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A CAT ALGORITHM FOR THE EXHAUSTIVE
GENERATION OF ICE PILES*

PAOLO MASSAZZA' AND ROBERTO RADICIONT!

Abstract. We present a CAT (constant amortized time) algorithm
for generating those partitions of n that are in the ice pile model
IPMy(n), a generalization of the sand pile model SPM(n). More pre-
cisely, for any fixed integer k, we show that the negative lexicographic
ordering naturally identifies a tree structure on the lattice IPMy(n):
this lets us design an algorithm which generates all the ice piles of
IPMj(n) in amortized time O(1) and in space O(y/n).

Mathematics Subject Classification. 05A17, 68R99.

1. INTRODUCTION

In this paper, we consider the problem of generating particular integer partitions
that are called ice piles. Ice piles were introduced by Goles et al. in [6], where they
defined the ice pile model (IPM) as a generalization of the sand pile model (SPM),
a discrete dynamical system which describes the behaviour of a simple game (the
sand pile game).

The sand pile game simulates the fall of sand grains organized into adjacent
columns of decreasing heights and has a simple evolution rule: if there are two
adjacent columns, say ¢ and ¢ 4+ 1, with heights differing by at least 2, a grain can
fall down from column 4 to column 7 + 1 (the game starts with n grains stacked in
column 1).

SPM was introduced by Goles and Kiwi [5] as a restriction of the discrete
dynamical model proposed in 1973 by Brylawski [2] in order to study the set of
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the linear partitions of an integer n. SPM has been widely studied in physics and
in the theory of cellular automata to represent granular objects, and also analyzed
from a combinatorial point of view, see [1,5-7].

IPM generalizes SPM by introducing an additional rule. Let k be a fixed integer,
then a grain can slide from column 4 with height p to column i + k¥’ with height
p— 2 if and only if ¥ < k and all the columns from i + 1 to ¢ + k' — 1 have height
p — 1. For any k, the set of linear partitions obtained from (n) by applying the
previous transition rules is denoted by IPMy(n). Moreover, IPMj(n) turns out to
be a lattice with respect to a suitable ordering (the dominance ordering) induced
by these rules [6].

Many combinatorial properties of IPMy, are known. In particular, useful bounds
for the number of ice piles in IPMy(n) have been obtained in [3], together with
area-and-length, area-and-height and length-and-height generating functions.

Here we study the problem of the exhaustive generation of IPMy(n) by means
of a CAT (constant amortized time) algorithm. We recall that a CAT algorithm
for generating sand piles in SPM(n) using O(n) space has been recently presented
in [8]. We follow a similar approach and, by exploiting the negative lexicographic
ordering, we show that a tree structure associated with the lattice IPMy(n) nat-
urally arises: this lets us design an algorithm that sequentially generates all the
elements of IPMj(n) in O(1) amortized time using O(y/n) space.

2. PRELIMINARIES

A linear partition of n is a non-increasing sequence of positive integers s =
(s1,...,8) such that 2221 s; = m; its height is s and its length I(s) is I. The
height difference of s at i is defined as d;(s) = s; —$;4+1 (assume s; = 0 for i > I(s)).

Let s = (s1,...,5) and k& > 0. On the set of linear partitions we consider two
(partial) functions defined as follows

(81,--»8i—1,8i — Lisipn +1,...,8) if 1<i <1,

Fall(s,i) = di(s) > 2
1 otherwise
and
Slideg (8,7) = (815 vy Sim1, DDy -« s Dy Sicth/+25+ 5 51)
———
)

if there is k' < k such that

s = (Sla .. -,5i-1,p+ 1ap7pa <o DyD — 175i+k’+25 o 7Sl)
—_——
k:l
otherwise Slide(s,) = L.

For any two integers n, k, the ice pile model IPMy(n) is defined as the set of
linear partitions of n (called ice piles) obtained by closing {(n)} with respect to
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Fall and Slide,. Given s € IPMj(n) and two integers i, j, with 1 < i < j < (s),

we denote by s[i, j] the subsequence (s;, Siy1,...,5;). Moreover, we indicate by

pl" the sequence (p,p,-..,p), that is, a block of h adjacent columns of equal height
—_——

h
p, and by - the catenation product,
(alv"'aar)'(bla'“abp): (alv"'aarablv"'abp)'

Ice piles have been characterized in [6], Thm. 3. Here we are interested in a
characterization expressed in terms of forbidden patterns, as shown in Figure 1
and in the following:

Theorem 2.1. A linear partition of n belongs to IPMy(n) if and only if it does
not contain any subsequence of type

h—1
pFHA or (pp DD LR o (g e H(p+ h— i)l
i=1
with p >0 and h > 1.
Proof. Directly follows from Conditions II.1 and I1.2 in [6], Thm. 3. O
k+1 k+1
k+2
A A
/‘j\\——\
P p+l P
k+1 k k k+l1
p+h

p+h-1 s
p+l p

FIGURE 1. IPMj(n): forbidden patterns.
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The following result concerning subsequences of ice piles can be seen as an
immediate consequence of Theorem 2.1, although a direct proof could be easily
provided.

Corollary 2.2. Let s = (s1,...,51) € IPM(n). Then, for 1 <i < j <1 we have
si, j] € IPMy(m) where m =37 _. se.
IPMy(n) has a unique fized point i.e. a configuration where no grain can fall

or slide, characterized in [6], Prop. 2 and it turns out to be a lattice with respect
to the dominance ordering >, usually defined as

J J
s>t = Y s> b, j=1,...,max((s),1(1)).
1=1 =1

In the sequel we are interested in a particular total ordering on IPMy (n) known as
the negative lexicographic or neglexr ordering, <yjex, which is defined as follows:

(517"'781) <nlex (tla"'ytm)
if and only if
i, 1 <i<min(l,m): Vj, 1 <j<i, s; =tj, s; >t,.

Moreover, we write s <plex t if § <plex t Oor s = t. It is immediate to note that if
s,t € IPMj(n) and s > t (dominance ordering) then s <jjex t.
The set of moves of an ice pile s is defined as

M(s) = {e|]l <e <lI(s), Fall(s,e) # L Vv Slideg(s,e) # L}.

An ice pile s with |[M(s)| > 1 is called branching. The index of the rightmost
column of s where a move is possible is denoted by Rmost(s) = max(M(s)). For
any integer i we fix M(s)s; = {e € M(s) | e > i} and M(s)<; = {e € M(s) | e < i}.
In the sequel, we write s = ¢ if t = Slidey (s, ) or t = Fall(s, 7). As a matter of fact,

the effect of a move is local, in the sense that if s = ¢ then the symmetric difference
between M(s) and M(t), M(s) A M(¢), contains at most six entries. Formally, we
have:

Lemma 2.3. Let s = ¢ and k' = max{j < i |j =0V ;(s) > 0}. Moreover, if
0i(s) > 1 set k" =1 else k" =min{j > i |s; = s, —2)}. Then, one has

M) AME) C{i—k,i—1ii+1,i+k —1,i+k'}.

Proof. Both s and t consist of the same sequence except s; = t; + 1 and s;pr =
tivkr — 1 (K" = 1if t = Fall(s,i) or 1 < k" < k if ¢ = Slide(s,?)). Thus, it is
immediate to see that for all j ¢ {i — 1,7,7 + k”} we have Fall(s,j) # L if and
only if Fall(t, j) # L. Similarly, for all j ¢ {i —k',i —1,4,i+ 1,i+ k" — 1,i+ K"}
we have Slide(s, j) # L if and only if Slide(¢, j) # L. |
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From now on, we consider the sequence of ice piles in IPMy(n) ordered with
respect to <plex and denote the hth element by s We conclude this section by
recalling the following property (see [5]).

Lemma 2.4. For any s € IPM;,(n) we have I(s) = O(y/n).

2.1. A SPANNING TREE FOR IPMy(n)

In Section 4, we exhibit an algorithm that generates all the ice piles in ascend-
ing neglex order, by traversing an implicitly defined spanning tree of the lattice
IPMg(n). In this subsection, we formally define this spanning tree by means of
the notions of “father” and “grand ancestor” of an ice pile.

Definition 2.5. The function f : IPMy(n)\ {(n)} — IPMy(n) given by
f(s) = max <\ {t € IPMy(n) | 3i,t > 5}

is called the father function.

Figure 2 illustrates the spanning tree associated with IPMs5(10), obtained by
drawing a thick edge between s and f(s), for all s € IPM3(10). In the sequel,
we often consider the set of ice piles belonging to a subtree with a specific root s,
hence:

Definition 2.6. Given s € IPMy(n), we denote by T'(s) the set

T(s) = {s}U U T(x).

s=f(z)

The natural distinction between internal nodes and leaves is held by the notion
of grand ancestor.

Definition 2.7. Let ¢t € IPMy(n). The grand ancestor of ¢ is the ice pile
a(t) =min < {s € IPMg(n) | s[1,i] = t[1,4],i = Rmost(t) € M(s)}.

It is immediate to note that either a(t) = ¢ or a(t) <plex t. We say that an ice
pile s is a proper grand ancestor if and only if there is ¢t # s such that s = a(t).
We underline the ith column of s if and only if s is the grand ancestor of ¢t # s and
i = Rmost(¢): in this case we say that s is a grand ancestor at i. Symmetrically,
an ice pile s is a grand ancestor at 4 if and only if

s=min._{t € IPMy(n) | [1,i] = s[1,i],i € M(¢)}.

Informally, all the ice piles which are internal nodes in the spanning tree turn out
to be grand ancestors, while leaves correspond to those ice piles which are not
grand ancestors. These facts will be proved in Lemma 2.10 and Corollary 2.14,
respectively.
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(10)
|
.1
|
(8.2)
(7.3) (8.L.1)
(64) 72.1)
(5.5 (63,1) (7,1,1,1)
(532 (6.2,1,1)
442) (53,1.1) (6,1,1,1,1)
4 <4/M
432,1) (52,1,1,1)
(333.0) 4222) @3,1,1,1)
(3322) 422.1.1)
(332,1,1) @2,1,1,1,1)
(3222,1) (33,1,1,1,1)
(322,1,1,1)
|
(2222,1,1)
|
(222,1,1,1,1)

FIGURE 2. The spanning tree of IPM3(10).

Example 2.8. Let us consider the ice piles in IPM3(10) and list them according
to the neglex ordering:

(10)7 (9’ 1)7 (§’ 2)7 (8’ 17 1)’ (Z) 3)7 (7’ 27 1)’ (77 1’ 17 1)’ (@7 4)’ (67 3’ 1)(67 2’ 2)7
(672517 1)’(671)171)1 7(555 7( 547 1)’(57352)7 (55371’1)7 (55272’1)7

(57 2517151)7 (4)45 2)7 (45471’1)7 (4537 3))(4737 51)7 (45371517 1)’(47 2)27 2)5
(4,2,2,1,1),(4,2,1,1,1,1),(3,3,3,1),(3,3,2,2),(3,3,2, 1, 1),
(3,3,1,1,1,1),(3,2,2,2,1),(3,2,2,1,1,1),(2,2,2,2,1,1),(2,2,2,1,1,1,1).

For instance, with respect to Figure 2, we have a((6,1,1,1,1)) = (6,4), a((6,2,2)) =
(6,2,2) and a((4,2,1,1,1,1)) = a((4,3,1,1,1)) = (4,3,2,1). Look at the internal
nodes of the spanning tree: proper grand ancestors turn out to be branching, while
ice piles satisfying the relation ¢ = a(t) are not branching.

The father of an ice pile s is determined by the rightmost grain in s which can be
moved to the left by reversing either a Slide or a Fall. Usually, this grain belongs
to one of the last two blocks of s, with one exception occurring when s admits
a suffix of particular shape. The four possible cases which arise are depicted in
Figure 3 and proved in the next lemma.
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c k k k k b a
S e e D ARt
PP ec B+C—1
i B+2
B+1
B
1

The pattern for a child suffix

k-1 k+1 k k k b a
f—)\ﬂ—)ﬁ’—J% e S A
B+C+1

B+C B+C—1 5o
+ B+1 B
A
i
Case (1)
k k+1 a k k+1 b—2 a
] |
B+2 Bi1 |, B+2 B+1 B
A A
; i
Case (2a) Case (2b)
k1 =2
P
|
B+2 B+1 B
i
Case (2¢)

FiGURE 3. Finding the father: suffix shape from Lemma 2.9.
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Lemma 2.9. Lett € IPMy(n), | =1(t) and consider the longest suffix w of t such
that
w=(B+D) [ (B+j)" Blla
1<j<c

for suitable integer values A, B,C, D, a,b, ¢ satisfying the constraints
0<A<B, 0<C, 0<a<l1l, 0<b<k, 0<c<k+1

and either D =C+1 and c# k or D > C + 1.

Then, the ice pile s = f(t) and the position i such that s & ¢ are determined
as follows:

(1) ife=k+1and D=C+1theni=1l—|w+1=1—(a+b+Ck+c)+1
and

s=t[li-1)(B+C+2)(B+C+1)"UB+0) [ (B+HM BHA%
1<j<C

(2) ife<k or D>C+1, then:
(a) ifa=b=1 we have i =1—1 and

s=t[l,i—1)(B+1)(A—1);
(b) ifb>1 we havei=1—a—b+1 and
s=t[1,i—1](B+1)B~3(B - 1)A%
(¢) ifb=1and a=0 we havei=1—k+1 and
s=t[1,i—1])(B+2)(B + 1)k-2 B2

Proof. First, we have s € IPMy(n) since it satisfies Theorem 2.1. In fact, it is
immediate to see that, in all cases, if one forbidden pattern occurred in s then it

would also occur in ¢. Then, s = t by construction. Moreover, s = f (t). Indeed,
as suggested by Figure 3, it is clear that in cases (2a), (2b) and (2c) there is not

an ice pile s’ such that s’ = ¢ and j > i, while in case (1) s’ would contain a
forbidden pattern of type pl*t!(p — D)F (p—2) . (p—h+ 1)F (p—n)F+1. O

The father of an ice pile has several interesting properties; in particular, it turns
out to be a grand ancestor as stated in the following:

Lemma 2.10. Let t € IPMy(n) and s = f(t) with s X t. Then s is a grand
ancestor at 1.

Proof. We argue by contradiction and suppose that the grand ancestor at ¢ with
prefix s[1,i] is © <plex S. Let 7 > i be the smallest index for which z[z7] > s[7].
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Obviously we have d;_1(s) > 0 and 7 < I(s). We recall Lemma 2.9 and distinguish
four cases. In case (1),

s = ’U(B + C + 2)(3 + C + 1)[19*1] (B + C)[kJFl] .. (B + 2)[k] (B + 1)[k]B[b]Aa

and ¢ = l(v) + 1. Since ¢ € M(x), one has 7 # i + 1,i + k. For all the other
positions, [z] > s[z] implies the existence in  of the forbidden pattern pl**1(p —
DE(p—2)F . (p—h+1)F(p—h)FH Case (2) is even simpler since i = I(s) — 1
and then 2 would not belong to IPMj(n). A similar analysis holds in case (3) and
in case (4), since x[z7] > s[7] implies ¢ ¢ M (z). O

The following lemma plays a fundamental role for the correctness of the algo-
rithm, since it shows how to visit the spanning tree in order to obtain the neglex
ordered sequence of all ice piles.

Lemma 2.11. Let t,v € IPMy(n). Then:
(1) f(t) <ntea t: ‘ .
(2) if f(t) = f(v) =5 and s S t, s = v with i < j, then for all x € T(t)\ {t}
and y € T(v) \ {v}, we have

t <niex T <nlex V <nlex Y-

Proof. Statement (1) immediately follows from the definitions of <pjex and f, and
implies the relations ¢ <plex  and v <plex ¥y in statement (2). So, we have only
to prove & <pjex v. By contradiction, let & be the smallest ice pile in T'(¢) such
that v <plex & and consider its father & = f(&). Note that along the path from
t to # the move # £ & is the first which is not to the right of ¢, that is, p < i.
By recalling Lemma 2.10, Z is a grand ancestor at p: this implies p < ¢ since the
grand ancestor at ¢ with prefix Z[1,i] is s <plex Z-

z with » > ¢ > p, and note
that p € M(z) since 6;(Z) > 1. Then, we have £ 25 3 with 2 <plex 7 and this
implies & # f(&). O

Finally, consider the ice pile Z = f(&), Z = & =

In particular, from statement (2) of Lemma 2.11 we directly obtain:

Corollary 2.12. A preorder wvisit of the spanning tree of IPMy(n) produces the
neglex ordered sequence of all ice piles.

2.2. PROPERTIES OF GRAND ANCESTORS

Lemma 2.10 lets us walk through the branches of the spanning tree of IPM(n)
only by moving a grain in column ¢ in an ice pile s which is a grand ancestor at
i. If the current ice pile ¢ satisfies t = a(t) we move at column Rmost(t) in ¢ and,
by Lemma 2.3, we update the set of moves in constant time; if ¢ is a leave, in
order to continue the visit of the tree we have to reconstruct the grand ancestor
of t at Rmost(t). We will prove that the cost of reconstructing a grand ancestor
is bounded by the distance between ¢t and a(t) in the tree.
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k—1 k+1 k k K
O - Y - Y - 3 "
si|l si—1 s — 2 si—3 s —4
. si—h+1
si—h
q

FIGURE 4. IPMy(n): the suffix of a proper grand ancestor.

In this subsection we formalize these topics, basically by showing that the set
of fathers of ice piles (i.e. the internal nodes of the tree) coincides with the set
of grand ancestors. We first present a lemma which characterizes the suffixes
of grand ancestors: as shown in Figure 4, “long” suffixes look like stairs with a
first block of width £ — 1, a second one of width k£ + 1, and then a sequence of
blocks of decreasing height and width & (with possibly exceptions regarding the
last two blocks). “Short” suffixes have a simpler structure consisting of either a
single column or a block of width at most k — 1 followed by at most two columns.
Moreover, the lemma also illustrates how the value s; and the number of grains
in the suffix s[i + 1,1(s)] of a grand ancestor s at ¢ univocally determine the
subsequence (841, ... ,5(s))-

Lemma 2.13. Let s € IPMj(n) be a grand ancestor at i = Rmost(t), s = a(t),
with d = 22(24_1 tj = Zégﬂ sj. Then we have:
o ifd<s;—1, thenl(s)=i+1 and s;41 = d;
o ifsi—1<d<k(s;—1)—1, then s[i+1,1(s)] = (s; — DFT - (s; = 2) - (e),
with

B = {d—si—i—Q

po— J, e=d—FK(s;—1)—s;+2;

o ifd>k(s;—1)—1, then

sfi+ LU = (i = DF (s =2) - [[(si =)W - (si = WFT e, (21

=2

<.
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ho= K ( 1%”, (2.2)
- |
d—

with

h
k(h—1) sz—h/2)+1fk’( — h). (2.4)

d—k(h—1)( szh/2)+1J’ 23)

Proof. By definition, the grand ancestor of ¢ is the smallest ice pile s such that
s[1,4) = ¢t[1,4] and i € M(s). So, the idea is that we start from column ¢ + 1 and
proceed from left to right, setting each column as high as possible, while ensuring
i € M(s) and avoiding forbidden patterns.

Trivially, if d < s; —1 the grand ancestor at ¢ is s = t[1,i]-(d), that is, I(s) = i+1
and s;4+1 = d.

Otherwise, if s;,—1 < d < k(s;—1)—1, then we set s,11 = s;—1 only if d > 2s,—3
(otherwise i ¢ M(s)). More generally, weset s; = s;—1for j =i+1,i4+2,...i+k
only if we can place s; — 2 grains in column i + &’ + 1 (so that Slide(s,i) # L).
Moreover, observe that d < k(s; — 1) — 1 implies ¥’ < k. In other words, £’ is
the largest integer smaller than (d — s; + 2)/(s; — 1). Hence, we place k’ columns
of height s; — 1, then a column of height s; — 2 and, finally, a column with the
remaining d — k'(s; — 1) — (s; — 2) grains. The resulting partition satisfies the
characterization of Theorem 2.1.

Now, consider the case d > k(s; — 1) — 1. First we set s[i + 1,7+ k] = (s; —
1)F=1. (5; — 2) (this guarantees Slide(s, ) # L), then we place k(s; — 2) grains in
s[i+ k41,0 +2k] = (s; — 2)F, k(s; — 3) grains in s[i + 2k +1,i + 3k] = (s; — 3)[F],
and so on as long as there are enough grains to fill each block. Thus, the number
of grains in s[i + 1,i+ (h — 1)k], is

fh)y = (k=1)(si= 1)+ (k+1)(si —2)+ Y k(si —j)
j=3
h—1
= Zk(si—j)—lzk:(h—l)(si—h/2)—1.

Since there are d grains in the suffix, the number h — 1 of blocks of maximal width
satisfies the relation f(h) < d < f(h + 1). By solving the two inequalities we
obtain the value in Expression (2.2). The remaining grains lie in a block of height
s; — h or in the last column. The width of this last block is obtained by dividing
the number of remaining grains by s; — h, as shown in Expression (2.3). Last
column is filled with the rest, as stated in Expression (2.4).

In all cases, minimality is ensured by construction and no forbidden pattern
arises. 0
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The shape of the suffix of a grand ancestor provided by the previous lemma
directly leads to the following

Corollary 2.14. Let s be a grand ancestor at v and s =t Then, s = f(t).

Indeed, the grain involved in the move s = ¢ is exactly the rightmost grain in
t which can be moved back without introducing a forbidden pattern (see Fig. 4).

Grand ancestors have further interesting properties. First, their suffixes contain
at most four positions where a move possibly occurs. Second, if s is a grand
ancestor at ¢, by moving the grain in column 7 one obtains the smallest ice pile
with that prefix of length 7. More formally we have:

Lemma 2.15. Let s € IPMy(n) be a grand ancestor at i, | = I(s) and s = t.
Then, one has

(1) M(S)>’L c {l - <l - Z>kal - 2al - ].,l},

(2) v e IPMg(n) Av[l,i] = t[1,i] = t <plez V.

Proof.

(1) We follow the three cases of Lemma 2.13. The first two cases are trivial
and we have M(s)s; C {l — 2,1 — 1,1}. In the third case, depicted in
Figure 4, for each j, with ¢ < j < [ — 1, we have J;(s) < 1 and then
Fall(s,j) = L. Moreover, each column j such that 0;(s) = 1 is always
followed by a block of width either k + 1 or k (and so Slidex(s,j) = L),
unless j = [ — (I —1i)g. Therefore, since d;(s) =0 for l—(I—i), <j <l—1,
we have M(s)s; C{l — (Il —)x,l —1,1}.

(2) Note that s = f(t) and then, by considering the four cases in Lemma 2.9,
the two conditions v[1,4] = t[1,4] and v <plex ¢ imply that either v admits
a forbidden pattern or v € IPMy(m) with m > n.

O

The following lemma lets us easily compute the ordered sequence of ice piles in
IPMj(n). Such a sequence is obtained by defining, for any h > 0, st as either
Fall(a(s™),4) or Slide(a(s"),), with i = Rmost(s").

Lemma 2.16. Let s € IPMj,(n) and i = Rmost(s""=1)). Then we have

(1) a(s" V) = s
(2) f(s™) = a(s"Y).
Proof.

(1) Let s"=D = (s1,...,5)), d = > jsisj and m = I(s!™). By definition,
one has a(s"~Y)[1,i] = s"~Y[1,4] and so the move a(s"~1)) = ¢ implies
t[1,i] = (s1,...,8i—1,8 — 1). Now, suppose s < ox s <jox ¢ and
note that this implies s [1,7—1] = ¢[1,i—1] = (s1,...,5,_1) and s; — 1 <
sgh) < s;. If sgh) = s; then we have s(hfl)[z‘ + 1,1] <nlex s [i + 1,m],
which is obviously impossible since s"=V[i +1,1], s("[i + 1, m] € IPMy,(d)
and s"~V[i + 1,1] is the bottom (M (s"=D[i +1,1]) = ). So, we have
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s(M[1,4] = t[1,4] and, by statement (2) in Lemma 2.15, the relation ¢ <pjex
5" holds, that is, s(") = ¢.

(2) Suppose s = f(s)) # a(s"~V) and s 2 s with j # . Statement (1)
and j < 7 imply s <plex a(s(hfl)) and so s would not be the father of s(").
Thus, we have j > i and s™[1,i] = s[1,i]. Statement (2) in Lemma 2.15
immediately leads to the contradiction s <lex S

O

3. EXHAUSTIVE GENERATION

Here we come to our goal, that is, the design of a CAT algorithm which, for
any fixed integer k, solves the following problem:

Problem: ice piles generation (IPGy)
Input: an integer n
Output: the ordered sequence of ice piles in IPM(n).

Note that because of the exponential growth of |[IPMy(n)| (see [3], Thm. 1) a
standard approach based on dynamic programming is not feasible due to the huge
space requirement. Nevertheless, we show that we can easily define an iterative
CAT algorithm that traverses the spanning tree associated with TPMy(n) and
produces the sequence of ice piles

sV =(n), s& =mn-1,1), ..., s,

where s(™) is the unique fixed point of IPMy(n). This result extends the method
introduced in [8] for the distributive lattice SPM(n) to the (non modular) lattice
IPMj(n). The main difference is that the formal definition of a tree structure
associated with TPMy(n) (see Def. 2.5) together with the characterization of the
suffixes of grand ancestors in Lemma 2.13, let us lower the space requirement from
O(n) to O(y/n), while providing a simpler proof of the CAT property.

The algorithm is based on Lemma 2.16, that is, it starts from s(!) = (n) and,
for any h > 1, it computes s*) by moving a grain in column Rmost(s(h_l)) in
a(s(h’l)). As shown in Corollary 2.12, this corresponds to a preorder visit of the
spanning tree of IPM(n). To this aim, a crucial point is that of testing for each ice
pile s in the sequence whether s = a(s). This can be done by maintaining, at each
step h, an array GrAn of couples of integers that univocally identify the suffixes
of all generated ice piles which are proper grand ancestors at j < Rmost(s(h)) and
share with s") a prefix of length ;.

More formally, if s(*) is the current ice pile and i = Rmost(s(*)) then the entries
of GrAn are defined as

(p,q) ifj <iA3g<hst. s9 isa proper grand ancestor at 7,
Granlj] = SO, 4] = sML, 4. 19) = p, s =g,
(0,0) otherwise.
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Thus, a single iteration consists of three steps:

(1) Determine the grand ancestor at i with prefix s(")[1,4]: if GrAn[i] = (0,0)
then a(s") = s otherwise construct a(s™) from s("[1,i] and (p,q) =
GrAn[i] and then set GrAnl[i] := (0,0);

(2) Make the move a(s") = s(i+1);

(3) Check whether st is a proper grand ancestor and update GrAn: for e €
M(sh*t1D) i — k < e < Rmost(s"+1), if GrAn[e] = (0,0) set GrAn[e] :=
(UMD, 510000

Example 3.1. Let us consider IPM,(8). Starting with s() = (8), we proceed to
5(2) = (7,1) and then to the branching ice pile s©*) = (6,2) (note that this is the
grand ancestor of the ice pile ¢ having (6) as a prefix and with Rmost(t) = 1).
Now we have M(s®)) = {1,2} and we set GrAn[l] := (2,2). Once we have
computed s*) = Fall(s®) Rmost(s®))) = (6,1,1), the next ice pile is obtained
by a move in the first column. Actually, since GrAn[l] = (2,2), we proceed as
follows: first, we construct a(s®) = (6,2) and set GrAn[l] := (0,0), then we
compute s = Fall((6,2),1) = (5,3). Now, we have M(s(®) = {1,2} and set
GrAn[1] := (2,3). The process continues by computing the ice piles

50 = Fall(s(®, Rmost(s(*)) = (5,2,1) (GrAn =[(2,3)]),
50 = Slidey(s®), Rmost(s(®) = (5,1,1,1) (GrAn =[(2,3)]),
s® = TFall(s(®, Rmost(s(")) = (4,4) (GrAn =[(0,0)]),
s = TFall(s(®, Rmost(s®)) = (43,1) (GrAn = [(0,0)]),
5100 = Fall(s(”, Rmost(s(9)) = (4,2,2) (GrAn =[(3,2)]),
s = Fall(s(® Rmost(s(19)) = (4,2,1,1)  (Grdn =[(3,2)]),
512 = Fall(s('9 Rmost(s('1)) = (3,3,2) (GrAn =[(0,0)]),
513 = Fall(s('? Rmost(s(1?))) = (3,3,1,1) (GrAn = [(0,0)]),
s = Fadl(s(13 Rmost(s(13))) = (3,2,2,1) (GrAn = [(0,0)]),
515 = Slidey(s 14), Rmost(s)) = (3,2,1,1,1) (Grdn =[(0,0)]),
516 = Slidey (5%, Rmost(s1?))) = (2,2,2,1,1) (Grdn =[(0,0)]).

4. THE ALGORITHM

The idea presented in the previous section leads immediately to Algorithm 1.
In the code we use two arrays, partition and GrAn, a stack St, two procedures,
GRANCESTOR and CHECK, and two functions, MOVE and MSET.

At each step the array of integers partition represents an ice pile which has a set
of moves represented by an increasing sequence of integers contained in St. The
elements of GrAn are couples of integers with the meaning given in the previous
section.

GRANCESTOR(partition,i, [, m, q) sets the ice pile partition with rightmost move
in 4 to its grand ancestor: it modifies the suffix partition[i + 1,1] according to
Lemma 2.13 (knowing the length m of the proper grand ancestor and the height
q of its last column). MOVE(partition,i,l) executes either Fall(partition,i) or
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Algorithm 1 Exhaustive generation of TPMy(n).

1: PROCEDURE ICEPILEGENERATION(n)
2: partition — [n,0,...,0]; GrAn < [(0,0),...,(0,0)];
3: St «— EMPTYSTACK(); PUSH(St,1); 1 < 1;
4: while ISNoTEMPTY(S?) do
i < Top(St); Por(St); (m,q) «— GrAnl[il;
if (m,q) # (0,0) then
GRANCESTOR (partition,i,l,m, q);
GrAn[i] < (0,0); I — m;
end if
10: 1 <« MoOVE(partition,i,l); CHECK(St,i);
1. (i, ..., lp) < MSET(partition,i);
122 fore=1top—1do

13: if GrAnll.] = (0,0) then
14: GrAn[l.] —(1,partition]l]);
15: PusH(Stl.);

16: end if

17:  end for
18:  PUSH(Stl,);
19: end while

Slide(partition,i) and returns the length of the new generated ice pile. CHECK(St,i)
is used to check the entries of St after the move. More precisely, it possibly elimi-
nates the two top elements of St if they are no more valid after the move in column
i (see Lem. 2.3). If partition = s(" is an ice pile of length I obtained by a move
in column i = Rmost(s"~V) in a(s"~Y), then MSET(partition,i,l) returns an
ordered list of integers corresponding to M(s(")\ M(s("~1). By Lemma 2.3 this
list contains at most six integers in the range [i — k, ].

Given an integer n (k is fixed), we start with partition=[n,0,...,0] (the first ice
pile in IPMy(n)) and by pushing 1 onto St (lines 2-3, we suppose n > 1). We also
set the length [ of the ice pile to 1. Then, as long as St is not empty, an integer i is
popped: this indicates the rightmost move in the latest generated ice pile (line 5).
If partition has a proper grand ancestor then GrAn[i] # (0,0) and GRANCESTOR
(line 7) restores it. Hence, we generate the next ice pile (line 10) and update the
set of moves. Note that all the integers in St denote valid moves, with possibly
two exceptions regarding the two elements at the top (the call to CHECK in line 10
fix them). So, The other valid moves are found in the suffix partition[i — k,] (the
list returned by MSET, line 11). Finally, St and GrAn are updated (lines 12-17).

The correctness of the algorithm is proved in the following theorem.

Theorem 4.1. ICEPILEGENERATION, (n) solves IPGy,.

Proof. We prove, by induction on h, that at the end of the hth iteration we have

(1) partition = s(ht1),
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(2) St = M(s"*1), that is, St contains the ordered sequence of integers in
M(s*+1)), with Top(St) = Rmost(s"+1);
(3) GrAn[j] = (I,p) # (0,0) if and only if there is e < h + 1 such that s(¢)
is a proper grand ancestor at j of length ! with s(¢) [1,5] = s(h*‘l)[l,j]7
j < Rmost(s"*1)) and sl(e) =p.
Basis (h = 1). At the end of the first iteration we have
(1) partition = (n —1,1);
(2) St is either empty (if n =2 or n =3 and k = 1) or contains the integer 1;
(3) GrAn[j] = (0,0) for all j (no proper grand ancestor has been generated).
Induction (h > 1). By induction hypothesis, at the beginning of the hth iter-
ation we have partition = s and St = M(s") (with Top(St) = Rmost(s(")).
Moreover, GrAn contains all the couples of integers that univocally identify all the
proper grand ancestors at j < Rmost(s")) with prefix s/ [1, j] (GrAn[j] = (0,0)
for j > Rmost(s"))). Then,
(1) i is assigned the value Top(St) = Rmost(s(")) and the algorithm moves a
grain in column i in a(s™). In fact, if GrAn[i] = (0,0) then s(*) = q(s(")
and the move executed in line 10 is s(*) = 5. Otherwise, GrAn[i] = (I, p)
and (line 7) the grand ancestor at 4 is restored, say s(¢) = a(s"), and

then the move s(®) = s is executed. Lemma 2.16 states that s = s("*1)
and so partition = s"*1) (line 10);

(2) after line 10, St contains only the values of M; x(s"*1) together with
the values of M(s") N M(s"*+1)) in the range [i — k,i]. By definition, the
call to MSET in line 11 returns the list (I1, . ..,1,) of integers in M(s("+1))\
M(s™) (in the range [i —k, 1]). These values are then pushed in order onto
St, yielding St = M(s*+1);

(3) since Mo (s"tD) = Moy (s™) and s"+tV[1,5 — 1] = sM[1,i — 1],
the first ¢ — k — 1 entries of GrAn keep holding the right value. This
is also true for the nonzero entries in the range [i — k,i — 1]. Finally,
s(P1) turns out to be a proper grand ancestor at e for all e belonging
to the list returned by MSET (integers in the range [i — k,1(s("*1)], see
Lem. 2.3), with the only exception given by e = [, = Rmost(s(*+1). Tt is
immediate to see that after the for loop (line 17) also the entries GrAnle],
i —k < e < Rmost(s("*1) have assigned the right value.

O

4.1. COMPLEXITY

In order to determine the complexity of ICEPILEGENERATIONg, we indepen-
dently analyze MOVE, CHECK, MSET and GRANCESTOR, respectively. Clearly,
MOVE admits an implementation running in time O(1). The same remark holds
for CHECK since it accesses at most two integers in St (at the top) and, for any in-
teger i, the cost of testing whether Fall(partition,i) # L or Slide(partition,i) # L
is O(1). Then, Lemmas 2.3 and 2.15 lead to an implementation of MSET which
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also runs in O(1). Finally, the complexity of GRANCESTOR is not O(1). Never-
theless, an amortized analysis shows that the cost of generating the sequence of all
ice piles in IPMy(n) by calling ICEPILEGENERATION(n) is O(|IPMg(n)|). The
proof is based on the following two lemmas.

Lemma 4.2. For each leaf t in the spanning tree of IPMy(n), we can compute
a(t) in time O(d) where d is the length of the path from t to a(t).

Proof. We assume that ¢ is represented by an array of integers and we show how
to modify it in order to obtain the representation of s = a(t). So, we have as input
t, i = Rmost(t) and GrAn[i] = (p,q), where p = I(s) and ¢ = s;(5). Observe that
the pair (p,q) determines the exact number of grains in ¢ that lie in a different
column in s: this is N = [¢, — ¢| + Zé(i)pﬂ t; and is bounded by d, since each of
these grains has been eventually moved during the derivation of ¢ from s.

By Theorem 2.13, in nontrivial cases s[i + 1, p] is the sequence of blocks illus-
trated in Figure 4. So, we fix t = p—(p—i)p + 1 and y = t; — |[(p — ©)/k],
and construct the sequence from right to left, starting from column p which has ¢
grains and is preceded by p —x columns of height ¥y — 1. Then, columns in positions
from x — jk — 1 to x — (j + 1)k have height y + j, with j = 0,...,[(p — ©)/k],
except column ¢ + k that has height ¢; — 2, see Figure 4.

So, we start from the rightmost column of ¢ and proceed to construct s by
moving all the grains we encounter in positions I(¢),1(t) — 1,...,p+ 1 of ¢, while
setting [(t) — p entries of ¢ to 0.

More precisely, s can be constructed by an iterative process that, at each iter-
ation, moves a grain of ¢ to its final destination in s. The number of iterations is
N and at each step we have two indices, j; and ja, denoting a column to fill (in
s) and a column to empty (in ¢), respectively. As soon as a column gets the right
height, the corresponding index takes a new value which identifies the first column
(to the left) with a wrong height. Note that updating j; has cost O(1). In fact,
as soon as we get t;, = s;, = a, if t;;_1 = s;,_1 we have only to check whether
tn, = sp for the largest r such that h =i + rk < j;. Therefore, it is immediate to
see that the overall cost is O(N) = O(d). O

Lemma 4.3. Let s(9 5(¢) be two leaves in the spanning tree of IPMy(n) and
let Py, P, be the two paths joining 5@ to a(s9) and s(©) to a(s'®)), respectively.
Then, Py and P, do not have a common edge.

Proof. Lemma 2.16 states that s(t1 is obtained by a move in column i =
Rmost(s(4) in a(s(9)), and then we have a(s(¥) = f(s(¢+1)). Thus, let

d d d+1
a(s( )) <alex - - - <nlex S(C) <alex - - - <nlex 5( ) <nlex 5( +1) <alex - - - <nlex 5(6)

where 5(°) is the node preceding a(s(?)) in the path from s(® to a(s(9)), f(s(¢)) =
a(s(d)). By Lemma 2.11, if s(¢) e T(s(c)) then s(¢) < 1ox s(@TD . Therefore, s(¢
does not belong to T'(s(®)) and this means that P; and P. do not have a common
edge. O

We can now prove our main result.
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Theorem 4.4. For any fized integer k, ICEPILEGENERATION(n) runs in time
O([IPMj,(n)]).

Proof. The number of iterations of ICEPILEGENERATIONy, is exactly [IPMjy(n)|.
The only instruction which has not cost O(1) is the call to GRANCESTOR (line 7).
GRANCESTOR is called only on leaves and if it is called at the ith iteration on the
leaf s() then, by Lemma 4.2, its cost is O(| P, |), where | Py | is the length of the
path from s to a(s®).

Thus, if T'(n) denotes the running time of ICEPILEGENERATION(n) we have

T(n) < C1[IPM(n)[+ > ColP|

s is a leaf

where C4,C5 are suitable constants. Finally, by Lemma 4.3 each edge of the
spanning tree belongs to at most one path Ps. Therefore, we obtain

T(n) < C1|TPM(n)] + C2([IPM(n)| — 1) = O(|IPMy(n)]).
O

Lastly, the only data structures used in ICEPILEGENERATION}, are the arrays
partition, GrAn and the stack St, all having size O(y/n) (see Lem. 2.4). Thus,
from the previous theorem we immediately get:

Corollary 4.5. Procedure ICEPILEGENERATION, (n) runs in O(1) amortized time
and uses O(y/n) space.

5. CONCLUSIONS

We considered in this paper the problem of generating all the reachable con-
figurations of the discrete dynamical system IPMy(n), showing a CAT algorithm
working on a tree structure which naturally arises when considering the negative
lexicographic ordering. Hence, it is quite natural to ask whether a similar approach
can be applied to deal with the exhaustive generating problem for other (similar)
discrete models.

In particular, the discrete models BSPM (bidimensional sand pile model) and
BIPM (bidimensional ice pile model) have been introduced in [5] by adding a
further dimension to SPM(n) and IPMy(n), respectively. Thus, the elements of
BSPM and BIPM are plane partitions, that is, matrices of non-negative integers
that are non-increasing from top to bottom and from left to right. These models
exhibit some important differences with respect to the unidimensional case. First,
they are not lattices and several fixed points possibly exist; second, no character-
ization is known for reachable states and for fixed points. As a consequence, the
presented algorithm can not be easily extended to these models. For instance, a
first problem is that of finding a suitable ordering which lets us construct a tree
structure associated with BSPM(n) (or BIPMy(n)).
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An intermediate step towards the design of a CAT generation algorithm for
BSPM(n) or BIPMg(n) could be the study of a simpler problem, that is, the
exhaustive generation of the plane partitions of an integer n in constant amortized
time.
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