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Abstract: In this paper, we present explicit solutions of a class of linear
partial difference equations with constant coefficients, and two kinds of linear
partial difference equations with constant coefficients are discussed and their
explicit solutions are obtained. As an application we give examples to show
the efficiency of the solutions.
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1 Introduction

Difference equations often appear in the study of numerical methods, combinatorial enu-
meration and system analysis [5, 6]. There are many methods for solving the linear differ-
ence equations of one argument with constant coefficients such as method of generating
functions, method of Z transformation and that similar to the methods for solving the
linear differential equations [1,2]. But there are few papers on the difference equations
of two variables or partial difference equations. In this paper two kinds of linear partial
difference equations with constant coefficients are discussed and their explicit solutions
are obtained.

2 Definitions and a Lemma

Definition 1 The following difference equation is called first order linear partial dif-
ference equation with constant coefficients

au(t,s) + pu(t,s — 1) +yu(t — 1,5) + du(t —1,s — 1) + A =0, (1)
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where a, 3, v and § are all constants, t and s are positive integers, and A = A(¢, s) is a
given function.

For convenience, we will classify equations (1) as follows:
If «#0, v#0, then (1) can be written as

= Yt - a1 - Cut—1s—1) -
u(t,s) = ﬁu(t,s 1) au(t 1,s) au(t 1,s—1) ~ (2)
If a#0, v=0, then (1) can be written as
B J A
t,s)=——u(t,s—1)— —u(t—1,s —1) — —.
ult) = ~Zutts—1) - Lu - 15 -1) -2 @
If =0, 3#£0, v+#0, then (1) can be written as
5y ) A
u(t,s—1)=—=u(t—1,s) — =u(t—1,s — 1) — —=. 4
( ) 3 ( ) 3 ( ) 3 (4)
Equation (1) also can be expressed by
5y 1) A
u(t,s) =—=u(t—1,s+1)—=u(t—1,s) — —=. 5
(t,s) 5 ( ) 3 ( ) 3 (5)

If the term wu(t — 1,s) of (4) is placed on the left-hand side, the other terms are moved
to the right-hand side, and ¢ — 1 is replaced by ¢, then (4) can be written as

u(t,s)z—éu(t—l-l,s—l)—éu(t,s—l)—é. (6)
v v v
Ifa=0,8#0, y=0orif a=0, =0, v=#0, the equations (1) are both actually
difference equations of one variable, which is not discussed here. If a = 8 =~ = 0,
d # 0, then the equation (1) is trivial one, which is also not considered here.
Without loss of generality the equations (2)—(6) can be classified in following four

types:

(A) u(s,t) = au(t,s — 1)+ bu(t — 1,8) + cu(t — 1,s — 1) + d(t, s), )
u(t,0) = F(t), u(0,s)= E(s)

(B) u(s,t) = au(t,s — 1)+ bu(t — 1,5 — 1) + d(¢, s), <
u(t,0) = F(t). ®)

(0) u(s, t) =au(t —1,s+ 1)+ bu(t —1,s) +d(¢, s), )
u(0,8) = E(s)

(D) u(s,t) =au(t+1,5s — 1)+ bu(t,s — 1) +d(t, s), 10)
u(t,0) = F(t).

where a, b, ¢ are constants and d(t, s) is a given function of ¢ and s.

Definition 2 The following difference equation is called second order linear partial
difference equation with constant coefficients

au(t, s)+bu(t, s—1)+cu(t,s—2)+d(t—1,s—1)+eu(t—1, s)+ fu(t—2, s)+g(t,s) = 0. (11)
where a, b, ¢, d, e, f are all constants, t > 2, s > 2 and g = ¢(t,s) is a given function.
In this paper we only discuss equation of type (E)
(E) u(t,s) = au(t — 2,8) + bu(t,s — 2) + g(t, s),
u(t,0) = Fo(t), wu(t,1)=Fi(t), u(0,s)= En(s), wu(l,s)= Ei(s).
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Lemma For the given constant a, b, ¢ and nonnegative integers k and n, we set

R(n, k) = > [T E b=

i1+ig+Fin=k r=1
ir20 (r=1,2...,n)

where
0, k>0 4 a, m = 0;
R(n, k) = , H=ab+c, Hx*xb"""'= 3
1, k=0. Hym= 1 m>1.
Then for the given function f(t), R(n,k) satisfies the following equation
¢ t—k t
> R(m,k)Y R(Lj)f(t—k—j)=> R(m+1,k)f(t—Fk).
k=0 §=0 k=0

The lemma is easy to verify by induction, so the proof is omitted.

3 Solution of Explicit Expressions of the Partial Difference Equations

In the sequel, we shall give main results of this paper.
Theorem 1 For t>1 and s> 1,
(1) the solution of type (A) is

t—1 t—1 s—1
u(t,s) =Y R(s,k)F(t—k)+> Y R(G.E)M(t -k, s—j)
k=0 k=0 j=0
where
M(t,s) = b""'eu(0, s — 1) + bu(0, 5)] + i bld(t —i, s)
1=0

=b"eE(s — 1)+ bE(s —I—Zbl (t —1, s);

(2) the solution of type (B) is

s s—1 k
u(t,s) =Y Cra* MV P(t—k)+ ) Y Clad* IV d(t — k, s — j);
k=0 k=0 j=0

(3) the solution of type (C) is

¢ t—1 &
= Cla FVFE(t+s—k)+ Y > Cla"Ibid(t —k, s+ k — j);
k=0 k=0 j=0
(4) the solution of type (D) is
s—1 k

chskb’f (t+s—k)+> > Cla*IVd(t+k—j, s — k).

k=0 k=0 j=0
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Proof We only prove (1) and (3), the other proofs are similar to each other, hence
omitted.

(1) For the problem (A), b# 0. Let us set N(t,s) =au(t,s—1)+cu(t—1,s—1)+
d(t,s), then

u(t,s) = N(t,s) +bu(t —1,8) = N(t,s) +b[N(t — 1, s) + bu(t — 2, s)]

9 (13)
=N(t,s)+bN({Et—1,8)+bult—2,8)=...
By induction we have
t—1 t—1
ut,s) =Y bN(t—k,s) + b'u(0,s) = > H+b"lu(t —k,s— 1)+ M(t,s)
k=0 k=0 (14)
t—1
=Y R(L,ku(t—Fk,s—1)+ M(t,s).
k=0
For any positive integer ¢ (1 < i < s), it is easy to be tested by induction also that
t—1 i—1t—1
u(t,s) =Y R(i,k)u(t—k, s —i)+ Y > RG k)Mt -k, s—j), (15)
k=0 §=0 k=0

where i = s (15) is the solution to (A).

(3) The situation “y = 0 in (1)” is equivalent to the situation “b = 0 in (A)”. But
the proof (1) is under the condition b # 0, so the solution of problem (B) can be not
the solution of (A) by letting b = 0. Now we will prove that for any positive integer ¢
(1 <i<s) the following holds:

i i—1 k
u(t,s) = Z CFa'=*bFu(t — k, s —i) + Z Z Cla*=Ivid(t — j, s — k). (16)
k=0

k=0 j=0

In fact, while ¢ = 1, (16) becomes (8). Suppose (16) holds for 7, then for i+1, substituting
u(t —k, s —14) in (16) by (8) we have

u(t,s):ZCfai_kbk[au(t—k,s—i—l)—i—bu(t—k—l,s—i—l)—i—d(t—k,s—i)]
k=0
-1k
+) N clabivd(t - j, s — k)
k=0 j=0

3

=Y Cla™ Fbbu(t —k, s —i— 1)+ Y Cla' b u(t —k—1,5—i—1)

Pt k=0
i . i—1 k ) o
+ Y CFa' ™ Ford(t — ks —i)+ ) > Cla"Ivd(t — j,s — k).
k=0 k=07=0
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The first two terms of (17) can be merged into one term by using formula C¥ + C’Z—k*1 =
C»’“H, the third term can be merged into the last term by substituting &£ by j and i by k

3
respectively, hence

i+1 (i+1)—1 g

Z P a T TRt — ks —i— 1) + Z ZCJ vt — 4, s — k),

which shows that (16) is proved and by letting ¢ = s (16) becomes the solution of (2).
Theorem 2 The solution to (E) is

s1—1 t1—1
u(t,s) = a" Z C,§+t1_1bku(5(t), s —2k) + b* Z s 1@ u(t — 24, 8(s))
k=0
18
51—1 tl—l ( )
+ Z Z C’,’jﬂa]bkg(t — 24, s — 2k),
k=0 j=0
t—1 s—1 L . Lo
where t; = [T}’ $1 = [ 5 }, [x] expresses the minimum integer which is greater

than or equals to x,
5(x) :{ 1, if x is odd,

0 if x is even.

Proof If b=0 in (12), then the equation becomes the second order difference equa-
tion of one argument ¢. The solution can be easily calculated as follows:

t1—1

ult,s) = a"u(d(t),s) + > a"g(t — 2k, s). (19)

k=0

If b0 in (12), taking u(t, s —2) in (12) as an iterative term calculated successively one
obtains

u(t,s) = au(t — 2, s) + bu(t, s — 2) + g(t, s)

=au(t —2, s) + blau(t — 2, s — 2) + bu(t, s — 4) + g(t, s — 2)] + g(¢, s)

= au(t — 2, s) + abu(t — 2, s — 2) + b[au(t — 2, s — 4)
+bu(t, s —6) +g(t, s —4)] + bg(t, s — 2) + g(t, s)

= au(t — 2, s) + abu(t — 2, s — 2) + ab*u(t — 2, s — 4) + b3u(t, s — 6)
+0%g(t,s —4) + bg(t,s — 2) + (¢, 5)

Hence one can get the following by induction
81—1 81— 1

u(t,s) =a »_ bu(t—2, s —2k)+b"u )+ Z Veg(t, s — 2k). (20)
k=0



120 XIAOZHU ZHONG, YAN SHI, HAILONG XING AND YUNLIANG YUAN

Now we will prove by induction again that for any positive integer i (1 <1 <)

§1— 1 —1
u(t,s) =a’ Z C;Hj DRt — 24, s—2k)+b51Zczl+j_laju(t—2j, 5(s))
§=0
s1—1i—1 (21)
+ )0 ¢l albrg(t - 24, s — 2k).
k=0 7=0

In fact, when ¢ = 1 (21) becomes (20). Suppose (21) holds for i, then for i + 1,
substituting the term u(t — 24, s — 2k) in (21) by (20) one can get:

(=21

s1—1 2
ult,s)=a" Y Ciibla > bu(t—2i-2, s -2k —2j)
k=0 Jj=0
[S 22’671]71
ol e - 20, 6(s —2k) + > big(t—2i, s —2k—2j)| (32)
§=0
-1 _ s1—1i—1
+bslijl+j71a3u(t—2], )+ Z ci, ank (t —24, s — 2k).
j=0 k=0 j=0
Because
—2k-1 -1 -1
[S ! ] _ {52 _k] _ [52 ]—k_sl—k, 5(s — 2k) = 6(s),
s1—1 s1—k—1 s1—1 s1—1
i—1 k (i+1)—1 k i—1 i—1
Z Ok—i—z lb Z bJ = Z CkJr(lzrl b ’ Z Ck-i—z 1 Os1+z 1
k=0 Jj=0 k=0
hence (22) can be written as
) S1— 1 Slfkfl )
u(t, s) = a'*? Zc,g; WBF YT Yt — 20— 2, s — 2k — 2j)
3=0
S1— 1 S1— 1 Sl,k,l
+a ZC}C; (bt — 2, 0s) +a' y Cit b > Mgt — 2i,s — 2k — 2j)
k=0 3=0
s1—1i—1 i—1
+ chkﬂa]bk (t — 27,8 — 2k) +bSIZCSI+J L@l u(t — 24,65)
k=0 j=0 Jj=0
s1-1 (i+1)—1
i +1)—1 . s i i .
= +1ZC,§+ lll) BFu(t—2(i+ 1), s — 2k) + b™ Z Cl 410’ u(t — 2§, ds)
§=0
s1—1 s1—1i—1

i+1)—1 .
+a’ ch-l::)l Vgt — 2i, s — 2k) —|—ZZ ajbk (t—2j, s — 2k)
k=0 5=0
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s1—1 (i+1)—1
a’ i+1) . s j ; .
= q't! E C,g_:rl_H) BFu(t—2(i+ 1), s — 2k) + b E Cl 4 j1au(t — 27, 0(s))
=0
s1—1 (Z-‘rl)—l

+ Z Z O,z+jajbkg(t—2j, s — 2k).

t—1
One obtains (21). With i =1¢; = {T}’ (21) becomes (18). It is easy to know that

(19) is the exception of (18), thus the proof of Theorem 2 is completed.

4 Examples

Ezample 1 Find the numbers of the shortest lattice paths with diagonal steps [3].
On the coordinate plane, the number of the shortest lattice paths with diagonal steps
is called Delannoy number [3], which satisfies the difference equation:

D(t,s)=D(t, s—1)D(t—1,s)+D(t—1,s—1),

D(t,0) = D(0,s) = 1. (23)

Problem (23) is the type of (A), where a =b=c¢ =1, d =0 and its solution is

D(t,s) = i R(s,k)F(t—k) + i i R(j, k)M (t — k, s — j),
k=0 k=0 j=0

where F(t) = D(t,0) =1, M(t,s) = D(0, s — 1) + D(0, s) = 2, from which one gets

t—1 t—1s—1
D(t,s) =Y R(s,k)+2> > R(j,k). (24)
k=0 k=0 j=0
Because
_1 1, m=0;
H=ab+c=2, Hx*xV""" =
2, m=>1;

R(n, k) = > [TE b1 =>" O,T( > ]:[ H % b )
=0

i1tintetin=k, r=1 m= iniotefin_m=k, r=1
i, >0, (r=1,2...,n) ir>1, (r=1,2...,n—m)

n n
m n—m | __ mon—m
N ) 2 -3 a2 3 1).
m=0 i1 +ig+ A —m =k, m=0 i1+ig+- Fin—m =k,
i»>1, (r=1,2...,n—m) i»>1, (r=1,2...,n—m)

From the literature [4] we know that the number of the natural number solution to
the equation z1 + o + -+ Tp_m = k is C,?:lm_l, hence

R(n,k) = > 2mmCrcp— it

m=0
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It follows that

t—1 s S -1
D Rs.k)=> > 2TCIGIIT =) 25‘”02”(2 Cii’“)

k=0 k=0m=0 m=0 k=0
s t—1 s s
72 s—m  ym E s—m—1 | __ § : S—m ym s—m __ § : mYm m
- 2 Os Ok—l - 2 CS Otfl - 2 Cs t—1>
m=0 k=s—m m=0 m=0

where
s—m—1 __ s—m
E : Ckfl _Ct—l :
k=s—m

Calculating shows that

t—1s—1 s

2> > R(jk) :22 (ZR(j,k)) zzi > emerer,

k=0 ;=0 j=0 =0 m=0

S—

=2

S—

k=0
1
2mCTCO, =2 Z 2mCm, ( > cm>

s—1 s—1
m=0

m=0

1
=0j=

where
s—1
m __ m—+1
N o= ot
j=m

With the above result one gets

t—1 s—1

t—1 S s—1
D(t,s) =Y R(s,k)+2> > R(j,k)= Y 2mCrcy, + y_ 2mtiertior,
k=0 k=0 j=0 m=0 m=0

=D 2nOR(CR + O = ey
m=0 m=0
This is the very result given out of [3].

Example 2 Find all eigenvalues of the following matrix B

o Y

8 .

where the matrix B has the following characteristics:
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1. All the main diagonal elements of B are «.

2. All the skew diagonal elements of the downright square submatrix of B are 8. If
the number of the submatrix‘s order is odd, then the cross-element of the main diagonal
line of the submatrix and its skew diagonal line is still a (the line connecting the upright
corner of a square matrix with its downleft corner is called skew diagonal line).

3. The remained elements of B are all ~.

To find the eigenvalues of the matrix B is to find the roots of equation det (A\I—B) = 0,
where [ is a unit matrix of order equivalent to B. Let us first calculate det B. In fact,
the matrix B is similar to matrix A(t, s) where

a 3
0 «

= R
O™

Alt,s) = (25)

@D R
o™

Q7 (t45)x (t+s)

(t > s > 0) is a matrix of order (t+ s) x (t + s), where there are s submatrixes of order
«

2: <g §>’ and a submatrix of order (t— s): , the unlisted elements are

all v, which is shown above.
It is easy to know that

det B = det A(t,s) = 2(a — B)det A(t,s — 1) — (a — B)*det A(t — 1, s — 1),

t>s>1. (26)
The initial condition is that
det A(t,0) = (a — )" Ha+ (t—1)7], det A(0,0) = 1.
This is the very type of problem (B), where
a=2a-p), b=—(a=p)? c=0, F(t)=(a-)""a+ -1l
The solution of it can be calculated as follows
det A(t,s) = (a = B)*(a+ = 27)° " Ha—7y)' " (27)

x {(a+B=27)a+ -1y +sy(a—B)}

Substituting elements «, 8 and v of matrix B by A\ — a, —3 and —+ respectively,
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then we can get immediately eigenvalues of B:
(i) If ¢ > s> 1, then

A1 = (a— ) 1is aroot of s-multiplicity;

X = (. —7) is aroot of (t — s — 1)-multiplicity;

A3 = (a+ f—27v) isaroot of (s — 1)-multiplicity;
1

M= s{l@+B-29)+ (a+(t-1)7) + 5

+V@T B2 T (at @ s P At 5= 2t G- Dy + e — A},
3o = 5{l(a+8-29) + (at (6= 1)) + 5]

—Vll@+p-27)+(a+{t+s— NP —4fla+8—27)(a+ (- 1)7+Sv(a—ﬂ))]}
are two single roots.
(ii) If t =s > 1, then
det A(t,s) = (o = B)*(a+ B —29)" Ha+ B+ (s — 2)7),

A1 = (a— ) is aroot of s-multiplicity;
do=(a+P8—2v) isarootof (s— 1)-multiplicity;
A3 = (a+ B —2y) is asingle root.

(iii) If ¢t > s =0, then

det A(t,s) = (@ — )" (a + (¢ — 1)y);

A1 =a—7 isaroot of (¢t — 1)-multiplicity;
X2 =a+(t—1)y is a single root.

5 Conclusions

This paper has been focused on the study of the solution’s explicit expressions of some
kind of partial difference equations. The method is very simple, but the results can be
used in the study of some kind of combinatorial enumerations and some other related
fields.
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