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A generalization of the carries process

Takahiko Fujita' ~ Fumihiko Nakano®j  Taizo Sadahiro¥f

Y Faculty of Science and Engineering, Dep. of Industrial and Systems Engineering, Chuo University, Tokyo, Japan
2Dep. of Mathematics, Gakushuin University, Tokyo, Japan
3Dep. of Information Science, Tsuda Collge, Tokyo, Japan

We consider a carries process which is a generalization of that by Holte in the sense that (i) we take various digit sets,
and (ii) we also consider negative base. Our results are : (i) eigenvalues and eigenvectors of the transition probability
matrices, and their connection to combinatorics and representation theory, (ii) an application to the computation of
the distribution of the sum of i.i.d. uniform r.v.’s on [0, 1], (iii) a relation to riffle shuffle.

Nous considérons un processus qui est une généralisation de porte que par Holte en ce sens que (i) nous prenons
divers ensembles de chiffres, et (ii) nous considérons également une base négative. Nos résultats sont les suivants: (i)
valeurs et vecteurs propres des matrices de probabilité de transition, et leur lien avec la combinatoire et la théorie de
la représentation, (ii) une application de calcul de la distribution de la somme des iid s “sur r.v. uniforme [0, 1], (iii)
une relation a feuilleter shuffle.
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1 Introduction

We consider to add n base-b numbers, and aim to study the behavior of carries to the next digit :

Carry Ck Ckfl s Cl CO =0
Addends --- Xl,k s X1,2 X171
Xn,k to Xn,2 Xml
Sum Sk SQ Sl

where X , Xo 1, -+, Xy, i is the addends in the k-th digit which lie in the digit set : X 1, Xo i, -+, X, 1 €
D :={0,1,---,b—1}, and C}, is the carry to the (k-+1)-th digit. More precisely, in the k-th digit, Cy, = j
if and only if

Ch—1+Xip+ -+ Xpp=3b+r, r€D.
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The C’s take their values in the carry set C(n) := {0,1,---,n — 1}. Taking X3 , - - -, X,, ;, uniformly
at random from D, {C},}2, is a Markov chain which is called the carries process. Holte[4] found many
beautiful properties of the carries process, e.g.,

(1) The transition probability P;; := P (Cy41 = j| Cx = i) is given by

L=i;/b]

e e S () ()
2 = (GHDb—(i+1), ij€C(n).

(2) The eigenvalues and the left eigenvectors of P = {P;;} are given by

P = L7'DL
. 1 1
D = diag 1757"%”17_1 o Li=Avij(n)}o<ij<n—1
J n+1 ;
v = Sy (T )G
r=0

In other words, the eigenvalues are the powers of b~!, and the left eigenvectors are independent of b, so
that all transition probability matrices are simultaneously diagonalized :

P(b1)P(b2) = P(b1b2).

(3) The top row eigenvector {v_; };‘:—(} of L, which is proportional to the stationary distribution, is equal
to the array of n-th Eulerian number { E(n, j )}?:_01 ; E(n, j) is equal to the number of permutations of n
items with j descents.

(4) All the row eigenvectors of L satisfy the following recursion relation.

vij(n) = (G+Dvij(n—1)+ - jvij-1(n—1).

(5) The right eigenvectors are also explicitly computed and described by the Stirling numbers.
Diaconis-Fulman [[1} 2} 3] further studied the carries process and found a connection to the riffle shuffle
and the Foulkes character in representation theory : they found that
(1) The distribution of the carries process is equal to that of the process of the descent of the b-shuffle of
n cards.
(2) The matrix of left eigenvectors coincides with the Foulkes character table of .S,,.
(3) In the type B process, which is a variant of the carries process, the stationary distribution is proportional
to the Macmahon number, which gives us the statistics of the type B-descent of the hyperoctahedral group
(signed permutation group). Moreover, the type B carries process is related to the descent of the type B
shuffle on the hyperoctahedral group.
The purpose of our project is to extend these properties to a generalization to the carries process, some
of which discussed here are taken from [6], [7]. Because we also discuss the case of negative base, we
treat them simultaneously. Let +b € Z(b > 2) be the base and let

Dy:={d,d+1,---,d+b—1}
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be the digit set such that
1-06<d<0

to have 0 € Dy. Then any x € N has the unique representation
= aN(+b)N+QN_1(+b)N71 4+ -4 ag, ap € Dy,
ay (=N +aly 4 (=DM + - +af, €D

In adding n numbers under this representation, let C’,f_l be the carry from the (k — 1)-th digit which be-
longs to a set C(+b, n) to be given in Proposition In the k-th digit, we take X x, - - -, X, ;; uniformly
at random from D, and then the next carry is equal to C,j: = j € C(xb,n) if and only if

CE +Xip++Xpp=j(&b) +r, reDy

The process {C;F}32, is Markovian with state space C(+b, ), which we call the n-carries process over
(b, Dy). Holte’s carries process corresponds to the case where the base is positive and d = 0.

2 The Transition Probability

Let

it ((+0b)-case)

— ) b1
I = I(xb,d) ._{_m (b)case)

Then the carry set C(£b, n) is explicitly given by the proposition below.
Proposition 2.1 /6]
(1) The carry set C(+b,n) in the n-carries process over (£b, Dy) is given by
C(tb,n) = {s,s+1,---,t}
s = =Dl =—[m-1)(=D], t:=[n-1+1)].

(2) The number of elements of C(+b, n) is equal to

- n (n—1leZ)
1C#bn) = {n—l—l (n—1)l ¢ Z).

We remark that if (n — 1)l ¢ Z, §C(£, n) is larger than that of the Holte’s carries process (#5 is the
number of elements of a finite set .S). This fact can be understood from the following consideration (we
discuss (+b)-case only). Let

Tk
o= dX 2 Yk e e Nz D
{ b + b2 + + bk € y L1, , T € d}

be the set of numbers which have finite b-expansion. Then F' C (I,I + 1) and F is dense in (I, + 1).
When we add n numbers a',a?,---,a™ € F, the carry going beyond the decimal point is equal to cg,
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———
if and only if a' + a2 + -+ +a" € ¢y + F. Since F is dense in (I,l + 1), sois F+---+ F =
{a' +---+a"|a',---,a™ € F}in (nl,n(l + 1)). Therefore, cq € C(b,n) if and only if

(co+ (I,14+ 1)) N (nl,n(l + 1)) #0.

For example, letb = 4,n = 2, and d = —1. Then F'+ F'is dense in (—2/3, 4/3), which intersects exactly
three intervals : —1 + (—2/3,4/3), (—2/3,4/3), and 1 + (—2/3,4/3). Therefore C(4,2) = {—1,0,1}.
We introduce the following notation which is an important parameter to describe our results.

B R (n—1leZ
= p(+b,d,n) = I—{((n—110) { (n—1)(=D)"t (n—11¢727Z)

where (z) := x — | x| is the fractional part of x. §C(b,n) = n if and only if p = 1, including the case of
Holte’s carries process. For simplicity, we shall modify the suffix of the transition probability such that it
ranges from 0 to #C(£b,n) — 1.

Pr =P, ., =P(Cf=j+s|Cf=i+s), i,j=0,1,-,4(bn)—1

where s := |(n — 1)l = minC(+b,n).
Proposition 2.2 /6]

B o= (1)’“(”?1)("“(2”_”)1<A<z’,j>—brzo> m
A ( b %) ((4+b) — case)

) ( 177 b— ( )+nb ((=b) — case)

ij = 0,1,--- 8C(=b, n)

where 1(E) is the indicator function of the event E, that is, 1(E) = 1 if E is true and 1(E) = 0 otherwise.

When p = 1(resp. p = 2), P+ coincides with that of Holte’s carries process (resp. with that of the type
B process). Proof of Proposition implies that the carries process is determined by /(=+b, d) only. For
instance, if [(+b,d) = I(-V',d") (e.g,b=4,d = —1 and ¥’ = 2, d’ = —1) then n-carries process over
(4+b,Dy) and n-carries process over (—b', Dy ) have the same distribution for any n € N.

The matrix P* = {]5;} is determined by the triple (b, n, p). It is clearly not true in general that for

given (+b, n, p) we can find d with —(b — 1) < d < 0 such that P* is the transition probability of the
n-carries process over (+b, D). However, there are some cases where P is a stochastic matrix, even if it
does not correspond to carries processes.

Proposition 2.3 [7] P* is a stochastic matrix if p > 1 and % e Z.

In these cases, P* defines a Markov chain {x}22, on {0, 1, - - -, #C(b,n) — 1} which we call (b, n, p)-
carries process. We shall henceforth assume that the conditions in Proposition [2.3| are always satisfied.
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3 Eigenvectors of P

3.1 Left Eigenvectors

65

Theorem 3.1 [l6]] The eigenvalues and the left eigenvectors of P* are given by

Dt —1p=*
Pt = L 'DfL,

where Dét

1 1\ fC(Ebm)—1
diag [ 1, (£=), -+, [ £=
g((b) (#5) )

{02 () Yo<ij<tebm—1

WPn) = Z(—nr(”“){p<j—r>+1}”‘i~

r

Remark 3.2 When p = 2, {v(()zlz (n)}p_, is called the (array of) MacMahon numbers : v((f; (n) is equal
to the number of elements of the hyperocthedral group (signed permutation group) whose type B descent

is equal to k. More generally, if p € N, U((f ,z(n) is equal to the number of elements in the colored
permutation group Gy, , ~ Zy, 1 S,, whose descent is equal to k [8].

Remark 3.3 Miller [5)] studied the Foulkes character in the general complex reflection groups. According

to his results, if p € N, the array of left eigenvectors {Ul@ )(n)}ij coincides with the Foulkes character

J
table of 7,1 S,,.

Remark 3.4

Remark 3.5 {v%) (n)} satisfy the following recursion relation.

0B = i+ D)= 1)+ {pn+1- )~ 1l (- 1)
vz(,p_)l(n) =0, v§g3+1(n) =0.

Remark 3.6 Let p* be the dual exponent of p # 1 :

+ p% = 1. Then the row eigenvectors of L~ are
the “reverse” of those of Ly, in the following sense.

1
P

. . p* n—i
W) = (1) (p) o® . (n).

For instance, when b = 4, d = —1, n € 3N + 2, we have p = 3, and when b =7, d = —4, n € 3N + 2,
we have p = % Hence their stationary distributions are reverse of each other.
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3.2 Right Eigenvector
Theorem 3.7 [7] Let
Ry =Lt = {u’ ()}
be the matrix composed of the right eigenvectors of P=. Then its elements are given by
n k n—ji—l .
®) () — sk, (=)™ 1 n—i
) = 3, > Kl p! n—j )\ n—k
k=il=n—j
where s(n, k) is the Stirling number of the first kind :
s(n, k) := (=1)""*4{o € S, |0 has k cycles } .

The formula in Theorem [3.7] appears in [5] in a different but related context. It is then a straightforward
computation to show that R, = L'

Remark 3.8 The duality of L, (Remark[3.6)) implies that
n—j
* p
W = (<L)l o

In other words, the column vectors of Ry, and Ry~ are reverse of each other, up to constants.

4 Correlation

As in [2], Theorem makes it easy to compute the correlations between carries at different steps. We
recall that {x;7}22  is the (£b, n, p)-carries process.

Theorem 4.1 [7] Let E[ - | = i] be the expectation value conditioned & = i. Then we have
1 1 n+41 1 n+1
+
(+0)"

(1) Ely|sg =1 =

, n+1 1
@ vl e =0 =" (1= )

1 n+1 1
4+ 4+ +
B Covlwismlmg =1 = 3 <1<ib)25>'

Theorem 4.2 [[7] Let E[ - | be the expectation value conditioned that m% obeys the stationary distribu-
tion. Then we have

n+1 1

1) EBisd]=1--Z,

M Ed)= "5
1 n+1
2)  Covp(kE, kE) = L
( ) ov (KJT 7'%0) (ib)rr 12

We note that the variances and covariances do not depend on p. For (—b)-case, x, and k, are nega-
tively correlated when r is odd.
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5 Limit Theorem

Let
n i n+1
(h) = ("7 ) ot-n+
P r=0
be the extension of the stationary distribution vép ) = {fu(()p ,Z (n)}k to the case of arbitrary real number

p € R. Then it gives the distribution of the sum of the uniformly distributed i.i.d. random variables on
[0, 1].

Theorem 5.1 [I6]] Let Y1, --,Y,, be the i.i.d. uniform random variables on [0, 1]. Then

1
P(Y1+~-~+Yne[k:—17k:}+) :< Z > /(p"n)), k=0,1,---.n
p p

For p =1, 2, itis given in [2].
Example
Let P,(a,b) :=P(Y1+---+Y, €[a,b]). Thenifn=3,p =1,

4 1

1
PB(Ov]-):éa P(l 2) 6

which are proportional to the Eulerian numbers. If n = 3,p = 2,

1 1 13 23 35 23 5 1
P3(0’2>_23.3!’ P3(2’2>—23.3!’ PS(z’z)‘M’ P3(2’3)_23-3!

which are proportional to the MacMahon numbers.

6 Relation to the Riffle Shuffle
6.1 (+b)-case

We study the relationship between the carries process and the (generalized) riffle shuffles, which is a
generalization to any p € N of the work by Diaconis-Fulman [ [2]. First of all, we set a ordering on the
set ¥ := [n] x Z, as follows ([n] := {1,2,---,n}).

(1,0) < (2,0) < --- < (n,O)
(Lp—1)<(2p—-1)<--<(np—1)<
(Lp 2)<(2,p-2)<--<(n,p-2)<

(1,1)<~--<(n,1).

Forq € Z,let T, : ¥ — ¥ be the shift given by T, (i, 7) := (i,7+q), (i,r) € [n] x Z,. The group G, ,, ~
7,15, of Colored permutatlons is the set of bijections o : ¥ — ¥ s.t. (i, 1) = Ty (o (1 0)). Writing
(o (z) ri) :=0(i,0),i=1,2,---,n,0 € G, is characterized by ((o(1),71), (¢(2),72),-- -, (6 (n),5)).
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We say that o € G, ,, have a descent at 4 if and only if (o (4),7;) > (0(i+1),7i41) (fi =1,2,--- ,n—1)
or r, # 0. We denote by d(c) the number of descents of o. Letb = pc+1, ¢ € N. The (+b, n, p)-shuffle
is defined as follows. (i) Divide the n “cards with colors” (1,71),-- -, (n,7,), r; € Z,, into b-piles, and
(ii) Riffle them together as the usual riffle shuffle, except that for the (jp + r)-th pile (j = 0,---,¢,
r =0,---p— 1, counted from the 0-th), apply 7;--shift to them. Riffle shuffle (resp. type B shuffle) is the
special case where p = 1 (resp. where p = 2).

Let {0, }22, be the sequence of (+b,n, p)-shuffles starting at oy = id, which is a Markov chain on
Gp.n. Then we have the following theorem, which is a straightforward generalization of the results by
Diaconis-Fulman]1}, 2].

Theorem 6.1 [7] Let b = pc+ 1, ¢ € N and let {k; }>, be the (+b, n, p)-carries process with kg = 0.
Then for any N € N and forany j € {0,1,---,n}

P (kf =jlrg =0) =P (dlon) = j|og = id).

6.2 (-b)-case

We consider a “shuffle” corresponding to the carries process for negative base, for p = 1,2. For given
o= (c(1),---,0(n)) € Sp,let Rio € S,

(Rio)(k):==n+1—-0(k), k=1,2,---,n
be its “reverse”. Let
S| := Ry o (b-shuffle)

be the operation of carrying out the reverse after a b-shuffle (b-shuffle means the (+b, n, 1)-shuffle). Let
{o/}2 (o := (S7 ) 00,7 = 1,2, - -) be a Markov chain on S,, starting at oy = id. Then the (—b, n, 1)-
carries process {x, }>2, with k, = 0 has the same distribution to that of the descent {d(o,)}32, of
{or}20-
Theorem 6.2 [[7] For any iy,---,iy € {0,1,---,n — 1}, we have

P(mf =1, Ky =12, -, ky = 1IN | Ky :O)

=P (d(Ul) = ’L'1, d(O’Q) = ig, N ',d(O'N) = ZN |JO = Zd) .

Similar result also holds for p = 2 case. Let p = 2, b : odd. Let
(R20)(1,0) == (n+1—0(i),m; + 1), S5 := Ry o((b,n,2)-shuffle)
where we set (0(i),7;) := 0(4,0),i = 1,---,n. Let {0, }22, (o, := (S5 ) 00,7 = 1,2, - - ) be a Markov

chain on G2, starting at cp = i¢d. Then we have the following relation between the (—b, n, 2)-carries
process and the riffle shuffies.

Theorem 6.3 [[7] Forany N € N and any j € {0,1,---,n}, we have

P(ky=jlrg =0) =P (d(on) =j|og=id).
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So far we discussed properties of the (£b, i, p)-process and the relation to the riffle shuffle. There are still
some unsolved problems :

€)) Theoremdoes not imply that the (4b, n, p)-carries process (p € IN) and the descent of (+b, n, p)-
shuffles have the same distribution. Since it is true for p = 1 [1], we expect that it is also true for p > 2.

(2) If p € N, the (+b, n, p)-carries process is related to the descent statistics(Remark , the Foulkes
character(Remark 3.3), and the (4b, n, p)-shuffles on Z,, ! S,, (Theorem [6.1). It is desirable to have the
corresponding results for p ¢ IN.

(3) It is desirable to construct a (—b, n, p)-shuffle for p # 1, 2.
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