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Abstract. Algorithms for computing rational generating functions of
solutions of one-dimensional difference equations are well-known and
easy to implement. We propose an algorithm for computing rational gen-
erating functions of solutions of two-dimensional difference equations in
terms of initial data of the corresponding initial value problems. The cru-
cial part of the algorithm is the reconstruction of infinite one-dimensional
initial data on the basis of finite input data. The proposed technique can
be used for the development of similar algorithms in higher dimensions.
We furnish examples of implementation of the proposed algorithm.

1 Introduction

The study of linear difference equations and their solutions is an important topic
of modern computer algebra (see, e.g., [1,2]).

The method of generating functions is a powerful tool for the study of differ-
ential equations with applications in the theory of discrete dynamical systems
and in the enumerative combinatorial analysis. It allows one to apply the meth-
ods of complex analysis to the problems of enumerative combinatorics.

The one-dimensional case is well-studied (see [8,9]) due to the absence of
geometric obstacles. In [16], A. Moivre considered the power series

FO)+fD)z+ ...+ f(k)2F + ...

with the coefficients f(0), f(1),... satisfying the difference equation

emflx+m)+emaaflt+m—1)+...+cf(x) =0, z=012..., (1)



where ¢, # 0, and ¢; € C are constants. He proved that this series always
represents a rational function (De Moivre’s Theorem, [16]).

In the multidimensional case, which is not adequately explored (see [5, 10,
11,13]), the rational generating functions are the most useful class of generating
functions according to the Stanley’s hierarchy (see [19]). A broad class of two-
dimensional sequences that lead to rational generating functions is well-known
in the enumerative combinatorics. For example, one can consider the problem of
finding a number of lattice paths, the problem on generating trees with marked
labels, Bloom’s strings, a number of placement of the pieces on the chessboard
etc. (see [3,4,7]).

Generating functions for multiple sequences with elements which could be
expressed in terms of rational, exponential functions or gamma function, form
a wide class of hypergeometric-type functions [6, 18]. Their study leads to the
problem of solving overdetermined systems of linear equations with polynomial
coefficients.

A multidimensional analogue of the De Moivre Theorem was formulated and
proved in [12]. We now give some definitions and notations that we will need for
formulating the main result.

2 Known Results and Formulation of the Problem

Let x = (z1,...,2z,) € Z"™, where Z" = Z x ... X Z is the n-dimensional integer
lattice. Let A = {a} be a finite set of points in Z™. Let f(z) be a function of
integer arguments © = (1, ..., z,) with constant coefficients ¢,. By a difference

equation with respect to the unknown function f(z) we call the equation of the

form
> caf(@+a)=0. (2)

a€A

In the present work we consider the case when the set A belongs to the
positive octant Zj = {(z1,...,2n): x; € Z,x; > 0,i = 1,...,n} of the integer
lattice and satisfies to the condition:

There exists a point m = (mq,...,my) € A such that
for any o € A the inequalities o; < m;, 7 =1,2,...,n hold. (3)

Denote the characteristic polynomial of (2) by

— @ [e3] Qn
P(z)= ) az® = ) Coran it 20

acA acA

The generating function (or the z-transformation) of the function f(z) in
integer variables z € Z{ is defined as follows:

F(z) = Z /(@) where T = (1,...,1).

ZerI ?
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For example, a solution of the difference equation
f(l‘l + 1,29 + 1) — f(ilil + 1,1‘2) — f(l‘l,dfz + 1) + f($1,$2) =0

is an arbitrary function of the form f(z1,z2) = ¢(z1) + ¥ (x2), where ¢ and ¥
are arbitrary univariate functions of integer arguments and the corresponding
generating series is in general divergent.

Define the “initial data set” for the difference equation (2) that satisfies the
condition (3), as follows:

Xo={1€Z":7>20, T #m}.

Here # means that the point 7 belongs to the complement of the set defined by
the system of inequalities

Ti2z2mg, j=1,...,n.

The initial value problem is set up as follows: we need to find the solution
f(z) of the difference equation (2), which coincides with a given function ¢(x)
on Xg:

f(@) = p(z), x € Xo. (4)

It is easy to show (see, e.g., [11]), that if the condition (3) holds, then the
initial value problem (2), (4) has the unique solution. The solvability of the
problem (2), (4) without the constraints (3) has been studied in [5].

We now proceed with some more notations that we will need later on.

Let J = (j1,...,Jn), where ji € {0,1}, k = 1,...,n, be an ordered set.
With each such set J we associate the face I'; of the n-dimensional integer
parallelepiped

I, ={x€Z":0<z, <mp,k=1,...,n}
as follows:

Iy={z € Ill,y: mp = my, if ji, =1,
and xp < myg, if jip = 0}.

For example, Iy, . 1) = {m} and
Lo,..oo={r€Z": 0< 2, <my, k=1,...,n}.
It is easy to check that IT,, = |J Iy and for any J, J' the corresponding faces
do not intersect: I'y N Iy = (. !

Let &(z) = > #(7) be the generating function of the initial data of the

30 ZT+I
T}T?l
solution of (2), (4). With each point 7 € I'; we associate the series
_ P+ Jy)
Pra(2) = 2 s

y=0



and with each face I'; we associate the series

¢J(Z) = Z @.,.7.](2).

T Iy

If we extend the domain of p(z) by zero on Z" \ X, then the generating function
of the initial data can be written down as the sum

&(z) = ZSPJ(Z) = Z Z D, 5(2).
J

J Tely

Theorem 1. The generating function F(z) of the solution of the problem (2),(4)
under the assumption (3) and the generating function ®(z) of the initial data
are connected by the formula

P(2)F(z) =) Y Pr(2)Pr(2), ()

J T€ly

where Pr(2) = Y cq2® are polynomials.
as<m
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For n =1 it is easy to verify the statement of the Theorem 1. Indeed, in this
case the generating function

-~ f(2)
F =318
=0
of the solution f(z) to the initial value problem (1) with the coefficients
(co,¢1,---,¢m) and given initial data (©(0),p(1),...,(m — 1)) is a rational

function:
a—1

> Y et
Fz) = == —. ©)

m
> caz®
a=0

For n = 2 Theorem 1 was proved in [15] in connection with studying the
rational Riordan arrays. For n > 1 the proof was given in [12]. The properties
of generating function of solutions of a difference equation in rational cones of
integer lattice were studied by T. Nekrasova (see, e.g., [17]).

Theorem 1 yields the following multidimensional analog of the De Moivre
Theorem that is essential for the construction of algorithm:

Theorem 2. The generating function F(z) of the solution of the initial value
problem (2), (4) under the assumption (3) is rational if and only if the generating
function @(z) of the initial data is rational.

The proof of Theorem 2 was given in [12].



3 Description of the Algorithm

For n = 1 the expression (6) consists of a finite number of terms, which makes
the corresponding algorithm and computational procedure trivial. In this case
the input data consists of two finite sets of numbers, namely: coefficients of the
difference equation and the initial data. The output data of the algorithm is a
rational function (6).

In the case when n > 1, the initial data set Xy is infinite. For n = 2 the
algorithm for computing the generating function F(z) can be reduced to com-
putation of a finite number of one-dimensional generating functions of sequences
with elements along the coordinate axes. These elements are uniquely determined
by coeflicients of the corresponding one-dimensional difference equation and by
finite set of the corresponding initial data (that is different for each sequence).

We now describe the structure of input data of the algorithm which consists
of the matrices ¢, C and InData.

The matrix ¢ = (cay,a,), Where 0 < ag < mq, 0 < as < mo has size (mq +
1) x (mg + 1). It’s elements cq, ., equal to the coefficients of two-dimensional
difference equation (2) if (a1, a2) € A and equal 0 otherwise.

The coefficients of one-dimensional difference equations (that allow one to
determine infinite initial data of two-dimensional initial value problem) are given
by the matrix C. It consists of two columns: elements of the first column define
starting point and direction of the corresponding one-dimensional initial data
while elements of the second column are the coefficients of the one-dimensional
difference equations, which define initial data on the corresponding direction.

We now consider the structure of the matrix C' more precisely. Suppose that

foreach & =0,...,m1—1 there exist numbers pe, € Nand cf}&l , 6216171, cee cgl €
C such that a subset of the initial data {¢(&1,22)}55_ along the horizontal axis

satisfies one-dimensional initial value problem with the coefficients (cg1 , c§1 ey cf}sl

of the difference equation and with initial data (¢(£1,0), ¢(&1,1), ..., @(&1, te, —
1)). Then (6) implies that for each {4 = 0,...,m; — 1 the one-dimensional gen-

erating function of the sequence {¢(&1,22)}55_ is rational.

Similarly, suppose that for each & = 0,...,mo — 1 there exist numbers
ve, € N and d§,§2,d§i271,...,d§2 € C such that a subset of the initial data
{o(z1,8£2) 125 along the vertical axis are satisfies one-dimensional initial value
problem with the coefficients (de, a2, .. dﬁg) of the difference equation and
with initial data (¢(0,&2), ¢(1,&2),...,¢(ve, —1,&2)). Then (6) implies that for
each & = 0,...,mo — 1 the one-dimensional generating function of the sequence
{@(&1,22) }25 ¢ is rational function. Both these functions can be easily computed.

)



Consequently, the matrix C has the following structure

(1,0) (020,020717...,05)
(2,0) Ciits Clir—1> -+ C0)

o om0y e
N 0,1 do ,dd i, ....dY
Eo 2% Edlo i d9§
) vy Yy =100 M0

(0,mo) (dyn e dg )

The initial data of one-dimensional difference equations are given by the
matrix InData of the size My x Ms, where M; = max{po, ..., ftm,—1} and
My = max{vg, ..., Vmy—1}-

Note that some elements of InData can be dependent from each other (or,
in other words, some elements can be derived from another ones), so that it is
necessary to define only a part of its’ elements. We illustrate this fact on the
following example.

Suppose that the subsets of the initial data of two-dimensional difference
equation along the horizontal axis are given by the following three one-dimensional
difference equations

ge( +3,0) + 5p(x +2,0) + oz +1,0) + cp(, 0) = 0,
cso(x +2,1) +cip(x+1,1) + cétp(a:, 1) =0,

cAo(r +2,2) + co(x +1,2) + cap(x,2) = 0.

Similarly, let the subsets of the initial data along the vertical axis be given by
the two one-dimensional difference equations

d3¢(0,y +2) + dp(0,y + 1) + dgp(0,y) = 0,

dzp(1,y + 3) + dyp(1,y + 2) + die(L,y + 1) + dgp(1,y) = 0.

Then the initial data of one-dimensional difference equations is given by a matrix

x  o(1,2) %
InData = | ¢(0,1) ¢(1,1) =
(p(0,0) 90(170) 90(270)

The computational procedure does not read elements denoted by *, but compute
them from the other entries of the matrix and corresponding difference equations.
Consequently, the input data of the algorithm is finite.



Now we rewrite (5) in the form that is convenient for the implementation of
the algorithm:

mi1—1mo—1

P , 21,22)
Flanz)=| 20 3 —afiger o6&+

£=0 &=0 ~1

wllp 21,%2)
+ ) = m;ﬁ’ 2B (29)+
£1=0
el p (21, 22)
€ 1, <2
+ Z ml §2+1 Lp&l(zl) /P(Z)7 (7)
£2=0
where
M2 % ail Cilw(§1,wz+m2)
a=1z5=0 z2 "
05, (22) = = ®)
> Ca 25
a=0
and
v, —_
LM f azl dgmp(ﬁmll-‘:zlhfz:)
a=1x1=0
VS (1) = = . (©)
S ds e
a=0

The right hand side of (7) is split into 3 groups. The first group consists of a
finite number of summands. The second and the third groups require computing
of a finite number of one-dimensional generating functions (8) and (9).

The algorithm itself consists of three procedures that we present below.

The first procedure (Algorithm 1) computes the missing terms p(£1,&) in
the first sum of (7). It is also used for computing generating functions in the
second and third sums of (7).

Algorithm 3 is the main procedure that assemblies the two-dimensional gen-
erating function from one-dimensional generating functions obtained by Algo-
rithm 2.

4 Experiments

The algorithm was implemented in Maple 2015. It was tested on the following
examples.

Ezample 1. The binomial coefficients



Algorithm 1 The algorithm for computing the initial data ¢(xg, yo) at arbitrary
point (zo,y0) € Xo.

Input: Matrixes ¢, C, InData and a point (2o, yo) € Xo.
Output: A value of function of initial data ¢(zo,yo).
procedure ¢(c, C, InData, (xo,yo0))
m1 := is a number of rows of the matrix ¢
mg := is a number of columns of the matrix c
if o < m; then
for ¢ from 1 to m1 + mo do
if c[i, 1] = (zo + 1,0) then

Co = C[Z, 2}
end if
end for
o := xo-th column of InData
lo = %Yo

end if
if yo < mao then
for ¢ from 1 to m1 + mo do
if c[i,1] = (0,yo + 1) then

Co = C[Z, 2}
end if
end for
o := yo-th row of InData
lo = X0

end if

[ :=is a length of ¢

for ¢ from [ to lp do

=
@o(i) == 2 om] wo(i+j—1)
end for
return oo (lo)
end procedure




Algorithm 2 The algorithm for computing one-dimensional generating function
according to formulas (8) or (9).

Input: A vector M of coefficients of a difference equation (with increasing order of
indices); a vector @ of initial data (with increasing order of indices) of the length
equal to the length of M — 1; an integer start (the initial value of summation); an
integer t € {1,2}; a variable z;.

Output: Generating function, given by formulae (8) or (9) according to ¢.
procedure GF (M, &, start, t, z¢)

F:=0

n := length of M — 1

for o from 1 to n+ 1 do
Ca-1:= M[a]

end for

for a from 1 to n do
plo—1] == 8ol

end for
for « from n to start +n — 1 do
ela] :==0

for j from 1 to n do
1

pla] := pla] — “=4 - pla—n+j — 1]
end for
end for
for o from 0 ton — 1 do
pla] = g[start + o]
end for
for o from 1 ton do
for x from 0 to o — 1 do
F:=F+ 7;;’,'@[15]1
end for '
end for
Q:=0
for a from 0 to n do
Q:=Q+ca- 2
end for
F-=F. thart/Q
return F
end procedure




Algorithm 3 The algorithm for computing two-dimensional generating function
of the solution of the initial value problem (2), (4).
Input: Matrices ¢, C, InData,

Output: Generating function F'(z) of the solution to the Cauchy problem.

1: procedure GenFunc(c, C, InData)

2 m1 := is a number of rows in/of the matrix ¢

3 Mg := is a number of cloumns in/of the matrix ¢

4 F:=0

5: for z; from 1 to m; — 1 do
6.

7
8

for x> from 1 to ms — 1 do

P,
F:=F+ % (¢, C, InData, (xo,yo))

1 %2
: end for
9: end for
10: for & from 0 to m; — 1 do
11: @ := (& + 1)-th column of InData
12: M := C1i, 2] such that C[i, 1] = [&1 + 1, 0]
13: for ¢ from 1 to & + &2 do
14: if C[i,1] = (& +1,0) then
15: M = CJi, 2]
16: end if
17: end for , (31.22)
18: F:=F+ 51";217;2 -GF(M,®,m2,2)
19: end for '
20: for & from 0 to ma — 1 do
21: & := (& + 1)-th row of InData
22: for ¢ from 1 to & + &2 do
23: if C[i,1] = (0,&2 4+ 1) then
24: M := CJi, 2]
25: end if
26: end for
27: F:=F+P*”lj+<ff’z” - GF(M,®,mi,1)
28: end for ’

29: F :=F/P(z1, 22)
30: return F
31: end procedure




give a solution to the Cauchy problem
with the initial data

1, 20,y =0;

k)

oz, y) = {07 r— 0.y >0

In the example my = mgo = 1 and the set of initial data

Xo = {(3’31,132) € Z%r: (.’171,1‘2) ;//4 (17 1)}

Fig. 1. The initial data set Xo

The input data for the computational procedure:
(11
“=\-10)°
11
InData = (O 1) ,
- (0,1) (-1,1)
(1,0) (1,0) J~
The result is the generating function of the binomial coefficients:

1

Flzw) ===



Ezample 2. Bloom studies the number of singles in all 2% z-length bit strings [4],
where a single is any isolated 1 or 0, i.e. any run of length 1. Let r(x,y) be the
number of z-length bit strings beginning with 0 and having y singles. Apparently
r(z,y) =01if  <y. Then r(z,y) is:

0000001...
0000010...
0000105...
0001044...
0010339...
0102258...
1011235...

where the element r(0,0) is in left lower corner.
In [4] D. Bloom proves that r(z,y) is a solution to the Cauchy problem

re+2,y+1)—r@+lLy+1l)—r(z+1ly) —r(r,y+1)+r(r,y) =0

with the initial data

£(0,00=1, (1,0)=0,

o(x,0) = p(z —1,0) + p(z — 2,0), = > 2,
¢(0,y) =0, y > 1,

p(1,1) =1, ¢(l,y)=0,y=>2

The result is the generating function of the considered initial value problem:

-1
F(z,w) = :

2w—zw—w—z+1
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