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Chapter 1

Introduction

In 1990, Takahashi and Satsuma introduced the box—ball system (BBS), a cellular automaton
with solitonic behavior [32]. It has since been studied from various perspectives, includ-
ing ultradiscretization of soliton equations [23, 35], crystal basis [14], the inverse scattering
method [28, 37], and the probability method [1, 2, 3]. In particular, the time evolution equa-
tion of the BBS is derived by applying a limiting procedure known as ultradiscretization to
the discrete Korteweg—de Vries (KdV) equation [35], a representative example of discrete
integrable systems. This process endows the BBS with properties such as an infinite num-
ber of conserved quantities and soliton solutions. In 1999, Nagai et al. revealed that the
ultradiscrete Toda molecule equation provides an alternative representation of the time evo-
lution of the BBS [23]. Furthermore, the time evolution of the BBS is described by a Mealy
automaton [30].

In 2006, Kuniba et al. found the time evolution of the BBS can be linearized by asso-
ciating states of the BBS with rigged configurations [14]. Consequently, the initial value
problem of the BBS can be solved. This correspondence, known as the Kerov—Kirillov—
Reshetikhin (KKR) bijection, was originally introduced in the study of solvable lattice mod-
els [11, 15]. The linearization method by the KKR bijection can also be applied to the ex-
tensions, such as the BBS with a box capacity larger than one, finite carrier capacity, or
multicolor balls [9]. Proving the linearization property of the BBS required Kashiwara’s
crystal basis theory [7, 14]. Mada et al. developed a combinatorial approach for the ini-
tial value problem based on “10-elimination” [19]. The relationship between these two ap-
proaches, rigged configurations and 10-eliminations, is discussed in [16]. In 2018, Kakei
et al. proved the linearization property by an elementary approach using “arc lines” and
“01/10-eliminations”. This approach can be easily extended to the BBS with finite carrier
capacity [13].

In recent years, various extensions of the BBS have been proposed [8, 17, 18]; however,
the relationship between some of these extensions and algebraic structures, such as the quan-
tum groups underlying the KKR bijection, remains unexplored. It is expected that linearizing
these extensions using elementary methods such as arc lines could elucidate these relation-
ships.

In this thesis, we study the three types of generalized BBS: box capacity extension de-



scribed by the ultradiscrete KdV equation, the relativistic BBS described by the ultradiscrete
relativistic Toda equation, and the soliton Mealy automata. We show the integrability of the
generalized BBS by linearizing them using a combinatorial approach.

The following section briefly reviews the original box-ball system and its linearization
method.

1.1 Box-ball system

In this section, let us review the original box—ball system and some descriptions of its time
evolution: ultradiscrete KdV equation, ultradiscrete Toda molecule equation, and Mealy au-
tomaton.

1.1.1 Ultradiscrete Korteweg—de Vries equation

The state of the original BBS consists of a row of infinitely many boxes and finitely many
balls, where each box can hold at most one ball (that is, box capacity is one) [27]. In this
chapter, when we refer to ‘BBS’, we mean the original BBS with a box capacity of one. The
time evolution of the state is defined as follows:

(i) Move the leftmost ball to the nearest empty box on the right,
(i) Repeat step (i) until all the balls have been moved once.

By mapping the empty box to ‘0’ and the box containing a ball to ‘1, the state of the BBS is
represented by the semi-infinite sequence 1 = (17,)%,, 1, € {0, 1} as
3 0, if the jth box is empty, (L.1)

Ch 1, if the jth box contains a ball. '

By repeating the time evolution, a series of BBS states is obtained (see Fig 1.1).

In this thesis, we suppose the number of balls is finite. Assuming that there are finitely
many balls and a row of boxes continues infinitely to the left, the inverse time evolution of the
BBS is uniquely defined. Specifically, the inverse time evolution can be obtained by reversing
the left and right sides of the row of boxes and performing the above time evolution. On the
other hand, the BBS with infinitely many balls has been studied from the viewpoint of the
probability method [1, 2, 3].

The behavior of the balls in the BBS has soliton property. So here, we define solitary
waves and soliton automata. A more general definition is given in Section 4.2.2. Let S be the
alphabet set and n = (7)), € § Z20 be a state of the automaton. Let T be the time evolution
on S%0. A string v on S of a finite length is called the solitary wave, if there exists a pair of
(m,l) € Z2,, such that T (v0*) = 0'vO*, where 0 means the string of length / as U This

I
pair of nonnegative integers (m, [) determines the (average) speed sp(v) = [/m. An automaton



is called the soliton automaton, if for all initial state n, there is some ¢ € Z., such that for
some n € Z. and solitary waves vy, Vv, ..., Vy,,

T'(;) = 0Mv,02v,0% - - - 0Fy,0%, (1.2)
sp(vy) < sp(vz) < -+ < sp(vp), (1.3)
where ki, ks, ..., k, are sufficiently large. Each solitary wave v; can be divided into smaller

solitary waves whose speeds are equal to sp(v;). These solitary waves obtained through this
division are called solitons. In the soliton automaton, solitons satisfy the following properties:

1. A soliton moves at a constant speed when not interacting, and

2. The sizes (the number of balls) and speeds of solitons are unchanged before and after
the interactions.

In the original BBS, the alphabet set S = {0, 1}, and the block of / contiguous balls (‘1’s)
forms a soliton of speed /.

t=0:011110000110001000000000000000000000 - - -
t =1:000001111001100100000000000000000000 - - -
¢t =2 :000000000110011011100000000000000000 - - -
¢t =3 :000000000001100100011110000000000000 - - -
t =4 :000000000000011010000001111000000000 - - -
t = 5: 000000000000000101100000000111100000 - - -

Fig 1.1: Time evolution of the BBS. There are three solitons of sizes four, two, and one.

Because it is necessary for the discussion in Chapter 2 and Chapter 4, we introduce an-
other definition of the time evolution of the BBS. Consider a carrier that transports balls from
left to right [31]. The carrier moves according to the following rules:

(i) The carrier starts from the leftmost site with no balls and runs to the right.
(i1)) When the carrier passes in front of the jth box,

e If the box contains a ball, the carrier picks up the ball, and
e If the box is empty and the carrier holds at least one ball, the carrier drops off the
ball to the box.

(iii) The carrier stops when all the balls have been transported to another box.

If we assume that the carrier loads and unloads balls in a first-in, first-out manner, the move-
ment of balls aligns with the initial definition.

Then, the time evolution T : 7' = p'*! of the BBS from time 7 to 7 + 1 is rewritten as the
following piecewise linear equation:

i—1
7! = min (L — 175 JZ (i - nﬁ“)] , (1.4)

i=0



where L = 1. The equation (1.4) is called the ultradiscrete Korteweg—de Vries (uKdV) equa-
tion. The uKdV equation is obtained by ultradiscretization of the discrete Korteweg—de Vries
equation [29, 35]. The N-soliton solution of (1.4) is given by Mada et al. [20]. By introducing
-1
auxiliary variables u'; = Z(nf — ™1, the equation (1.4) can be rewritten as
i=0

t+1

t r+1

Wiy = U+ =, (1.6)

with ug = (. The first term of min on the right-hand side of (1.5), L — n;, represents the
remaining capacity of the jth box and the second term u; represents the number of balls that
the carrier holds just before passing the jth box. The equation (1.6) means that the total
number of balls is conserved in the time evolution as u’; + 17, = 173.” + u; .1~ The following
diagram shows the changes in the number of balls on the carrier and the number of balls in
the box.

nj
t t
u; Ui
t+1
nj

Example 1.1.1. The time evolution for ' = 11110011001000. The state at # + 1 becomes
n'*! = 00001100110111.

1 1 1 1 0 0 1 1 0 0 1 0 0 0
()41—> 141—»241_; 3+4+3+ 2«1—»3«1—»4«&—»341—»2«&—»3 4}»24&—»1«&—»0
0 0 0 0 1 1 0 0 1 1 0 1 1 1

By choosing a general natural number as L in the equation (1.5), we can consider the
extended BBS with a box capacity of L, discussed in Chapter 2. It is also possible to consider
the BBS with different box capacities for each box, which is derived from the ultradiscretiza-
tion of the nonautonomous discrete Kadomtsev-Petviashvili (KP) equation [34].

1.1.2 Ultradiscrete Toda equation

In 1999, Nagai et al. showed that the time evolution of the BBS can also be expressed in
terms of the ultradiscrete Toda molecule (uToda) equation [23]:

Q! = min (E!, D), (1.7)
Ef' = Ei+ Q' -0, (1.8)
D =D+ 0 - 0, (1.9)



with initial values 6“ = Df)“ = (. Let us set the relation between the uToda variables and

uKdV variables 5'. Let N € Z.( be the number of blocks of contiguous balls and suppose

E\, = +oco. Fori=0,1,...,2N + 1, we set r{ as follows:
ry =0,
Py =Ty + Ei
i—1 i—1
=Y Ej+ Y 0 (=12, ,N+1),
=0 =1

:ZE;+ZQ; (i=1,2,...,N).

z)?i\(f)+l

We set the sequence 7' = (n;);‘;o from (7 as

! . ! ;o
o = 0, r,<j<r,,, forsomei=0,1,...,N,
J ! . ! .
1, r,_ <j<ry,forsomei=1,2,...,N.

Here, E; represents the number of empty boxes between the jth and (j + 1)th blocks of balls

and QS. represents the length of the jth block of contiguous balls at time . D;.“ in the uToda
equation (1.7)—(1.9) represents the number of balls that the carrier holds just before passing
the r) th box. Fig 1.2 shows the values of Q' and E", for the same example in Fig 1.1.

Ey O E O, E; O3 Ey

=0: 0111100001100010000000000000000000-+ 1 4 4 2 3 1 o
t=1: 0000011110011001000000000000000000-- 5 4 2 2 2 1 co
=2 0000000001100110111000000000000000-~ 9 2 2 2 1 3 oo
=3: 0000000000011001000111100000000000-~ 112 2 1 3 4 o
=4: 0000000000000110100000011110000000-~ 132 1 1 6 4 oo
=5 0000000000000001011000000001111000-~ 151 1 2 8 4 o

Fig 1.2: Q) and E, variables.

From the viewpoint of ultradiscretization of integrable discrete systems, various exten-
sions of the BBS can be obtained [8, 17, 18, 39], and the relativistic BBS discussed in Chap-
ter 3 is one of them.

1.1.3 Mealy automaton

The time evolution of the BBS is also described by a Mealy automaton with infinitely many
states [30]. First, we recall the definition of Mealy automaton.

7



Let Q and S be a non-empty set of states and a non-empty set of letters called alphabet,
respectively. We introduce a transition function ¢ and an exit function y:

©:0xS — 0;(q,5) ~ ¢, s), (1.10)
Y:0OXS = S;(q 5 = Y, s). (1.11)

We also introduce the mappings ¢, : QO — Q;q — ¢(q,s) for s € S and the mapping
Yy S — S;s5 - Y(q,s) for g € Q. An automaton < is defined by a quadruple (Q, S, ¢, ¥).
The action of .7 on the product of the set of states and the set of words with finite length 7 is
defined by

(@) : OxS" = OXS";(q; 851527+ 850) = (35 5152+ - ), (1.12)

where ¢g; = ¢, qu (g, $)),8; =y(qj,sj) for j=1,2,...,nand g = g,.1. The automaton
with initial state ¢’ € Q is denoted by <7, = (Q, S, ¢, ¥; ¢') which acts on §" as

l//q':Sn—>Sn;S]"'Sn}—>§1§2"'§n. (113)

A Mealy automaton &7 = (Q, S, ¢,y) is illustrated as a directed graph, with each state ¢
corresponding to a vertex. When ¢(q, s) = ¢’ and ¥(q, s) = §’, an arrow is drawn from the
vertex g to g’, with s|s” labeled next to the arrow (see Fig 1.3).

OO,
—

Fig 1.3: A directed graph corresponding to ¢(q, s) = ¢’ and ¥(q, s) = 5.

Now, let us explain the Mealy automaton that describes the BBS. Consider the Mealy
automaton shown in Fig 1.4, with the state set O = {qo,q1,¢2, ...}, the initial state gy and
the alphabet S = {0, 1}. Suppose the input is the binary sequence 7' that denotes the state
of the BBS. Then, the outputs sequence becomes 57! = T(#). The state g; of the Mealy
automaton corresponds to the state of the BBS in which the carrier holds k balls. If the
number of states of this automaton is truncated to a finite number, the BBS with a finite carrier
capacity proposed in [31] is obtained, and the linearization method of the time evolution of
this automaton is also discussed in [13].

0]0
/N 110 110 110 110
0808080808
0]1 0]1 0]1 0]1

Fig 1.4: The Mealy automaton describing the BBS time evolution.



Example 1.1.2. The time evolution for = 11110011001000 (same as Example 1.1.1). This
diagram matches the diagram in Example 1.1.1.

1 1 1 1 0 0 1 1 0 0 1 0 0 0
9 %WhAl—*‘b%'% Al—v%%v%%'fb%v%%' CI441—> %%’%*l-’%%’%%’%%’%
0 0 0 0 1 1 0 0 1 1 0 1 1 1

1.2 Linearization of the box—ball system

One of the reasons for the integrability of the BBS is that its time evolution can be linearized.
Kuniba et al. showed that the time evolution of the BBS can be linearized by the Kerov—
Kirillov—Reshetikhin (KKR) bijection [14], which was originally introduced for the analysis
of solvable lattice models [11, 15]. In this section, we review the KKR bijection for the
BBS [9] and show that the KKR bijection can be interpreted by using arc lines [13, 16, 19, 40].

1.2.1 Kerov-Kirillov—Reshetikhin bijection

In general, the KKR bijection can be applied to the extended BBS with a box capacity larger
than one or multicolor balls [14], but here we review the case corresponding to the original
BBS with a box capacity of one and only one type of ball. First, let us review the definition
of rigged configuration. Consider the data of the form

(#«»’ ™, Ju))), (1.14)

where @ = (", 15", ... 1) € (Zo0) (@ = 0,1) and JV = (10, T, D) € (Zao)".

pM is a Young diagram (ie. " >y’ > - > ,ugll) > 0). 4 is the length of the ith row

and I, is the number of rows in u®. Here, we set u© = (1,1,...,1) = (1»). Since the length
lo

of each row of u¥ corresponds to the capacity of each box in considering the KKR bijection

to the extended BBS, u® is not necessarily a Young diagram in general. Define the vacancy

number ps.l) corresponding to the row of length j in u‘V as

lq

g\ = > min(ju®), fora=0,1, (1.15)
i=1

P =4 24", (1.16)

qE.”) denotes the number of boxes up to the jth column from the left in u®, and therefore

qS.O) = Iy for j € Z.o. A pair (u®, uV) is called configuration if all py) are nonnegative. The
data (1.14) is called a rigged configuration if the following conditions are satisfied:

e Forall j € Z,
(1) (1) (1) (1)
0<J! < ST ST <y (1.17)

ij+mj—1 —



where {klﬂ](cl) = ]} = {l/,l/+ 1,...,ij+mj— 1}

Nonnegative integers Jfl) are called riggings, and the differences py) - Jfl)(z 0) are called

coriggings. If the rigging associated with a row satisfies Jfl) = p(j]) (that is, the corigging
is equal to zero), we call that row a singular string. By convention, the empty row in the
Young diagram is always considered singular. Here is an example of a rigged configuration
in Fig 1.5.

0 1
ﬂ() ()

118 4 | |1
(1) g 5

12| |5

Fig 1.5: A rigged configuration.

The vacancy numbers py) are written on the left of the Young diagram u" and the rig-

gings Jfl) are written on the right. Define the weight of the rigged configuration as

O = L, 1)), (1.18)

where |1(”| denotes the total number of boxes in (@ as [u@] = p\” + " +- - - + ,ug’). From the

nonnegativity of the vacancy numbers, we see wy > wy. For a partition w, let RC(w) denote
the set of rigged configurations with the weight w.

Next, let us define the highest path. Consider the binary sequence n = (1; ﬁ.‘:%) €{0,1).
is called a highest path if the following conditions are satisfied:

w = (wo,wy) = (|u

e Forall0<j</-1,

kel ..., I m=0}>#kel0,1,..., 1 | m=1}. (1.19)

The weight w = (wy, wy) of the highest path 7 is defined as
wo=#kef{0,1,....,[ =1} | =0}, w, =#Hk e {0,1,...,[ -1} | g = 1}. (1.20)

The condition (1.19) for j = [ — 1 shows wy > wy. For a partition w, let P(w) denote the set
of highest paths with the weight w.

There is a bijection between RC(w) and P(w). For 5 = (17)Z{; € P(w), the rigged config-
uration associated with 1 is defined recursively as follows. Assume the rigged configuration
associated with f = (; 3;%) is (A1 = (17, (@O, JOY). I gy = 0, (u®, JD) = @D, JD). If
1.1 = 1, we add a box to the longest singular string of (2", /() and make that string singular
by updating the rigging attaching that row to the new vacancy number. Since (u", J") does
not change when 1,_; = 0, we can consider the correspondence between the BBS state n with
finitely many balls and (u'V, JO).

10



Example 1.2.1. For = 0000000001100110111000--- (same as the sequence at t = 2 in
Fig 1.1), the corresponding rigged configuration is constructed as follows:

0 n0=0 0 n1=0 0 m2=0 0 n3=0 0 74=0 0 n5=0 0 n6=0 0 n7=0 0 ng=0 0 no=1 8 I:I 8

2, I[T]7 28, 37 2 9[[]7 2 8[T 7
10 |10
n4=1 7 7 n15=0 8 7 n6=1 7 7 n7=1 6 |6
7 7 8 7 7 7 8 7
[T 12T
ng=1 5 | |5
9 7
13| |11

In this case, the rigged configuration is (u", JV) = ((4,2, 1), (5,7, 11)).

Let us recall the important proposition. The length of each row ,ui.l) is the size (or speed)

of each soliton and the rigging corresponding to each row J;.U represents the position of each
soliton.

Proposition 1.2.2. (Proposition 2.6. in [14]) Define the time evolution 7 on a rigged config-
uration (", JV) = T(u®, JD) as

g = pu, (1.21)
TV = g0+, (1.22)

Then, the following commutative diagram holds.

]7[ KKR bijection (/,1(]), ](1))
7| /|
]]H'] KKR bijection (ﬂ(l), j(l))

This proposition shows that the Young diagram " remains unchanged and the riggings
increase by the length of the corresponding row in the time evolution of the BBS. That is, the
time evolution of the BBS is linearized, allowing us to solve the initial value problem for the
BBS. This is an inverse scattering method for the BBS.

1.2.2 Arc lines for the box—ball system

The construction procedure of the KKR bijection can be interpreted using arc lines that con-
nect balls (‘1’s) to empty boxes (‘0’s). Arc lines are typically drawn in order of increasing
‘depth’ (as explained later), but here, to clarify the correspondence with the KKR bijection,

11



we define the arc lines to be drawn sequentially from left to right. The Ol-arc lines for
the highest path n = (n J)’ are drawn recursively. Assume the arc lines corresponding to
=@ ])]: have already been drawn. If 1,.; = 0, no action is taken. If n,_; = 1, draw an
arc line that connects the ball in the (/ — 1)th box to the nearest empty box on the left that
has not yet been connected by an arc line. When adjacent ‘O’ and ‘1’ are connected, the
corresponding arc line is called an arc line of depth 1. Additionally, if the maximum depth of
the arc lines below an arc line is 7, then the depth of that arc line is defined as (i + 1). An arc
line of depth i is considered part of the same soliton as the rightmost arc line of depth (i — 1)
that lies below it. Let A; be the number of arc lines of depth j for j € Z.,. Swapping ‘0’s and
‘1’s connected by O1-arc lines gives the reverse time evolution of the BBS. If we assume that
the carrier loads and unloads balls in a last-in, first-out manner, the movement of the balls
corresponds to the arc lines.

In 1996, Torii et al. proved (4, 4, ...) are conserved quantities in the time evolution of
the BBS [36]. The conjugate of the Young diagram (4, 4, ...), the Young diagram obtained
by reflecting (1;, A5, .. .) along its main diagonal, is u" = (,u(ll), /1(21), ...)1n the corresponding
rigged configuration. Furthermore, for a soliton of size 7 in a finite-length path = (7,)’! i o
the rigging (or corigging) corresponding to that soliton is equal to the number of characters
(‘0” or ‘1’) located to the left (or right) of that soliton, ignoring the characters connected by
arc lines of up to depth n [13, 16].

Example 1.2.3. For = 0000000001100110111000--- in Fig 1.6 (as in Example 1.2.1).
There are three solitons of sizes two (shown by solid red lines), four (dotted blue lines), and
one (dashed green lines). The rigging ng) = 11 corresponding to the soliton of length one
counts the number of letters that the arrows point to.

0000000001 1¢
Pttt f

—>O

01%0111000

Fig 1.6: Ol-arc lines for BBS. The corresponding rigged configuration is (uV,JV) =
(4,2,1),(5,7,11)).

1.3 Outline of the thesis

This thesis is organized as follows.

In Chapter 2, we examine the BBS with a box capacity of L, which is described by the
ultradiscrete KdV equation. We consider an extension in which the dependent variable 7;
can take general integer values, including negative values or values greater than L. In this
extension, the interpretation using boxes and balls is no longer applicable, and the KKR
bijection cannot be employed. To address this, we devised a method to linearize the time
evolution by decomposing a state of the BBS into a background sequence, which moves at

12



speed one, and a soliton sequence, which evolves according to the time evolution of the BBS
with box capacity one.

In Chapter 3, we consider the soliton system derived from interpreting the ultradiscrete
relativistic Toda equation as a cellular automaton. We introduce arc lines based on new rules
that are distinct from the conventional ones and derive invariants corresponding to the sizes
of the solitons.

In Chapter 4, we show that there are only three types of soliton Mealy automata with
three states and two letters, and we discuss their integrability. The first one is the well-
known BBS with a carrier capacity of two. The second one follows the rule ‘Skip to the
box two spaces ahead’, for which we provided a simple linearization method. The third one
follows the rule ‘Jump on to the second nearest vacant box’. We show the time evolution
of this system is equivalent to the ultradiscrete Lotka—Volterra equation. It is known that the
ultradiscrete Lotka—Volterra equation can be transformed into the ultradiscrete KdV equation,
which describes the time evolution of the original BBS, through a variable transformation.

In Chapter 5, we give conclusions.

13



Chapter 2

Linearization of the box—ball system with
a box capacity of L for a sequence of
integer values

In this chapter, we construct a bijection between the state of the box—ball system with a box
capacity of L and a pair of two sequences. During the time evolution, one of the sequences
moves at speed one, and the other follows the rules of the box—ball system with a box capacity
of one, which can be linearized by the KKR bijection. Our method can be applied to a state
with dependent variables taking a negative value or a value greater than the box capacity.

2.1 Time evolution

In this section, we consider the BBS with a box capacity of L € Z., (BBS(L)). First, we
introduce the BBS(L) for L + 1 values. The set of the BBS(L) states is denoted by S; :

00 i i+1

SL:{n:(nj)jioe{(),l,...,L}Z>0 an<OO,UOZO,Z(L_UJ)Zzn](l:(),l,)}
j=0 Jj=0 Jj=0

(2.1)

The condition Z;ZO(L -nj) = 2?;}) n; corresponds to the condition for ‘highest path’ in
the case of the BBS(1). The same rules can define the time evolution 7, : §; — S;; ' —
n'*!' = T, (") of the BBS(L) as for the BBS(1) in Chapter 1, but the carrier loads and unloads
balls simultaneously [31]. A carrier that transports balls from left to right moves according
to the following rules:

(i) The carrier starts from the leftmost site with no balls, and it runs to the right.

(i1)) When the carrier passes in front of the jth box, it performs the following two operations
simultaneously:
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o if that box contains at least one ball, the carrier picks the ball(s) up,
e if that box is not full and the carrier has at least one ball, the carrier drops off as
many balls as possible into that box.

(iii) The carrier stops when all the balls have been transported to another box.

By repeating this procedure, the time evolution series of the BBS(L) states can be obtained
(see Example 2.1.1).
The time evolution 7 can be rewritten as a piecewise linear equation:

uly = 0, 2.2)
n; = min(L - ;. uf), (2.3)
i = 1y oy =

= 775. + max(0, 17;. + u; - L), (2.4)

where 773. is the number of balls in the jth box at time ¢, and u’j is the number of balls in the
carrier just before passing the jth box at time ¢.

Example 2.1.1. Box capacity L = 3. There are three solitons of sizes seven, three, and one
in the following series of time evolution of the BBS(3).

: 0002320002101000000000000 - - -
: 0000013300210100000000000 - - -
: 0000000033121010000000000 - - -
: 0000000000212321000000000 - - -
: 0000000000021012320000000 - - -
: 0000000000002101013300000 - - -
: 0000000000000210100033100 - - -

L S SN N
Il
AN DNk W= O

In the argument in the next section, we allow the state value 77;. to take a negative value
or a value greater than the box capacity L. For a state of arbitrary integer values, let M be
the nonnegative integer which corresponds to the maximal excess below O or above L, as
M = maxez,, max(—n;., 173. — L). One can find that M is invariant under the time evolution
equations (2.2)—(2.4). Define the set of states as

SL,M = {ﬂ = (T]]);io S {—M, -M+1,...,L+ M}ZZO Z |77]| <00, < 0,
=0

JE€Zxo

i i+1
max max(—1;,7; — L) = M, Z(L -n;) = Z nji=0,1,.. .)} ) (2.5)
=0 =0

15



We set variables 77; = i, + M, i, = u'’, + M, and L = L+ 2M [4]. Then, the time evolution
equations (2.2)—(2.4) become

iy = M, (2.6)
7" = min(L - 7', @), (2.7)
iy, = 7y + 0= 7"

= if; + max(0, 7, + @ - L). (2.8)

Since equations (2.7) and (2.8) are equivalent to equations (2.3) and (2.4) respectively,
we can regard this system as the BBS(L). Note that the carrier starts with M balls and stops
when the carrier and every box to the right of the carrier have M balls. Let T denote the time
evolution defined by equations (2.3) and (2.4) with the initial value of the carrier uy = M.

The time evolution of the BBS(L) can be expressed in terms of the BBS(1) by considering
a transformation between a binary sequence and an L + 1 value sequence [33]. We define two
binary sequences r; and I, from a state € Sy . Let J(') be a set of indices j, where
773. + ui > L, as

Jof)y = {j € Zoo | 1+l 2 L)

={j € Zso | 7+ 01, = L}. (2.9)

For a subset I = {iy, iy, ..., i,} C J(7"), let r;(7};) be the binary sequence of length L as

i 170X, jel,
r(#) = {oi—ﬁ.’fﬁ’z el (2.10)

and let r;(n") be the concatenation of r,(ﬁz.) as
ri(n') = (i) - ri(iy) - 1) - (2.11)
Similarly, let J'(77') be a set of indices j, where 77 + u;jrll >L,as

T0) =) € Zoo | 7y + u'} > L)
—1
1

={j € Zso | 7+ it} > L}. (2.12)

For a subset I’ = {i(,i,...,i,} C J'(), let I, (f];) be the binary sequence of length L as

l/ ~t. = ~f 7 ~t’ ’ 2.13
i) {woL‘"f, jer, 19

and let I, (i) be the concatenation of [ ]/(77;-) as

L) = L) - L (7)) - Lr () - (2.14)
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Example 2.1.2. L=2,75'=0,3,0,-1,3,0,2,-1,0,0,....
M = maxez,, max(—1;, 0, — L) = 1, L = 4, and ' = 1,4,1,0,4,1,3,0,1,1,.... Using
time evolution equations (2.2)—(2.4), we get

u'=0,0,4,2,-1,3,1,3,-1,0,...,
n'=0,-1,2,2,-1,2,0,3,-1,0,...,

i'=1,1,5,3,0,4,2,4,0,1,...,
71=1,03,3,0,3,1,4,0,1,....

Then, J(1f') = {j € Zso | 77, + i} 2 L} becomes
J(n") =1{1,2,4,5,6,7}.
Choosing a subset of J(') as I = {2, 5}, we obtain

ri(n") =000111111000000011111000011100000001 - - - ,

T[(ri(7")) = 100000000111111000000111100011110000- - - ,
1,(T. (")) = 100000000111111000000111100011110000 - - -

Theorem 2.1.3. For ' € S,y and I = {ip, iy,...,i,} C J("),

M (ri(0")) = L(TL(n")). (2.15)

Proof. From equation (2.4), we have 773. + ”3‘ = 77;.“ + ui . and J(i") = J'(T.(")). Consider
the carrier passing through L boxes from the jLth to the ((j + 1)L — 1)th position in r;(5’).

° Casel:jgélandﬁ;+ﬁ;<i

The carrier drops off Zt; balls into the first ﬁ; empty boxes and picks up f]; balls as

shown in Fig 2.1. Then, the number of balls in the boxes in this interval becomes 12;,

which is equal to 7! = min(L — 7', it").

o Case2: j¢ land i, + i, > L

The carrier drops off L— i7’; balls into L- i, empty boxes and picks up i; balls as shown
in Fig 2.1. Then, the number of balls in the boxes in this interval becomes L—- f];, which
is equal to 77" = min(L - 77, &,).

o Case 3: j € I (in this case 77, + &, > L)
The carrier picks up 7} balls. Then, the number of balls in the carrier is &) + 7f;. Since
ﬁ;+ﬁ; > ﬁ; > I:—f];., the carrier drops off Z—f]; balls as shown in Fig 2.1. The number of

balls in the boxes in this interval becomes Z—ﬁ;, which is equal to 773.“ = min(i—ﬁ;, i’).
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&.\/___/ v h/_/ \,./ v N 2
~1 ~r
—7; ;
Carrier: u
.1 Carrier: u ,+1 Carrier: u ,+1
~H1 =i - ~t+l — =t ~t+l
i i L uj i —L—77,- TIJ- ’7j L- 77, Uy

Fig 2.1: The carrier passes through L boxes from the jLth to the ((j + 1)L — 1)th position in
ri(n).

2.2 Linearization

2.2.1 Decomposition of the box—ball system state to two sequences

Let us decompose the BBS(L) to the “trivial” dynamics, which simply moves at speed one,
and the original Takahashi—Satsuma’s BBS.
We define the following sets of semi-infinite sequences:

Sy ={e =2y e Sum|cj+cjm < Lforj=0,1,2,...}, (2.16)

S(Lﬂ = { = (dj)7y € S | the length of every block of contiguous numbers that contains
only Os/1s is larger than L} . (2.17)

First, we decompose n € S, ) into two sequences ¢ € S(b) and d € S(D through the
decomposition map B, : Spy — S(b) ® S(Lﬂ, n — (c,d) defined by the following procedure:

(1) Let# = (fjo, 71, . . .) be as defined above, 77; = n; + M.

(2) Define a soliton flag sequence a = (ay,ay,...) € Sy as
ap =0,

0, @+ <L,

aj1 =44aj, 77_,- + f]j+1 =1L,

1, 77] + ﬁj+l > L,

O, 77]' + 77J'+1 < L,

=3a;, nj+tnwm=L (j=012..) (2.18)
1, 7]j+77j+1>L.

We say jis in a 0-segment if a; = 0, and in a /-segment if a; = 1.

18



(3) LetI ={j € Zso | aj = 1,a;,, = 0}, which is the set of the right ends of consecutive
1-segments. We define

bin(ny) = r/(1), (2.19)

where r; is defined in equations (2.10) and (2.11). In Example 2.2.1 below, we under-
line each group of L numbers to make it easy to see the boxes.

(4) We write “X” on the subsequence corresponding to the jth and the (j—1)th boxes where
j € 1. This means that we mark the right end of every consecutive 1-segment as well
as the position immediately to the left.

(5) We iteratively draw 10-arc lines from 1s in the jth box without “x’” and Os in the (j+1)th
box. Then, the number of arc lines that connect the jth box and the (j + 1)th box is

min(7j;, L- Rj+1)-

(6) Let b = (by, by, ...), where b ; 1s the number of 10-arc lines that connect 1s in the jth
box and Os in the (j + 1)th box. We will use this sequence in the proof of Theorem
229 If Ajy1 ~: 0, ﬁj + ﬁjt] < L, then min(ﬁj,L — ﬁj+1) = ﬁj- If ajy = 1, ﬁj + ﬁj+1 > L,
then min(#j;, L — #j+1) = L — #j41. Thus, we get

3 js a;=aj =0,
bj=3 L—1j1, aj1 =ajn=1, (2.20)
Ov (aj’ aj+1) = (1’0) or (aj+]7aj+2) = (190)

(7) Define a raised background sequence ¢ = (¢, Cy,...) as a sequence obtained by skip-
ping terms in the sequence b if “X” is written.

(8) Define a raised soliton sequence d=(dyd,..)asa binary sequence that is obtained
by eliminating Is and Os connected with the 10-arc lines from bin(z). Let §; be the num-
ber of consecutive Os and 7, be the number of consecutive 1sind as d = 0%1110%1%2 ...,

9) Letc = (cg,cy,...) € S(ngw where ¢; = ¢, — M (j = 0,1,...). This sequence is called

the background sequence [5].

(10) Letd = (do.d,,...) = 0110212 ... where s; = §—M, s; = §;=2M (j = 2,3,..).1; =
fi—2M(j=1,2,...). We call this a soliton sequence.

Example 2.2.1. L=2, M =1 and L = 4.
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n =0 0 3 1 -1 2 1 1 0 0
a = 0 0 1 1 0 0O 1 1 0 0
n =1 1 4 2 0 3 2 2 1 1
— X X X X
bin(p)=0001000111111100000001110011110000010001 - - -
% ) AN
> =1 0 o O O 2 O O 1 1--
¢ 1 0 0o 2 1 1--
c = 0 -1 -1 1 0O O0---
d = 000 001 111111000000 01 11 1100 000 00---
051707150

d =0*150130

Define the forward-shift operator A on S}, as

0, j=0,

(¢)j-1, otherwise. (2.21)

(Ale))j = {

Theorem 2.2.2. For € §; y, let ¢(n) be the background sequence and d(n) be the soliton
sequence, as defined above.
Ale(m) = c(T'L() (2.22)
T1(d(m) = d(T.(1) (2.23)

The background sequence c is shifted to the right at speed one, and the soliton sequence
d follows the time evolution of the BBS(1). Because the time evolution of the BBS(1) can be
linearized [13], we can linearize the time evolution of the BBS(L). This claim will be proved
from Theorems 2.2.7 and 2.2.9.

Example 2.2.3. L =2,and 7 =0,0,3,1,-1,2,1,1,0,0, ... € S, (as in Example 2.2.1)
c(p=0,-1,-1,1,0,0,...
d(;) = 0000111110000011100000 - - -
T,( =0,0,-1,1,3,0,1,1,2,0,...
c(Tr(p)) =0,0,-1,-1,1,0,...
d(T>(n)) = 0000000001111100011100 - - -

T
n - > Ty(m)
b P
(c(),d(m)) »(c(Ty(m)), d(T5()))

c(Ty(m) = Ac@m)
d(Ty(m) = T\(d(m))
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To prove Theorem 2.2.2, we define another procedure to obtain the background sequence
and the soliton sequence.

)

2)

3)

“4)

&)

(6)

Define a soliton flag sequence @’ = (a’,,ay,...) € S; as
a, =0,

0, fjje1 + 712 < L,

1 T Y ﬁj+l + ﬁj+2 = Z,

L, #j1 + 72 >Zz,

S|
I
Q

0, 71 +n<L,
=14a;, nmt+nma=L (=012..) (2.24)

I, nj1+n:2>L

We say j is in a right-0-segment if a, = 0, and in a right-1-segment if a; = 1. By
definition, it is clear that

a} =aj1 (j=0,1,..)). (2.25)

Letl’ ={j € Zso | a;. =1, a;._l = 0}, which is the set of the left ends of consecutive
right-1-segments. We define

bin'(n) = 1, (7), (2.26)

where I, is defined in equations (2.13) and (2.14).

We write “X” on the subsequence corresponding to the jth and the (j+ 1)th boxes where
j € I. This means that we mark the left end of every consecutive right-1-segment as
well as the position immediately to the right.

We iteratively draw O1-arc lines from Os in the (j — 1)th box without “X” and 1s in the
Jth box repeatedly. Then, the number of arc lines that connect the (j — 1)th box and the
Jth box is min(n;, L — n;_;).

Let b = (l;’,IS'l, ...), Where 13;. is the number of Ol-arc lines that connect Os in the
(j—Dth box and 1s in the jth box. Ifa;._1 =0,7-1+7; < L, then min(ﬁj,i—ﬁj_]) = 1.
Ifa; ., =1,7_1+7; > L, then min(ﬁj,f, —Rj-1) = L- i1j-1. Thus, we get

| ajy=a;=0,
b; =L -, a}_z = a;_l =1, (2.27)
0, (@, ) = (0, 1) or (@, @) = (0, 1).

Let ¢’ = (&), ¢}, ...) be a sequence obtained by skipping terms in the sequence b’ if «x”
is written.
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(7) Letd = (c?’,c?], ...) be a binary sequence that is obtained by eliminating 1s and Os
connected with the Ol-arc lines from bin’(z). Let 5; be the number of consecutive Os
and 7; be the number of consecutive 1s in d asd =0%170%1% ...

(8) Let ¢’ = (cj.c}....) € STy where ¢, = & = M (j=0,1,...).
9) Letd = (dj,d;,...)=0%110%1% .-, where s, = § = 2M, 1, = T, = 2M (j = 1,2,...).

Example 2.24. L =2,and 7 =0,0,3,1,-1,2,1,1,0,0, ... € S, (as in Examples 2.2.1 and
2.2.3)

nm= 0 0 -1 1 30 1 1 2 0--
almM= 0 0 0 1 1 0o 0 1 0--
T(m) = 1 1 0 2 4 1 2 2 3 1

X X X

— X
bin’(T,(n))= 1000100000000011111110001100001111101000 - -

~ w -

BTm= 1 1 0 0 0 0 2 0 0 1.

c(Tm)= 1 1 0 0 2 l---

c(Tm)= 0 0 -1 -1 1 0---

d ()= 00 000 000000111111 10 00 0011 111 00---
:011170515000

d =001°0130~

Examples 2.2.1 and 2.2.4 imply the following Lemmas 2.2.5, 2.2.6, and Theorem 2.2.7.
Lemma 2.2.5. For 5 € S, y, the following conditions are equivalent.
() (a(m); = 1 and (@(p));i1 = 0
(i1) (a’(T.()); = 1 and (@'(TL()))j-1 = 0

Proof. Let a(n) = (ap,ay,...),a’ (T.(n) = (aj,a,...) . Here, we prove that (i) = (ii) by
using equations (2.3) and (2.4). The reverse (ii) = (i) can be proved similarly.

e Case 1: 77;'—1 + 77;. > L, n; + '7;'+1 < L (See Fig2.2.)
1 t ! 1
ny+u; =L+, —L>0,and
7} = min(u}, L - 1)

:L—n;-.
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t+1 _t+l t+1

i1 nj M1

Fig 2.2: Case 1 in Lemma 2.2.5.

Therefore, we have

B+ = L= minGd L)+ (= - L
= min(u;_l - 77;’ L- r];‘—l - 773)
<0.

By using u';,, =1 + max(0, 7 + u; - L) > 7,

1+1 t+1

n; +niy —L=(L-n)+min@,,L-n5,)-L

= min(”;}l - 77;, L- 77; - 77541)

> 0.

Case 2: Thecasen,_, +m, > L7t +1; = L(i=k+ 1,...,j),n;. + 77;.+1 < L (See Fig
2.3)

mi+ui—L>ni+n_ —L>0fori=kk+1,...,jand
7! = minGu, L - 1))
=L-ni=kk+1,...,J).
From i, +u, —L > n\ +n,_,—L >0, we have u{,, > n. Then, we havern,  +u;,  —L >
M. +1,—L=0,and u;,, > n,,,. Through an induction procedure, we also obtain

t !
iy > 1

t t t t t
M1 M M1 i Miv1
A R R IR R IR
U 1 > Uy l > U l Uy o u; l 'uj+1 l )
+1 +1 +1 +1 +1
=1 Tk M1 n; M1
— ! — ot _ t
=L-m =L-ny =L-n

Fig 2.3: Case 2 in Lemma 2.2.5.
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Therefore, we have

t+1 t+1

My +n —L=min(u,_,L-n_)+(L-n)—L
= min(uj_, -, L — n{_, — 1))
<0,

At - L=(L-n_)+L-n)-L
=L—77§—1_’71t'
=0 (i=k+1,...,)),

1+1 t+1

n +ni —L=(L-n)+min(,,,L-1n)-L

= min(u;’ﬂ 1L - ’7;‘+1 -1

> 0.
i
Lemma 2.2.6. For n € S; y,
T} (bin(p)) = bin' (T, (). (2.28)
Proof. Let I be the set of indices
I'={i€Zx | (a(m); = 1,(a()ir1 = 0}
clieZso|ni+u; > L}
Then, from Lemma 2.2.5,
I ={i € Zyo | (@' (Tr(m))i-1 = 0, (a@'(T(m)): = 1}.
From Theorem 2.1.3, we have T} (bin()) = t;rrf(TL(n)). o
Theorem 2.2.7. Forn € S, y,
Ale(m) = ' (To(m), (2.29)
T\(d(m) = d'(Ty(n). (2.30)

To prove Theorem 2.2.7, we introduce 10-arc lines on the binary sequence n € S [40]
which can express the time evolution of the BBS(1) according to the following rules.

i) For n € &1, connect all 10 pairs with arc lines.

ii) Neglecting the 1s and Os which were connected already, connect all the remaining 10
pairs with arc lines.
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ii1) Repeat the above procedure until all the 1s are connected to Os.
1v) T,(m) is the state obtained by exchanging the 1s and Os in every connected 10 pair.

We can draw Ol-arc lines in the same fashion, and the following lemma is obvious from the
definition.

Lemma 2.2.8. (Lemma 1 in [13]) The 10-arc lines for » € S; coincide with the 01-arc lines
for T (n).

(Proof of Theorem 2.2.7.) From Lemmas 2.2.5 and 2.2.6, the 10-arc lines for ﬁl(l])
coincide with the Ol-arc lines for ISYI?(TL(ﬂ)). Using the 01/10-arc lines, min(#;, L—1i i+1)
can be described as the number of 10-arc lines on ﬁfl(n) that connect the balls in the jth
box and the vacancies in the (j + 1)th box. Similarly, min((m))j, L- (fFi]/)) j—1) can be
explained as the number of O1-arc lines on l;i\n/'(TL(n)) that connect the balls in the jth box
and the vacancies in the (j— 1)th box. Thus, it follows that A(b()) = E'(TL(n)) and A(¢(p)) =

¢'(TL().
When we obtain the raised soliton sequences c~1(n), ¢~1'(TL(1])) deleting Is, Os and 10/01-arc
lines that correspond to background materials, other 10-arc lines on bin(z) and 01-arc lines on

l;iVn’(TL(n)) do not change. Thus, we obtain T{” (Zl(n)) = Zl’(TL(n)), and T (d(n)) = d'(T(n)).

Theorem 2.2.9.
c(m) =c'(n) (2.31)
d(n) =d' (i) (2.32)
Proof. For the soliton flag sequence a, define indices i, i, ..., iy, ki, k2, ..., ky € Zsg as
{jezzolaj:O,ajH:l}:{i1<i2<...<iN} (233)
{] S ZZO | aj; = l,aj+1 = O} = {kl < k2 <...< kN} (234)
These indices satisfy the interlacing condition 0 < i} < k; < i) < ky < -+- < iy < ky.
Similarly, for the soliton flag sequence a’, define indices 7,7}, ..., i\, k|, k), ...k}, € Zs as
{JEZZola}_l:O,a}:l}:{i'1<i’2<...<i§\,} (2.35)
{]ezzola}_l:l,a;:O}:{k1<k§<...<k}V}. (2.36)

From equation (2.25), we have i, = i,,, k,, = k,(m =1,2,...,N).
Letting ko = k;, = —1, we have

ﬁj’ kn+1<j<ipg—1,
[;J-: E—ﬁj+1, in < j<k,—2, m=0,1,2,...) (2.37)
O’ ] = km - 1, km-
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from equation (2.20), and

f]j’ k, +1< ] < lm+1 1,
b, = ]:_f]j_l, I +2<j<k, m=0,1,2,...) (2.38)
0, j=i i+ 1.

from (2.27). We obtain ¢ from b by skipping the terms j = k,, — 1,k,,, and & from b’ by
skipping the terms j = i,,,i, + 1. Thus, we obtain ¢ = ¢’ and ¢ = ¢’. )
Letting 7j_; = L, we can write the soliton sequence d as d = 0" 17021% ... 1%0®, where

lm -1

S = i(i—ﬁj)— > b, (2.39)

j_km 1 j_kmfl"'1
771 k _1
= . b, (2.40)
J 1777 .j lm
andd’ asd’ = 0%110%21% - .- 1'v0>®, where
i -1
5 = Z(Z—ﬁj)—Zb;+M, (2.41)
l -1
5 = Z (L-#) - Z B, (m=23,...,N), (2.42)
m l
7= Zn, Z B, (m=1.2,..,N). (2.43)
J=im J=intl

Using equations (2.37), (2.38) and i, = iy, k,, = k,,, we have

i1—1

Si =5 -M=L+ ) (L=~ ). (2.44)
j=—1
im—1

Su=8,=L+ Y (L—#—fi) (m=23,....N), (2.45)
J=kin-1
kp—1

f,=7,=L+ Z(n,+nj+1 L) m=12,...,N). (2.46)

J=im

Therefore, we get d(1) = Zl'(n). Since L — 7j i —fj+1 = L —1n; — nj., the soliton sequences
d=0"1"0"12...1"0® and d’ = 0*1110*21%2 - - - 1’'N0* can be written as

im—1

Sm =8, =L+ Z (L=n;—nj1)s (2.47)
j:kmfl
km_l

tw=t, =L+ Y (j+m—L) (m=12...,N). (2.48)
J=im
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From Theorems 2.2.7 and 2.2.9, we obtain equations (2.22) and (2.23) in Theorem 2.2.3
as

Ae(p) = c¢'(T () = c(T1()),
T\(d(p) = d' (T (i) = d(T ().

A binary sequence d € S(Lf) is associated with a rigged configuration by the KKR bijection,
and the time evolution of the BBS(1) can be linearized (see Section 1.2.1).

Example 2.2.10. L =2

n=0,0,3,1,-1,2,1,1,0,0,...
c(p=0,-1,-1,1,0,0,...
d(np) = 0000111110000011100000 - - -
T)(p) =0,0,-1,1,3,0,1,1,2,0,...
c(T>() =0,0,-1,-1,1,0,...
d(T»(;)) = 00000000011111000111000000 - - -

T
n 2 > T,
5, 5,
(cp).d@)) Ty, d(Tym))

c(Ty(m) = Ale(m)) k

a(T. =T,(d
KKR bijection (L) = T,d(m) KKR bijection

y y

<C(11), ! |‘1> . (c(Tz(n)), ] I4>

2.2.2 Reconstruction of box—ball system state from two sequences

In this section, we prove the bijectivity of the map ;. First, we define the reconstruction map
Bt S(BW @S(Lﬂ — Sy (¢, d) — 1 as follows.

Let M = maxjez,, max(—cj,c;j — L), L =L+2M. Leté = (¢y,?,...) where ci=cj+M,
and _; = 0. Let d = 051+M [n+2MQs22M |42 [ n42M(> where d = 0111 - .- [NQ™,

In the algorithm below, we will define variables k) and sequences ¢V for j = 0,1,2,....
The integer k' will denote the position in the subsequence of d that corresponds to the left
end of the jth box of n (or #), and let k¥ = 0. The sequence & will be obtained by
inserting Os into & up to the jth box of n, with ¢ = &. Repeat the following procedure for
j=0,1,2,...in this order, and stop if & = M for all [ > j and d,, = 0 for all m > k7.
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1). For the binary sequence d, let X; = i — k'’ where i is the minimal integer that satisfies
i > kY, di.; = 1,and d; = 0. If there is no such integer i, let X; = +oo.
2). e Casel:X;<2L-¢&7 -¢&”

Let %D be the sequence obtained by inserting 0 between &/ )1 and EEJ ). The length
~(J+1) ~(j+1) —

of the subsequence of d that corresponds to the jth box of 5 is L — ¢l —¢;

L- ~§.’_+11) and let kYD be

KD = kO 4 (L - &9D).

j-1
Underline the subsequence of d, from dyy to dyjen_;.
o Case2: X; >2L - (]) - E;j)
Let gVtD = g0, Then the length of the subsequence of d that corresponds to the
jthbox of pis L — (J”) 65.’”), and let kY be

G 3 4 (= gU*D _ gD
k0 =k +( Ci-1 6 )

Underline the subsequence of d, from dy» to dien_.

(

After this procedure stops at step j = J, 7; is obtained by summing & with the number of 1s

over the jth underline indifi=0,1,...,J—1.Fori>J, 7 = ~§J).

Example 2.2.11. Consider L = 2, ¢ =0,-1,-1,1,0,...,d = 00001111100000111000 - - -
Then, M =1,L =4,¢=1,0,0,2,1,...,d = 00000111111100000001111100000 - - -

¢ (j=0)k®=0,i=12,and X = 12. 2L - &9 - =7 < 12.
¢=1,0021,..,L-&"-&" =3
d = 00000111111100000001111100000- - - .

e (j=DkV=3i=12,and X, =9. 2L -&" -&" =7<09.
¢®=1,0,0,2,1,...,L-¢& - &P =3.
d = 00000111111100000001111100000- - -

e (j=2k®=6,i=12,and X, = 6. 2L - &P - & =8 > 6.
¢®=1,0,0,0,21,....L-&-& =4,
d = 000001 11111100000001111100000 - - -

o (j=3)kP=10,i=12,and X3 =2. 2L - & - & =8 > 2.

¢%=1,0,0,0,0,2,1,...,L-&" - = 4.
d = 000001 1111 1100000001111100000- - -
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o (j=4Hk?® =14,i=24,and X, = 10. 2L - &’ - &’ = 8 < 10.
¢®=1,0,0,0,0,2,1,...,L-&> -0 = 4.
d = 000001 1111 1100 000001111100000 - - -

o (j=35)k»=18,i=24,and Xs =6.2L - & - =6 < 6.
a<6>:1,0,0,0,0,2,1,...,12—5;@—5;6):2.
d = 0000011111 1100000001111100000 - - - .

° (j=6)k®=20,i=24,and Xs =4.2L - & - &% =5> 4.
¢ = 1,0,0,0,0,2,0,1,...,Z—5§7)—5<67>:2.
d = 0000011111 1100000001 111100000- - -

o (j=7Nk"=22i=24,andX;=2.2L - -7 =7> 2.
é<8>:1,0,0,0,0,2,0,0,1,...,£—5‘68)—a§8>:4.
d = 000001 11111100000001 11 1100000 - - -

o (j=8)k® =26,i=+c0,and Xg = +00. 2L — & — &¥ = 7 < +co.
¢ =1,0,0,0,0,2,0,0,1,...,L-& - & = 3.
d =00000111111100000001 111100000 - -

Then, we obtain i = 1,1,4,2,0,3,2,2,1,...and p = 0,0,3,1,-1,2,1, 1,0,... ..

Theorem 2.2.12. (Injectivity of 5;)
Forn € Seu, B, o B)m) = 1

Proof. If we have the background sequence b = (b, by,...) € S(b) and a soliton sequence

d, we can get a binary subsequence that corresponds to the jth box of 57 by dividing d every
L- 13 E Further, 7j; is the sum of E and the number of 1s in the jth subsequence. Let ¢
and d respectlvely be the raised background sequence and soliton sequence constructed from
1. Thus it is sufficient to show that b is uniquely determined from & and d. In the following,
we will prove that X; < 2L — &7, - & if and only if (a, a;11) = (1,0) or (a1, a:12) = (1,0).

e Case 1: ajop—1 = Lapn = 0(k = 1,2,...,n) and (Gjpon+1, Gisons2) # (1,0). (See Fig
2.4)

Xi= (L - = &) + i + fliny
=L—-Cioy + Riss
Xiv1 = Tig1-
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From ;-1 = 1, ik = 0 (k = 1,2,...,n), We get flivoj—2 +Tisak-1 > Ly fivoe-1 + i <
L and b;,5, = ¢; < fji42,. Therefore

Xi < (L =81 + i) + Z (Z = Mivok-1 — fh+2/<)

k=1
+ Z (ﬁi+2k—2 + Mivok-1 — l~,)
k=2
=2L = Ci-1 — Risan
<2L-¢_ -8,
X1 =Xi—(L-¢1y)

< Z, - E'l'

<2L—& — .
e Case2: b;=¢;=L- Misl, Aiv1 = -+ = ar = 1, a1 = 0. (We need not insert zeros. See

k=2
X;=(L—-f;—&.1)+ Z(ﬁj + fj1 — L) + o1 + Tk
J=i
k-1

=L-¢_,+ Riv1 + Z (7 + fje1 — L.

JEitl

Fromaj,, = 1, we get ﬁj+ﬁj+1_z >0forj=i+1,...,k—1,and fromb,; = ¢ = f,—ﬁi+1,
we get 7,41 = L—¢&, and

Xl'ZZJ‘F(ZJ—éi)—E‘i_]

s ZZ - E','_l - E','.

e Case3: b; =¢; = fli,a; =---=a;=0,a4 =---=a, = 1. (We need not insert zeros.
See Fig 2.6)
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-1
X;=(L—1— &)+ Z(Z — 7= 1j+1)

Jj=i
k=2
+ > G+ 7o = D)+ +
j=l
-1
=2L =7 = &1 + ) (L= = 7fj1)
Jj=i
k—1

+ > G+ 7ijer = L.
j=l

For j =1i,...,1—1,froma;,; =0, we get L —7j; — i,y > 0,and for j = 1,...,k— 1,
from aj,; = 1, we get #j; + fi;»1 — L > 0. Recalling #; = &,

X;22L-¢y - ¢

n: i i+l Tis2 o Risan-1 Risan

a: a; ajip1 =1 aipp=0 - Qiyon-1 = 1 Aix2n =0
6;;1(”) . ()if'_h' 17 171 Oifﬁm 01:*77142 12 .. 17lis2n-1 01:*77,42”4 Oifﬁwzn 1ti+2n

b: 0 0 0 te 0 bi+2n = E‘,’

c: Ci Citl Cir2

d: Oz_ﬁi_z'i—l 17 171 Ol—ﬁm OZ—fmz 172 ... 17201 OL_ﬁHanl ()L—fmzn 17i+20=Ci

Fig 2.4: Case 1 in Theorem 2.2.12: a;-1 = l,aix = 0 (k = 1,2,...,n) and
(@ixon+1, Aivons2) # (1,0)

: i fix1 e fk—2 fik-1 Tk fik+1

a: 1 . 1 1 1 0
6;1(,’) . oL 7 L1 i ... L2 72 L1 11 1L L1 ik

b: & =L—flin G =L—Twa -+ Eeo=L—-fj 0 0 Cr-1

¢: Ci Cir1 e Cra Cr-1 Ck

d: OL~7i=Ci1 | itijin1 =L 17142 =L e 17-2+ik-1-L 171 1 QL= QLT+t ] e1—=Con

Fig 2.5: Case 2 in Theorem 2.2.12: bi=¢=1L- Mivt, i1 = =ar=1,a,4,1 =0
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i i i1 N i i1 e k-1 ik Tlk+1
a: 0 0 0 1 1 1 0
61;1(;7) . ()L—fli 17 ()L—ﬁm 171 .. OL_F]I 1 ()l—flm 171 . OZ‘_Flk—I 171 17 Oz—flk ()L—ﬁm 17t
b: =0 Cwr =M1 - &=L~ G =L -+ 0 0 Cr-1
C: Ci Cirl G Cra1 Cr-1 Ck Crs1
3 . OZ‘_;II_Z‘A‘fl 01:—7]:—77:” ... Oi_ﬁl—l_ﬁl 177/+771+1—Z 1'7/+|+771+2—L . 171 17 OZ«—ﬁk OZ—F];H 171 =1
Fig 2.6: Case 3 in Theorem 2.2.12: b; =¢; =, a; = - - =a;=0,a4;,1 =---=a, =1

Theorem 2.2.13. (Surjectivity of ;) For ¢ € S, d € S, (B 0 f;)(c, d) = (c, d).

Proof. For ¢ € Sgw and d € S(Lf), let n = B;'(c,d), and let a be the soliton flag sequence
calculated from 7. Let ¥; be the number of consecutive Os in soliton sequence d from d (If
dyy = 1,1et Y; = 0). We will prove the following four statements:

() FL<X;<2L- ~<” — &7, thenaj,; = 1and aj, = 0.

(2) If X; < L, thena; =1 and aj,; = 0.

(3) IfX; > 2L~ eg.f_)l ~&Pand ¥, <L-& - &, then aju) = ajn = 1.
@ IfX; 220 -0 &P and Y; 2 L&, - &7, thena; = a;.1 = 0.

In this proof, let D, be the subsequence of d corresponding to the kth box of 7.
(1) (L<X;<2L-&) -&). ShowninFig2.7.)

From the algonthm of reconstruction, we have c(’“) = 0 and E’yfll) = Egj_)l. Since

X;>L- ~(’+1) , Xj+1 becomes

Xj =X, - (L-2/)

<(eL-&f-&f)-(L-h)
L0

J
L-a 4+ — gD 4 (L - )
2I

IA

Jj j+1
~u+n ~(j+1)
i TCh

and we get E§]+ +12) = 0. First, we prove aj.; = 1. Let A denote the number of 1s in D;.
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() fA<L- N(’) : Since the number of consecutive 1s in d is larger than L, we get
A+X; - (L— ~<f)1) > L. Then,

ﬁj+ﬁj+]—Z:A+Xj—Z+55-j_)l—i
> 0,

and we geta;, = 1.

(i) fA=1L- N(’) : Let i denote the maximum index less than j such that the left end
ofconsecutlve Isindis at D;. From (i), ;1 = 1. Fork=i+2,...,j+ 1,

et +i—L=@L-")+L-")-L
_ ~(J) ~()
=L- ijz ijl
>0,

and we get q; = 1.
Next, we prove a;,» = 0. Let B denote the number of 1s in D .
(i) If B > 0: Since the number of consecutive Os in d is larger than L, we get

(L-x-L+e¥))+@L-&)-B)

— ~() ~())
=2L-X;-B-&) -V

> 0.
Here, using c(]+3) E.j) or 0, we get
N N ~(j+3
o1 + 00— L=(X; - L+c(])1)+(B+c(]+ N—L
= 2L+ X;+ B+ +&/)
Jj+2
<0,
and aj,, = 0.
(1) If B=0:
~ ~ 3 4
i1 + 70— L=(X; - L+c(’)1)+c(]+ 'L
(J) (J) ~()) ~(j+3) i
<L - - )+c +cj+2 - 2L
~(j+3) ~(j)
= G2 TE
<0

and aj,, = 0.
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(2) (X; < L. Shown in Fig 2.8.)

If we assume that X; | > 2L — é 5’ D and c(’) = EJ 11), then

jl_(L_c(j) _ (]))+X
<L ~(J 1) ~§J 11)+L

~(/ 1) ~(/ 1)
=2L - &b,

Therefore, we get X;_; < 2E—E§ é E(J and from Case (1) in Theorem 2.2.13,a; = 1
and aj = 0.

3) X;22L-¢) - andY; < L-2 -2, Shown in Fig 2.9.)
First,

i+ i —L= L~ ~Y)+@m=L-2")-L
7 ~() ~())
:L jJI—CjJ—Yj
> 0,

and we get a;,; = 1. Next, we prove a;,» = 1. Let B be the number of 1sin D ,,.

G) fB<L- ~(]+2) E(/{:’;) Since

B = X (L (J) _ ~(J)) (L ~(J) ~(J+2))

]+l

= { — (2L ~(j) _ EE_/))} + E(’) + 5§J++12)
(1) ~(j+2)
+C0

we obtain
~(J) ~(j+3)
Njs1 + Mjr2 — L=B- —Cin
(]+2) ~(j+3)
2 C]+1 + Cj+2

>0,

and then, aj., = 1.

~(j+2) ~(j+3).
(i) fB=L- Ciyi —Chp

~ ~ 7 7 ~() ~( +2) 3
M1+ 2 —L=(L— J)"'(L JJH) L
_ 7 =0U+2) _ x(+2)
=L- Ci T Cin

>0

andaj,, = 1.
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@ X;22L-¢) —&)andY; > L- & - . Shown in Fig 2.10.)
First, we prove a; = O.
() IfX,, <L- c(/) — E;j_)lz Since X;_; < L and Case (2) in Theorem 2.2.13, we get
aj1=1,a;= 0

() If X,., > L - 2 Y_)]: Let i denote the maximum index less than j such that
the left end of consecutive Os in d is at D;. From (1), ¢; = 1,a,,; = 0. For

k=i+2,...,],
ﬁk—l +ﬁk—L— C;(])l +E‘§€]) Z
<0,

and we get q;, = 0.
Next, we prove a;.; = 0. Let B the number of Is in Dj;.

(i) If B > 0: Since Y; is the number of consecutive Os in soliton sequence d from
dyi, we have
_ (7 _ =\ ~()) F_ =) ~(J+2)
Yj+B—(L—cj_1—cj)+(L—Cj J+1)
Using this, we obtain

i+ 7 —L=B+ a“) Ay

j+1
_7 (J) _ =0 _ vy
=L- Cioy — ¢ Y;
<0
(i) If B=0:
~ _ =) 4 =(+2)
nj+ 7 L—cj +Ciy L
<0,
and we obtain a; = a;_; = 0.
O
e ~5j) E;j)
U+D. ~(J+11) E(/jl E(_J'H) =0 E(j+1) — Z,(j)
J J J J+l .
~(j+2). ~(]+2) ~() ~(+2) _ ~(+2) _ ~(j+2) _ =()
¢V ¢y =C ¢ =0 iyl =0 Civ —CJ.
-, -
~ —_— e
d: 0---01---1 1---1 0---0 0---01---1
SN—— S~—— S~——
4 X&) B
i =A+d g =X - L+ 40 Gy = B+

Fig 2.7: Case (1) in Theorem 2.2.13
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&- 5(:/)

- &0 &0 L A
’ Jj-1 J . 20D _ 20 ZU+ )
~(7 ~(j+1 ~(J ~(j+1 ’ J J J+l J+2
FUHD. & 1 b= 1 Cg-j =0 FU). U _ F) FUHD) _ FUD) 23
- - B . J -5 JHL T T+ Jj+2
L—é(/)z —&(,f)l L2, & L2 [0
J= J= 1 i o 42
~ —_— ~ ——— —_— e ——
d: 0---01---1 1---10---0 a: 0---01---1 11 1---10---0
o n N B w=L-) - fm=L-&" Bu=B+el
1n: Nj-1=A+C., =X,
J
Fig 2.8: Case (2) in Theorem 2.2.13 Fig 2.9: Case (3) in Theorem 2.2.13
¢V &, &
“G+D. AGFD _ a0 S+ _ () (1)
TR ¢y = ¢ =6 i
g, IR D =) &t
-2, -&, -0, =& -0
~ e N — ——
d: 1---10---0 0---0 0---01---1
N—— N——
A B
S a0 S _ =) = _opo U2
if: 1 =A+¢7, nj=¢; Njs1 =B+ 5

Fig 2.10: Case (4) in Theorem 2.2.13

From Theorems 2.2.12 and 2.2.13, the bijectivity of the map £, is proved, and we have
the following theorem.

Theorem 2.2.14. A BBS state with a box capacity of L can be decomposed into a soliton
sequence and a background sequence.

S =S, ®S). (2.49)
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Chapter 3

Arc lines for the box-ball system related
to the ultradiscrete relativistic Toda
equation

In 1990, Ruijsenaars proposed the relativistic Toda equation, introducing a parameter of
the speed of light, as a Poincaré invariant generalization of Toda equation [24]. In 1997,
Kharchev et al. proved that the generalization of the relativistic Toda equation is derived
from a special reduction of two-dimensional Toda lattice hierarchy [12]. They discussed the
integrability of the relativistic Toda equation from the perspectives of the Lax pair, orthogo-
nal polynomials, and the tau function. The discrete version of the relativistic Toda equation
has also been studied using the Lax matrix or Hirota’s bilinear form [21, 25]. The ultradis-
cretization of the discrete relativistic Toda equation is interpreted as the time evolution of a
soliton cellular automaton [10]. Note that the parameter of the speed of light is eliminated in
the variable transformation used to discretize the equation, so the discrete/ultradiscrete rela-
tivistic Toda equation does not contain any relativistic factors. In this chapter, we introduce
10-arc lines for this automaton and obtain the conserved quantities corresponding to soliton
sizes.

3.1 Time evolution

The ultradiscrete relativistic Toda (urToda) equation is given by

F! = min (Q}, EY), (3.1)
o' =0\ +F,-F_, (3.2)
Ef' = E\+ F', —F' (3.3)

As in Section 1.1, the urToda equation with E' = +oo is regarded as a cellular automaton
by interpreting Q; as the length of a jth block of contiguous balls and E; as the number of
contiguous empty boxes between jth and (j + 1)th blocks. We call it relativistic box—ball
system (rBBS).
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The time evolution is described by the following rules:

(i) Move F ; = min(Q;., E;) balls in the jth block to the nearest empty boxes on the right
for j=1,2,...,N.

(i1)) Move the boxes that have the remaining Q;. -F ; balls in the jth block to just before the
(j + Dthblock for j =1,2,...,N.

Example 3.1.1. ' = 111110000111111001111011000 - - -

(i) — 000011111001111110111100110-- -

The underlined ‘1’s represent the balls moved in step (i). Here, F| = 4, F}, = 2, F}, =
1,Ft =2
bl 4 .

(i) — ™! = T(y') = 00001111001110T111100111110- --

The overlined ‘1’s represent the balls moved in step (ii).

The urToda equation (3.1)—(3.3) coincides with the uToda equation (1.7)—(1.9) by taking

oblique coordinates as

At _ pt+j-1 fto_ ottt ANt t+j—1

Q;=F;" " E;=E;", D;=0;",
and rewriting independent variable (z — j) as ¢. The initial value problem of the urToda equa-
tion can be solved by transforming it into the uToda equation. However, this transformation
requires computing the time evolution as many times as the number of solitons. In this chap-
ter, we aim to analyze the rBBS directly without transforming it into the uToda equation,
with a view toward applications including probabilistic analysis when the number of balls is
infinite.

3.2 10-arc lines for the box—ball system state and soliton
configuration

3.2.1 10-arc lines

For the original BBS, the 10-arc line that connects each ball to an empty box was introduced
by Yoshihara et al. [40] and used to linearize its time evolution [13] (see Chapter 1). Because
the arc lines corresponding to balls that move together with boxes always intersect with other
arc lines, it is impossible to distinguish solitons using arc lines drawn according to the same
rules as the original BBS. Therefore, we introduce new rules for drawing arc lines. In the
case of the rBBS, we define the 10-arc lines for a binary sequence 5 that describe the time
evolution by the following rules:

e Connect the kth ‘1’ in Q; to:
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o the kth ‘0’ in E;if 1 <k < F; and

o the space between Q;; and E;,; if k > F;.
e The order of drawing arcs is as follows:

(a) (i) Draw an arc from the leftmost ‘1’ that has not been connected by an arc.

(i) Draw an arc from the closest ‘1’ on the right of the ‘O’ or the space connected
by an arc just before that has not been connected by an arc.

(ii1)) Repeat (i1) until no ‘1’ is on the right.

(b) Repeat (a) until all ‘1’s are connected by arcs.

An arc has depth i if it is drawn during the ith repetition of (a). The rule of constructing 10-
arc lines above is similar to the “seat configuration” method for the original BBS proposed
by Mucciconi et al. [22], which is applied to analysis from the perspective of probability
theory [26].

The leftmost ‘1’ in each Q; is connected by an arc of depth 1. We say the leftmost ‘1’
in Q; and the arc connecting it belongs to the jth soliton. Consider the interval from the ‘1’
to the ‘O’ or the space connected by the arc of depth i belonging to the jth soliton. If a ‘1’
connected to the arc of depth (i + 1) is positioned between the ‘1’ and ‘0’ connected to the
arc of depth 7 belonging to the jth soliton, then we say that the arc of depth (i + 1) belongs to
the jth soliton.

Example 3.2.1. For the binary sequence in Fig 3.1, there are four solitons: one of size 6
(shown by solid lines), one of size 3 (long dashed lines), one of size 1 (short dashed lines),
and one of size 2 (dotted lines). The vertical lines represent the positions where the boxes
with balls are inserted.

011

-O
—O
——
—

[a—
-0
S—

=

T

10011/000 -

¥

Fig 3.1: 10-arc lines for rBBS.

3.2.2 Soliton configuration

Consider a pair (M = (M, M,,...,My),p = (p1,P2,-..,pn)) Where M; = {m;; < m;p <

< m} € Zl;'o, pi € Zsofori =1,2,...,N,and p; < p, < --- < py. We depict a pair
(M, p) as a collection of boxes arranged in left-justified rows and integers written in the boxes
and on the left of the rows: the length of the ith row is /; = #M;, the number m; ; is written in
the box of the ith row and jth column, and p; is written on the left of the ith row as in Fig 3.2.
For convenience in the discussions in Section 3.3, the ‘(i — 1)’s up to (p;+; — p;)th counting
from the left are underlined. A pair (M, p) is called a soliton configuration if it satisfies the
following three conditions:
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(A) mjy=i—-1fori=1,2,...,N;

(B) The ‘i’s are placed from left to right, under the ‘(i — 1)’s up to (p;+; — p;)th counting
from left to right or ‘i"’s for i’ < i — 2, where py,; = oo; and

(C) mi; > My ji1 fori> 1.

Let n; be the total number of ‘i’s in the sets M, M,, ..., My, that is, n; = #{(k,{) | my, = i}.
From the conditions above, we easily find that the soliton configuration is uniquely deter-
mined by a pair of sequences ({n,-}fial, {pi}fil).

We give an example of constructing the soliton configuration in Fig 3.2 from the corre-
sponding sequences (ng = 3,n; = 3,n, = 4,n3 = 2)and (p; = 1,p, = 3, p3 = 4, ps = 6).
Three ‘0’s must be placed in the first row as m;; = m;, = m;3 = 0 and two ‘0’s are under-
lined because p, — p; = 2. Next, we place three ‘1’s from left to right. Because ‘0’ in the
third column is not underlined, ‘1’ cannot be placed in the third column. Four ‘2’s are placed
in the same way. Two ‘3’s are placed in the first and second columns. Because condition (C)
does not allow my; = m;3, = 3, the ‘3’ in the second column is placed in the fourth row.

1]2]2]

0
1

0
2

AN B W=
| W=D

3]

Fig 3.2: A soliton configuration,(M = ({0,0,0, 1,2, 2}, {1, 1,2},{2},{3,3}), p = (1, 3,4, 6)).

Proposition 3.2.2. Consider 10-arc lines for given (Ey, Q1, E1, O3, ...,0y, Ey = o). For
every ‘1’ connected by the arc of depth i belonging to the jth soliton, let m;; = k— 1 if the ‘1’
belongs to Q. Let p; = Zi;(l) Eifor j=1,2,...,N. Then, (M, p) is a soliton configuration.

Noting E; = pj;.1 — pj, we can easily check that the above proposition holds. The jth
row corresponds to the jth soliton, while the ith column corresponds to the ‘1’s connected by
arcs of depth i. The underlined number m; ; corresponds to the ball that moves to the adjacent

block of vacant boxes, and the not-underlined number m; j corresponds to the ball that moves
with the boxes. The soliton configuration in Fig 3.2 is based on the arcs in Fig 3.1.
3.3 Conserved quantities of soliton sizes

We now prove that the size /; of each soliton is conserved over the time evolution. First, we
define the time evolution 7. on a soliton configuration

(Mt+1,pt+1) — Tsc(Mta pt)

as follows:
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(1) (Dropping rule) If there exist integers i, k, j such that k > i, my ;. = m;; + 1, my j_; is
underlined, and m; ; is not underlined, then drop the boxes to the right of the (j — 1)th
column in the ith row to the kth row.

(ii) Update p; by p;.“ = p;. + min(n;_l, p;. i p;.), where n; is the total number of ‘i’s that

appear in the sets M|, M, ..., My.

(iii) Replace every number m that is not underlined with m + 1. (Underlined numbers are
not adjusted in this step.)

(iv) Redraw the underlines to mf;l according to the new soliton configuration (M™*!, p'*!).

Note that the value of min(n;_l, p;. Wi p;) in step (ii) means the number of underlined

(j = 1)s in the soliton configuration. The time evolution for the example in Fig 3.2 is shown
in Fig 3.3.

19901\2\2\ 199\0\ 3/0]ofo
3l1]1]2 301 401
— —
412 @ 4l2]1]z]1]2]2] @ 6[2][1]2]1]2]2]
6|3]3] 6[3]3 8l3]3
(M*,p")
3l0of1] 3[ofo]1]
41 S 41
@ o[22 ]2[2]3]8] ™ o [2]2[2[2[a]3]
81313 8133

(A1t+l7pt+l)
Fig 3.3: Time evolution of the soliton configuration.

The following proposition shows that the dropping rule can properly apply to any soliton
configuration.

Proposition 3.3.1. (Validity of the dropping rule.) Let (M, p) be a soliton configuration. If
there exist integers i, k, j such that k > i, my -y = m; j + 1, my ;_; is underlined, and m; ; is not
underlined, then the lengths /; of the rows satisfy

I <li=j—1 (@(<i <k).

Proof. First, because (M, p) satisfies condition (C) and the numbers in each column are dif-
ferent and increasing, we find [; < j— 1 fori < i <k.

Next, we prove [, = j — 1 by contradiction. Suppose /; > j. Then, condition (B) implies
my; = my -1 + 1. Because my ;_; is underlined, condition (B) shows that the same value as
my ; is placed under my ;_;. This contradicts condition (C). |

Theorem 3.3.2. The time evolution of the rBBS is equivalent to 7. on the soliton configura-
tion.

41



Proof. Using the time evolution equations (3.1) and (3.3), we obtain
t+1 t

pj" = pj+min (”1—1’19341 - p;)

= p)j+ min (0}, £))

Because the number of underlined ‘(j — 1)’s at ¢ is F; and the number of ‘(j — 2)’s not
underlined at 7 is Q;_ —F ;._1, we can use equation (3.2) to show that the number of ‘(j—1)’s
at (r + 1) becomes

ity = Fi+ (0 - Fl)
_ t+l
= Q.
Because the soliton configuration is uniquely determined by ({rn;}}', {p,}), the theorem
holds. m|

Theorem 3.3.2 and the dropping rule in the time evolution on a soliton configuration lead
to the following corollary.

Corollary 3.3.3. The lengths /; of the solitons are conserved through the time evolution of
the rBBS.

Considering the state after a sufficient amount of time has passed and the interactions
between solitons have completely ended, we see that each /; corresponds to the length of each
soliton.

We have also developed a method to determine the rigging of each soliton from the soliton
configuration, and we can prove that the rigging increases linearly under the time evolution
of the rBBS. In the soliton configuration, the data is arranged in the order in which solitons
appear in the state of the rBBS. While we have confirmed that the original order of solitons
can be reconstructed from the unordered set of pairs of soliton length and rigging, a formal
proof has not yet been established.
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Chapter 4

Solitons in 3-state Mealy automata

In 2014, Tsujimoto et al. found that the original BBS can be represented as a Mealy automa-
ton with infinitely many states [30]. The BBS with a finite carrier capacity and the BBS with
a box capacity larger than one can also be described as Mealy automata by either limiting the
number of states or increasing the size of the alphabet. It is worth exploring the interrelation
between the BBS and Mealy automata. We consider Mealy automata from the perspective of
the BBS. We search for the Mealy automata interpreted as a soliton cellular automata based
on certain key properties of the BBS automaton. In this chapter, we first search for the soliton
Mealy automata where the alphabet size is two and the state set size is one, two, and three.
Following this, we discuss the linearizability of these automata.

4.1 Mealy Automata

The definition of a Mealy automaton is given in Chapter 1.

In this chapter, the automaton (Q, S, ¢, ) is called the automaton of the rype (|0, |S|).
For a given pair of (Q, S), ¢ and ¢ are uniquely determined by the pair of |Q| X |S| matrices
whose entries are in Q and S, respectively. Thus the total number of automata of the type
(101,15 ) is given by (1Q] x |S [},

Assume Q ={q0,q1,--->»gm-1}and S ={0,1,...,n— 1}. The automaton ¥ = (Q, S, ¢, ¥)
is determined by a quadruple of integers [m, n, k, [] as follows:

o Let w(gi, j) = qrij and ¥(q;, j) = g(, j) where f(i, j) and g(i, j) are the elements
of two m X n matrices, which are given by the m-ary expansion of k and the n-ary
expansion of /, as

(f(l’ j))OSi<m,O£j<n ’ (g(l’ j))0§i<m,0§j<n € Mat(m’ n)’ (41)
where
m—1 n—1 m—1 n—1
k=0 Fl pm = 3N G, (42)
i=0 j=0 i=0 j=0
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We call this automaton MA-[m, n, k, [].

Example4.1.1. m=3,n=2,104=1-3*+2-32+1-3'+2-3%11=1-2>+1-21 +1-2°

0 1 00
MA-[3,2,104,11] = [ O =1{q0,91,92},S ={0,1},] O 2 |, 1 O 4.3)
1 2 1 1

This automaton is the BBS with a carrier capacity of two, described later.

Next, we introduce the isomorphism and minimality of Mealy automata. If there exists a
pair of permutations (o, p) € Sig X S| such that

4.4)

&(q, s) = o(p(c(q),p~ (),
¥(gq,s) = pp(c™'(q),p7'(s5))), forallge Q,s€S,

then we say that the automaton (Q, S, &, ) is isomorphic to the automaton (Q, S, ¢, ). If
for any distinct states ¢ € Q and r € Q, there exist s € S* such that ¥(q, s) # ¥(r, s), then
o7 is called reduced or minimal. Here, S* is the Kleene closure of S, which is an infinite
set containing the empty string € and all possible concatenations of letters in S. If .27 is not
minimal, the behavior of <7 can be described by an automaton that has fewer states than <7

4.2 'The box-ball system with a finite carrier capacity

The BBS with a carrier capacity of &, derived by Takahashi and Matsukidaira from the mod-
ified KdV equation in [31], can be described as a Mealy automaton. This extension adds a
new rule to the time evolution of BBS(L = 1) explained in Section 1.1.1:

e If the carrier is already holding k balls when it passes in front of a box containing a
ball, then it passes by the box without picking the ball up.

We call this automaton the BBS-C(k). Kuniba et al. proved that the time evolution of the
BBS-C(k) is linearized by the KKR bijection [14].

Proposition 4.2.1. (Proposition 2.6. in [14]) Consider the BBS-C(k). Let s € {0, 1}*>0 be an
input sequence and § € {0, 1}*** be an output sequence. Let (u", JV) and (&, JV) be the
rigged configurations corresponding to s and § by the KKR bijection, respectively. Then, the
following relations hold.

D = 40, 4.5)
TV = JO 4+ min(u", k). (4.6)

Additionally, Kakei et al. provided an alternative linearization method based on the 01-
arc lines [13]. In this section, we define a soliton automaton after pointing out some nice
properties of the BBS-C(2) automaton.
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The BBS-C(2) is described by MA-[3,2,104,11]. The transition function ¢ and the exit
function ¢ are as seen in Example 4.1.1 and Fig 4.1. The state g, of this Mealy automaton
corresponds to the state in the BBS-C(k) where the carrier is holding k balls.

start
| 110 110
VR
o0 G Yo JD
0]1 0]1

Fig 4.1: The MA-[3,2,104,11] of the BBS with a carrier capacity of k = 2. ‘start’ means that
qo is the initial state.

The time evolution of the BBS with a box capacity of L and a carrier capacity of k is
described by the equations as

uly =0, 4.7)
! =1, — min(k — ', ) + min(L -, u’), (4.8)
”5‘+1 = u; + min(k — u;., 773.) — min(L - 77;., u;). (4.9)

If we take k = oo, equations (4.7)—(4.9) coincide with equations (2.2)—(2.4). Furthermore,
setting L = 1 results in the time evolution of the BBS-C(k).

4.2.1 Properties of the BBS-C(k)

We introduce several important properties of Mealy automata: transitive, time-reversible,
particle-preserving, and locally interacting.

If for every pair of two states g and ¢’ there exists a finite sequence (sy, $3,...,5,) € S"
such that

@5, © P, 0 0@ (q) =4,

the transition function ¢ is called transitive. In other words, for (Q, S, ¢, ¥) to be transitive
means that it is strongly connected as a directed graph. In this chapter, we say the automaton
(0,5, ¢, ¥) is transitive if ¢ is transitive. The following lemma and proposition are derived
from the graph’s strong connectivity. We use them to check whether the automaton is transi-
tive or not.

Lemma 4.2.2. Let ¢ be a transition function. If ¢ is transitive, there doesn’t exist ¢' € Q
such that

q ¢1{p(q.s) g€ O\{g'},s €S} (4.10)
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Proof. If ¢’ is not in {¢(q, 5) | ¢ € Q\{q'}, s € S}, it is not possible to reach ¢’ from any other
state ¢, and ¢ is not transitive. O

Proposition 4.2.3. The transition function ¢ is transitive if and only if for all non-empty
proper subset R C O, {¢(q, s) | ¢ € R, s € S} is not a subset of R.

Proof. First, we assume ¢ is transitive, and let R be a non-empty proper subset of Q. If
{e(g,5) | g € R,s € S}is asubset of R, then it is not possible to reach ¢’ € Q\R from g € R.
Inversely, we assume that for all R C Q, {¢(q,s) | g € R, s € S} is not a subset of R. For
each g € Q, let R, be the set of all reachable states from g as R, = {¢;, 0 ¢, , 0 -+ 0 ¢, (q) |
neZs,si €S (i=1,2,...,n)} Because of {¢(q’,s) | ¢ € Ry, s € S} = Ry, R, is equal to
Q. Therefore ¢ is transitive. O

Next, we discuss the time-reversibility of Mealy automata. There are two types of time-
reversibility: left-invertible automaton and right-invertible automaton. If the mapping ¢, :
S — S;s5 - Y(q,s)is abijection on S for all g € Q, the automaton (Q, S, ¢, ¥) is said to be
left-invertible. Note that left-invertible automata lead to the automata group [6]. In the BBS-
C(k), the exit function at state g, outputs 0 regardless of the input, indicating it is not left-
invertible. We introduce another time-reversibility. If the mapping (g, s) — (¢(q, $), ¥(q, 5))
is a bijection on Q X S, the automaton (Q, S, ¢, ¥) 1s said to be right-invertible or bijective.
The total number of bijective automata of type (m, n) is (m X n)!.

The automaton o7 is said to be particle-preserving if there exists a weight function w :
Q U S — R such that the function w is not identically constant for s € S and

w(g) + w(s) = w(g) +w(5) forall(g,s)e OxS, 4.11)

where ¢ = ¢(q, s) and § = ¥(q, s).

Because we can consider whether an automaton is particle-preserving, even if it is not
minimal, the condition that the weight function w is identically constant for ¢ € Q is unnec-
essary.

To define locally interacting, we define the vacuum alphabet and the final state set. Let F
and V be a non-empty subset of Q and S, respectively, such that for all ¢,q" € F,q" € Q\F
and s € V¥,

w(g, ) #q", ¢(q,8)=4q (4.12)

where s’ is some element of V*. We call V the vacuum alphabet and F the final state set with
respect to V. In the case that the final state set with respect to V is unique, then we call F the
vacuum state set and the pair (F, V) the vacuum pair.

Finally, we define the locally interacting automata. Let V be a subset of §. We call
o = (Q,S,,¥) the locally interacting automaton with respect to V if for all s;,s, € S*,
there exist s, s € V* and ¢ € Q such that

(a). The length of s;s equals to the length of s,s’, and
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(b). Forall s3 € %,

Y(p(g, 515), 83) = Y(p(q, $25'), 53). (4.13)

In a locally interacting automaton with initial state g, if any strings s;, §3 € §* are separated
by a sufficiently long string s € V*, then s; and s3 do not influence each other under the
action of 7. If &/ is not the locally interacting automaton, then we call it the non-locally
interacting automaton with respect to V.

Proposition 4.2.4. Let &/ = (Q,S,¢,¥) be a minimal, transitive, and locally interacting
automaton. Then, </ has a unique final state set with respect to V.

Proof. Suppose that 7 is a minimal, transitive, and locally interacting automaton. Let g; =
(g, 81), and g, = ¢(q, s»). Since & is transitive, g, and ¢, take arbitrary states in Q for §;
and s,. Therefore, for all ¢, ¢, € Q and s; € S* there exist s, s” € V* such that

Y(e(q1, ), 83) = Y(p(q2,5'), 83). (4.14)

The minimal automaton does not allow two different states ¢(q1, s) and ¢(g», s") satisfying
the relation above, thus for all gy, ¢, there exist s,s” € V* such that ¢(q;,s) = ¢(q2,s’). By
introducing qo = ¢(q2, '), it is shown that for all g, there exist s € V* such that ¢(g;, s) = qo.
Hence the final state set is unique. O

4.2.2 Soliton automata

Suppose the vacuum alphabet is V = {0} here and hereafter. Since we consider the particle-
preserving automata, we take the initial state g = g, and suppose ¢ is in the final state set F
with respect to V. Itis also possible to consider cases where the boundary conditions increase
the number of balls in the system, in which the initial state can be set to a different state from
qo- We define the solitary wave and the soliton automata.

A string v of a finite length is called the solitary wave, if there exists a pair of (m, [) € Z2
such that (,,)"(v0*>%) = 0’v0**°. This pair of nonnegative integers (m,[) determines the
(average) speed sp(v) = [/m and the fundamental period of v, denoted by period(v), is given
by the smallest value of m.

A bijective automaton .7 is called the soliton automaton if for all s € S*, there is some

t € Z. such that for some n € Z( and solitary waves vy, v,, ..., V,,
Ay (s0%0) = 04v,021,0 - - 05,070, (4.15)
sp(vy) < sp(vy) < --- < sp(vp), (4.16)

where k,,...,k, > |0| — 1. The condition k,, ..., k&, > |O| — 1 means the interaction between
the solitary waves has already finished.
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4.3 Classification of the 3-state Mealy automata over a 2-
letter alphabet

In this section, we will classify the class of 3-state Mealy automata over a 2-letter alphabet,
that is the class of automata of type (Q = {q0,91,92},S = {0, 1}, %, ). Since the number of
automata of type (|Q|,|S|) is only (|Q|x|S '?*B! we can use a computer to check whether they
satisfy the properties of being bijective, transitive, particle-preserving, and locally interacting.
Before going to this class, it is better to state on the simpler classes (1) Q = {go},S = {0, 1}

and (2) O = {qo,q1},S = {0, 1}:

4.3.1 Case Q ={q0},S =1{0,1}

The total number of automata in this class is just (1 X )2 =4:11,2,0,0], [1,2,0,1], [1,2,0,2],
and [1,2,0,3]. Here the output binary sequences of MA-[1,2,0,0] (MA-[1,2,0,3]) are all zeros
(all ones) for any binary input sequence. The MA-[1,2,0,2] is the permutation of Os and s,
thus the time-evolution behavior is blinking manner 0 - 1 — Oor 1 — 0 — 1. The MA-
[1,2,0,1] identically acts on the binary sequence. Hence the MA-[1,2,0,1] is the only Mealy
automaton of type (1, 2) of bijective, transitive, and particle-preserving.

4’3°2 Case Q = {q()’ QI},S = {07 1}

The total number of automata in this class is (2 x 2)>? = 256: [2,2,0,0], [2,2,0.1], ...,
[2,2,15,15]. In this class, the number of bijective ones is given by 4! = 24. Among these,

e the number of transitive ones is 20,
e the number of particle-preserving ones is 6,

e and the number of transitive and particle-preserving ones is 5: MA-[2,2,5,3], [2,2,6,5],
[2,2,9,5], [2,2,10,12], and [2,2,12,5].

The automata [2,2,6,5], [2,2,9,5], and [2,2,12,5] identically act on binary sequences, so these
are not minimal. The automata [2,2,5,3] and [2,2,10,12] are isomorphic by exchanging two
states qo and ¢q,. Therefore, [2, 2, 5, 3] ([2,2,10,12]) is the only automaton that is bijective,
transitive, particle-preserving, and minimal. This automaton is known as the BBS with a
carrier capacity of one (BBS-C(1)). Fig 4.2 shows the state translation diagram of MA-
[2,2,5,3].
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start

| 110
0|0>1|1
01

Fig 4.2: The bijective, transitive, particle-preserving, and minimal Mealy automaton of type
(2,2): MA-[2,2,5,3] (BBS-C(1)).

4‘3'3 Case Q = {QO, Q17 QZ}, S = {Oa 1}

The total number of automata in this class is (3 x 2)**? = 46656: [3,2,0,0], [3.2,0,1], ...,
[3,2,728,63]. In this class, the number of bijective ones is given by 6! = 720. Among these,

e the number of transitive ones is 592,
o the number of particle-preserving ones is 84,
e and the number of transitive and particle-preserving ones is 68.

42 out of these 68 automata are minimal, and they can be divided into seven types up to the
permutation of three states: [3,2,104,11], [3,2,146,7], [3,2,128,19], [3,2,154,7], [3,2,318,52],
[3,2,106,13], [3,2,266,19]. Assuming the vacuum alphabet is V = {0}, we found only three
types of locally interacting automata:

(1) [3,2,104,11] (BBS-C(2), carrier capacity of two),
(2) [3,2,146,7] (BBS-V(2), jump on to the second nearest vacant box),
(3) [3,2,154,7] (BBS-S(2), skip to the box two spaces ahead).

These three automata are candidates for soliton automata. Fig. 4.3 shows the state translation
diagrams of these automata. BBS-C(2) is known to be a soliton automaton as a box—ball
system with a carrier capacity of two (see Section 4.2). We will confirm that these candidates
are soliton automata, and discuss their integrability.
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sta rt

1|o 1|0
00 <.v>m
01 0[1

MA-[3, 2, 104, 11]

0]0 0|0
start /\ start
() \‘.
110 0|1
1|1
111

MA-[3, 2, 146, 7]
MA-[3, 2, 154, 7]

Fig 4.3: The bijective, transitive, particle-preserving, minimal, and locally interacting Mealy
automaton of type (3, 2).

4.4 Linearization of MA-[3,2,154,7] (BBS-S(2))

In this section, we interpret MA-[3,2,154,7] as the box—ball system and prove the integrability
by introducing the linearization method.

4.4.1 BBS-S(2): skip to the box two spaces ahead rule

Let us introduce the time evolution of the BBS-S(2): the BBS of skipping to the box two
spaces ahead rule. Consider the boxes aligned in a semi-infinite row and finitely many balls
in some boxes. The time evolution of the BBS-S(2) is described using a carrier as follows:

(1) The carrier of capacity one moves from the left end to the right.

(i1) The empty carrier moves right by one box until meeting the box occupied by a ball.
If the carrier is empty and there are no balls in the boxes right to the carrier, then the
carrier stops.

(iii) When the empty carrier meets the box occupied by a ball, take the ball from the box
to the carrier and move to the right by skipping every one box until meeting the vacant
box. Meeting the vacant box, the carrier unloads the ball to the vacant box and follows
Step (ii).
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The MA-[3,2,154,7] with the initial state ¢ = ¢, corresponds to the BBS-S(2). The
automaton is given by

0 1 00
[Q,Sa‘ﬁ’lﬁ] = l{q()aqth}a{Oal}a[ 2 2 ]’ [ 01 )] (417)
01 1 1
4.4.2 Linearization

We construct a bijection between the BBS-S(2) state sequence and two sequences of nonneg-
ative integers.

Proposition 4.4.1. Let S = {0, 1}.

S*={(b1,ba,.... b)) | n €ZLs0,bj € Zso, by < by <--- by}
XA{(c1,¢2, .. 50p) | M€ Zsp,cj € Lsp,c1 <y <+ <yl (4.18)

The procedure for constructing two sequences from s € S* is as follows:

(1) For s € S*, replace contiguous ‘1’s with ‘b’ or ‘c’ as follows:

{12k s bt (the length of ‘I’s is even), (4.19)

1241 bkc  (the length of ‘1’s is odd).

Here, when the length of ‘1’s is odd, the position of ‘c’ is not necessarily at the end of
‘b’s, that is, 12**! can be replaced with b/cb*~/ instead of b*c. For example,

1000100100011110011011011110000 - - - = c000c00c000bb00bObObLOOOO - - -
0000001011110011101101111100000 - - - = 000000c0bb00cbObOcbb0000O - - -

(2) We define two sequences b = (by,by,...) and ¢ = (cy,cy,...) from the sequence of
{0, b, ¢} obtained above. Let b; denote the number of Os to the left of the jth b from the
left. Similarly, let ¢; denote the number of Os to the left of the jth ¢ from the left.

1000100100011110011011011110000 - - - = c000c00c000bbO0bOLOLLOOOO - - -
b =(8,8,10,11,12,12),¢ = (0,3, 5),
0000001011110011101101111100000 - - - = 000000c0bb00cbObObbcO000O0 - - -
- b=(7,7,9,10,11,11),¢ = (6,9, 11).

By definition, b is an increasing integer sequence, and ¢ is a strictly increasing integer
sequence.

There are two types of solitary waves as
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e The solitary wave of speed one: 0b*0 - 00b*  (0(11)*0 - 00(11)),
e The solitary wave of speed two: 0(c0)*0 — 00(0c)* (0100 — 0001).

We slightly modify the rule for the time evolution of BBS-S(2). Here, when considering the
{b, c} sequence corresponding to 12**!, ‘¢’ is assumed to be the rightmost. After the carrier
loads a ball from the box, it unloads the ball into the second box. If the second box contains
another ball, it is exchanged for the loaded ball. After that, the balls associated with each ‘c’
are exchanged with the balls associated with ‘b’ to the right of ‘c’ until the number of letters
to the right of ‘c’ becomes zero. This change in procedure does not affect the final {0, 1}
sequence, as it only replaces ‘1’ with another ‘1’. Under this time evolution rule, each ‘1’

either moves to the second box or is overtaken by other balls. Therefore, the following holds.

e Every ‘1’ in ‘c’ moves to the second box. Because the letter to the right of ‘¢’ is ‘0’,
it does not overtake other ‘1’s. Since the number of ‘1’s on the left side of it does not
change, the number of ‘0’s on the left side increases by two.

e The first ‘1’ in each ‘b’ overtakes the second ‘1’ and moves to the second box. Since
the number of ‘1’s on the left side of it increases by one, the number of ‘0’s on the left
side increases by one.

e The second ‘1’ in each ‘b’ is overtaken by the first ‘1’ and does not move. The number
of ‘I’s on the left side of it decreases by one.

The first ‘1’s in ‘b’ becomes the second ‘1’s in ‘b’ the next time, and the second ‘1’s
becomes the first ‘1’s. Thus, for every ‘b’, the number of balls on the left side increases by
—t
one. Letb = (b!,b,...)and ¢ = (¢!, c}, .. .) be the corresponding integer sequences at time
t. Then, we find

b= b0+ 1, (4.20)

1
J
. =c +2t. 4.21)

J

~. O

~. O

Example 4.4.2. In the following series of the time evolution of the BBS-S(2), a solitary
wave with speed one is overtaking a solitary wave with speed two. We can observe that the
behavior of the ‘10’ (‘11°) sequence becomes a simple parallel translation from left to right
after the interaction.
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t= 0:101001001111001101100000000000000000000, EO =(5,5,7,8), & =(0,1,3)
t= 1:001010010111100110110000000000000000000, Zl =(6,6,8,9), ¢ =(2,3,5)
t= 2:000010100111110011011000000000000000000, E =(7,7,9,10), & =(4,5,7)
t= 3:000000101011110101101100000000000000000, E =(8,8,10,11), & =(6,7,9)

t = 4:000000001011111001110110000000000000000, 54 (9,9,11,12), ¢t =(8,9,11)

t = 5:000000000011111010110111000000000000000, E =(10,10,12,13), ¢ =(10,11,13)
t = 6:000000000001111010111011010000000000000, E =(11,11,13,14), ¢ =(12,13,15)
t = 7:000000000000111100111011100100000000000, E =(12,12,14,15), ¢ =(14,15,17)
t = 8 :000000000000011110011011101001000000000, Z =(13,13,15,16), ¢ =(16,17,19)

9

- 000000000000001111001101101010010000000, b = = (14,14,16,17), ¢ =(18,19,21)
¢ = 10 : 000000000000000111100110110010100100000, E =(15,15,17,18), ¢'* =(20,21,23)
£ =11 : 000000000000000011110011011000101001000, 5 = =(16,16,18,19), ¢! =(22,23,25)

4.5 Integrability of MA-[3,2,146,7](BBS-V(2))

In this section, we interpret MA-[3,2,146,7] as the box—ball system, and prove the time evo-
lution of BBS-V(2) is equivalent to the ultradiscrete Lotka—Volterra equation.

4.5.1 BBS-V(2): jump on to the second nearest vacant box rule

Let us introduce the time evolution of the BBS-V(2): the BBS of jumping on to the second
nearest vacant box rule. Consider the boxes aligned in a semi-infinite row and finitely many
balls in some boxes. The time evolution of the BBS-V(2) is described using a carrier as
follows:

(i) The carrier of capacity one moves from the left end to the right.
(i1) The empty carrier moves right by one box until meeting the box occupied by a ball.

(i11) When the empty carrier meets the box occupied by a ball, the carrier takes the ball from
the box and jumps on to the second right nearest vacant box. Then the carrier unloads
the ball to the vacant box and follows step (i1).

The automaton MA-[3,2,146,7] with the initial state ¢ = g corresponds to the BBS-V(2).
The automaton is given by

01 00
[Qa S’ ¢a l//] = {CIO’ CII,QZ}’ {0’ 1}’ 2 1 5 O 1 . (422)
0 2 11
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Example 4.5.1. In the following time evolution series of the BBS-V(2), there are three soli-
tons consisting of one, two, and five balls, respectively. A soliton of n balls moves by n + 1
boxes in n time steps. Therefore, the speed of a soliton consisting of n balls is (n + 1)/n.

-~
I
]

: 1001100000111110000000000000000000
: 0010101000011110100000000000000000
: 0000110010001110110000000000000000
: 0000010100100110111000000000000000
: 0000000110001010111100000000000000
: 0000000010100011011101000000000000
: 0000000000110001011110010000000000
: 0000000000010100011111000100000000
: 0000000000000110001111010001000000
: 0000000000000010100111011000010000
t =10 : 0000000000000000110011011100000100
¢t =11 : 0000000000000000010101011110000001

-~
Il
O 00 O Wb WIN

4.5.2 Relationships between the BBS-V(2) and the original BBS

First, we recall the relationships between the original BBS and the ultradiscrete Lotka—
Volterra equation [29]. The time evolution of the original BBS introduced in 1990 [32] is
described by the piecewise linear equation called the uKdV equation (1.4) with L = 1:

j-1
77;+1 = min {1 - 7]3’ Z(ni _ ni+l)} ) (4‘23)
i=0

Through the variable transformation

Jt J

Y= 2 DI (4.24)

i=0 i=0
we have

t+1

Vil — y; = max(0, y;“ — 1) — max(0, y;ﬂ - 1. (4.25)

which is known as the ultradiscrete Lotka—Volterra (uLV) equation.
Next, we will explain the correspondence between the BBS-V(2) and the uLV equa-
tion [38]. There are two types of input/output sequences with state transitions from g, to

q9o0:
1. input “O”, Output “0”,
2. input “ln+101m0”’ Output “01n01m+1”’

where n,m > 0, and 1" denotes the sequence 11--- 1.
———

n
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Proposition 4.5.2. Let X = {0} U {1"*101"0},,,,50 be the set of sequence. Then, any sequence
500 (s € §), which has suffix 00, corresponds one-to-one with an element of X*.

Because we assume that the input sequence has finitely many 1s and there are suffi-
ciently many Os at the right end of the sequence, the sequence can be divided uniquely as
X1+ X, (x; € X). Let Y = {0} U {(n + 1,m)}yms0 C Zsg UZZ, and defineamapk : X - Y
as 0 - 0(€ Zyg) and 1""101™0 - (n + 1, m)(€ Z2,). Introduce the extension of k on X* by

K(X1X2 - Xn) = K(XDK(X2) - - - K(X). (4.26)

The product of sequences of integers in the right-hand side of the equation (4.26) denotes the
concatenation of sequences.

Example 4.5.3. The sequence
0011101010001101100---€ 8"
is divided as

0011101010001101100---€ X".

Applying « for every underlined subsequence gives us
0031100220---€ Y,
and we finally get the sequence
0031100220--- € Z3,.

Introduce the operator 7" on lattice (in Fig 4.4) as

T :{0,1} X Zsp — Zo x {0, 1},

L (i, j) > (7, 7) = (max(2i + j — 1,0), min(1 — i, j)). (4.27)
T MTm k(> 0)
0 >0 0 >1 1 >0
(l) kl—l k}-l

Fig 4.4: The action of T on {0, 1} X Z,.
The operator T satisfies

T :(0,0) — (0,0),
Teo1)ART): (0,n+1,m)— (n,m+1,0),
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n

|
>0 0

!

n

o
OS—7O

Fig 4.5: The action of T and (T ® 1)(1 ® T) that correspond to MA-[3,2,146,7].

and these correspond to the input/output of the MA-[3,2,146,7] by shifting one cell to the
left, where 1 : Z,y — Z¢ is an identity operator. Both two operators 7 and (T ® 1)(1 ® T)
can be regarded as the map {0, 1} X ¥ — Y x {0, 1} shown in Fig 4.5.

Define the operator 7 as

T = gD g OF DO, (4.28)
TOW=19---919TR1®---®1. (4.29)
~—— ——

i n—i-1
Proposition 4.5.4. Let A be the map §* — S of the time evolution of the MA-[3,2,146,7].
Then, k o A = A o7 ok, where A is the forward-shift operator on Z, as

0, j=0,
(A(m); = ,

(1);-1, otherwise.
Next, introduce an operator U (in Fig 4.6) like T as

U : {0, 1} X Zsp — Zso X {0, 1},

@) e (1) = (+ jymin(l -4, ). (4.30)
0 k(>0)  k(=0)

0 l >0 0 l -1 1 >0
0 k k+1

Fig 4.6: The action of U on {0, 1} X Zs.

The operator U satisfies

U :(0,0) — (0,0),
UeHAU): O,n+1,m)— (n+1,m+1,0),

and both U and (U ® 1)(1 ® U) can be regarded as the map {0, 1} X Y — Y X {0, 1} shown in

Fig 4.7.
Define the operator U like 7~ as
U=U"" - UPU U, (4.31)
U =19 ---010UR1®---®1. (4.32)
' —i-1

Then, the following theorem holds.
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0—F—0 0 L 10
| Lo
0 n+1 m+1

Fig 4.7: The action of U and (U ® 1)(1 ® U).

Theorem 4.5.5. Let uLLV be the map Y* — Y™ of the time evolution of the uLV equation
given by the equation (4.25). Then, uLV o U =~ U o T .
Proof. For x € Z;, lety = Ux, x' = Tx,and y’ = Ux" € Z;,. We will prove that the map
y — Y’ satisfies the uLV equation (4.25).

The terms of x are denoted by x = (xy, X2, x3,...), x; € Z{,, and the same applied to y, x’,
and y’. In addition, define the auxiliary variables for y = Ux, X’ = Tx and y = Ux as in
Fig 4.8. Note that the auxiliary variables for U are the same as those of 7 (see Fig 4.4 and

Fig 4.6).

X X X3
ay a ) a3
U U ul

v v v

N b)) Y3

Xy X A3
ay | a | a) | as
T

/ / /

X1 X X3

/ / /

X X X3
/ /
ag | a; | a; | as

Fig 4.8: The auxiliary variables a;, a..

We can set ag = a;, = 0 for the boundary condition.
Now, we have

Yirl = Xiy1 T 4, (4.33)
yz,'+1 = x;+1 + a; (434)
from equation (4.30) (the definition of U), and
= Xi+1 + 4 — Aiy1 (4.35)

’
Xit1
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from equation (4.27) (the definition of T) and a;, x; € Zso. Here, by using a; € {0, 1}, we
obtain

min(yi, l) = min(xi + a1, 1)
= a; + min(x;, 1 —a;y)
= a1+ a;, (436)

and
min(y,, 1) =a._, +a; (4.37)
in the same way. The equations (4.33)—(4.37) lead us to

Vier +max(y; — 1,0) =y, +y; — min(1, y;)

’

=Y tYi—ai — 4
= x1{+1 + xz"

= (X1 +a;i—aig) + (Gt ai- —ap)
=Yir1 T Vi — Qiv1 — 4

= Yir1 +yi — min(y;q, 1)

= y; + max(y; — 1,0). (4.38)
t+1

Setting y! = y;,y'*! =y, v} = y!, the variables y! satisfies the uLV equation (4.25). O
Corollary 4.5.6. (Ul ok)o A~ AoulV o (U ok).
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Chapter 5

Conclusions

In Chapter 2, we examined the BBS with a box capacity of L (BBS(L)) (described by the
uKdV equation), including cases where the dependent variables take arbitrary integer val-
ues. Negative values cannot be interpreted as balls, so conventional methods such as KKR
bijection and arc rules cannot be used directly. We constructed a bijection that associates the
state of the BBS(L) with a pair of sequences: the background sequence and the soliton se-
quence. In correspondence with the time evolution of the BBS(L), the background sequence
translates at speed one, while the soliton sequence evolves according to the time evolution
of the BBS(1). The time evolution of the BBS(1) can be linearized by mapping the states to
rigged configurations via the KKR bijection (that can also be constructed using an elementary
method with the arc lines). Consequently, we can construct a bijection between the states of
BBS(L) and the pair of the background sequence and rigged configuration, which linearizes
the time evolution.

In Chapter 3, we introduced a new arc line rule for the state of the rBBS, whose time
evolution is described by the ultradiscretization of the discrete relativistic Toda equation. By
rewriting the state of the rBBS into a soliton configuration according to the new arc rule, the
time evolution can be described using the ‘dropping rule’. This proves that conserved quan-
tities corresponding to the sizes of the solitons can be obtained. The riggings (the positions
of solitons) can be calculated from the soliton configuration. The rigging increases linearly
under the time evolution of the rBBS. We have also confirmed that the rigged configuration,
consisting of the lengths and riggings of solitons, corresponds one-to-one with the soliton
configuration. However, formal theoretical proof of this correspondence has not yet been es-
tablished. By applying the rule of arc lines introduced here, we have confirmed that the sizes
of solitons and the riggings can also be computed for the original BBS and the BBS with the
second vacant box rule introduced in Chapter 4.

In Chapter 4, we examined soliton cellular automata that are described by Mealy au-
tomata. Focusing on the BBS with finite carrier capacity, we introduced several key proper-
ties of Mealy automata, such as bijective, transitive (strongly connected), particle preserving,
and locally interacting. Through computational and theoretical analysis based on these prop-
erties, we identified three classes of 3-state soliton Mealy automata over a 2-letter alphabet:
MA-[3, 2, 104, 11], MA-[3, 2, 146, 7], and MA-[3, 2, 154, 7]. MA-[3, 2, 104, 11] is the BBS
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with a carrier capacity of two (BBS-C(2)). The BBS-C(2) has been extensively studied and
its time evolution is linearized through the KKR bijection. MA-[3, 2, 146, 7] is the jumping
on to the second nearest vacant box rule (BBS-V(2)). We proved that the time evolution of
the BBS-V(2) is equivalent to the uLV equation, which is closely related to the original BBS.
MA-[3, 2, 154, 7] is the skipping to the box two spaces ahead rule (BBS-S(2)). We provided
a simple method for linearizing the BBS-S(2). For Mealy automata with a state set size of
|Q| > 4, candidates for soliton cellular automata that satisfy the above key properties can be
enumerated using a computer. We checked whether they are soliton automata by computing
the time evolution starting from several initial binary sequences. It was confirmed that some
candidates do not exhibit solitonic behavior. A theoretical analysis of these candidates also
remains for future work.

In this thesis, we conducted combinatorial analysis on three types of extensions of the
box—ball systems, obtained from different perspectives. We hope these results will lead to a
comprehensive understanding of various soliton automata.
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