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AN APPLICATION OF GENERALIZED TREE PEBBLING
TO SPARSE MATRIX FACTORIZATION*

JOSEPH W. H. LIUt

Abstract. A generalized version of the pebble game for trees is described. It is motivated by the study of
out-of-core methods for the Cholesky factorization of sparse matrices. A solution to the generalized pebbling
problem will give an equivalent ordering of the sparse matrix, so that the reordered matrix requires the minimum
amount of in-core storage for its out-of-core factorization using the scheme in [12]. An efficient algorithm is
presented to determine such an optimal solution.
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1. Introduction. It is well known that many sparse matrix problems can be con-
veniently studied using graph-theoretic approaches. For example, the problem of reducing
or minimizing bandwidth for a sparse symmetric matrix structure can be examined as a
linear layout problem for graphs [4]. The fill-reduction ordering problem is closely related
to the graph separator problem [10].

In this paper, we consider a problem encountered in the out-of-core solution of a
sparse symmetric matrix. We want to find an equivalent ordering of a given sparse matrix,
which will minimize the amount of in-core storage requirement for the successful exe-
cution of an out-of-core factorization scheme. We show that this sparse matrix problem
can be transformed to a graph problem as a general form of the pebble game for rooted
trees. This pebble game is originally introduced to study register allocation in straight-
line programs [2]. It has received much attention on different variations of the basic
problem [6]-[9], [14]-[16].

The generalized form of the game studied in this paper is quite different from the
others in the literature. The number of pebbles required to satisfy a tree node can now
be more than one. We provide an efficient algorithm to solve this generalized pebble
game problem, and the underlying approach is similar to the one used by Yannakakis
[20] to solve the related min-cut linear arrangement for trees. It should be noted that the
algorithm can also be used to determine the best possible ordering for the out-of-core
multifrontal method [3], [17] in terms of primary storage reduction.

An outline of this paper is as follows. In § 2, we describe briefly the necessary
background on the sparse out-of-core factorization scheme introduced by the author in
[12]. We formally introduce the class of equivalent orderings to be considered in the
paper. It is based on the important tree structure, called the elimination tree, obtained
from the sparse Cholesky factor matrix. The storage requirement on a fixed ordering for
the out-of-core scheme is also derived.

In § 3, the problem of finding an optimal equivalent ordering that minimizes the
primary storage requirement is transformed into the generalized pebble game problem.
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A brief summary of existing pebbling algorithms to solve special forms of this pebble
game is also presented.

Sections 4 to 6 are devoted to the development of an algorithm to solve the generalized
pebble game. An overview of the method is given in § 4. The overall scheme makes use
of the recursive structure of trees. It determines optimal orderings for subtrees, and then
combines them to yield an optimal ordering for the entire tree.

Section 5 introduces the notion of a cost sequence. It is adapted from the one used
by Yannakakis [20] on the min-cut layout problem for trees. This notion is essential in
developing the overall optimal algorithm. Optimality is now in terms of this cost sequence
together with a newly-defined partial order. In § 6, the algorithm to combine optimal
subtree orderings is described. We prove that the overall ordering found is indeed optimal.
The computational complexity of this algorithm is also addressed.

Section 7 contains our concluding remarks. There are three theorems in § 6, whose
proofs are quite involved and lengthy. In order not to obscure the essential ideas in the
paper, these proofs are postponed and presented in an appendix.

2. Statement of the problem.

2.1. Background on sparse out-of-core factorization. Let 4 be a given n by n sparse
symmetric positive definite matrix, ordered appropriately by some fill-reducing ordering
[5] (e.g., the minimum degree ordering). Let L be the (lower-triangular) Cholesky factor
of 4. The notations n(L;-) and n(L~;) are used to denote the number of nonzeros in the
jth row and jth column of L, respectively.

In [12], the author proposes an out-of-core scheme for the sparse Cholesky factor-
ization of large sparse matrices. The scheme is demonstrated to be quite effective in
computing sparse Cholesky factors of extremely large matrices using auxiliary storage.
It is based on the idea of matrix storage reorganization. A working storage vector in
memory is provided to store nonzero entries of the Cholesky factor L. We shall refer to
it as the “primary storage vector” for L.

If this primary storage can accommodate all nonzeros in the factor L, factorization
will be carried out by the conventional in-core method [5]. Otherwise, this storage vector
will be reorganized when need arises during the course of factorization. In each organi-
zation, only those values that are required for subsequent steps of factorization are to be
retained in memory. In this way, it allows much larger problems to be solved in a given
amount of primary storage, without having to rely on excessive data I/O to and from
auxiliary storage. Indeed, auxiliary storage is used only to store the computed columns
of the Cholesky factor.

In this out-of-core algorithm, the minimum amount of primary storage required
during the computation of the jth column of L is given by

j—1
2 (L) = n(Li=)} + (L ).
k=1
It is easy to see that this is actually the number of nonzero entries in the set
L[j] = {1,k|k§]§ l}

This rectangular window is the shaded region as illustrated in Fig. 2.1. We shall use
n(Ly;7) to denote the number of nonzeros in this region.

Therefore, the minimum primary storage requirement for the successful completion
of the entire factorization using the out-of-core scheme is

max {'n(L[j])| 1 é]é n}.
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FIG. 2.1. Region required for the computation of column j of L.

Note that this quantity is fixed once the structure of the matrix is specified and its ordering
is given.

2.2. The problem: Primary storage minimization. For a given fill-reducing ordering,
it is well known that there exists a class of orderings that are equivalent in terms of fills
and operations. It is based on the so-called elimination tree structure. This tree structure
defines a class of equivalent orderings, each having the same set of filled edges as the
original ordering [13], [18].

Consider the structure of the Cholesky factor L. We define the elimination tree of
A to be the tree with n nodes {1, 2, -- - , n}, and node i is the parent of node j if and
only if

i =min {k|/;;#0},

that is, i is the row subscript of the first off-diagonal nonzero in column j of L. We assume
that the matrix A is irreducible, so that the structure is indeed a tree, and 7 is the root
of this tree. (If A4 is reducible, then the elimination tree defined above is actually a forest
which consists of several trees.) Figure 2.2 contains a 10-by-10 matrix example whose

(1 X X )
2 x

X X 3 X

4 X X

X X

A = 8 x

X 7 x

X 8 x X
X9 x
X X X X X x 10

FIG. 2.2. A matrix example.
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diagonal entries are labeled by the corresponding equation/variable numbers. Its elimi-
nation tree is displayed in Fig. 2.3.

Any reordering that numbers nodes before parent nodes in the elimination tree is
known to be equivalent to the original ordering. In other words, the number of fills and
the amount of arithmetic operations to perform the factorization remain unchanged.
Such orderings are referred to as topological orderings of the tree [19]. In this paper, we
consider the problem of determining a topological ordering for a given elimination tree
that will minimize the primary storage requirement for the out-of-core algorithm in [12].

We first re-specify the problem in graph-theoretic terms. Let 7 = (X, E) be a given
rooted tree of n nodes. For each node x € X in the tree T, two integer values are associated
with it: row(x) and col(x). For any topological ordering =: X, X2, - - - , X», the core cost
at x; is defined to be

ji—1
core,(x;)= 2, {col(xy) — row(xx)} + col(x;).
k=1

The core cost of T with respect to the given ordering = is then
max {core,(x;)|1 =j=n}.

Our objective here is to determine an optimal ordering = that will minimize the core
cost of T over all topological orderings of 7.

In this paper, only topological orderings with respect to an elimination tree will be
considered. Unless otherwise stated, we shall use ordering of a tree to refer to a topological
ordering, that is, one that numbers nodes before parent nodes.

3. On generalized pebbling.
3.1. Problem transformation. In this section, we transform the problem in § 2 to a
generalized form of a much-studied combinatorial problem: the pebble game for trees

[8], [14], [16]. The game can be used as a model for register allocation in straight-line
programs.

FIG. 2.3. The elimination tree of matrix in Fig. 2.2.
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Consider a given tree T and the values row(x) and col(x) associated with each node
x of T. For any (topological) ordering =: x;, X3, - * * , Xp, the core cost as defined in the
previous section can be expressed recursively as follows:

core,(x;) = col(xy),
and forj > 1,
core,(x;) = {core.(x;_ 1) —row(x; - 1)} + col(x;).

It should be clear that a portion of the value core,(x;) comes from nodes in the
subtree rooted at x;. This contribution from the subtree is independent of the ordering
m, since nodes in the subtree under x; are always ordered before X;.

To aid the study of this problem, we let T[x] denote the subtree of 7 rooted at a
node x. It is also convenient to expand each original node x of T into two nodes x* and
x~ as shown in Fig. 3.1. The node x* can be regarded as x during the processing of its
column, with x~ as x after its processing.

Then, we can associate with each node x the two quantities:

7(x7)= 2> {col(z)—row(z)}, 7(x) = 7(x7) + row(x).
zeT[x]

The value 7(x*) represents the number of nonzeros in columns of L from the subtree
T[x], that are required during the processing of the column x in the factorization. On
the other hand, 7(x7) is the number of nonzeros in columns of L associated with 7T[x]
that are still required affer the processing of x. They are the storage requirements con-
tributed from the nodes in the subtree T'[x]. Note that these two values depend only on
the structure of the tree T, and are independent of any topological ordering.

We can now express the core cost in terms of 7(x*) and 7(x~). The formulation will
be clearer if we introduce core,(x]) and core,(x; ), which are the storage requirements
during and after the processing of column x;, respectively. Let

core,(xp)=0.
For j = 1, then we have

core,(x7) = core (xj_ )+ 7(x} ) — 2 {7(x7)|x. is a child of x;},
core,(x; ) = core (X )+7(x; ) — 7(x}).

This formulation actually provides a more uniform framework to study the problem.
Consider the transformed tree with the 2n number of nodes

F oy oyt 4 +
{xl 3 X1 5 X2, X2, " ,xn’xn}'

oL
(z%) na™)

col(z)/row(z)

FIG. 3.1. Tree transformation.
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Rename these nodes to {y1, ¥2, * * * , ¥an}. If {x;} is a topological ordering on the original
tree, it is clear that {y;} is also a topological ordering on the transformed tree. For each
node, associate a 7 value as follows: for 1 =j = n,

(- 1) =7(x}), (1)) = 7(Xj ).

The transformed elimination tree of the example in Fig. 2.3 is given in Fig. 3.2. The
labels in the original tree should be interpreted as “col(x)/row(x),” while that in the
transformed tree are the corresponding 7-values. This tree structure will be used repeatedly
throughout the paper.

Since x;f is the only child node of x; , the core cost in terms of the transformed tree
can be collectively and conveniently expressed as:

core,(yo) =0,
core(y;) = core, (¥ - 1)+ 7(3)) — 2 {7(¥o)ly. is a child of y;}

for 1 = j = 2n. It should be clear that an optimal topological ordering on the transformed
tree in terms of the core cost will induce one on the original tree. Henceforth, we shall
discard the values row(x) and col(x). Instead, we assume that a nonnegative value 7(y)
is associated with each node y and core,(y) is defined as above in terms of 7(y).

3.2. The generalized pebble game. The transformed problem in § 3.1 can be for-
mulated as a generalized version of the pebble game. Let T be a given rooted tree of m

col(z)/row(z)

FIG. 3.2. The transformed tree of the example in Fig. 2.2.
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nodes. For each node y in T, there is a nonnegative value 7(y) associated with it. The
number 7()) represents the number of pebbles required to satisfy the node y (a node y
is said to be satisfied if there are 7(y) pebbles in this node). The generalized pebble game
is played according to the following rules:

(a) If all children of an unpebbled node y are satisfied, pebbles may be placed on

y (thus, a leaf node can be pebbled).
(b) Ifall children on an unpebbled node y are satisfied, pebbles may be moved from
its children nodes to y.

(c) A pebble may be removed from a node y if there are more than 7(y) pebbles

in it.

The goal of the game is, starting with no pebbles in the tree, to pebble the root of
the given tree. The pebbling proceeds in moves, each move is an application of one of
the above rules. The problem here is to determine a sequence of moves that will achieve
the goal using the minimum number of pebbles. The sequence of moves will simply
correspond to a topological ordering on the given tree.

Note that the standard (black) pebble game [8], [14] is the special case with
7(y) = 1 for all nodes y in the tree. It should also be clear to the reader that the optimal
solution to this generalized pebble game will be an optimal one for the primary storage
minimization problem of the previous section.

3.3. Existing pebbling algorithms. The original pebble game is the special case with
all pebble values 7(y) equal to 1. The solution for this standard problem can be found
in [8], [14]. It is helpful to compare this scheme with the general algorithm provided
later, we describe the method below. The description follows that in [8].

For a given rooted tree T with 7(y) = 1 for every node y, let p(T') be the mini-
mum number of pebbles required to pebble the root. If 7" has only one node (the root),
obviously we have p(T) = 1. Otherwise, assume that the root has ¢ children nodes, and
let Ty, - - -, T, be the subtrees under the root. Then

p(T)= max {p(Ty)+k—1},
where the subtrees are ordered such that

p(Ty)= - zp(T).

This observation will give an algorithm that computes the value p(7’) and at the same
time determines an (topological) ordering that achieves this minimum value. It is inter-
esting to point out that the ordering determined by this algorithm will always number
nodes within any subtree of 7" consecutively.

In [11], the author considers the primary storage minimization of the out-of-core
multifrontal method due to Duff and Reid [3], [17]. That problem can be formulated
again as a tree pebble game, where the values 7(y) can now be greater than one. However,
due to the nature of the multifrontal method, postorderings are to be considered, that is,
subtree nodes should be ordered consecutively [1]. This, therefore, may be regarded as
the generalized pebble game as described in § 3.2, except for the more restrictive nature
of the move sequence (postorderings). A solution to this problem is also provided in [11].
We include a brief description here for future comparison.

For a given rooted tree T with 7(*) values, let p(7") be the minimum number of
pebbles required to pebble the root, subject to the restriction that subtree nodes are to
be pebbled consecutively. Assume that y is the root of 7" with ¢ children: sy, - - - , s,. Let
Ty, - -+, T; be the subtrees rooted at these children nodes.
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If T has only one node y (that is, ¢ = 0), p(T') = 7(y). Otherwise, we have

k—1
ﬁ(T)=maX{11;1,§r_S§t {ﬁ(Tk)+ 2 T(sj)} ,T(y)],

j=1
where the subtrees are ordered such that
p(T)—7(s)Z -+ Zp(T)— 7(s).

An algorithm, based on this observation, can be formulated to compute the value (7))
and to determine a postordering that achieves this minimum value.

It is interesting to point out that if postorderings are not required in the out-of-core
multifrontal method, the problem becomes more involved. Indeed, the algorithm to be
developed in this paper will be applicable in such setting. It will give the best possible
topological ordering (not necessarily postordering) so that the ordered matrix will require
the least amount of primary storage in its out-of-core multifrontal factorization. For
clarity, the author will focus only on the use of the ordering algorithm for the out-of-
core factorization method described in § 2. Its use in the context of multifrontal method
will be left to the reader.

4. Overview of strategy for optimal ordering. Given a rooted tree T of m nodes,
each node y having a pebble value 7(y). Our objective is to determine a topological
ordering of the tree so that the pebble game following this ordering requires the least
number of pebbles.

For any (topological) ordering «: y;, 2, " ** , Vm, define the sequence of values
peb(*):

peb.(30) =0,
peb.(y;) = peb,(y;— 1) + 7(3) — 2 {7(¥:)|y. is a child of y; },

for 1 = j = m. The value peb,(y;) represents the total number of pebbles used during the
pebbling of the node y;; it may be appropriately called the accumulated pebble value at
the node y; using ordering =. The number of pebbles required to pebble the entire tree
T using this ordering is given by:

peb,(T) = max {peb,(y)|1 =j=m}.

In other words, our objective is to find one such topological ordering that will minimize
this pebble requirement peb, (7).

The recursive structure of trees can often be used to design efficient algorithms to
solve problems on rooted trees. The approach is to proceed bottom up in the rooted tree.
For every node y with children nodes s,, ‘- -, s, solutions are determined for all the
subtrees rooted at s (1 = k = ). These solutions are then combined to produce one for
the subtree rooted at y. A recursive use of this will solve the given problem on the overall
rooted tree. Solutions to our pebbling problem are topological orderings that minimize
the number of pebbles. We shall use this bottom up approach to combine optimal subtree
orderings.

Let us first introduce some relevant terminology for tree orderings. Consider any
rooted subtree of T, say T[y], rooted at the node y. Let « be an ordering on 7. The
restriction of this ordering 7 on T[] is itself an ordering for this subtree. We shall denote
this subtree ordering by w[y] and refer to it as the induced ordering of = on T[y]. On the
other hand, let ¢ be an ordering on the subtree 7T[y]. ¢ is said to be compatible with «
if ¢ is the same as the induced ordering =[y].
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For example, in Fig. 3.2, the induced ordering n[y;,] on the subtree T[y,,] is given
by the node sequence:

Y1,Y8,Y9,V105 V11
However, the following ordering on T'[y;]:

Yo, V1, V10, V8, V11

is not compatible with the original tree ordering.

Using this bottom up approach to our pebble minimization problem, we can describe
our strategy as follows. Here, y is the input node with children nodes s;, --- , 5,; and =
is the returned optimal ordering for the tree T[y] rooted at y.

ALGORITHM 4.1. Pebble-Ordering (7'[y], «).
begin
If t = 0 then
return the sequence =: y
else
begin
Fork:= 1totdo
Pebble-Ordering (T'[s«], ¥1);
Combine the optimal subtree orderings Y, k=1, --- , ¢
to give an optimal ordering = for 7[y] such that
w is compatible with each ¥ ;
end;
end.

Therefore, a strategy for optimal ordering can be obtained if we can provide an
efficient solution to the one-level problem: combining optimal orderings of subtrees to
form one for the tree. Each subtree ordering y; is optimal, that is, it minimizes the value
of peby,,(T'[s«]). However, this condition is not sufficient to guarantee the existence of an
optimal ordering for T[y] compatible with each one of the subtree orderings Y.

A simple example is provided in Fig. 4.1 to illustrate this point. The ordering z,,
25, 23, Z4, Z5, Z6 Minimizes the pebble cost of 10 on the subtree T7[z¢]. It is easy to verify
that for all orderings on the entire tree compatible with this subtree ordering on 7'[z],
the pebble cost will be at least 14. Yet, the following ordering

Z21522,245,25,27,28, 23526529

will have a pebble cost of only 10.

In the next section, we introduce a new criterion for optimal orderings. We shall
show that with this more involved criterion, there a/ways exists an optimal compatible
ordering for T[y].

5. Pebble cost sequence and partial order.

5.1. Definition of pebble cost sequence. Let 7 be a given rooted tree of m nodes.
Our objective is to find an optimal ordering 7 that minimizes the overall pebble cost in
the generalized pebble game:

peb;(T) = min {peb,(T)|r is a topological ordering}.

As noted in § 4, it is not sufficient to combine subtree orderings that minimize only the
pebble costs of the subtrees. We need a more elaborate pebble cost function. This function
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FIG. 4.1. Example to show compatible subtree ordering.

is adapted from the one used by Yannakakis [20] in his polynomial algorithm for the
related problem of min-cut linear arrangement for trees.
Consider a topological ordering for the given tree T:

7r:ylsy29 Ty Yme
This defines the following sequence of values:

peb.(31), peb,(372), - - -, peb.(yn).

We now introduce the pebble cost sequence/function. Put vy = 0. Let A; be the largest
subscript of the y’s such that

H, = peb,(ys,) = max {peb.(y)lvo<j=m},
and v, be the largest subscript such that
V1= peb,(y,,) = min {peb,(y)lh =j=m}.

We then define recursively A;, v;, and H;, V; as follows: 4; is the largest subscript where
the maximum pebble cost value H; occurs from v; _; to m, and v; the largest subscript
where the minimum pebble cost value V; occurs from #; to m. Thus, we have a cost
sequence, denoted by Pcost(7, «):

(Hl, VI’H29 V2, e 9Hra Vr)
and these values occur at the following sequence of nodes:

Yhys Yois Vhys Yvys * s Vs Vo,

Since the tree is rooted at y,,, the last value ¥, must occur at this node, that is, v, = m

or y,, = ¥»,. Note also that the value of » depends on the tree structure, the pebble values
and the ordering.

To illustrate the notion of this cost sequence, we consider the example in Fig. 3.2.
It is clear that the pebble cost sequence for the tree is given by:

Pcost(T, w) = (9,0),
and they occur at the nodes:

(013, y20)-
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However, if we only consider the subtree 7'[y;g] in this example with the induced ordering
w[y13], the pebble cost sequence is then:

Pcost(T'[y1s], #[y1s]) = (6,2, 5, 3),
and these values occur at the nodes:
013, Y14, V17, V18)-

Note that the pebble requirement in the subtree T'[ys] does not affect the pebble sequence
for T[y1s].

We shall sometimes refer to the locations yj, as the hills and y,, as the valleys of the
given tree and ordering. The quantities H; and V; are also referred to as the Aill and valley
values, respectively. The motivation for the choice of these terminologies should be clear
from the plot of accumulated pebble cost values peb,();) against y;. The plot for the
subtree T[y;g] of Fig. 3.2 is illustrated in Fig. 5.1.

Let Pcost(T, ) = (H,, V3, - - - , H,, V;) be a cost sequence. It is clear from definition
that

H,=peb(T).
The following property is also obvious.
LEMMA S.l. Hy>Hy,> - >H,ZV,>-->V;>V,=0.

5.2. A partial order for pebble cost sequences. We want to compare different to-
pological orderings on a rooted tree with respect to their pebble cost sequences. To prepare
for that, we introduce a partial order on these sequences. Let o and 3 be two pebble cost
sequences: L o

a=H,Vy, - H;, V3), B=(H,Vy, - ,H, V).
We say that o < 8 if and only if for every i (1 =i = 7), there exists a j (1 = j = r) such
that
H,=H; and V=V,

THEOREM 5.2. “<X” is a partial order on cost sequences.

Proof. Tt is obvious that “<” is transitive and reflexive. It remains to show that it
is anti-symmetric. Let

a=(ﬁl, I;ly o 9}779 [77 >

B=(H13V17 cee era Vr)'
74 hl
6 4 h
Pebble 5 | 2
Cost 4|
Value 4 | Yy
v,y
2 .
1 1 l_l |—l
0 M N B N NN NN

7 8 9 10 11 12 13 14 15 16 17 18
Node Sequence in T'[y ]

FIG. 5.1. Plot of pebble cost for subtree T|yys) in Fig. 3.2.
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Assume that o < 8 and 8 < a. Consider any H; and V;. By the definition of “<”, there
exists a j such that H = H; and vV, < V;. Since 8 < a, for this j, there is a k such that
H; = Hy and V,= V. Combining we have H; < Hyand V; = V. so that by Lemma 5.1,
we must have i = k. This implies that H; = H;and V; = V.

It remains to show that for every 1 = | =< F,

ﬁ,:Hi and 17,-= V.

We prove this by induction on i. For i = 1, by the property established above, there
exists a j such that A, = H;. Assume for contradiction that j # 1, so that by Lemma 5.1
H; < H,. Then since 8 < ¢, for H;, there must be a k such that H, < Hy. Combining,
we have

H =H;<H =H,.

”l:his contradicts Lemma 5.1 on the cost sequence «. Therefore, H, = H, (so that
Vl = Vl).

The same argument can be used for the inductive step. Therefore the sequence o
must be an initial subsequence of 3. By symmetry, 8 must also be an initial subsequence
of a. Hence, a and 8 must be identical cost sequences. O

The next theorem follows directly from definition. It shows the relevance of the
pebble cost sequence and the partial order “< in the context of pebble minimization.

THEOREM 5.3. For two orderings Y and = of the tree T, if

Pcost(T, ¢) < Pcost(T, )

then peby(T) = peb,(T).

The implication of this simple observation is that in order to determine an optimal
ordering that minimizes the overall pebble requirement, we can restrict our search for
an ordering « (if it exists) such that

Pcost(T, 7) < Pcost(7, w)
for all orderings .

6. Combining subtree orderings.

6.1. Combine algorithm based on subtree segments. In this section, we show how
to solve the one-level problem: combining optimal subtree orderings to give an optimal
ordering for the overall tree. Here, optimality is with reference to the pebble cost sequence
and the partial order “<” introduced in the last section.

Let T be a given tree rooted at the node y, and s;, 53, - -+, s, be the children
nodes of y. Assume that ¢, - -+, y, are given orderings on the respective subtrees
TTsi), -+, Tlsd

We want to construct an optimal ordering for 7 which is compatible with each
subtree ordering. Obviously, the last node in this ordering must be y, the root. The
problem is how to interleave nodes from the 7 subtrees under y so that the resulting
pebble cost sequence is minimized. The idea is quite simple: for each hill value in a
subtree, we should try to use appropriately-chosen valley values for the remaining subtrees.
This will help to reduce the impact of the hill value on the pebble cost sequence.

To facilitate the discussion, we introduce the notion of valley segments for an ordered
tree. Consider a subtree T[y] with an ordering y. Let its pebble cost sequence be:

Pcost(T[y},¥)=(H,, Vy, -+ ,H,, V),
and let these values occur at the nodes

Yh,,}’v,, *t 5 Vhes Vo,
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There are r valley segments of T[y]; for 1 = k = r, the kth valley segment consists of the
nodes

yvk_|+]’yvk..1+2s e ,yv,,~

In other words, it is the sequence of nodes in between two valley nodes (including y,,
but not y,,_,). We shall define its segment value to be Hy — V.
For example, consider the subtree T[y;s] in Fig. 3.2. There are two valley segments:

Y7,¥85Y9, Y105 V115 V125 V135 V14, Yiss Vies V17, V18

and their segment values are 4 and 2, respectively. But the subtree T[ys] has only one
segment:

Y1,Y2,V35V4,¥5,)6

which is the entire subtree, and its segment value is 3.

Valley nodes are appropriate locations to switch from one subtree to another when
combining subtree orderings. Valley segments are relevant notions, and nodes within
each segment can be treated as an entity. Indeed, the following algorithm combines the
given subtree orderings based on an arrangement of the segments in all subtrees. As
before, Y is a subtree ordering of T'[sx], where s,, - - - , s, are children nodes of the root
yin the tree 7.

ALGORITHM 6.1. Combine (T[y], ¥)

begin
For k:=1totdo
Determine the valley segments of the subtree T[]
using the cost sequence Pcost(7T[sk], ¥x);

Arrange the segments from all the subtrees in descending order of their
segment values: {hill value-valley value};
Based on this segment arrangement, order the nodes in each segment
consecutively, followed by the root y;
Return this ordering as ¢
end.

We shall use the notation ®(Y,, ¥5, - -+, ¥,) to refer to the ordering Y on T[y]
obtained by Algorithm 6.1. When ¢ = 1, this ordering can be obtained simply by appending
the root y to the subtree ordering ¥, of its only subtree.

It is easy to see that the ordering obtained by Algorithm 6.1 is compatible with each
subtree ordering ¥,. Indeed, the segments within each subtree are already in descending
sequence with respect to their segment values (it follows from Lemma 5.1). This means
the relative order of nodes in each subtree is always preserved by the new ordering.

On applying Algorithm 6.1 to the subtree 7[y,¢] of the example in Fig. 3.1, we note
that the root y; has two children nodes ys and y;5. The subtree 7T[ys] has one segment
of value 3; while the subtree T[y;5] has two segments of value 4 and 2, respectively.
Therefore the ordering returned by Algorithm 6.1 will be the nodes in the segment (with
value 4):

Y1,¥8,¥9, Y105 Y115, Y125 V13, V14,

followed by the segment (with value 3):
V15V2,Y3,V45,Y5, Ve,
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then by (with value 2):
V15, V165 Y17, V185

and finally by the node y,9. With this new ordering, the pebble cost sequence for 7 is
reduced from (9, 0) to (8, 0).

6.2. Properties of the combine algorithm. We shall state some important properties
of the ordering ®(y,, - -, ¥,) obtained from Algorithm 6.1. The detailed proofs are
lengthy, and we shall provide them at the end of the paper in the Appendix. The following
sequence of theorems is to establish the optimality of the “Combine” algorithm when
used recursively in the “Pebble-Ordering” algorithm of § 4.

THEOREM 6.1. Lety = ®(Y,, - -+ ,¥,). For any ordering w' that orders nodes within
each subtree segment consecutively and is compatible with each Yy,

Pcost(T, y) < Pcost(T, «').

THEOREM 6.2. Let w be any topological ordering on the tree T[y), which is compatible
with each subtree ordering Y. There exists an ordering =’ on T[y), that orders nodes in
subtree segments consecutively, such that

Pcost(T, w") < Pcost(T, ).
THEOREM 6.3. Let . be another subtree ordering for T|[s], where
Pcost(T[sk], ¥i) < Pcost(T[si], ¥).
I7=3W, ¥ W and g = ®Wi, -+, ¥, * 5 ), then
Pcost(T, 7) < Pcost(T, ¢).

The proofs of Theorems 6.1-6.3 are left to the Appendix. Theorem 6.1 says that
the cost sequence returned from Algorithm 6.1 is the smallest possible (in terms of <)
among all orderings that are based on the valley segments. Theorem 6.2 implies that if
it is the smallest among segment-based orderings, it will also be the smallest among all
orderings compatible with the individual subtree orderings. Finally, Theorem 6.3 points
out the effect of an improved subtree ordering on the combined ordering . We can now
use these results to establish the optimality of our overall ordering algorithm.

THEOREM 6.4. Let 7 be the ordering on T|[y] returned from Algorithm 4.1 (“‘Pebble-
Ordering”), where subtree orderings are combined by Algorithm 6.1 (“Combine’). Then
for any topological ordering w of T[y),

Pcost(T, 7) < Pcost(7, «).

Proof. We prove the result by induction on the number m of nodes in the tree T[y].
The result is obviously true if m = 1. Assume that the result is true for all trees with less
than m modes. Let the children nodes of y be sy, - - - , s;; and ¥, be the ordering ob-
tained from the execution of *“Pebble-Ordering (7'[sx], ¥1).” So 7 can be expressed as
Wy, 0, ¥

Consider any ordering = of T[y], and their induced subtree orderings w[si], for
1 = k = t. Let «’ be the ordering ®(n[s,], - - - , w[s,]). By Theorems 6.1 and 6.2, =’ has
the best pebble cost sequence relative to all orderings compatible with each subtree ordering
w[sk]. In other words,

Pcost(T, «') < Pcost(T, ).
But, by the inductive assumption, in each subtree T7[s],

Pcost(T[sk], ¥i) < Pcost(T'[si], w[sx]).
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A repeated application of Theorem 6.3 and the transitive property of the partial order
“<” (Theorem 5.2) will give

Pcost(T, ) < Pcost(T, «').

Therefore, the result follows. O

Theorem 6.4 shows that Algorithms 4.1 and 6.1 can be used to yield a topological
ordering 7 that minimizes the pebble cost sequence Pcost(7, 7) and hence the pebble
cost value peb;(7). We now determine the time complexity of this algorithm. We show
that Algorithm 4.1 (Pebble-Ordering) and Algorithm 6.1 (Combine) can be implemented
in time O(m?), where m is the number of nodes in the tree.

Assume that the given tree 7°[y] is rooted at y with m nodes, and the root y has ¢
children nodes. Since the valley segments within each subtree are already in descending
sequence with respect to their segment values, we need only to merge the segments from
the ¢ subtrees. This can be implemented efficiently by the multiway merge [1], and it will
take at most {m log, ¢} time units to perform the ~way merge. Furthermore, the com-
putation of the new pebble cost sequence on the tree requires at most » time units.
Therefore, if f(m) is the amount of work to execute Algorithm 4.1 using Algorithm 6.1
for combining subtree orderings, then

fmy=mlog t+m+ 2 f(my),

Ilsk=t

where my, is the number of nodes in the kth subtree under the node y. This means that
Zk me=m — 1.

A simple induction on m will show that f(m) = m?. This upper bound, though
attainable, is often too pessimistic. In practice, the number of hill/valley values in the
pebble cost sequence Pcost is often much smaller than the number of nodes in the subtree,
so that the amount of work required for the merging of segments is usually much smaller
than {m log, t}. Indeed, in the application of this algorithm for storage minimization
for the out-of-core sparse matrix factorization, the execution time will usually be linear
with respect to the order of the matrix.

7. Concluding remarks. We have shown that the core storage minimization problem
for the out-of-core factorization scheme in [12] can be studied using a generalized form
of the combinatorial problem of pebble game. An efficient algorithm is provided to solve
this generalized pebble game problem. It is based on the notion of cost sequences, adapted
from Yannakakis [20].

It is interesting to compare the algorithm provided in § 6 with the two existing
algorithms in § 3 for solving the standard pebble game and for solving the general game
by postorderings. In the case of the standard pebble game where each pebble value is 1,
the cost sequence of each subtree is of the form:

H, 1)=(p(T), 1),

where H = p(T) is the hill value for the subtree, and 1 is (necessarily) the valley value
at the root of the subtree. Ordering the subtrees in descending sequence of the subtree
hill values {p(T%)} is obviously equivalent to ordering them in descending sequence of
the subtree segment values { p(7) — 1}. Therefore, the algorithm in § 3 for this standard
game is a special case of the general algorithm in § 4.

On the other hand, the use of postorderings implies the use of a restricted form of
the cost sequence. The restricted cost sequence can be taken to be of the form:

H, V)= (B(T), 7(»),
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where H = p(T) is the first hill value for the subtree 7 and V = 7(y) is the pebble value
for the root y of this subtree. Indeed, the algorithm described in § 3 can be viewed
as one that orders the subtrees in descending sequence of their segment values
{P(T) — 7(sx)} (except that there is only one segment for each subtree).

The methodology provided in this paper to solve the generalized tree pebble game
should be of theoretical and algorithmic interest. Currently, in the out-of-core sparse
factorization scheme of [12], postorderings are used. In practice, it is simple to implement,
and is demonstrated to be very effective. Although one can construct matrix structures
to show that postorderings are not sufficient in general for primary storage minimization,
it should still be highly recommended. More practical justification seems to be warranted
for the use of the optimal algorithm presented in this paper in the context of out-of-core
factorization.

Appendix.

A.1. Best subtree segment arrangement (Theorem 6.1). In this appendix, we provide
detailed proofs for Theorems 6.1-6.3. We first establish the following lemma which is
useful to compare two cost sequences based on the partial order “<<.”

LEMMA A.l. Let m: yy, V2, *** , Vm and

Pcost(T, 7)=(H,, Vi, -+ ,H, V).

For two values H and V, H < H; and V= V; for some j if and only if there exists some
node y, in the sequence = such that

H = peb,(y,), V<min {peb.(V)lg=p=m}.

Proof. Let (Vn,, Vv, *** » V> Vv,) be the nodes at which the values of the pebble cost
sequence Pcost(T, w) occur.

“if part.” Let the node y, in the lemma be in the segment between the valley nodes
Vv;_, and y,.. From definition, we have

H = peb.(y,) < peb(yy,) = Hj.
Moreover, g = v}, so that by the condition on V in this lemma,
V=peb,(y,,) = V;.

“only if part.” Let H< H;and V < V;. Then take g = h;. The result is obvious. O

Let us follow the same notations as in § 6.1. That is, let the given tree T be rooted
at the node y, which has s;, - - - , s, as its children nodes. To help the discussions and
formal proofs, we first introduce a definition.

Consider a node z in the tree. The pebble cost of z in T with ordering = is given by
peb,(z). We shall use the notation peb.,;(z) to denote the pebble contribution to the
value peb,(z) from nodes in the subtree T'[s;]. Some properties of this value are expressed
in the next lemma, and the proofs are straightforward and are omitted.

LEMMA A.2. (a) peb(z) = Zk-1 Peb5(2).

(b) If the node z belongs to the subtree T[si], then peb.is () is simply the pebble
cost at the node z of the tree T[s;] using the induced ordering «[s;].

(c) Ifthe node z does not belong to the subtree T[s;], then

pebr[sk](z ) = pebw[sk](xk)

where x; is the last node from the subtree T[s;] appearing before z in the sequence . 0O
COROLLARY A.3. Consider two orderings ® and w on the tree T such that
w[sk] = wlskl, that is, the same subtree ordering when restricted to T[si). For two nodes



GENERALIZED TREE PEBBLING 391

Z and z, let X, and x; be the last node from T[s;] appearing before and including Z and z
in the ordering % and =, respectively:

~ ~

W:......xk..-f...’ T oo ...xk...z...

(@) if Xi = Xi, then peb;isy(2) = pebagy(2),

(b) if pebiis(Xx) = PEbaisy(Xi), then pebiigy(2) = pebag(2). (]

Note that in Corollary A.3, # and 7 can be the same ordering. To illustrate the
results, consider the ordering in Fig. 3.2 and the two subtrees under the node y;o with
children s; = ys and s, = y;5, we have

pebw(y4) = pebr[yg](y 4) + pebf[yxs](y4) =4+ 0 = 4’

peb,(yg) = peb,,[yd(yg) + peb,,[y,s](yg) =3+5=8.
Note also that

peb,,(y)=3 forall 7<j=18,
peb,p,, (1)) =0 forall 1=j=6.

We are now ready to examine properties of orderings that are based on subtree
segments, that is, nodes in each subtree segment are ordered consecutively. As in § 6.1,
let ¢y, ¥, - -+, ¥, be given orderings on the respective subtrees T'[s,], T[s-], - - - , T[s:].
These orderings on the subtrees define segments based on their individual valley values.
We shall use the term segment ordering to refer to any ordering on the entire tree that
numbers nodes in each subtree segment consecutively. In other words, each segment
ordering corresponds to an arrangement of the subtree segments followed by the
node y. The proof of the next lemma is straightforward and is omitted.

LEMMA A4. Let w be a segment ordering on T that is compatible with each sub-
tree ordering x. Let (H, V) be a hill/valley value pair in the pebble cost sequence
Pcost(T, «).

(@) The hill value H occurs either at a hill location in some subtree T[sy] or at the
node y.

(b) The valley value V occurs either at a valley location in some subtree T[s:] or at
the node y.

(¢) If H occurs at a hill node x in the subtree T[si], then V occurs at the valley node
in this subtree immediately following x or at the root y. O

THEOREM A.5. Let w be a segment ordering on T that is compatible with each
subtree ordering Y. Interchanging any two neighboring (subiree) segments that are not
in descending sequence of their segment values will not increase the pebble cost sequence.

Proof. Consider two neighboring (subtree) segments that are not in sequence with
respect to their segment values. The two segments must come from two different subtrees,
since = maintains the relative order of segments for each subtree and segments from the
same subtree are already in descending sequence.

For concreteness, let the first segment belong to the subtree T'[s,] with 4, and v, as
its hill and valley nodes, respectively. Also let T[sp], Ay, vp correspond to the second
segment. We can view the given ordering as:

wooe (e Ry 0 By )

where parentheses are used here to identify the two segments. The given condition in
the theorem can be expressed as:

(*%) Peb,1(12) — PED(5,1(Va) = PEDis,)(M15) — PED 1,1 (Vs)
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since by Lemma A.2(b), the left- and right-hand sides are the segment values of the two
subtree segments.

Now consider the new ordering # by interchanging only these two segments:
T ...(...hb...vb)(...ha...va)...

We are to show that Pcost(7, &) < Pcost(7, ). By Lemma A.1, for each hill/valley pair
of the new sequence , it is sufficient to find a node y, in the sequence = satisfying the
conditions in that lemma. Consider any hill/valley value pair (H, V) in the sequence
a. Let the hill value occur at the node x.

Case 1. xis outside the two segments under consideration. Then by Lemma A.4(a),
x must be either the root y or a hill location in one subtree. Choose y, to be the same
node x in the 7 sequence, and it is easy to verify that this node satisfy the conditions in
Lemma A.1.

Case 2. x belongs to the segment (- - - A, - - - v;). By Lemma A.4(a), x must be the
node ;. The node y, for Lemma A.1 will be chosen to be 4, (=x) in the = sequence.
Indeed, applying Corollary A.3, we have

pebz(x) = 2 pebis(f) + pebis, ()
k+a

= 2 pebisa(hp) + pebiis(hp)
k#a

= 2 Pebapg(hp) + PEb (V)
k#a

= 2 Pebays(hp) + pebys, () = peba(hy).

k#a
By Lemma A.4, we have

V=min {pebz(vs), peb;(»)}.
Applying Corollary A.3, we have

PEb15,1(V5) = PED5,1(V5)
so that
peb;(vy) = peb.(vy).
Therefore, the value " must be less than the accumulated pebble value of any node after
hb in .
Case 3. x belongs to the segment (- - - A, - - - v,). This means that x = h,. We shall

choose y, for Lemma A.1 again to be the node 4, in =. Again by Corollary A.3, we have

pebi(x)= 2 pebsis(ha) + pebsis () + pebsg,(ha)
k+ab

= 2 Debasg(fa) + pebagsi(ha) + pebis,(vs)
k#ab

= 2 pebr[sk](ha) + pebar[s,,](ha) + pebr[sb](vb)o
k+ a,b

But, by the given condition (**) on the two segments in , this value must be no greater
than

2 pebar[sk](ha) + pebr[sb](hb) + peb‘lr[sa](va) = E pebw[sk](hb) + pebr[sb](hb) + pebar[sa](hb)
k+ab k+ab

= pebvr(hb)~
The condition on the value V can be verified in the same way as in Case 2.
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Therefore, in all cases, for a given pair (H, V) in Pcost(7, 7), we can bound them
by a corresponding pair from Pcost(7’, 7). It follows from definition that

Pcost(T, #) < Pcost(7T, «). O

Proof of Theorem 6.1. Lety = &, - - -, ¢,). Consider any given segment ordering
«' compatible with each subtree ordering ¥,. A finite number of neighboring subtree
segment interchanges will transform =’ to ¢. Repeated applications of Theorem A.5 for
such interchanges together with the transitivity of “ <’ (Theorem 5.2) will show that

Pcost(T, y) < Pcost(T, «'). Od

A.2. Segment orderings are sufficient (Theorem 6.2). Theorem 6.2 says that in
order to search for an ordering that will minimize the cost sequence, it is sufficient to
look for a segment ordering that is compatible with the subtree orderings. The following
is a constructive proof.

Proof of Theorem 6.2. Let 7 be any given ordering on the tree T rooted at y, which
is compatible with each subtree ordering ¥ of the subtree T'[s;]. We shall prove the result
by constructing a segment ordering 7’ such that

Pcost(T, «') < Pcost(T, ).

Construct the new ordering #' from = as follows:

(a) Remove all nodes from the sequence w except the root y and hill locations of

the subtrees;

(b) Replace each hill location by the subtree segment associated with it.

It should be clear that =’ is still compatible with each subtree ordering y;, and orders
nodes in each subtree segment consecutively. Moreover, it maintains the relative order
of all the subtree hill nodes in the original ordering . It remains to show that the pebble
cost sequence of #' is no greater than that of .

Consider any hill/valley value pair (H, V) in Pcost(7, «'). Let the hill value occur
at the node x. It is sufficient to find a node y, in the original sequence = satisfying the
conditions in Lemma A.1. If x is the root y, pick this root as the node y, and the conditions
in Lemma A.1 are clearly satisfied. Otherwise, by Lemma A.4(a), x must be a hill node
in one of the subtrees. Let x = A, belonging to the subtree T'[s,], and v, be the valley
node immediately following 4, in the pebble cost sequence of this subtree. That is

W’:...(...ha...va)..

We now show that y, for Lemma A.1 can be chosen to be the node x. We first claim

that for each k, peb,;,(x) = peb,,(x). By Corollary A.3, since x belongs to T'[s,], we
have

PEb,(5,1(X) = PED,1(X).

For k # a, let the last segment from the subtree T'[s;] before x in «' be (-« - Ay - - - vy).
(If no such segment exists, then peb,,(x) = 0, and the result holds.) By Corollary A.3,

PED(5,1(X) = PED1[5,1(Vi) = PELs3(Vi).

Let x; be the last node from T'[s,] before x in «. Since 7' maintains the relative order of
all the subtree hill values, x; must appear after the hill node A; of T'[s,]. By the definition
of the valley node v, and Corollary A.3, we have

PEL{5(Vk) = Peb3(Xk) = PED(53(X).

Combining, we have proved the claim.
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Using the result of the claim, we then have

peb,(x) = 2 pebysy(x)
k
= 2 pebs() = peba(x).
k

Finally, by Lemma A.4(c),
V'=min {peb,(v,), peb,()}

and we need to show that V' = peb,(z), for all nodes z after x in the = sequence.
If z = y, it is obviously true. Otherwise, it can be verified that for all k,
Peb,(51(Vs) = peb.g,(2). This implies that peb. (v,) = peb.(z), and hence the result. O

A.3. Monotonicity of Combine algorithm (Theorem 6.3). Theorem 6.3 provides the
monotone property of the “Combine” algorithm with respect to subtree orderings. In
words, better subtree orderings will yield a better overall ordering by Algorithm 6.1.
Before the proof, we introduce a lemma.

LEMMA A.6. Given two cost sequences with

(ﬁl, I71a te ,ﬁ?; I;i')<([{l’ Vi,»+,H,, Vr)~
For | =i =7, define the function f(*) by
f()=min {klH;= H, V;=V,}.

Ifi < j, then f (i) = f()).
Proof. By definition of (i) and Lemma 5.1, we have

H;= Hy), Vi<Vi= V-

IfH; < Hy(;), then by definition of (i), we must have f (i) = f(j). On the other hand,
if Hy;, < H;, which together with H; < Hy, we have Hy, < Hy,. By Lemma
5.1, we must have 1 (i) < f(J). O

Proof of Theorem 6.3. Let ;. and ¥, be two subtree orderings on T'[s;], with

Pcost(T[sk], ¥i) < Pcost(T sk, ).
As in the theorem, let

‘p:‘p(\[/l’ e "l/k: "I/t)~

We shall prove the result by first improving on the ordering . We are going to replace
subtree segments from Pcost(7'[si], ¥x) in the ordering ¥ by those from Pcost(T'[s,
¥i). Since Pcost(T[si], ¥i) < Pcost(T[sx], ¥«), we can associate each segment from ¢ to
one in ¥, using the mapping f(*) of Lemma A.6. From ¢, construct the new ordering
¥’ as follows:

(a) For the ith subtree segment from Pcost(T[sc], ¥x), insert it before the corre-

sponding f'({)th segment of Pcost(T[sx], ¥i) in ¢;

(b) Remove all subtree segments of Pcost(T[s:], ¥x) from the ordering.

It is clear that ¥’ is a segment ordering using the new ;. Furthermore, by Lemma
A.6, it is compatible with the new subtree ordering ¥,. We claim that

Pcost(T,y') < Pcost(T, ¥).

The proof uses the same technique (Lemma A.1) as before and will be skipped.
Finally, let

;r=(b(¢la e 9‘Zk, te 9\01)'
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By Theorem 6.1, we have
Pcost(T, ) < Pcost(T, ¢'),

and hence the result. O
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