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Abstract

We give several new characterizations of Riordan Arrays, the most important of
which is: if {dni}nkeN is @ lower triangular array whose generic element dyx lin-
early depends on the elements in a well-defined though large area of the array, then
{dnk}nreN is Riordan. We also provide some applications of these characterizations
to the lattice path theory.
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1 Introduction

In December 1994, during the second author’s visit to the “Dipartimento di Sistemi e Infor-
matica” in Florence (Italy), we began to investigate the enumeration of lattice paths having
diagonal steps from the Riordan Array point of view (see, [23, 24]). This problem had been
previously studied by Handa and Mohanty [17]; we approached the problem according to
the theory discussed in [23, 24].

This theory had previously been developed for lattice paths with “steep”diagonal steps,
as illustrated in Figures 1(i) and 1(ii); it is well-known that the arrays determined in this case
are Riordan (see [16] for example). But [17] treats lattice paths having “shallow” diagonal
steps, illustrated in Figures 1(iii) and 1(iv).

The logical consequence would be to extend the theory of Riordan arrays to the second
type of diagonal steps and this is what we want to do. The counting sequences on the
main diagonal are obviously the same for both shallow and steep steps if their gradients are
reciprocal. This can be verified simply by running the lattice paths backwards (compare
Figures 1(i) and 1(iii), or Figures 1(ii) and 1(iv)). It is worth noting, however, that whereas
the array in Figure 1(iii) is also a Riordan array, the one in Figure 1(iv) is not.

By using both algebraic and combinatorial techniques, we were able to prove several
properties for lattice paths having both kinds of diagonal steps (steep and shallow). To
our surprise, we realized that many of these properties were so general that they actually
extended the original characterization of Riordan Arrays. The resulting Theorem 2.6 greatly
extends the Riordan Array theory, and shows that a lower triangular array {dnx}nreN is
Riordan whenever its generic element d,;1 41 linearly depends on the elements d, , lying
in a well-defined, but large zone of the array (see Figure 2). This is fundamental to the
lattice path theory, (see last section), and it is also important in the general Riordan Array
theory, because it provides a remarkable characterization of many lower triangular arrays
of combinatorial importance, (that is, all the arrays for which a recurrence can be given
involving elements belonging to the relevant zone).

These results seem significant to us and led us to divide our work into two parts. In the
present paper, we give an account of the new developments in the Riordan Array theory, and
use lattice paths as a guiding example. We focus our attention on the new characterizations of
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Figure 1: Some arrays illustrating the numeration of lattice paths having diagonal steps.

Riordan Arrays and, in order to maintain the necessary generality, we mainly use an algebraic
approach based on generating functions. In our companion paper “Lattice paths with steep
and shallow steps” we deal with lattice path problems directly and we use combinatorial
proofs to determine which problems correspond to Riordan Arrays and which do not. Even
though they are limited to non-negative coefficients, many of these proofs, will constitute
the combinatorial counterpart of proofs given in the present paper.

To be more specific, this paper is organized in the following way: in Section 2, we give
the definitions and the above-mentioned characterizations of Riordan Arrays. In Section 3,
we develop our algebraic theory by giving a number of results concerning the generating
functions related to the Riordan Arrays. Finally, in Section 4, we show how the theory can
be applied to lattice path problems.

We wish to point out that the combinatorial objects we are mainly interested in are
subdiagonal lattice paths in the Cartesian plane. Our paper treats some of the topics studied
by Gessel [4] and Labelle [10, 11, 12] but differs from these works in its emphasis on paths not
ending on the main diagonal. The simple geometric transformation (8,8") — (6 + 6',6' — ')
changes underdiagonal paths into paths that never go below the z-axis. This lattice path
notation can be called “French notation” because it is mainly used by researchers belonging
to the French area (see Goulden and Jackson [7]).

For brevity’s, we only outline many of our demonstration and so we refer the reader to
the report [15] for the details of the complete proofs.



2 Riordan arrays

By some abuse of language (see Shapiro et al. [23]), a Riordan array is a pair (d(t), h(t))
in which d(¢) and h(¢) are analytic functions (or formal power series) such that d(0) # 0;
if R(0) # 0, then the Riordan array is called proper. The pair defines an infinite, lower
triangular array {dn}nkeN, in the sense that:

dne = ["]d()(tA(1))",

by definition. From this definition, it easily follows that d(¢)(¢th(%))* is the generating function
of column k in the array (in particular, d(¢) is the generating function of column 0). The
most common example of a Riordan array is the Pascal triangle, in which we have d(t) =
h(t) = 1/(1 —t). Proper Riordan Arrays are known as “recursive matrices” in the theory
of Umbral Calculus (see Barnabei, Brini and Nicoletti [1]). A non-proper Riordan Array
(d(t), h(t)) can be easily reduced to a proper one: if h(t) has order s > 1, i.e., h(t) = t*v(t),
with v(0) # 0, then (d(¢),v(t)) is a proper Riordan Array and is obtained from (d(¢), h(¢))
by moving every column k up ks positions. The Riordan Array theory allows us to find
properties concerning these matrices; for example, we have:

>~ dusfi = [PADFEA()), 2.1)

for every sequence fi having f(t) as its generating function. A description of the Riordan
Array theory together with many examples of it, can be found in Shapiro et al. [23] or in
Sprugnoli [24].

Rogers [19] has proved the following, fundamental characterization of proper Riordan
Arrays:

Theorem 2.1 An array {d, x}nreN is @ proper Riordan Array if and only if there ezists a
sequence A = {a;};eN with ag # 0 such that every element dpy1 g1 (ot lying in column 0
or row 0) can be ezpressed as a linear combination with coefficients in A of the elements in
the preceding row, starting from the preceding column on, 1.e.:

dnt1 k1 = @odnj + 01dn g1 + Godppya + - (2.2)

Proof: See Rogers [19]. [ |

The sum in (2.2) is actually finite because dn,r = 0, V& > n. Sequence A, called the A-
sequence of the Riordan array, is characteristic in the sense that it determines (and is de-
termined by) function A(¢). If A(¢) is the generating function of the A-sequence, it can be
proven (see Sprugnoli [24]) that A(t) is the solution of the functional equation:

h(t) = A(th(2)). (2.3)

Conversely, A(y) can be determined by the relation:



where this notation means that A(y) is obtained by substituting the solution of the functional
equation ¢t = yh(t)™! having ¢(0) = 0 for ¢ in h(t). For example, this last relation in the
Pascal triangle gives:

1

Ay) = [E tzy(l—t)] = [i tzlyjy] =1+y.

Therefore, the A-sequence for the Pascal triangle is {1,1,0,0,...} and (2.2) becomes:

(Zi) - @ ! <k11>

the well-known basic recurrence for binomial coefficients.

Let us now come to the latest developments in the Riordan Array theory. First of all,
as previously mentioned, the A-sequence does not completely characterize a proper Riordan
array (d(t), h(t)) because the function d(t) is independent of A(¢). We therefore prove the
following:

Theorem 2.2 Let {dni}nreN be any infinite lower triangular array with d,, # 0,Vn € N
(in particular, let it be a proper Riordan array); then a unique sequence Z = {zq, 21, 22, . . .}
exists such that every element in column 0 can be expressed as a linear combination of all
the elements in the preceding row, i.e.:

dnt1,0 = 2odno + 21dn1 + 22dp2 + - - (2.4)

Proof: Let zo = dyo/doo. Now we can uniquely determine the value of z; by expressing
da o 1n terms of the elements in row 1, i.e.

_ do,odz,o - d%,o

dao = 2zod10+ 21d11 or zZ1 =
doodi 1

In the same way, we can determine 2z, by expressing d3 o in terms of the elements in row 2,
and by substituting the values just obtained for zp and z;. By proceeding in this way, we
determine the Z-sequence in a unique way. [ |

The Z-sequence characterizes column 0, while the A-sequence characterizes all the other
columns. The triple (do, Z(t), A(¢t)) characterizes a proper Riordan array:

Theorem 2.3 Let (d(t),h(t)) be a proper Riordan array and let Z(t) be the generating
function of the array’s Z-sequence. Therefore we obtain:

do
4 = Tz

Proof: By the preceding theorem, the Z-sequence exists and is unique. Therefore, equation
(2.4) is valid for every n € N, and we can go on to the generating functions. Since d(#)(th(¢))*
is the generating function for column k, we have:

d(t) — do

—— = zod(t) + 21d(D)th(t) + 22d(BPR(E) + .. =



= d(t)(20 + z1th(t) + 22t°h(2)* + ...) = d(t) Z(th(?)).
By solving this equation in d(t), we immediately find the relation desired. [ |

The relation can be inverted and this gives us a formula for the Z-sequence:

Z(y) = [% t= yh(t)_ll :

The reader can easily apply these formulas to the Pascal triangle, which we can apply the
following theorem to:

Theorem 2.4 Let dy = ho # 0. Then d(t) = h(t) if and only if A(y) = do + yZ(y).
Proof: Let us assume that A(y) = do + yZ(y) or Z(y) = (A(y) — do)/y. By Theorem 2.3,

we have:

do do doth(t)
W) = T 200 ~ 1= GAGAQR) — dot)jih() ~  dot )

because A(th(t)) = h(t). Vice versa, by the formula for Z(y), we obtain from the hypothesis
d(t) = h(t):

do +yZ(y) = [do ty (% — t}f&))‘t :yh(t)‘ll -

th(t)  doth(?)
t th(t)

= |do + ‘t: yh(t)‘ll = [h(t)|t = yh(t)}| = Aly).

Riordan arrays having d(t) = h(¢) were first introduced by Rogers [19] who called them
“renewal arrays”. As the concepts of A- and Z-sequences show, what seems essential in a
Riordan array is the fact that the elements in a given row linearly depend on the elements
of the row above it, starting from the element on the left. It is surprising that this depen-
dence can be made much looser, as the following theorems show (see also the presentation of
Shapiro [22]). They greatly increase the applicability range of the Riordan Array theory and
play a basic role in our approach to lattice path problems. Let us begin by the following:

Lemma 2.5 If in a lower triangular array {dnx}nreN we have:
dn—l—l,k—l—l = Z ajdn,k-l—j
>0
for some coefficients a; (7 > 0), independent of n and k, with ag # 0, then we obtain
dnj = Y bidni1kr14; (2.5)
i>0

for coefficients b; (j > 0) also independent of n and k. Moreover, if A(t) and B(t) are the
generating functions of the two sequences, then B(t) = A(t)™! and therefore:

1 1> ,
bo = —, by=——) bjan; (j>1) (2.6)

=1



Proof sketch: By writing formula (2.5) in a matrix form and by using Henrici’s result
9, §1.3], we immediately obtain that A(¢)™* = B(¢) and formula (2.6) is simply the J.C.P.
Miller formula for reciprocal formal power series (see Henrici [9, Th. 1.6¢]). [ ]

This lemma is the basis of the following Riordan Array characterizations. We wish to
point out that, by Theorem 2.3, the Z-sequence exists for every lower triangular array, and
therefore we can implicitly assume its existence in all the subsequent theorems. Our first
result is:

Theorem 2.6 A lower triangular array {dni}nren is Riordan if and only if there exists
another array {ci;}i jeN, with agg # 0, such that every dpi1 k11 (n, k > 0) can be expressed
as:

Gntifor1 = D D Uijln ikt (2.7)

i>0 >0

Proof sketch: If the array is Riordan, let {a;},;cN be its A-sequence: the array defined as
ag; = aj, V7 € N,and oy ; =0, Ve > 0,7 > 0, is exactly as we desired. The proof of the “if”
part given in [15] is rather long and complex. It consists in proving that an A-sequence exists
for the given array and, therefore, it is Riordan. Lemma 2.5 plays a basic role in this proof. B

This theorem shows that we can characterize a Riordan Array by means of an A-matrix,
rather than by a simple A-sequence. However, while the A-sequence is unique for a given Ri-
ordan Array, the A-matrix is not. For example, the following A-matrices, and many others,
all define the Pascal triangle (the proof is quite obvious and relies on the basic recurrence
for the binomial coeflicients):

1100 1 000 1 000 1 000
0 00O 1100 1 000 1 000
0 00O 0 00O 1100 1 000
0 00O 0 00O 0 00O 1100

We can extend the linear dependence of the generic element d,, 11 g+1 to allow for elements
on its own row, starting from d,11 x12. In fact, we can prove the following characterization:

Theorem 2.7 A lower triangular array {dni}nreN s Riordan if and only if there exist
another array {o; j}i jeN, with agg # 0, and a sequence {p;};eN such that:

dny1ks1 = Z Z Qi ktj + Z Pilni1 k145 (2.8)

i>0 j>0 7>0

Proof: Here again, the “only if” part is obvious. As to the “if” part, we can eliminate
dnt1k+2 from the recurrence, by applying relation (2.8) and by eventually changing the ar-
ray {a;;} into {a; ;}. In the same way, we can subsequently eliminate all the dpy1k4145's.
Since only a finite number of them actually appears in the evaluation of d,i; %41, we can
always reduce dpny1 k41 to depend on some array {@; ;}i=o1,.., which is the left part of a limit
array {o; ;}, as happens in Theorem 2.6. Therefore, we can conclude that {dn s} is a Riordan



Array. [ |

This result will be used in our study of lattice path problems. Moreover, we can obtain
the widest possible characterization of Riordan Arrays (see Theorem 3.7 below):

Theorem 2.8 A lower triangular array {dni}nreN is Riordan if and only if there ezists

another array {a; j}; jeN, with agp # 0, and s sequences {Pg'i]}jeN (t=1,2,...,s) such that:
Gntior1 = DD Cijlnikij + . PE‘Z]dn+i,k-|—i+j+1 . (2.9)
i>0j>0 i=1 >0

Proof: Repeated applications of the elimination technique used in the previous theorem’s
proof. [ |

In Figure 2, we try to give a graphic representation of the zones which the generic ele-
ment dy, 1 .+1 (denoted by a small disk or “bullet”) is allowed to depend on so that the array
can be Riordan. The three zones correspond to Theorems 2.6, 2.7 and 2.8, and the only
restrictions are that ago # 0 and that the number of rows below row n be finite.

Figure 2: The zones which d, 1 x+1 can depend on.

Up to now, we have assumed that ago # 0 because this condition assures that the
resulting Riordan Array is proper. However, if we change this hypothesis, but maintain that
some a; o # 0, for ¢ > 0, then we obtain a non-proper Riordan Array, i.e., a Riordan Array
with h(0) = 0. This happens under the following conditions:

Theorem 2.9 Let {dni}nreN be an array whose generic element dyiq 11 ts defined by a
linear recurrence:

dny1ks1 = Z Zﬁi,jdy,k+j v<n+S§ forsome §¢&N.
>0 j>0

Let v be the mintmum index for which B,o # 0 and set v' = v — 5. If VB, ; # 0 we have
t=n—v' and, whenever v' > n, we also have j > v' —n, then {d, k}nreN is @ non-proper

Riordan Array (d(t), h(t)) with h(t) = t"v(t) and v(0) # 0.



Proof: The theorem’s conditions allow us to define a new array {d,, ; }nxeN Whose generic
element d,,, ;,, is given by:

E-
! . oy [Z] o
nt1k+1 — Z Z il ey + Z Z Pi i it i

>0 j>0 i>1 j>0
where «; ; = Bp_,; when v/ < n, and pg-i] = Bui—nj when v/ > n. The number s exists
thanks to the condition v < n + S, for some S. This is actually the definition of a proper
Riordan Array, in which d;,, = dnyry,x because the columns of {d, ,} are the columns of
{dnr} moved vk positions up. If (d(¢),v(¢)) is the new proper Riordan Array, then we should
have A(t) = t"v(t). |

In Section 4, we will examine an example of a non-proper Riordan Array in connection
with a lattice path problem.

3 Generating functions

As previously noted, the A-sequence and the function A(¢) of a Riordan Array are strictly
related to each other. This fact allows us to think that h(t) can be deduced from the A-

matrix {a; ;}:jen and the set of sequences {PE‘Z]}jeN for 2 = 0,1,---,s. Then, after finding
the function h(t), we can also find the A-sequence by determining its generating function
A(t).

Almost always, dp41,%41 only depends on the elements of a finite number of rows above
it; therefore, instead of treating a global generating function for the A-matrix, let us exam-
ine a sequence of generating functions PLI(¢), PI(¢), P2)(t), ... corresponding to the rows
0,1,2,... of the A-matrix, i.e.:

P[O](t) = ago + aot + apat’ + agat® + -

P[l](t) = a1+ it + agat’ + st -

and so on. Moreover, let QU)(¢) be the generating function for the sequence {P?]}jeN- Thus
we have:

Theorem 3.1 If {dnr}nreN s @ Riordan Array whose generic element dyiq k11 is defined
by formula (2.9) through the A-matriz {c ;}:;eN and the set of sequences {PE‘Z]}jeN, 1=
1,2,...,s, then the functions h(t) and A(t) for {dnr} are given by the following implicit
erpPTressions:

h(t) =Y ¢ PE(th(t)) + ith(t)i“Q[i](th(t)). (3.1)

i>0

A(t) =Y AL PER) + ti A():QM(¢). (3.2)

i>0



Proof: Let di(t) = d(¢)(th(t))* be the generating function of column k of the Riordan
Array; from (2.9) we deduce:

d s S
k+1 =3 it (8) + DD A5t g (2)

120 52>0 1=1352>0

= S0 AR + 303 () (h(8))

120 52>0 1=1352>0

We can now divide everything by d(¢)(¢th(t)):

=385 o (th(1)) + Zt NS pll(ea(2)).

120 3>0 7>0

d(t )(th( )

We now go on to the generating functions PU(¢) and QU(¢) and formula (3.1) immediately
follows. Finally, by applying formula (2.3) we obtain the expression (3.2) for A(¢). [ ]

As stated in the proof of Theorem 2.6, this theorem allows us to give some explicit for-
mulas for the element a, of the A-sequence. By extracting the coefficient of ¢, we find:

= [t")A(t) = Y_[t" | B(¢)'P +Z [ 1A QM(2)

120
n n—i ]
Zzb(za"”"J—l_ZZa’(zp;zJ)
=0 =0 1=1 5=0

where ag-i) and bg-i) denote the coefficients of ¢/ in the formal power series A(t)" and B(t)' =
A(t)™", respectively. As far as Theorem 2.6 is concerned, we have s = 0 and so:

n n—i

an = Z Z bg-z)ai,n_i_j,
=0 5=0
which agrees with the values ag = bgo)ao,o and a1 = bgo)ao,l + bgl)al,o = ag1 + boa1 g =

ag1 + @10/ oo (see the proof of Theorem 2.6 in [15]). As to Theorem 2.7, we have:

n n—1

=22 b o J+Zajpn i)

2=0 7=0

which only depends on the previously computed a; values .

The generic element dy, 11 x11 often only depends on the two previous rows and sometimes
on the elements of its own row. In this case, the functional equation (3.2) reduces to a second
degree equation in A(t) and, as a result, we can give an explicit expression for the generating
function of the A-sequence.

Theorem 3.2 Let {d,r}nren be a Riordan Array whose generic element dpiq g1 only de-
pends on the two previous rows and, in case, on its own row. If P(t), P(t) and Q(t) are the

10



generating functions for the coefficients of this dependence, i.e., P(t) = POl(t), P(t) = PU(¢)
and Q(t) = QUM(¢), then we have:

P(t) +/P(t)* + 4tP(t)(1 — tQ(t))
2(1 —tQ(1)) '

Proof sketch: Formula (3.2) gives two solutions for A(¢) and the one having A(0) =
must be discarded because we always assume that ag # 0.

A(t) =

B o

It is worth noting that if Q(¢) = 0, that is dpy1k+1 does not depend on the elements of
its own row, then we have:

A +\/P 2 4 4tP(¢ |

which is quite useful in several cases. When the dependence is more complicated, it is
naturally more difficult to give an explicit expression for the A-sequence.

As shown in the previous section, A(¢) is related to A(¢) and d(¢) is related to Z(t), the
Z-sequence generating function. Since the Z-sequence exists for every lower triangular array
(see Theorem 2.2), every recurrence defining d,;10 in terms of the other elements in the
array can be accepted as a good definition of column 0. Therefore, in analogy to (2.9), let
us assume that we have the following linear relation:

”+10_ZZC"Jd” ’LJ—I_ZZU dn—l—zz—I—J (34:)

120 52>0 1=137>0

]

In general, there is no connection between the (;;’s and the a;;’s or between the p."’s and

the Ug-i]’s and so we take the following generating functions into account:

R[O](t) = (o0 + Cot + Coot® + Coat® +

R[l](t) =G0+ Gt + Gaot? + Gat® +

(etc.) and S[i](t) = >i>0 Ug-i]tj. The coeflicients defining d,, 11 g+1 and d,41,0 are sometimes
the same ones, in the sense that:

Gij =1 and o) =p; Y, V7.

In this case, we say that column 0 1s unprivileged and we obtain the following formulas for
our generating functions:

RU(t) = m and SFI(¢) = QU(2)

for every ¢ which R, Pl Sl and QU are well-defined for.

At any rate, we can easily prove the following:

11



Theorem 3.3 If {dni}nreN is a Riordan Array whose elements in column 0 are defined by
a relation (8.4), then the function d(t) is given by the following formula:

do,o
d(t) = . . ’ — . 3.5
=1z Yiso tHLRU(tA(L)) — ¢ 3074 h(t):SUI(th(2)) (3:5)
Proof sketch: We go on to generating functions and find (3.5) by solving in d(¢). |

When column 0 is unprivileged, the formula for d(t) can be drastically simplified and, nev-
ertheless, actually covers a large class of lattice path problems. For this reason, we state it
as a separate theorem:

Theorem 3.4 If {d, k}nreN s a Riordan Array whose column 0 is unprivileged, then d(t)
18 given by the formula:

do,oh(t)

Yiso Qiott

Proof: We simply take the denominator in formula (3.5) and substitute RI(¢) and SU(¢)
by their counterparts when column 0 is unprivileged; we then use Theorem 3.1’s first result. B

d(t) = (3.6)

Besides being important for its own sake, this theorem also allows us to prove a very inter-
esting characterization of “renewal arrays”, i.e., Riordan Arrays having d(¢) = A(¢), when
column 0 is unprivileged:

Corollary 3.5 Let {d,t}nreN be a Riordan Array whose column 0 is unprivileged; then
{dni}tnreN is a renewal array if and only if the following two conditions are satisfied: 1)
dnt1k+1 only depends on d, ;. and not on any other element in column k; 1) ago = do .

Proof: If column 0 is unprivileged and d(¢) = h(¢), then by (3.6) we have: 3,5 as0t' = doo;
therefore a; 0 = 0,2 > 1 and this is equivalent to condition i). Only ago = Zlo,o 1s left and
constitutes condition ii). Vice versa, if column 0 is unprivileged, then condition i) implies:
S0 Qiot' = o, 50 d(t) = dooh(t)/ao 0, and so condition ii) gives d(t) = h(t). [ |

We wish to conclude this section by introducing an important result concerning the
characterizations proven in the previous section. By means of generating functions, we can
show that Theorem 2.8 gives the largest possible characterization of Riordan Arrays. In
other words, we can show that if d,;1 41 depends on elements not contained in the grey
zones of Figure 2, then {dnk}, ren is not a Riordan Array. It is worth noting that if d, 11 k41
depends on some elements d, . with ¥ > n and ¥ < k+ 1 + v — n, then the recurrence is
not well-defined, and the computation of d,,11 x+1 enters an infinite loop and its indexes keep
growing, and, as a result, {dn i }nreN is actually not defined. We must therefore show that
{dnk}nren is not a Riordan Array when d,i141 depends on some element d,,, with v <n
and x < k. The following theorem shows this under the same conditions as Theorem 2.6

(no pg-z] is involved) and with ¥ > k& — 1. Actually, this is sufficient for our purposes because

the presence of some pg-i]’s does not change the proof. Moreover, the method is virtually the

same when k¥ < k — 1 (only a few technical aspects are slightly modified).

12



Theorem 3.6 If the generic element dni1 k11 1 an array {dni}nreN ts defined by the
recurrence:

Ant1 ki1 = Z Z Q iln—iktj (dn—1 =0,Vn € N)

i>05>-1

with some of _; # 0, then {dn1}nreN s not a Riordan Array.

Proof sketch: By assuming that the array is Riordan and by going on to generating func-
tions, we obtain the contradiction that all the o} , are zero. This proves the theorem. ®

4 Lattice path problems

In the foregoing sections, we assumed that Figure 1 can provide a representation of four
sample lattice path enumeration problems on the integer square lattice. To state it in more
formal—though less abstract—terms, a lattice path of m steps is a finite sequence (s, - -, sm)
of ordered pairs s; = ((zi—1,¥i-1), (%i, ¥:)), 1 <1 < m, of lattice points such that:

a = 0;

Zog =

QQ

o
-
I/\
I/\

=Tio1+6;,Yi = Yio1 + 65
c) the pairs (6;,6!),1 <1 <m, are drawn from a set of permissible step templates; and

)
) fo
)
)

d

these permissible step templates obey some conditions on their occurrence.

We say that such a path starts at the origin (0,0) and ends at (zm, Ym )

Therefore, in all the examples illustrated in Figure 1, we refer to the step templates
(0,1),(1,0), and (6,8"), subject to the condition that 0 < y; < z;, for 0 < ¢ < m, and
only the choice of (4,8’) is at issue. In the examples that include Figure 1(i) and 1(ii),
8 = 1, while §' is a positive integer, so the gradient ¢’/ of the step template is large and
therefore the step is said to be “steep”. In the examples that include Figure 1(iii) and
1(iv), 6" = 1, while § is a positive integer, and we get a small gradient. Therefore, the
step i1s said to be “shallow”. We could obviously give some more complicated examples
that allow combinations of these step templates, and sometimes may have different colours.
There is vast literature on lattice path enumeration, and we particularly want to mention
the following: [2, 3, 5, 6, 7, 8, 13, 14, 16, 17, 18, 20, 21]. In all the examples illustrated in
Figure 1, we obtain lower triangular arrays {d”Jc}n,kEN where d,, x is the number of paths
which start at (0,0) and end at (n,n — k), as illustrated in Figure 3. To be more precise,
we are going to examine some lattice paths having templates in the class T' = {(§, §')|6, 6’ €
N,6+6 >0}U{(6¢6)]6 < 0,6 > 0}. We denote a step template (8,8’) having § > 0 by
e’n® where e stands for east and n for north; a template is steep if § < &' and is shallow
if & > 6"+ 1;if § = §' + 1 the template will be called almost steep. A step template (6, 6")
having § < 0 will be denoted by wln® | where w stands for west; for convenience’s sake,
we consider every template of this kind as being steep too. In Figure 4(a) we illustrate the
different kinds of templates and distinguish the sets of steep from almost steep templates by
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wklo 1 2 3 4 nklo 1 2 34
0|1 01
1011 101 1
O @ O
213 2 1 202 2 1
319731 * 3|65 31 ©
41312412 4 1 411916 9 4 1
(i) (ii)
wklo 1 2 3 4 nklo 1 2 3 4
01 01 ® O O O
11 1 101 1
213 31 © 212 2 1 o O O O
O
319 9 51 © 316 6 41 00
41313119 7 1 ® 41919136 1 ° 0 @ e
(iii) (iv)

Figure 3: The lower triangular arrays resulting from Figure 1.

two different shades of grey. These templates play a fundamental role in our approach to
the lattice path theory.
We can now define a lattice path problem R as a pair (R4, Ra), where:

e R, is a possibly infinite set of templates in T;
o R is a possibly infinite set of steep templates in T.

An R-path is a path composed of steps with templates in R, and satisfies the following
conditions: i) if a step ends on the main diagonal z —y = 0, then its template should belong
to Ra; otherwise ii) the template should belong to R4. There is an important definition
related to these conditions: let Rg be the subset of R4 made up of all its steep templates;
if Rs # Ra, then we say that R is a lattice path problem with privileged access to the main
diagonal; otherwise, if Rg = Ra, then R have unprivileged access to the main diagonal. None
of the examples in Figure 1 have privileged access to the main diagonal; an example having
privileged access will be given further on.

Thanks to these definitions, we can now prove our main result regarding lattice path
problems. When we go from a lattice path problem R = (R4, Ra) to the lower triangular
array counting the paths from the origin to the point (n,n — k), as we did to go from Figure
1 to Figure 3, we simply change the two sets R4 and R into two recurrences: one valid
in general, the other only valid for the column corresponding to its main diagonal, i.e., for
column 0. It is immediately clear that a template (§,6") translates into the dependence of

14



dpnt1k+1 from dn_sy1kt641-6. Oince we always have doo = 1, corresponding to the empty
path, these recurrences completely define the array. It is worth noting that a problem
with privileged (unprivileged) access to the main diagonal is translated into an array with
privileged (unprivileged) column 0.

34
mw nw! n®lne n’€ n‘dlne e ne’l e nel ne
myv'| nw| n? | rte| el fel e e? [ ne’ ne el e’
2 2 3 4 3 4
nw/ nw| n | ne [n€ ne’ né € | ne fe| ne | n%
@le €| & ¢ @ N nin
nw| rfw | nv
(@) (b)
2 2 2
nw | nw

Figure 4: Possible steps originating from a given point in Z? and their positions in the
corresponding triangular array: e=east, n=north, w=west.

In Figure 4(b) we show, in terms of step templates, the dependence of the generic element
dnt1k+1 (OF dni10) (denoted by “®”) from other elements in the array. Since Ra is only
made up of steep templates, the recurrence for d,10 does not depend on any elements in
the white or dark-grey zones, and this makes very good sense. All these considerations help
us to prove our main theorem:

Theorem 4.1 Let (R4, Ra) be a lattice path problem and let {d”7k}n,k€N be its corresponding
counting array. Then {d”Jc}n,kEN 1s a Riordan Array if and only if R4 1s made of both steep
templates and at least one almost steep template, and a number S ezists such that for every
(6,6') € RaU Rp with 6 < 0, we have §' < S. Besides, {dnx}, .. i proper if Ry contains
the almost steep template (1,0).

n,ke

Proof: This is an obvious consequence of Theorems 2.8 and 3.7; the condition on S implies
that there is only a finite number of rows below row n which dy1 k41 (or dpy1,0) may depend
on. |

This theorem justifies our initial statement that only case (iv) in Figure 1 does not cor-
respond to a Riordan Array. The Riordan Array theory can be applied to the other cases to
solve the lattice path problems, as we are now going to show:

In Figure 3(i), we give a schematic illustration of the dependence of dp 4141 from the
other elements in the array and obtain the recurrence:

dnt1k+1 = dnge + dnkr2 + dnt1 kt2-

15



However, we can directly use Theorem 3.1 to obtain the function h(t) because Pl(t) = 142
and QI(¢) = 1, and therefore h(t) is the solution to the equation:

h(t) = 1+ t*h(t)? + th(t)®.
Since ago = 1, the Riordan Array is proper, i.e., A(0) # 0; this implies that:

1 —+/1— 4t — 4¢2

—14+t+3t24+93+31¢* + 11385 + - - -
211 7) +t+3t°+9¢t° + + +

h(t) =

The conditions in Corollary 3.6 are now satisfied and so the Riordan Array is actually a
renewal array and d(t) = h(t). Finally, the A-sequence can be computed with formula (3.3),
where P(t) = 0 and we find the simple expression:

_1+t2

- —1+t+22 423+ 2t  + 285+ -+

A(t)

The Riordan Array theory can now be used to obtain some information about these paths.
For example, the total number N,, of paths extending up to = n is given by the row sums,
which can be computed by means of formula (2.1) with f(¢) = (1 —¢)™*:

O 1— 2t — /1= 4t — 412
N = ,%%N"t T 1-th(t) 4¢2 '

We can obtain the average height of these paths in a similar way. We begin by computing
the weighted row sums:

td(h(t) 1 —4t—(1—20)VI— 4t — 47

W) = 2, Wt = 77 I ’

n>0

we then extract the asymptotic value for W,, and N,,, by means of Darboux’ method:

1-2/2 (2422 o BT VIVE-2VE (24 2V

™ (2n + 3)y/r(n +2) 8 (2n + 5)y/7(n + 3)

Finally, the quantity desired is computed by subtracting the value of W,,/N,, from n because
the weight of an element measures the distance from the diagonal along the y-axis.

For the problem illustrated in Figure 1(ii), we have Pl(t) = 1 + ¢* and QU(¢) = 1,
therefore, A(t) is given by the solution of the third degree equation:

h(t) = 1 + t3h(t)® + th(t)*. (4.1)

By Corollary 3.6, this is a renewal array and d(t) = h(t). By using the Lagrange Inversion
Formula (see Goulden and Jackson [7]), we can find an explicit expression (although not a
closed formula) for the generic element dy, ;. If we multiply (4.1) by ¢, and set y = th(¢) so
that y(0) = 0, then we have y = ¢(1 4+ y3)/(1 — y) and, therefore:

dnk = [t"]d(t)(th(t))k = [t"] %yk _ [t"+1]yk+1 _

16



DR e (1T kb1 1\ (2n -k
“ar1l ]<1—y> _n+1j§<y‘/3 )(n—k—j)’
which can be easily checked against the true values given in Figure 3(ii) (if 7/3 is not an
integer, the binomial coefficient should be taken as 0).
Finally, for the problem illustrated in Figure 1(iii), we have Pl(t) = Pl(¢) = QU(¢) = 1,
therefore, h(t) is given by the solution of A(t) =1 + ¢ + th(%)?; that is:

1 —+/1—4t—4¢2

ht) = 2t

By Corollary 3.6, this is not a renewal array and we should compute d(¢) by means of formula

(3.5) in Theorem 3.4:
(S QR oy Ty v

dt) = 1= th(t) 2t(1 + t)

which, as announced, is the same as for the problem illustrated in Figure 1(i).

The problem in Figure 1(iv) does not correspond to any Riordan Array; we do not try
to solve it here and invite the reader to refer to our paper “Lattice paths with steep and
shallow steps”.

We want to conclude this section with some other examples that illustrate various ways
of applying the results obtained in the previous sections.

The first example is R = (Ra, Ra) with R4 = {(1,0),(1,1),(1,2)} and Ra = {(1,2)}.
Since Rs = {(1,1),(1,2)} # Ra, we have a problem involving privileged access to the main
diagonal. In this case, we know the A- and Z-sequences, for which we have A(t) = 1+t + ¢
and Z(t) = t. By formula (2.3) and Theorem 2.3, we find:

d(t)_1—|—t—\/1—2t—3t2 h(t)_l—t—\/l—Zt—3t2
B 2t(1 + 1) ’ B 212 '

The resulting triangle is shown in Figure 5; its row sums are:

¢ o 3 Nkl 0 1 2 3 45
o (e o ol 1
S e 1 /9 10 1
]%% 31321
0 3
43 6 6 3 1
1 ]/]/]/1 5 6 151510 4 1

Figure 5: Walks with e, ne and n?e steps having privileged access to the main diagonal.

n om d(t) om 1
kz:%d"’k =1 —th(t) & ]\/1 — 9t — 32
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which are the well-known trinomial coeflicients.

Another example, is R = (Ra, Ra) Ra = {(1,k)|k € N} U{(0,1)} and Ra = {(1,k)|k €
N}, i.e., having unprivileged access to the main diagonal. In this case, even though we have
an infinite number of step templates, we can easily find P°(¢) = 1/(1 —¢) and QI(¢) = 1.
Figure 6 illustrates the situation corresponding to this problem; by Theorem 3.1, we find
that h(t) is the solution of the following third-degree equation:

h(t) = %h(t) + th(t)z, or h(t) = m

If we set y = th(¢), so that y(0) = 0, the previous relation becomes:

Ty

and we are now able to apply the Lagrange Inversion Formula. By Corollary 3.6, this is a
renewal array and we have:

dnye = [t7]d(2)(th(2))" = [t"]%(th(t))’““ — [ty =

1 m (k+1)w* k41 k+1(3n—k+1
I | (1—y)2”"‘2_n—|—1 n+1 n—k '

Another example having unprivileged access to the main diagonal and with an infinite

[y —y) " =

143
nk 0 1 2 3 4
30 88 ol 1
2/ 7 4 1
G i T 8 3130 18 6 1
4143 88 33 8 1

1 1 1 1 1
Figure 6: Walks with n and n*e steps, & € N, and their corresponding array.

number of step templates is R4 = {(6,6")|6 € N,§ = § + 1}. We now have PH(¢) = 1,

V1 > 0 and can therefore find: .

h(t) = T3
By Corollary 3.6, this is not a renewal array, but formula (3.6) in Theorem 3.5 gives d(t) =
h(t)] Xiso t* = 1. Therefore, the Riordan Array is D = (1,(1 —¢)7!) and dnx = (Zj)
Let us now consider an example having some north-west steps; more precisely, let Ry =
{(1,0), (0,1),(—1,1)} with unprivileged access to the main diagonal. In Figure 7, we show

18



the first values corresponding to this problem. If we want to compute the first n rows of
the resulting array, we must begin by computing the first 2n starting values on the z-axis.
We then go on to compute the values on the line y = 1, and so forth, reducing the number
of values computed by one each time. This corresponds to evaluating a sufficient number
of values on the diagonal n = k in the resulting Riordan Array. We then examine one
diagonal at a time and reduce the number of its rows by one. In this problem we have

498
Mkl o0 1 2 3 4
6 | 172]\.328 0l 1
1 2 1
0 N24 [N42 64 |90
2110 4 1
4 N6 N8 N0 [N12 N4 366 24 6 1
1 1 1 1 1 1 1 1 1 41498172 42 8 1

Figure 7: A problem with an nw template.

PlI(t) = QM(t) = Q1(¢) = 1, and formula (3.1) gives h(t) as a solution of the third-degree
equation:

h(t) = 1 4 th(t)® + th(t)®. (4.2)

By Corollary 3.6, this is a renewal array and the Lagrange Inversion Formula can be used to
find an explicit expression for d, . By setting y = h(t) — 1 so that y(0) = 0, formula (4.2)
becomes y = t(1 +y)(2 + y) and we therefore have for n # & :

l(EE(e): = P41+ = R gyt =
Ck+1"E =k 2n— k)i
ey G

which can be checked against the values shown in Figure 7.

We conclude by studying a problem corresponding to a non-proper Riordan Array. Let
R, ={(0,1),(1,1),(2,1),(1,2)} with unprivileged access to the main diagonal. In Figure 8,
we illustrate the problem schematically. We follow Theorem 2.9 and modify the templates in
order to obtain a problem relative to a proper Riordan Array. Each template (6, 6') becomes
a template (6,6"), where § = § + v(6' — &) and & = & + v(6' — §). In our case, v = 1
and so the new templates are Ra = {(1,2),(1,1),(1,0),(2,3)}. For this problem, we have
PL(t) = 1+t +41t% and PlI(¢) = 2. This gives the relation h(t) = 1+ th(t) +t2h(t)? +t3h(2)?,
that is:

W) = 1—t—+/1—2t—3t2 — 448
B 22(1 + t)
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1 2
® O O
O e @
@ e
1
, v
5 1 ©
14 3 °
®

Figure 8: A problem corresponding to a non-proper Riordan Array.

Since we have d(t) = h(t) by Corollary 3.6, we can conclude that the original problem
corresponds to the non-proper Riordan Array:

D— (1—t—\/1—2t—3t2—4t3 1—t—\/1—2t—3t2—4t3>

2t2(1 +¢) ’ 2t(1 +¢)
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