ defined by
¢:P={0,1} — %, ={01,10}

such that @(0) =01 and ¢(1) = 10.

e When n = 1, we also define an obvious one-to-one map ¢ defined by
¢ : Py ={00,01,10,11} — ¥, = {000,011, 101, 110}
such that @(00) = 000, @(01) = 011, ¢(10) = 101 and ¢@(11) = 110.

In order to give an intuitive construction for the bijection ¢ between P,,,; and T,,, we
also recall the following formulas:

n—1 n—1
Prt1 = {0n+1’ 1n+1} Y (U j)(r)zop+10p> - (U j)izlpqdlp) ; nz2,
p=0 p=0

and

n—1

n—1
T, = {011",101"} U (U ¢p(00)irn_,,> U (U ¢p(11)7n_p> ,n =2
p=0

p=0

Since the set P, 1 and ¥, have the same cardinality, then it actually suffices to construct
an injective map. Let ¢, r be nonnegative integers, and let us introduce the following
notations:
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® Ty, = 01" e 3320 and T, = 10" e iP;l where 1 <r < {—1;
o Wy, = 1701t € T, where 0 < r < 0 — 1.
Lemma 38. Let the map ¢ and ¢ be defined as
¢ T =01 | 1<k <} — {wep =701 O <k < 0—1}
To41,r P Wer—1
and
G AT, =10 | 1<k <} — {wep = 1701 JO< k< -1}
M1 M Wer—1-
Then ¢, and $p are bijective maps.

Proof. We have 1 < r < /¢, and it suffices to browse the index r from the domain of each
map to the corresponding target set. O

The map ¢ can be interpreted as follows. A word in P°° is a compound of one block
of 0’s and one block of 1’s. In the block of 1’s, replace the 0’s by 1’s except the rightmost
bit, and in the block of 1’s, rightmost bit. For instance

$(0111111111) = 011111111;
$(0000011111) = 111101111;
$(0000000001) = 111111110.

On the other hand, we interpret the map ¢ as follows. A word in P! is a compound of
one block of 1’s and one block of 0’s. In the block of 1’s, remove the leftmost bit, and in
the block of 0’s, replace the 0’s by 1’s except the leftmost bit. For instance

$(1000000000) = 011111111;
$(1111100000) = 111101111;

G(1111111110) = 111111110.

Now, a word in T, is a compound of one block of 1’s, one block of 0 and another block of
1’s. Only one of the block of 1’s might eventually be empty. Therefore, the inverse maps
¢! and 571 are respectively described as follows.

(i) Replace the leftmost block of 1’s into a block of 0’s of the same length, then append
1 at the end of the rightmost block of 1’s. The map ¢! is defined as

O {we =170 0 <k < 0— 1) — {mpp = 0PI | 1<k < )

We,r ? To+1,r+1-
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(ii) Replace the rightmost block of 1’s into a block of 0’s of the same length, then append
1 at the beginning of the leftmost block of 1’s. The map 5_1 is in turn defined as

O {we = TR0 [0Sk < 0—1) — (T, = 1509 F [ 1<k < £}

Wy — ﬁﬁ-{—l,r—i—l .

Corollary 39. Let p be a nonnegative integer with p € {1,2,...,0—2}, and let the map
b, and b, be defined as

$p AT prip | 1<k <C—pb 0P — P(00) {wi—pi [0Sk <C—p—1}
71-ﬁ—p—f—l,rop — u’p(oo)wf—p,r—l

and

By Fepors | 1<k <0 p} 17— 02 (11) {wps [0 k< 0~ p—1)
ﬁg,erLrlp — ll)p(ll)wg,pr,l.

Then ¢, and $p are bijective maps.

We complete the bijection by imposing @(0""!) = 011" and @(1""!) = 101". In
practice, it is more convenient to decompose the map ¢ into the following restrictions.
First of all, the “new regions” mapping:

Qoo - j)(r)b(-)i-l — 007, and P11 - :])11111 — llzn
m — 00¢(7) T — 11¢(m).

Then, let 7 € :P?zl+1 (resp. T € ?;ﬁrl), and let p be the largest nonnegative integer, with

p < n — 1, such that we can write 7 as the compound 7 = 70”7 (resp. m = m17). The
associated maps are

Qor : PO, = PO U {0} — 019,
011", if 7 =0""
0117710d(my), if m = m 0P

and

@10 : P, = PO U {11} — 107,
101", if 7= 17"
1017710 (my), if 7 = m 1.

The inverse image @ ' can be constructed as belows.

o If w=00w; € 007, then @y (w) = o (w1);
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o if w= 11w, € 117, then @y (w) = $7l(w1);

o if w=wow; € 01F,, where w; € T, for some nonnegative integer ¢, then
Qo (W) = &~ (wn)0"

o if w = wow; € 10F,, where w; € T, for some nonnegative integer ¢, then
00 (@) =P (w)1"".

Note that the key ingredient of the bijection is to identify a prefix for the one, and then
transform it into a suffix for the other. Same scheme for the inverse. The following
examples aims at illustrating these formulas.

1. Let 0001111111 € Pyy. Then

©00(0001111111) = 00(0001111111)
= 00110111111 € 007y.

2. Let 1110111111 € %5. Since 1110111111 € 11T, we have

e (1110111111) = ¢ (10111111)
= 110000000 € Pg'.

3. Let 111100011111 € Py5. We identify the suffix 11111, whose associated prefix
is 1011110, and the factor 1111000 which is a word in PI'. Therefore we have
¢(1111000) = 111011. Finally we obtain the word 1011110111011 € 10F;.

4. Let 011111110111011111 € ¥14. The prefix and the corresponding suffix are respec-
tively 011111110 and 0000000, i.e, the remaining factor has to be mapped to P;.

Now, since the factor 111011111 is a word in Ty, the associated transformation is
¢(111011111) = 0000111111. So, the final encoding is 00001111110000000 € P;.

Finally, we perform the bijection entrywise in Table 4 for n = 0,1,2,3,4,5. For
instance, we read @go(0011) = 0010, @1;(11100) = 111101, @;(011110) = 0100111 and
When n > 0, then the entries in

e 013, and 10F,, are obtained by respectively applying 1\ to the entries of the previous
top cell, i.e,

013:’,1 = 11) (Olgjnfl U OOTnfl) and 103’~n = 'LI) (1035n71 U 117,1,1) 3

° 332;1 and 33;‘;1 are obtained by respectively appending 0 and 1 at the right-end of
the entries of the previous top cell, i.e.,

~

POt (33;';_ L UPO 1) 0 and P10 .= (33;0_ LUPL 1) 1.

n
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For example, consider the case n = 5.

n | P, P, 01F, 007, |0, P, 10, 117,
010 01 1 10
00 01 011 000 11 10 101 110
5 000 011 0111 0001 111 100 1011 1101
010 001 0100 0010 101 110 1000 1110
0000 0111 01111 00011 1111 1000 10111 11011
5 0100 0011 01100 (00101 1011 1100 10100 11101
0110 0001 01001 00110 1001 1110 10001 11110
0010 01010 1101 10010
00000 01111 011111 000111 11111 10000 101111 110111
01000 00111 011100 001011 10111 11000 101100 111011
01100 00011 011001 001101 10011 11100 101001 (111101
4 | 00100 00001 011010 001110 11011 11110 101010 111110
01110 010011 10001 100011
00110 010101 11001 100101
00010 010110 11101 100110
000000 011111 | O111111 0001111 || 111111 100000 | 1011111 1101111
010000 001111 | 0111100 0010111 || 101111 110000 | 1011100 1110111
011000 000111 | 0111001 0011011 || 100111 111000 | 1011001 1111011
001000 000011 | 0111010 0011101 || 110111 111100 | 1011010 1111101
011100 000001 | 0110011 0011110 || 100011 111110 | 1010011 1111110
5 1 001100 0110101 110011 1010101
000100 0110110 111011 1010110
011110 0100111 100001 1000111
001110 0101011 110001 1001011
000110 0101101 111001 1001101
000010 0101110 111101 1001110
Table 4: The sets T,, and P,..1, n=0,1,2,3,4,5.
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