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A data structure called a PQ-tree is introduced. PQ-trees can be used to represent

the permutations of a set U in which various subsets of U occur consecutively. Efficient
algorithms are presented for manipulating PQ-trees. Algorithms using PQ-trees are
then given which test for the consecutive oncs property in matrices and for graph
‘I'he consecutive anes test is extended to a test for interval graphs using a

planarity.
red fast recognition algorithm for chordal graphs. All of these algorithms

recently discove

require a number of steps linear in the size of their input.

1. INTRODUCTION

A data structure called a PQ-tree is introduced here as an aid in solving three
d to finding permissible permutations of a set U. The permissible

problems refate
SC U oceur as consecutive sub-

permutations are those in which certain subsets
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336 BOOTH AND LUEKER

sequences. A PQ-trec represents a class of permissible permutations. As the elements
of cach new subset S are constrained to appear together the number of permissible
permutations is reduced. The corresponding PQ-tree operation is called reduction
with respect to the set S. An efficient algorithm for computing the reduction of a
PQ-tree is presented. Its time complexity is shown to be lincar in the size of the
input. The reduction algorithm is used to build lincar algorithms for testing the
consecutive ones property in matrices, for recognizing interval graphs, and for testing
a graph for planarity.

Before defining the data structure it is worth explaining just what it is that thesc
three problems have in common. The answer is that in each case the situation arises
in which there is a sct U of objects (the rows of a matrix, the dominant cliques of
a graph, or the edges of a graph) and it is required, for reasons specific to the problem,
that only certain permutations of these objects be permitted. Exactly which permuta-
tions are legal is determined by restrictions that arc also dependent upon the specific
problem, but for the problems considered here the restrictions always take the form
“given the legal permutations obtained so far, permit only those permutations in
which the objects of the set S (some subset of {7) occur consecutively.” That is to say,
disallow a permutation in which two objects belonging to S are scparated by an
object not belonging to S.

As an example of such restrictions, suppose that an information retrieval system is
being built. The following model considered by Ghosh [10] is a uscful abstraction. A
data base consists of a set U/ of records on a disk. The retrieval system answers certain
querics concerning information stored in these records. A query can be thought
of as a subset SC U, where S consists preciscly of those records which are needed
to answer the query. Suppose that the records are arranged on the disk so that cach
query S has its set of records stored in consccutive locations. Any query can be
answered with only a single positioning move and transmission time directly propor-
tional to the amount of data actually required for the query. Within this modcl
consccutive storage arrangements are optimal and algorithms for finding the arrange-
ments are of practical interest.

The retrieval example can he illustrated with the following simple data basc having
three records. Let the set of records be U == {A, B, C}. If the only queries are {1},
{B}, and {C} then any of the six possible permutations of the records is acceptable.
Suppose that the system must also handle the query {4, B}. Now, because records
A and B must always be consccutive, there are only four permissible permutations:
ABC, BAC, CAB, and CBA. Adding another query {B, C} reduces the number
of possible storage arrangements cven further. Only ABC and CBA are permissible.
So far, so good. But if the svstem must also accomodate the query {4, €, atl hope
is Tost! There is no permutation of the three records which simultancously satisfies
all of the constraints; either 4 and B are not consecutive, 8 and € are not n:r,f.cn::e.F
or clse A4 and C arc not consecutive,
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This particular retricval system is casy to analyze. As the number of records
becomes large and the number of queries becomes even larger, therc is at least the
possibility that determining whether a legal permutation exists might prove to be a
hopelessly complex combinatorial task. The answer, of course, is that this is not
the case. A polynomial-time algorithm has alrcady appeared in the literature (8]
The algorithm presented here achicves a linear running time. The improvement is due
to the data structure. PQ-trees are devised to handle precisely the problem stated
above, and to handle it efficiently.

An informal statement of the general problem is as follows. An algorithm must be
devised which accepts as input a sct of objects U and a family of subsets of those
objects. The family is denoted by S. The algorithm must decide whether there
exists any permutation 7 such that the objects of each subset Se$ occur within 7
as a consccutive subsequence. Ideally the algorithm should also determine all permuta-
tinns which satisfy these criteria. A general solution, written in Pidgin Algol similar
to the style suggested in [1], is called reduction because it reduces the possible class
of permutations to only those which satisfy the constraints.

Boolean procedure REDUCTION(U, S);
begin
T :— {= | = is a permutation on U};
for each S€ S do
IT:~ ITN{m|all objects of S arc consecutive within 7};
return IT # o
end
The algorithm is casy to implement if each set is specified by a list of its objects.
The only hard part is the inner loop. Given the current set of legal permutations
those which do not satisfy the new constraint must be thrown away. This in fact
is where all of the real work occurs. The next two sections develop machinery used

to perform the inn ently.

The key ¢ cuceess is the introduction of an appropriate data
structure for representing the entire class IT using only a modest amount of storage
while still maintaining enough information to process the inner loop. One data
structure which works is a PQ-tree. A similar idca appears in [20] as part of a planarity
algorithm, but the representation uses formulas instead of trees and does not achieve
a lincar running time. PQ-trees are defined in Section 2 and an cfficient algorithm
for manipulating them is given in Section 3.

The first problem to which PQ-trees are applied is the consccutive ones property
for matrices [8}, which is discnssed in Section 4. A permutation of the rows of a
matrix is desired which places all of the oncs within cach column into consecutive
form. "This is a straightforward application of the basic reduction algorithm. Using
the linear time bound for reduction, an O(m | j- f) complexity bound is proven
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for m x n matrices having f nonzero entries. Solutions to this problem have applica-
tions in a number of different fields. They also lead to eflicient recognition and
isomorphism tests for interval graphs.

The interval graph test discussed in Section 5 is a speeded-up version of an carlier
algorithm of Fulkerson and Gross [8]. Their algorithm includes a test for graph
chordality. Chordal graphs are discussed in [5] and [23]. A new algorithm based
on lexicographic breadth first search performs a chordality test in linear time [21, 24].
Combining a fast-reduction algorithm with the efficient chordality test results in
an interval graph test whose overall time bound is O(n +- e) steps for graphs having
n vertices and e edges. Both chordal and interval graphs are related to Gaussian
climination, and can be used to analyze the cfficiency of elimination schemes for
sparse symmetric positive definite matrices [23, 24, 29].

The final application of PQ-trees is to the recognition of planar graphs. This is
a classical graph theory problem for which linear algorithms have been presented in
the literature [14]. The algorithm given in Section 6 is a revised version of an existing
algorithm due to Lempel, Even, and Cederbaum [20]. The new version uses the
reduction algorithm for PQ-trees. The result is an O(n) test for planarity, given a
graph with n vertices.

The test for the consecutive ones property has bheen implemented in the pro-
gramming language Pascal by Ladner, Fischer, and Young [18]. Their implementation
contains quite a bit of originality, since it was accomplished using only the bricf
description of the present work given at the 1975 SIGACT Conference.

The first order of business is to precisely define the data structure which is proposed
and to relate the formal definitions to the informal remarks just given. After this
preliminary the basic reduction algorithm for refining the class of permissible permuta-
tions is illustrated. The question of effici f is algorithm i it off
Section 3. A number of implementation details are also postponed until then.

Given a universal set U = {a,, a,,..., a,}, the class of PQ-trees over that sct
is defined to be all rooted, ordered trees [1] whose leaves are elements of U and
whose internal (nomleaf) nodes are distinguished as being either P-nodes or Q-nodes.
As an illustration, each of the folowing three operations will construct a fegal
PQ-tree.

hiciency for t rorithin is put off

1. Every element a,€ U is a PQ-tree whose root is the element. 'T'he tree
consists of only a single leaf and is drawn as the clement itself.

2. If 7,,7,,.., T, are all PQ-trees then the structure shown in Fig. | is
a PQ-tree whose root is a P-node.
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I1c. 1. A P-node.

A P-node is drawn as a circle, with its children (the trces Ty, T,,..., T}) drawn
below it.

3. IfT,,T,,.. T, arc all PQ-trees then the structure shown in Fig. 2 is
a PQ-trec whose root is a (J-node.

T

._._ ‘—.N e -—.—A
Fic. 2. A Q-node.

A Q-node is drawn as a rectangle, with its children drawn below it.

These operations always produce leaves which are elements of U and internal
nodes which are either P-nodes or (-nodes, as required by the definition of a PQ-tree.
The only difference between a P-node and a Q-nede is the way in which the children
are treated. This distinction between P-nodes and Q-nodes will become clearer
shortly. One further set of restrictions is made on the nodes of a PQ-tree. A PQ-tree

is proper cxactly when cach of the following three conditions holds.

. Every clement a;,c U appears precisely once as a leaf. This is because

posed to represent permutations of a set, so it does not make sease
for an element to appear more than once or to not appear at all.

2. Every P-node has at lcast two children. This rules out long chains of nodes
having only a single child. Scanning chains is very costly and should be avoided like
the plague.

3. Every Q-node has at least three children. This again eliminates chains
"::m“mm.mc : olaine

. xplair W
between a P-node and a Q-node if there are only two ch

JOSE, AR CXpiained

, there is no real distinet
nient to

remove this redundancy.

These conventions serve to clean up some minor details by guaranteeing unique
PQ-tree representations for the classes of permutations being studied [3]. For this
reason, only proper PQ-trees will be considered throughout the remainder of this
paper. At some points during the algorithms described later, the actual trees con-
structed are not in fact proper. ‘This does not violate the convention just established
ety is introduced is swiftly removed. After a compiete

because whatever smproy
reduction the final tree is always proper.

571/13/3-7
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Reading the leaves of a tree T from left to right yields its frontier, denoted by
FRONTIER(T). The example which follows in Fig, 3 is a (proper) PQ-tree for the set
U=|(4,B,C, D EF G HI [ K) The tree's fronticr is the permutation
ABCDEFGHI K.

The frontier of a tree is obviously a permutation of the set 17, The problem at
hand involves an entire class of permutations 17, In order for PO-trees to help tf
must be able to represent all of the permissible permutations.

Fia. 3. A PQ-tree,

The definition of a PQ-tree does not suggest much about the order in which the
children of a node should appear, Because the basic problem involves grouping all of
the elements belonging to a particular set § it seems natural that internal nodes
group their descendants, It also seems natural, in the absence of any other informa-
tion, to leave the order within the group unspecified. Such freedom to reorder
children means that a particular tree can frequently be redrawn by changing the
left-to-right order of some of the children of some of the nodes. This freedom 1o
rearrange can be formalized in the following manner.

Two trees are equivalent iff one can be transformed into the other by applying zero
or more equivalence tramsformations. Each transformation specifies a legal reordering
of the nodes within a tree. There are only two types of equi

ence transformu

1. arbitrarily permute the children of a P-node,
2. reverse the children of a (-node.

M 1 1 \ﬁl_. 1 E F

H G F) K

Fiio 4. A PQ-tree equivalent w the tree of Fig. 3.

PO-THER ALGORITHMS kL

The ecquivalenee of two trees is written T == 7", For the example in Fig, 3 there
arc TOR diffcrent trees in the equivalence elas. One more of these trees is shown in
4. The new tree's frontier is BHGH [KEFDCA.

Every tree in an equivalence class has a different frontier. Conveniently an
equivalence class of PQ-trees has exactly the frontiers which correspond 10 a class IT
of permutations defined by rules of the form “'keep all the elements consceutive for
cach set S¢ 5"

Atree bu
which occurs

nly of leaves and P-nodes cannat represent the class IT = {ABC, CBA)
the information retrieval example of Section 1. There arc only three
possible trees to check. None of these have the desired rearrangements. The necessity
for bath P-nodes and (-noden is thus obvious. The sufficiency of only two types,
which may not be so obvious, is dealt with at the end of this section.

It is convenient tv have & name for all of the frontiers which can be obtained by
equivalence transformations on a tece, "The set of consistent permutations for a tree
1 denoted by

CONSISTENT(T) = (FRONTIER(T") | 7" = T).

One specinl tree s singled out and given a name. It is the smiversal tree which
han a single P-node for its root and a leaf for every element of U. The universal
tree has cvery possible permutation in its consistent set, A second definition is also
uscful. "The wull tree, which has no nodes at all and hence is not even o PQ-tree
aceording to the rules, is admitted to the club anyway. By convention the null tree
has no frontier and its set of eonsistent permutations is empty. Both trees sre shown
in Fig. 5 below. All other PQ-trees full somewhere between these two extremes.
It in shown in [3] that the classes of consistent permutations form a lattice whose
smallest clement corresponds 1o the null tree and whose largest element corresponda
1o the universal tree.

3" o, -com,
Universal tree Null tree
Fui. 5, The universal tree and the null tree.
This completes the cast of characters, They are the set U = {a, , 4y ,..., 2., from
which the leaves arc chosen, two types of internal nodes, some rules for properly

pasting things together, and two special trees which are given names—the universal
tree and the nu There are u number of consequences for these definitions
e worth exploring.

The complete freedom with which the children of o P-node ate permuted means
that theee is no impli fr-te-right oriler among th

"T'he children of a O-node are
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more inhibited. The restriction to stmple reversal means that the same two children
will always be endmost and all of the others will be interior. In addition, cach interior
child of 2 Q-node always has the same two immediate siblings. ‘These facts are uscful
when manipulating PQ-trees 8o the propertics endmost and interior will be used
later to classify nodes for processing.

There is only one operation on PQ-trees. Given a subset SC U and a tree T,
a new tree is nceded whose consistent permutations are exactly the original permuta-
tions in which the leaves selected by S occur in some order as a consccutive sequence.
"There is a fairly natural way to obtain such a tree. The new trec is catled the S-reduction
of T. It is denoted by REDUCE(T, 8). The S-reduction can be constructed from
the original trec by cxamining the tree node-by-node. The reduction procedure given
below defines the reduced tree. The fact that REDUCE(T, S) is actually the PQ-tree
which represents the desired class of permutations is proven later in Theorem 1.

The procedure REDUCE is a more complete version of the inner loop for the
reduction algorithm given in Section 1. Tt is still not the entire implementation. Many
details have yet to be discussed. The procedure applics a sequence of templates to
the nodes of a PQ-tree. Each template has a pattern and a replacement. 1f a node
matches the template’s pattern, the pattern is replaced within the trce by the
template’s replacement. The value of the procedure is a new PQ-tree. It is the null
tree if the ariginal tree could not be reduced for the set specified.

PQ-tree procedure REDUCE(T, S)
begin
initialize QUEUE to cmpty;
for cach leaf ¥ € U do place X onto QUEU
while ' QUEUE| > 0do
begin
remove .\ from the front of QUEUL,;
if some template applies to X then
euhstitute the replacement for the pattern inT

else
begin
T :  null tree;
exit from do
end;
if $C{¥ ! Xis an ancestor of Y} then exit from do;
if every sibling of . has been matched then
place the parent of X onto QUEUE
end;
return 7'
end

o .&w.i»f@ Bk s e s
AT g L . X
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Lach template specifies a local change within the tree. Only the node being matched
and its children are altered. The patterns to which nodes are matched depend upon
the set S and the frontier of the subtree rooted at the particular node for which a
The matched pattern is selected by examining the node
lves have been matched. This is the reason
is actually the last sibling to

t discipline. The bottom-up

match is being sought.
and its children after the children themse
that the parent of a node is only queued if the node
be matched. Queueing enforces the child-before-paren
strategy is important hecause it allows information to be propagated from the leaves
to the internal nodes in a controlled manner.

A node X is said to be full if all of its descendants are in 87 X is said to be empty
of its descendants are in S. If some but not all of the descendants arc in S,
1 is said to be partial. Nodes are said to be pertinent if they are either full or partial.
The pertinent subtree of T with respect 1o S, denoted PERTINENT(T, S), is the
subtree of minimum height whose frontier contains all of S. The pertinent subtree
and its root are unique. The root of the pertinent subtrec is denoted by ROOT(T, S).
It is usually not the root of the entire tree Tt Figure 6 shows the pertinent subtree
for the tree appearing in Yig. 3. The set used in this example is & = {E 1, J, K}

ROOT(T, S) is the ()-node at the top.

if none

G H J K
Fia, 6. ‘The pertinent subtree for the PQ-tree in Fig. 3 when S == e 1 ] KD

Pattern-matching is very simple for leaves. There are only two templates.
leaf is not a member of S. In cither event there

a leaf is a member of S or else the
nt is made except to note that the leaf

is no change to the tree when the replaceme
in question is labeled either full or empty.
Matters are morc camplicated for internal nodes. The goal is to cnsure that after
replacement the fronticr of the tree rooted at the matched node has aii of its pertinent
r. There are a number

ate the goal. They

L feoinn

leaves occurring as a consecutive subsequence of the it
of different cases which arise. Some of these cases cannot accomod
m the matching procedure when no template is found.

There are a few casy €ases for P-nodes too. Any P-node which has all of its children
tabeled empty can be labeled empty and no change is necessary. Similarly if all of 2
nade’s children are labeled full then the node can be labeled full and left alone.
The templates for these cases are shown in Fig. 7. Nodes which arc labeled as empty
ally (those on the left side in this example) and nodes which are

result in a failure return fro

are drawn norm

e

i
i
N
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labeled as full are drawn with shading (thosc on the right side). Only the children’s
labels matter. The children’s types (leaf, P-node, or -node) do not matter 1:1:,
template-matching. All children arc drawn as triangles regardless of :_Q_.:»,,w_g.mir f
”ﬂn_:_,_u:.m consist of two picces. The first (top) picce is the pattern. The ._‘::_a
vm.:w matched and its children must be equivalent to the pattern, If so the template
applics and the second (bottom) piece specifies the replacement to make i:_.:” -._F.
tree. For both of the templates in Fig. 7 the replacement is exactly the same as the
pattern. Other templates are not so simple. ’ , ,

Palfern MOVV
%%&92 me %&\.?93;&
£

Fic. 7. Easy cases for P-nodes—Template PO (left) and Template P1 (right).

Pallirn:

..E_o. ::J:‘?m»_ cases occur when the children of a P-node have different labels
The situation immediately becomes more complicated. The full children have 3
be grouped together in order to ensure that all of the pertinent leaves (clements
of §) are consceutive. The template in Fig. 8 accomplishes this task when the P-node ,
the root of the pertinent subtree. It is sufficient to simply gather all of the full children
::mn._..m 1.:.5 P-node which then is made a child of ROO'T(T, S). The root is left
uniabeled because the template-matching is finished. The algorithm does not n.,.:.:_:.
nvn._uw:._i of a matched node if all of the pertinent leaves have been »nn:::?..__ fa.v.m
This is by definition true for ROOT(T, S). .

Patlorn -

AWANY- W\

[4 Sevsef N (A e Ll

(O
agsw

Fi. 8. Temptate P2 for ROOT(T, S) when it is a P-node.

\Nm\\gmi@\& ;
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A match for Template P2 exists if some equivalence transformation can be applied
to ROOT(T, S) which will order the children of ROOT(T, S) in the same way 23
the children in the pattern. The transformation is applied to ROQT(T, S) and then
the replacement is substituted into 7. A single template can thus be used to match

many different patterns.

Before the template of Fig. 8 is applied all of the children of the P-node are free
to rearrange in any order whatsoever. After the replacement this is not the case.
Empty children and full children may no longer intermingle. The reason for this
should be obvious. If the final tree is to have all of the pertinent leaves consecutive
along the frontier, no node having nonpertinent descendants can come between
two nodes having pertinent descendants. Respecting this inevitability, the arrangement
shown retains the most flexibility. Empty children arc completely free to rearrange
among themselves and the full children are likewise free. Moreover, the full children
may appear anywhere within the empty children. This cannot hurt, since all of the
pertinent leaves have been accounted for.

Most P-nodes are not the root of the pertinent subtree. After all, there is only
one root. The normal case requires 2 little more care. 1f a P-node has some children
which are labeled ¢mpty and some children which are labeled full then the P-node
must be designated singly partial. This is a new label, different from either empty
or full, which can only appear on an internal node. The template for this case is
shown in Fig. 9. Partial nodes are partially shaded, with the shading indicating which

children are full.

Pallorn:

R %?2;:3&

Fi. 9. Template P’3 for a singly partial P-node which is not ROOT(T, 8).

As hefore, a match exists if there is some equivalence transformation which causes
the node being matched and its children to ook like the pattern. Unlike Template P2,
the replacement for Template P3 does not allow the full children of the P-node
to appear just anywhere within the empty children. Since the P-node being matched
is known not to be ROOT(T, S) there must be at least one other pertinent leaf which
is not a descendant of the P-node. This leaf will eventually have to become consccutive

with those leaves which are descendants, This implies that all of the full children
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must be on either one side or the other. The teplacement for Template P3 guarantees
this.

Confessions are in order. A number of details have been glossed over and should be
carefully examined. The first point is that, as warned previously, the replacement
for Template P3 creates an improper PQ-tree because the (-node which is labeled
partial has only two children. This is all right, however. Since there is at least one
other pertinent lcaf which is not a descendant of this (-node, there will eventually
be three children. This will happen later, as ancestors of the current node are matched.

The second point is that Template P3 has some alternate forms. These occur
when there is only one full child or one empty child. Replacements for these special
cases are shown in Fig. 10.

Fic. 10. Alternate replacements for ‘Template P3.

All of the loose ends have been tied up now. But of course there are still more
cases to come. With the introduction of partial nodes there is the added possibility
that one of the children is partial. If a P-node has exactly one partial child the >-node
is labeled singly partial. There are two cases, depending upon whether or not the
P-node is ROOT(T, S). Figure 11 shows the template for the root and Fig. 12 shows
the template for other P-nodes. These are analogous to Template P2 (Fig. 8) and
Template P3 (Fig. 9).

Pallorn:

.n\f\&azg&. St

NN A
A D

Fii. 1. Template P4 for ROOT(T, S) when it is a P-node with one partial child.

s SR

e
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If there are less than two empty or full children, the corresponding E.:oma. is
climinated from the replacement for ‘Template P4 ot Template P5. The corresponding
replacements are similar to those shown in Fig. 10. It may even ::v.vnu 53.303
are no empty children or no full children. In these cases both the missing children
and their P-node are dcleted from the replacement. .

"The final legal template for P-nodes is the pattern having v_‘nn.mma_z two singly
partial children. The P-node being matched is labeled doubly partial to denote the
fact that two partial children exist. In this casc the P-node must 7.6. the root o.n the
pertinent subtree. If it is not the root there is no way that the matching can continue.
This is easy to see. Each partial child has an empty end and a full end. wﬁ:a only
possibility is the replacement shown in Fig. 13. If there is any other pertinent leaf
it is impossible to make it consecutive with the leaves in the subtree rooted at the

doubly partial node.

Pallern:

.,.\?3?22.:@ AP IIL S .\ﬂ_
STRRA b &

Fia. 12, Template PS for a singly partial P-node, other than ROOT(T", ), with one partial

child.

Pallern
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\te P6 for ROOT(T, S) when it is a doubly partial P-node.
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All other P-nodes not matching one of the templates just described are considered
illegal. The template-matching process haits unsuccessfuily and the tree is irreducible.,
Thesc illegal cases correspond to P-nodes with more than two partial children,
It is casy to see that no matter in what order three partial nodes occur, pertinent
leaves which are descendants of the left and right nodes will be separated by
nonpertinent leaves which are descendants of the middle node. This violates one
of the constraints imposed by the sets, henee it is ruled illegal.

O-nodes also have a number of different templates. The cases when all of the
children are labeled identically are taken care of by Template Q0 and Template Ot
which are analogous to Template PO and Template P1. There is no change to the
Q-node except for the new label it receives. As with P-nodes the interesting situation
is when some of the children have different labels. There are only two major cases
which remain, but cach has a2 number of subcases. The most general situations are
illustrated.

A Q-node is singly partial if it has at most one singly partial child and if the
left-to-right order of the children is that shown in Fig. 14. The rule which says
that a template applies if any equivalence transformation of the node and its children
matches the pattern allows only that the children of cither Q-node may be reversed.

tem
I

Pallorn:

R vy i

Fic. 14, Template Q2 for a singly partial Q-node.

Some or all of the empty, full, or partial children may be missing from the pattern.
The only important requirement is that not all of the children are labeled identically
(so Templates 00 and Q1 do not apply). As before, children missing from the pattern
are deleted from the replacement.

The final legal Q-node template is the doubly partial casc. Just as for P-nodes, a
doubly partial Q-node must be the root of the pertinent subtree, Up to two children
may be singly partial (although there might not be any partial children at all) but
the left-to-right order must be exactly that shown in Fig. 15, except for a possible
reversal. Note that both endmost children must cither be cmpty or partiai; otherwise
Template 02 would apply.
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Fic. 15. Template Q3 for a doubly partial Q-node.

This is the last of the legal templates for (-nodes. Any other pattern is illegal
and results in a failure of the template-matching process. Using all of the templates
specified above, each node within the tree is matched until the root of the pertinent
subtree is found. Each node matches at most a single template. As long as legal
templates are found the process continues. The matching stops ira:.:o more
rearrangements are necessary; all of the pertinent leaves will he consecutive within
the frontier.

As an illustration of the reduction algotithm consider the tree in Fig. 3. The set
used to reduce the tree is S = {, I, ], K}. The tree in Fig. 4 is equivalent to the
tree in Fig. 3 and has all of the elements of S as a consecutive subsequence along
its frontier. The algorithm should succeed. It does, and REDUCE(T, S) is the
trec shown in Fig. 16. The two (-nodes in the original tree have been merged into
a single Q-node and one of the P-nodes has also heen absorbed into the Q-node.

B r
I

D 1

7/ N\ /N
H C J K

D__

It 16, A reduced PQ-tree.

Notice that the set & occurs as a consecutive subsequence within the frontier of
REDUCI(T, S). Even better, it is consecutive within the frontier of every :.mo in
the equivalence class of REDUCE(T, S). This is no accident. PQ-trees are designed
to have this property. ‘I'he S-reduction of a tree can be characterized in terms of
consistent permutations. Given any subset S C U, let T(U, 8) be the P(J-tree shown
in Iig. 17.

o
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Fic. 17. TW,S)for § = ?.. 2 Biy e @i

Obviously CONSISTENT(T(U, S)) is exactly the class of permutations in which

the clements of S occur as a consecutive subsequence. Twao special cases are worth

noting. T(U, U) is the universal PQ-trec because the two P-nodes violate the rules

for proper trees so they are collapsed to onc P-node. T((¥, () is another way of

specifying the null tree. If there are no leaves there cannot be any internal nodes!
This notation will be used later as a convenient abbreviation. )

Tueorem 1. Let T be any PQ-tree and let S C U be any subset of the universal sel.

CONSISTENT(REDUCK(T, S))
— CONSISTENT(T) N CONSISTENT(T(U, S)).

Proof. 'To show that the two classes of permutations are actually the same it is
sufficient to prove that each is contained within the other. Equality then foliows.
The first step is to demonstrate that the left-hand side is contained within the right-
hand side. This has two parts.

Let 7 be any permutation in the class CONSISTENT(REDUCT( T, S)). If such a
permutation exists the tree must have been successfully reduced, otherwise
REDUCE(T, S) would be the null tree. By definition the _.ag(:nﬁ_ form of T has an
cquivalent tree whose frontier is 7. Let this cquivalent tree be T’. The basic idea
underlying the proof is to construct a trec 7" which is cquivalent to T and which
has 7 as its frontier. This is accomplished by undoing the template-matching which
n.cp_f._naa T, but without undoing the equivalence transformations which were used
during the templatc-matching. The process

twon sta

I (

the pattern must be matched, possibly requiring an equivalence transformation,
and then the replacement made. Consider what happens when the templates are
applied in the reverse order from which they are applied during the reduction
algorithm. If the replacement is undone but the equivalence transformation used
to match the pattern is left applied, the entire template-matching process can be runin
reverse. The result is a tree T” which is equivalent to the original tree T but which has
the same frontier as T'. This common frontier is m, hence m ¢ CONSISTENT(T).

Next we show that = is also in CONSISTENT(T({/, 5)), that is, that the clements
of § appear consecutively in 7. By inspection of the templates which can apply to
A“_a root, we see that after the root is matched there will be a node .V in the tree such
that

o —— Aoty o (77 SR MO W T A8 ¢
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(2) the descendants of X include all of S, and
(hy N is cither a full P-node or a Q-node all of whose pertinent children are

full and appear consceutively.

From this it follows that all clements of S must appear consecutively in the frontier
of any tree equivalent to the reduced tree.

Finally we show that CONSISTENT(T) N CONSISTENT(T(U, S))is contained
in CONSISTENT(REDUCT(T, S)). That is, if a permutation = is in the consistent
set of the original trec and happens to have the elements of S appearing consecutively,
then = is also in the consistent set of the reduced trec. Let T be a tree cquivalent
to T and having  as its frontier. The fact that § appears consecutively in = implies
that no node in the pertinent subtree, except the root, can have more than one partial
child; the root may have at most two partial children. Note also that after any partial
node other than the root is matched, it becomes a Q-node; morcover, its sequence
of children, examined from left to right (or possibly from right to left), will consist
of a sequence of full nodes followed by a scquence of empty nodes. These observations
guarantee that each node matches one of the templates. Next note that for each
template, the fact that .S is consecutive in the frontier of T implies that the replace-
ment can take place with no change to the frontier of the tree. Thus = is in
CONSISTENT(REDUCE(T", §)). Then since T' and T are equivalent, and
since template matching preserves cquivalence,  is also in

CONSISTEN'T-(REDUCK(T, S)). ]

This first theorem explains why PQ-trees are interesting. They can be used to
represent all of the permutations in which cach set in a family of subscts occurs as
a consecutive subsequence. If the initial PQ-tree is the universal tree for some set
U an S-reduction restricts the consistent permutations to be exactly those in which §

is consccutive. Multiple reductions on a family of sets produce the class of permuta-
cutive. This is precisely the operation

tions in which cvery one of the scts is cons
needed for the applications which follow.

il |

3. EFFICIENT TMPLEMENTATION

The template-matching algorithm of Section 2 is purposely lacking in details. No
claim is made that it represents an efficient technique for performing reductions on
PQ-trees. This matter will be addressed here. There are two problems to be faced
when implementing the reduction algorithm. The program must decide which
templates to apply and then it must apply them. "These two actions arc not independent.
"T'hey interact with cach other and this interaction must be taken into account.

The only real constraint imposed by the template-matching approach is that all of
the children of a node must be matched before the parent is matched. This require-
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ment stems from the fact that the appropriate template for a node can only be sclected
after knowing the reduced forms of the node’s children. The implementation discussed
here scans the tree twice, both times beginning with the leaves and working toward
the root. If that were all there were to the story, the algorithm would be quite casy.

But life is not so simple. Scetion 2 assumes that the entire tree is processed. Fach
node is classified as empty, full, or partial and then a pattern replacement is performed.
But what if the sets being reduced are small? Scanning the entire tree each time
would be an cxtremely expensive proposition.

"The entire tree is not scanned. Not even all of the pertinent subtree is scanned.
Instead, just a piece of thc pertinent tree is checked. The pruned pertinent subtree
of T with respect to S is the smallest connected subgraph (not necessarily a proper
PQ-tree!) which contains all of the pertinent lcaves. This is denoted by
PRUNED(T, S). The root of the pruned pertinent subtree is ROOT(T, S), the
root of the entire pertinent subtree. The pruned pertinent subtree for the pertinent
subtree shown in Fig. 6 is shown in Fig. 18. The same set S = {E, I, ], K} is used.
In this case, the pruned pertinent subtree fails to satisfy the definition of a proper
PQ-trec on at least two counts: it has a P-node with only one child and two Q-nodes

with only two.
ﬁw ‘ —]
%
E
J K

Fic. 18. The pruned pertinent subtree for the example in Fig. 6.

Two passes are used in the actual implementation. The first identifies the nodes
to be processed and the second applies the templates. The combhined algorithm is
called pruned reduction because it only looks at the pruned pertinent subtree. The
first pass is called bubbling up. It marks all of the nodes which are in PRUNED(T, ).
This is necessary in order to properly sequence the template-matching which follows.
The two-pass strategy leads to an interesting dilemma.

Empty nodes are never actually looked at, so they must be recognized by their
absence, rather than their presence. This is why the separate marking pass is used.
As the marking bubbles up the tree from the pertinent leaves it is able to mark each
node which nceds to be pracessed and at the same time it leaves a count at cach node
telling exactly how many of the children will be processed. Tt is these counts which
enable the second pass to determine when the last pertinent child of a node has been
matched, so that the parent is properly queucd. 1f this were not the case a parent
with some empty children might never be queued.

R 13 SRR T
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The dilemma stems from the fact that a bottom-up strategy is employed only to
avoid processing the entire trec but requires that each child point to its ﬁw_.n:» (how
else can the algorithm bubble up?), yet the maintenance of parent pointers may
easily require as much work as traversing the entire tree! Parent pointers cause
problem for one simple reason. If an internal node has a large number of n.BcQ
children and the node is deleted as part of the replacement, every one of the children
must reccive a new parent pointer. It is possible that almost all of the nodes in the
tree may receive a new parent even though the set S has only two clements. .

The way out of the dilemma is to strike a balance between the desire to .s<oa
scanning the entire tree and the need to minimize pointet upkeep. Parent pointers
need only be kept for children of P-nodes and for endmost children of Q-nodes.
Interior children do not need parent pointers, They can borrow them from their
endmost siblings at the appropriate moment. o

As the first pass bubbles up the tree it can be temporarily blocked at an interior
node. If there is no parent pointet it is impossible to queue the parent. Each interior
node without a parent pointer is called hlocked. A count is kept of the number of
times this happens. The actual count, kept as a global blockcount, does not record
all of the blocked nodes. Instead it keeps track of each block of blocked nodes. A
block is a maximal left-to-right chain of blocked siblings. Thus two or more blocked
nodes which are consecutive children of the same {-node arc only counted once.
‘I'he difference between a blocked aode and a block of blocked nodes is important,
and should be kept in mind when thinking about the bubbling up pass.

&.&3

.&\? LS

LINOS

Fic. 19. Blocked interior node which increases the blockcount.

As occurred earlier for the templatc-matching, there are a number of cases.
Children of P-nodes and endmost children of Q-nodes are easy to handle. The more
complicated cascs involve interior children of Q-nodes. Figure 19 depicts one wm:::mo:
when an interior node is encountered during the bubbling up phase. The node being
processed is indicated by cross-hatching. Previously processed nodes are shaded.
Parent pointers are only shown if they actually exist. The sibling ﬂomza_‘w are always
present and are shown in the diagrams. For the casc shown here, there is no parent
pointer, so the blockcount is increased.

It can also happen that both siblings have already been processed and that they
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are unblocked. Both have valid pointers to the parent which can be given to the node
being processed. No change in the blockcount is required. This situation is diagrammed
in Fig. 20.

e T hab.

e T bbb

Fi6. 20. Unblocked interior node leaving the blockcount unchanged.

If one of the node’s siblings is already blocked there is no increase in the blockcount.
Two nodes are now blocked. Figure 21 shows this case.

NN AN

Fic. 21. Blocked interior node leaving the blockcount unchanged.

A similar situation is shown in Fig. 22. This time one of the siblings is already
unblocked so the new node is immediately given a parent pointer. Here too the
blockcount is not changed.

A more interesting case is when both siblings are blocked. Again the new node is
.Zoa_:&. but there is an important difference. ‘The blockcount must be decremented
by one because two blocks of blocked nodes have merged into a single block. This is
shown in Fig. 23.

B : C
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Fi6. 22, Unbtocked interior node leaving the blockeount unchanged.
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FiG. 23. Blocked interior node which decrements the blockcount.

The final case is the most interesting. If one of the siblings is blocked and one
of the siblings is unblocked the node being processed is unblocked since it can obtain
a valid parent pointer. But more can be done. The pointer can be passed through
the entire block of blocked siblings. Thus the blockcount decrements and a number
of orphaned nodes suddenly reccive parents. This is shown in Fig. 24. All of the
cases shown in Figs. 19-24 apply only to interior children of Q-nodes. When an
endmost child is found it already has a parent pointer and thus it is automatically
unblocked. A check is made to see if the immediate sibling is blocked. If it is, a scan
similar to that employed in Fig. 24 is used to pass the parent pointer across the
block of blocked siblings. The blockeount is decremented by one if there are any
blocked siblings which become unblocked.

A T hbh..

decrements the blockcount.

Using this strategy every pertinent node will have a valid parent pointer at the
beginning of the second pass. The interior pertinent children can be counted at the
same time they reccive parent pointers so that the parent will have a correct count
during the second pass. Carc must be taken to initialize all of the nodes to unmarked
and to reinitialize them after cach reduction, but this can be easily handled at no
additional cost,

If the tree cannot be reduced it may happen that some interior nodes remain
hlocked. This can be detected during the bubbling up because the blockcount will be
greater than zero. This is not quite correct, though. If the root of the pertinent
subtree is a Q-node and all of its pertinent children are interior then a blockcount

571/13/3-8
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of one is legal. This is handled as a special case. The actual root is never needed
so a pseudonode can be assigned as a surrogate parent for the blocked children .Ea,
pseudonode can be removed afterwards. .

If the blockcount is greater than one at the end of the bubbling up pass there is
no r.ovn that the tree can be reduced. The reduction algorithm can be halted ::,.
mediately. There is only one more complication which remains to be covered. The
procedure is supposed to halt after it has processed the pruned pertinent subtree
It should stop at the root of PRUNED(T, S). This is easicr said than done. _:m?.»._.
the bubbling up continues until the blockcount is zero and the queue of nodes to
process has only one node, or else the blockcount is one and the queue is empt
Either case is acceptable. 4

If the tree is actually irreducible the bubbling up may perform a lot of extra work
But at most it will process the entire tree. The applications for reduction 153&
halt qi-o:. the tree is irreducible, so this extra work does not really affect the total
running time. The entire tree had to be built by the algorithm hence one additional
pass over all of the nodes can not hurt!

If the bubbling up pass processes the root of the tree it must keep track of this
fact. There are no higher nodes to process, but it must pretend that it is still adding
:c.ﬁ_mw to the queue to ensure that proper end conditions are detected. Coneeptually
this can be remedied by imagining an infinite hierarchy of virtual nodes which are
ancestors of the root of the tree. The actual implementation simply sets a flag to
waaoavﬁ‘ that the root of the tree has been processed. If the root of the entire tree
is encountered and the queue empties with the blockcount nonzero, the tree is not
reducible. ‘

With a little care all of these details can be handled and the bubbling up procedure
shown below will mark all of the pertinent nodes. It can also lcave a count at each
node of how many children arc pertinent. This is used during the sccond pass to
determine when the last child has been matched.

u&.c_‘n presenting the procedure for the first pass, a complete list of the global
variables used by both passes is explained. The ficlds associated with cach node are
also helpful. The global variables are the following:

BLOCK _COUNT. The number of blocks of blocked nodes during the bubbling
up pass.

m_\OO._Cmclzocmm. The number of blocked nodes during the bubbling up
pass. This is only :c.ﬁ_na for the case when a pscudonode is used. The count at the
end of the first pass is exactly the number of pertinent children for the pseudonade.

OFF_THE_TOP. A variable which is cither 0°(its initial value) or | (if the
root of the Q.mm has been processed during the first pass). [t acts as a count of the
number of virtual nodes which are imagined to be in the QUEULR during the
bubbling up.
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QUEUE. A first-in first-out list which is used during both passes for sequencing

the order in which nodes are processed.

Each node has the following ficlds. Not cvery field is used for every node so there
is plenty of opportunity to reduce the storage requircment by reusing ficlds, but

this possibility is ignored in the interest of clarity.

CHILD_COUNT. A count of the number of children currently possessed by
the node. ‘This is only used for P-nodes.

CIRCULAR_LINK. A set of links which form the children of a P-node into
a doubly-linked circular list; the order of the list is arbitrary. The sole purpose of
the circular list is to enable a P-node to find its only empty child when all other
children are full or partial. This field is not used for children of Q-nodes.

ENDMOST_CHILDREN. A set containing the two endmost children of a
O-node. This is only used for Q-nodes.

FULL_CHILDREN. A sct containing all of the children of a node which
are currently known to be full. This is implementcd as a list (no special order is
necessary) and a count is kept of the number of nodes on the list. Children are added

to the list after they arc matched to a template in the second pass.

IMMEDIATE_SIBLINGS. A sct containing exactly 0, 1, or 2 other nodes.
A child of a P-node has no immediate siblings, the endmost children of Q-nodes
have only one immediate sibling, and the interior children of Q-nodes have two
immediate siblings. The ficld is interpreted as an unordered sct. This convention
allows sibling chains to be reversed without having 1o modify the pointers for every
node of the chain. Sibling chains can be traversed in cither direction beginning with
any sibling in the chain.

LABEL. An indication of whether the node is empty, full, or partial.

MARK. A designation used during the first pass. Every node is initially
unmarked. 1t is marked quened when it is placed onto QUEUE during the bubbling
up. 1t is marked cither blocked or unhlocked when it is processed. Blocked nodes
can become unblocked if their siblings become unblocked.

PARENT. The immediate ancestor of the node. This ficld is always valid for
children of P-nodes and for endmaost children of Q-nodes. It is only valid for interior
children of O-nodes if the child is marked as unblocked. The root of the PQ-trce
is the unique node having no immediate siblings and no parent.

PARTIAL_CHILDREN. A sct containing all of »romr:;_‘n::ma:o&oirmnr

are currently known to be partial. 'T'his is similar to the set of full children. In practice
it can have at most two clements, since otherwise the node will not match a legal

template.
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PERTINENT_CHILD_COUNT. A count of thec number of pertinent children
currently possessed by a node. This count is initially zero and is incremented by
one cach time a child of the node is processed during the bubbling up. During the
matching pass the count is decremented by one each time a child is matched. The
node is queued for matching when the pertinent child count reaches zero during
the second pass.

PERTINENT_LEAF_COUNT. A count of the number of pertinent Jeaves
which are descendants of this node. This field is built up during the second pass
as each child of the node is matched. It is the.sum of the pertinent leaf counts for all
of the pertinent children.

TYPE. A designation telling whether the node is a leaf, a P-node, or a Q-node.

A complete version of the bubbling up pass is now given. It can be translated
into most higher-level languages in a straightforward manner using common
programming techniques [1].

PQ-tree procedure BUBBLE(T, S);
begin
initialize QUEUE to be empty;
BLOCK_COUNT :=0;
BLOCKED_NODES := 0;
OFF_THE_TOP := 0;
for X € S do place X onto QUEUE;
while | QUEUE | + BLOCK_COUNT + OFF_THE_TOP > 1 do
begin
if | QUEUE | = 0 then
begin
T:=T(c, o),
exit from do
end;
remove A" from the front of QUEUE;
MARK(X) : == “blocked”;
BS : .= {Y e IMMEDIATE_SIBLINGS(.X) | MARK(Y) == “blocked"'};
US : = {YV e IMMEDIATE_SIBLINGS(.Y) | MARK(Y) == “unblocked”};

if [ US] >0
then
begin

choose any Ve US,;

PARENT(X) := PARENT(Y);

MARK(Y) : = “unblocked”
end

P()-TREE ALGORITHMS

else if | IMMEDIATE_SIBLINGS(X)! < 2 then MARK(X) :=
:::Zonrn&:._
if MARK(.Y) — “unblocked”
then
begin
Y ::= PARENT(.);
if | BS | > 0 then
begin
LIST :-= the maximal consecutive set of blocked siblings
adjacent to X}
for 7 € LIST do
begin
MARK(Z) := “‘unblocked”;
PARENT(Z):= ¥,
PERTINENT. CHILD _COUNT(Y) :—=
PERTINENT_CHILD_COUNT(Y) 41
end
end;
if Vo= nil
then OFF THE_TOP :-- |
else
begin
PERTINENT_CHILD_COUNT(Y) :—
PERTINENT_CHILD COUNT(Y) -+ I;
if MARK(Y) —~ “unmarked” then
begin
place Y onto QUEUE;
MARK(Y):- - “queued”

end
end;
BLOCK COUNT : - BLOCK_COUNT —|
BLOCKED_NODES .- BLOCKED_NODES — | LIST |
end
else
begin

BLOCK COUNT : BLOCK_COUNT 41 —[BS;
BLOCKED NODES:  BLOCKED_NODES - 1
end
end;

return 7'

end
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Note that LIST may be computed in time directly proportional to | LIST | through
the use of the IMMEDIATE_SIBLINGS ficlds. Starting at any unblocked node X,
we may traverse its chain of siblings in either direction. Siblings are added to LIST
until one is encountered which is not blocked.

Note also that after BUBBLE all pertinent proper descendants of ROOT(T, ),
except those which are blocked, have valid parent pointers, 1f BLOCK_COUNT
is 1 and BLOCKED_NODES is greater than | when the BUBBLE procedure
finishes, a pscudonode must be created. This process will be described only briefly
here. During the BUBBLE procedure a list BLOCKED_LIST of all nodes which
are ever marked “blocked” may be maintained. After the procedure finishes, all
nodes which are no longer blocked are removed from BLOCKED_LIST. A pseudo-
node 7 of type Q-node is created. Each node in BLOCKED_LIST is given Z as its
parent. The :NDMOST_CHILDREN of Z are those nodes in BLOCKED_LIST
which have fewer than 2 blocked siblings. Note that the only template which could
match the true parent of the nodes in BLOCKED_LIST is Q3.

‘'he bubbling up procedure never uses a parent pointer until after it is known to be
valid. This eliminates the need to maintain pointers from all of the interior children
but still enables BUBBLE to find all of the pertinent nodes with only a modest
amount of work. The exact bound is given by the next lemma.

Lenma 2. The bubbling up phase of reduction requires ()(| PRUNED(T, S)|) steps.

Proof. Note that the work performed during one iteration of the main loop is
on the order of one plus the number of nodes which become unblocked during this
iteration. Now each node is added to the queue at most once and becomes unblocked
at most once. Thus the total work performed is bounded by the number of nodes
processed. The nodes processed are those in PRUNED(T, S), plus some extra
nodes which are ancestors of ROOT(T, S). There cannot be many of these extra
nodes. The queueing strategy guarantees that if node .Y is processed before node .
then the parent of X must be processed before the parent of .\", unless the parent
of .\ was alrcady queucd because of some other child being proce sed. Fach ancestor
of ROOT(T, 8) has only one pertinent child. This implies that the total number
of ancestors of ROOT(T, S) which are actually processed does not exceed the Jongest
Jeaf-to-root distance within PRUNEID(T, S). Certainly this is no more than
JPRUNEI(T, S). |

Bubbling up supplies all of the information necessary to perform the template
matching. The second pass is essentially the procedure REDUCE which was explained
in Section 2. The difference is that only the leaves which arc in 8 are initially placed
on the queue for processing. With some additional tricks the sccond pass can also
be performed at modest cost. The final version of the template-matching is the
procedure given below. Note that Template PO and Template Q0 are not used.

PO-TRET ALGONTTIIME 6l

o in the

sedd :___..d—. Arec nevoer u:__._f. nrn_..m{_
dded for full leaves. The template’s
A

Since only pertinent nodes are proces
queuc. A new Template [.1 has also been
replacement is the same as its patiers the leaf

PQ-trce procedure RED! ICE(T, N)
begin
initialize QUEUL to empty;
for each leaf X' e S do
begin
place X on QUEUE;
PERTINENT_LEAF_COUNT(A) |
end;
while | QUEUE | > 0 do
begin
remove X from the front of Q1 TEUE;
if | PERTINENT LEAF_COUNT(N) < |
then
begin comment X is not ROOT(T, S)
Vo= PARENT(N)
PERTINENT _LEAF COUNT(Y):=
PERTINENT _LIEAF_C( YUNT(Y)
+ PERT! IENT LEAF COUNT({X):
PERTINENT_CHILD OUNT(Y):
PERTINENT CHILD €4 WINT(Y)— 15
i PERTINENT CHILD COUNT({Y) = 0 then
place ¥ onto QUEUE;
if not TEMPLATE L1(X) then
if not TEMPLATE PI(X) then
if not TEMPLATL_P3(.Y) then
if not TEMPLATE P5{X) then
if not TEMPLATE Q1Y) then
if not TEMPLATE_Q2(X) then

begin
T:~ T(ea, )
exit from do
end
end
else

begin comment A 16 ROOT(T, 85):
if not TEMPLATE_LI( Y) then
if not TEMPLATE: P1{X) then

B

LST:
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if not TEMPLATE_P2(.X) then
if not TEMPLATE_P4(X) then
if not TEMPLATE_P6(.X) then
if not TEMPLATE_QI(X) then
if not TEMPLATE_Q2(X) then
if not TEMPLATE_Q3(.X) then
T:=T(z, 2);
exit from do
end
end;
return T
end

All that remains is to describe the templates. There are a few things to be careful
of here also. Note that when Template PS5 is applied there are a number of empty
children which receive a new parent. In order to achieve the linear bounds to follow,
we must avoid having to manipulate fields within these empty children. To do this,
we use their original parent as the “new” P-node which groups the empty children.
This avotds changing any parent pointers of empty nodes.

Procedures for Templates P5 and (02 are shown here in detail; the other template
procedures are similar. Note the order in which templates are tried. This information
can be used to simplify soine of the procedures because information is implicitly
known about previous templates which failed.

Boolean procedure TEMPLATE_P
begin
if TYPE(X) £ P-node then return false;
if | PARTIAL_CHILDREN(X)| 5 | then return false;
Y := the unique element in PARTIAL_CHILDREN(X);
EC := the unique element in ENDMOST_CHILDREN(Y) labeled “empty”’;
FC := the unique element in ENDMOST_CHILDREN(Y) labeled “full”;
comment the following statement may be performed in time on the order
of the number of pertinent children of X through the use of the
CIRCULAR_LINK fields;
if Y has an empty sibling then ES := an empty sibling of V;
comment Y will be the root of the replacement;
PARENT(Y):== PARENT(X);
PERTINENT_LEAF_COUNT(Y):== PERTINENT_LEAF. COUNT(X);
LABEL(Y) := “partial”’;
PARTIAL_CHILDREN(PARENT(Y)) : =
PARTIAL_CHILDREN(PARENT(V))U {V};

remove ¥V from the list of children of A formed by the CTRCULAR_LINK ficlds;

e it 8, VAN RO AP+ IO IR I B
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if | IMMEDIATE_SIBLINGS(X)| = 0 )
then replace X by Y in the list of children of PARENT(X) formed by the
CIRCULAR_LINK ficlds
else
Gm_.WMM_uno X by Y in the list of children of PARENT(X) formed by the
IMMEDIATE_SIBLINGS fields;
if X ¢ ENDMOST_CHILDREN(PARENT(Y))
then ENDMOST_CHILDREN(PARENT(Y)) :=
ENDMOST_CHILDREN(PARENT(Y)) — {X} U {Y}
end;
if | FULL_CHILDREN(.Y)| > 0 then
begit DREN(Y) = |
if | FULL_CHILDREN(X)] =
! _»—u.‘nﬁhm_wﬂlNﬁ be the ::,ﬁacw clement in FULL_CHILDREN(X) and remove
ZF from the CIRCULAR _LINK list of which it is currently 2 member
else
begin
create a new P-node called ZF; LABEL (ZF):= “full”;
for each nodc Win FULL_CHILDREN(X) do
begin
remove W from the CIRCULAR_LINK list of
which it is currently a member;
PARENT(W):= ZF
end;
set the CIRCULAR_LINK fields of the nodes in )
FULL_CHILDREN(Y) to form a doubly-linked circular list;
CHILD_COUNT(ZF) := | FULL_CHILDREN(X)
end;
INT(ZF):= Y3
WU_M“‘_%U_M;._WM::\_Zﬁmﬁ.ﬁv .— IMMEDIATE_SIBLINGS(FC) v {ZF};
IMMEDIATE_SIBLINGS(ZF) : = {FCY;
ENDMOST_CHILDREN(Y) :==
ENDMOST_CHILDREN(Y) — {FC} U {ZF}
it HILD_COUNT(X)
IER_EMPTY :== CHILD_C D,
Zmu_ﬁmﬁ:hwﬁﬁu:FUW—WZCQ“ — | PARTIAL_CHILDREN(X);
if NUMBER EMPTY > 0 then
begin
if NUMBER _EMPTY !
then ZF -~ ES
else

i
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begin
2E := X; LABEL (ZE):= “empty”;
CHILD_COUNT(ZE) : = NUMBER_EMPTY
end;
PARENT(ZE):= v,
_Z?-WU~>ﬂmlm_mr_ZOwEQ
;;:AUU;‘Hmlm__F_ZOmANm 1= {ECY);
mZUZOmHIO—:_\UszA Y):=
E? UZOw%;O:FmeZAS —{ECY U {ZE)
end; v
if NUMBER_EMPTY < 2 then destroy .X;
return true

~ s

end
Boolean procedure TEMPLATE_Q2(X);
begin

if TYPE(X) % Q-node then return false;
if .X is a pscudonode then return false;
if | w>zﬁ->r:0~:r0zm2§\: > 1 then return false;
if | mCPr‘Ov:hUszCO_ >0
then
begin
if | uucmk.rsﬁmmhcwng‘v) ENDMOST._ CHILDREN(X)| % {
then return false;
let 1" be the unique element in
m,_t_:.rOIFOszTS 2l mzcy~Omvﬂ1ﬂm—r0.2w2¢5“
for 1 :== 1 step I until | m.CFP»OZFUme;.z do
begin
if Ye MCEPOI_FDZNZTS then return false;
V1= the next sibling in the chain of children of X
end;
if PA z.ﬂ:wrwcz:\dzng.v Z{Y} then return false
end
else if PA z%~>ryom_rcxm2?5 q mZO?acm%;OI:.UszTS
then return false;
LABEL(X) 1= “partial”;
PA -4‘—>F;CI—FUZ~..ZA1> RENT(X)) :==
PARTIAL_CHILDR EN(PARENT(.YV)) U {X};
if | 1>-4‘_>F\ﬁ:_H.CZ_AUZAAA‘E > 0 then
begin
Y - the unique element of PARTIAL. A.::;vz_mZAk,v“
FC: . the unique endmost full child of Y,

:= IMMEDIATE SIBLINGS(EC) U {ZE};
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if ¥V has a full immediate sibling
then .
begin
let IS be the unique full immediate sibling of Y;
IMMEDIATE _SIBLINGS(FS) :--
IMMEDIATE_SIBLINGS(FS) — {Y} U {FC};
IMMEDIATE_SIBLINGS(FC) :=
IMMEDIATE_SIBLINGS{FC} U {FS}
end
else
begin
ENDMOST_CHILDREN(.Y) ;=
ENDMOST _CHILDREN(X) — Y U ({FC};
PARENT(FC):-- X
end;
EC ::= the unique endmost empty child of Y;
if ¥ has an empty immediate sibling
then
begin .
let S be the unique empty immediate sibling of Y
IMMEDIATE_SIBLINGS(£S) ==
IMMEDIATE_SIBLINGS(ES) — {Y}U {EC};
IMMEDIATE SIBLINGS(EC) :=
IMMEDIATE SIBLINGS{EC} U (ES)
end
else
begin
ENDMOST _CHILDREN(X): =
ENDMOST_CHILDREN(Y) — Y U {EC};
PARENT(EC) : = X
end;
destroy ¥V
end;

return true

This completes the description of the template-matching. The next _03%5 shows
, i i ccom-
that with the addition of a bubbling up phasce the template-matching can be a

plished in much less time.

3. The template-matching phace of reduction requires O(| PRUNED(T, S))

g3 SRR T

7B & I B Rl K Sy

s

!
m.“
i
£
i




366 BOOTH AND LUEKER

Proof. \,fn indicated above, the algorithm can be implemented so that the work
we.l,o_.anm in matching any node X is on the order of one plus the number of pertinent
children of .X. Summing this over all nodes matched, we obtain O(I PRUNEIXT, S))).

1
. A.rwg two vo::n_w. can be combined into a single bound which will suffice to prove
150.»_‘:% for the applications in the following sections. The pruned reduction algorithm
is simply BUBBLE followed by REDUCE. The overall algorithm is as follows:

PQ-tree procedure REDUCTION(U, S);
T:=T(, Uy,
for each Se S do
begin
T := BUBBLE(T, S);
T := REDUCK(T, S)
end;
return T
end

One problem which has not been addressed explicitly here is the reinitialization
of certain fields. For example, the MARK fields should be sct to “unmarked” sn.
the beginning of each pass. One convenient way to do this is to maintain a list of
all nodes which are modified during the reduction; after the reduction is ncs,v_ﬁn
one may scan this list and reset the fields of the nodes as required.

4,:.@ next lemma is uscful in obtaining linear bounds on the time used by PQ-trec
m__nc::::m. _.un.mza a unary node to be a node in the pertinent subtree which has
Just one pertinent child. Let UNARY(T, S) be the sct of all unary nodes in T with
respect to the set S. ’

Lemma 4. The pruned reduction algorithm requires only O(] S | + | UNARY(T, S))
steps to reduce T with respect to S. ,

Proof. There are only :.S| leaves. Binary branching implies that there arc at
most O] S'!) nonunary nodes in PRUNED(T, S). The remainder of the proof
follows dircctly from Lemmas 2 and 3. [ | ’ T
. ,_,rn,_io_émzzn form of this lemma is its application to the case of multiple reduc-
:.:._w. The terms due to unary nodes within the trees can be eliminated by averaging
their cost over all of the sets. Given a family of sets S define SIZE(S) to be the sum
of the sizes of all the sets in the family. .

THEOREM 5 jons i ! ]
5. The class of permutations in which each set of a family S occurs as a

consecutive subsequence can be computed in O(m 4 n | SISE S if 17
. } - SISE(S steps v
objects and S has n sets. ‘ v (O e a0 s

< ABRAR D TR
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Proof. We use the algorithm REDUCTION presented above. One readily sces
that the work outside of the calls to BUBBLE and REDUCE uses only O(m - n)
time. From Lemma 4 the total work in all of the BUBBLE and REDUCE calls
can be computed as the sum of two terms. One is the total contribution due to the
sizes of the sets; this is just SIZE(S). The sccond termn is the sum of | UNARY(T, S)|
over all sets .S in S, This term is a bit harder to bound. We begin by noting that
a unary node cannot be the root of PERTINENT(T, S) and that its children cannot
be all empty or all full. Thus the only templates which can apply to unary nodes
are I’3, P5, and Q2. First consider Template P3. It is not hard to see that if P3 is
applied more than twice, there must be three partial nodes in T, none of which is
an ancestor of any other, from which it follows that S cannot be made consecutive
so REDUCE fails. We conclude that the total number of applications of PJ3 is
O(m + n).

The bound on the number of applications of P5 and Q2 is obtained by a more
indirect argument. The Template 02 must be split into two subcases: let Q2" be
Template ()2 when no partial children are present and let Q2" be Template Q2
when one partial child is present. By an argument like that used for P3, we see that
Q2 can be applied a total of O(m + n) times. Now let NORM(T) be the number
of (O-nodes in 7 plus the number of nodes in T whose parent is a P-node. It is casy,
though tedious, to verify the following facts.

(a) Initially, NORM(T) is at most m.
(b) No template replacement increases NORM(T) by more than one.
(c) Templates P5 and Q2" reduce NORM(T') by at least one.

Now we have already seen that the number of applications of all templates except
P5 and Q2" is O(m -+ n + SIZE(S)). Then since NORM(T) is clearly nonnegative,
(2), (b), and (c) imply that the number of applications of P5 and Q2" is O(m -+ n +
SIZI(S)). This completes the proof. [

The bound shown in Theorem 5 will be used in Sections 4 and 6 to prove lincar
bounds for algorithms which use PQ-tree reduction.

4. ConsecuTive ONES

A (0, 1)-matrix A has the consecutive ones property for columns iff its rows can be
permuted so that in each column all of the ones are consecutive {8]. This means that
a permutation of the rows is desired for which no two ones within a single column are
separated by a zero in that same column. A number of related properties can also be
defined such as the circular ones property in which the ones are allowed to “‘wrap
around”” from the bottom of a column to the top [25].

it Ei oy
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1t 1011 1t 1000 t 0000
o001 0 t 0001 t 10 1 1
1t 1110 ot 1 00 o1 1 11
0t o011 o0 0 1 o o0 1 01t
1 0t 10 o0 1 10 c 0010
Consecutive ones Circular ones Neilher property
ot 011 11 00 0 1

t 1011 1 1 000

1t 1110 o1 1700 U
106110 00110 *
o00T10 000 1 1

Fie. 25. Matrices with consecutive and circular ones.

The matrix on the top left in Fig. 25 has the consccutive ones property for columns.
The original version is not in consccutive form but the rows can be rearranged as
shown in the bottom left matrix so that the ones are consecutive. The definition
merely requires that some ordering of the rows places the oncs into consccutive
form, hence the matrix is deemed to have the consecutive oncs property. The top
center matrix has the circular ones property because the rows can be rearranged
as shown on the bottom center so that all of the columns have circular ones. There
is no rearrangement of the rows which will place it into consecutive form so it does not
have the consecutive ones property. The matrix on the top right has neither a circular
form nor a consecutive form; there is no arrangement of the rows which achicves
cither circular or consecutive ones.

Matrices having consecutive ones and other related properties occur in many
ficlds, including archeology [16}, information retrieval [10], and table-driven parsing
{15]. Tucker {31] has given a structure theorem for the consccutive ones property.
"The theorem is similar to Kuratowski’s [17] forbidden subgraph characterization of
planar graphs.

Fulkerson and Gross published an O(mn?) algorithm for testing an m X n matrix
for the consccutive ones property [8]. This bound can be improved by noticing
that the dominant term is due to the computation of a matrix product. Using the
techniques developed by Strassen [28], the Fulkerson-Gross algorithm can be im-
plemented to run in O(max{m1°8:"In?, mn!°827-1}) steps for an m x n (0, 1)-matrix
[3]. Using the reduction algorithm an even better bound can be obtained. The hasic
algorithm is the following procedure.

Boolean procedure CONSECUTIVE(M);
begin
let U be the set of rows in AM;

PO-TRER ALGOWITIME

T: - TWU,U),
forj: - 1 step luntiln do
begin .
let S be the set of rows having & one in column J;
T :== BUBBLE(T, 5);
T .= REDUCE(T, Sk
if T = T(o, 1) then return false
end;
return true
end

Treorem 6. If M o an m o (U, |\-matrix specified by its [ nonzern entrier a
consecutive ones test can be .“__.._:_.:‘3\1 in O(m | n -+ ) steps.

Proof. The algorithm shown above performs the desired test. The number of

elements in the universal sct is m, the s ymber of sets is #, and the total size of the

sets is clearly f. All of the work except for the reduction stepa is clearly lincar. Using

the results of Theorem 5 it is casy 1o «how that the reductions require Ofm - m f

steps. ‘The entire algorithm is thus finear. |

 property. Tucker ohserved the following
j-matrix M choose any row of the matrix,
ery column of M which

A similar result holds for the circular o
interesting constructiof [30]. Given a (0,1
Let M¢ be the matrix obtained from AT by complementing ev

has a one in the selected raw.

Lemma 7 (Tucker). A (0, 1) matriv M har the circular anes property for enlumns

iff Me has the consecutive anes properfy for columns.

Proof. 'The key observation is that after the complementation the new matrix
Me¢ has zcros everywhere in the ceted row, Without loss of generality it can be
assumed that the _.anlj.__...::: of the rows which places M into circular form does
ass

i ote ¢ ] f the matrix. Such a permutation must then
<0 hy placing the selected row at the top o .
e 1 mo_. . .ular case in ruled out, sn teating Me
place A* into conscct! ilar cas 5

v form. The truly eire 5
i ficie e 'menti onsecutive form of M°
for consccutive oncs eufficient. Recomplementing the co
yields a circular form for M. 1

not guarantee a fast test unless a judicious selection

‘Tucker's construction does
all-ones row would

is made for the row which ¢
result in having to complement

ermines the complementation, An
the entire matrix. 'This is casily avoided.

Lemma 8. If M iv an m < n (0, )-matrex having [ nonzero enfriel there exists

anm % n(0, 1)-matrix V" having at miost 2f nonzero enfries sach that M has the cireular
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ones property iff M has the consecutive ones property. M¢ can be computed from M in
O(m + n -+ f) steps.

Proof. Choose a row having a minimum number of ones. Construct the matrix
Me as in the previous lemma. Each row will have no more than the number of ones
it originally contained plus the number of ones produced by complementation.
This at most doubles the total number of ones in the matrix.

M¢ can be constructed by scanning a list of the nonzero entries of M. The com-
plementation is easily performed using list handling techniques. Since each one
is only processed a fixed number of times, independent of the size of M, the total

time required is O(m + 1 + f). 1

CoROLLARY 9. An m x n (0, 1)-matrix specified by its f nonzero entries can be
tested for circular ones in O(m +n -+ f) steps.

Proof. By Lemma 8 the computation of M¢ is within the desired time bound.
The number of edges in M¢is f* < 2f which is O(f). The rest of the work is just
the consecutive ones test so the total work is O(m +n +f). 1

There are a number of generalizations for the consccutive ones property, including
some NP-complete problems associated with finding matrices which approximate
these properties. Further related results are surveyed in [3].

5. INTERVAL GRAPHS

A graph G = (V, E) is an interval graph iff there is a 1-1 correspondence between
its vertices and a set of intervals on the real line such that two vertices are adjacent
iff the corresponding intervals have a nonempty intersection. The sct of intervals
is called an intersection model for G. Hajos was the first to mention these graphs
in the literature {i3]. Since then interval graphs have been related to problems in
biology [2], psychology [22}, and traffic light sequencing [27]. They are also related
to Gaussian elimination schemes for sparse symmetric positive definite matrices [29].

Characterizations for interval graphs have been given in [8, 11, 19]. Polynomial
recognition algorithms cxist based on each of the three characterizations. All have
worst-case time hounds of at least O(n®) for graphs with n vertices. Using the reduction
algorithm for PQ-trees this can be lowered to O(n -} €) for graphs with n vertices
and e edges. The characterization in [8] is the first occurrence in the literature of
the consccutive ones property. Consccutive ones play a key role in interval graph
recognition, as evidenced by the following theorem which also appears in 83.

Within a directed graph G == (V, E) a clique is a completely connected subgraph.
The dominant cligues are those which are maximal with respect to sct inclusion.
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x matrix for G has a row for each dominant clique

The dominant clique vs verte .
atry being nonzero iff the vertex is a member

and a column for cach vertex, with an e
of the chque.

Trrorem 10 (Fulkerson-Gross). G— (V,E)isan interval graph iff its dominant-
clique vs vertex matrix has the consecutive ones property for columns.

This characterization suggests an algorithm for recognizing interval graphs. The
first step is to compute the dominant cliques so that a list of nonzero entries can
be constructed for the matrix. This task is made considerably easier by .»ro mwnn
that every interval graph is a chordal graph (5). These arc just those graphs in which
for every cycle C of length greater than three there exists an edge connecting two
vertices of C which are not consecutive in C. The algorithms given in [8, 11, 19]
each test for chordality as a precondition to being an interval graph. They do not
have obvious linear-time jmplementations. )

Gavril has shown how to test chordality in O(nl"8:7) steps [9]. His algorithm is
based on the fact that a chordality test can be turned into 2 matrix multiplication,
for an appropriately defined matrix. The time bound then follows from Strassen’s
result [28].

A more efficient algorithm, hased on a lexicographic breadth first search of the
ed in [21, 24]. Lexicographic breadth-first search is very
similar to the idea used in [4] and [26] for solving certain scheduling problems.
The dominant-clique versus vertex matrix can be constructed in O(n + wv.mng
using this technique. A useful property of chordal graphs is the fact »ru». the &o:::».:?
clique vs vertex matrix never has more than O(n -1- €) nonzero entries ﬂwu m::::m
all of these picces together the following algorithm emecrges. Let G = (V, E) be an

undirected graph.

Boolean procedure INTERVAL(V, E);
begin
if G is not chordal then return false;
Jet U be the dominant cliques of G;
T:= T(U.U)
for ve 17do
begin
let S be the set of cliques containing v;
T - BUBBLE(T, S)

T . - REDUCHK(T, S):

i T = T(@, o) then return false

graph, has been develop

end;
return true
end

'
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Turorenm 1. . graph G = (I, F) can be tested for being an interval graph in
O(n - e) steps when G has n vertices and e edges.

Proof. The output of the O(n -- €) chordality test can be used as the input to
the consecutive oncs test. The total number of nonzero entries is O(n ;i ¢) so the
overall bound is still O(n + ¢). |}

It is interesting to notc that the consecutive ones test required during the interval
graph recognition algorithm can be simplified somewhat by processing the vertices
of the graph in a special order. This ordering is obtained by using a modificd form
of the lexicographic breadth first search mentioned above. For details see [21].

A by-product of the interval graph test is the reduced PQ-tree whose leaves are
the dominant cliques. It is possible to use this tree as the basis for a canonical repre-
sentation for interval graphs. Using an algorithm similar to the tree isomorphism
algorithm in [1], one may test for isomorphism of interval graphs in O(n ! ¢) time.
This is discussed in greater detail in [21].

The importance of this last result is increased by the obscrvation that the existence
of a polynomial-time algorithm for solving general graph isomorphism is cquivalent
to the existence of a polynomial-time isomorphism test for cither chordal or tran-
sitively-orientable [11] graphs. (All interval graphs arc chordal and have transitively
oricntable complements.) Hirschberg and Edelberg [12] proved this cquivalence for
bipartite graphs. The bipartite result implies the result for transitively-orientable
graphs. The proof for chordal graphs is similar and is given in [21].

6. PLANARITY

PQ-trees can be applied to problems other than those which arise directly from
the consecutive ones property. The PQ-tree reduction algorithm can be used to build
an efficient test for planar graphs. Hopcroft and Tarjan have already presented a
linear test for planarity [14]. This section discusses a “‘new” algorithm for testing
graph planarity which aiso runs in linear time. The aigorithm is of interest for two
reasons. It is a distinctly different application for PQ-trees and it improves an existing
algorithm by introducing the appropriate data structure.

Lempel, Even, and Cecderbaum {20] have published an algorithm for testing
planarity which is hased on formula manipulation. The algorithm employs a reduction
operation almost identical to the one used here. Their version uses formulas to
represent a graph and docs not have a linear time bound. A lincar version of the
algorithm has been implemented, but it doces not perform the formula manipulation
[6]). The version here achieves the lincar bound while implementing the original
formula manipulation. The trick is to represent formulas by PQ-trees.

The possibility of using PO-trces for planarity testing was suggested by Tarjan
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[29] after PQ-trees had heen devised for the consccutive ones problem. En” :c:n.n&
that the reduction operation for PQ-trecs is very similar to the formula manipulation
carried out by the Lempel, Even, and Cederbaum algorithm.

Before nx_,._a:m:n the planarity algorithm, two facts about graphs are :ﬁuh_ag as
background. The first is welt known from graph theory, the second is proven in [20].

Livwma 12, A graph G is planar iff each of its biconnected components is planar.

Limma 13 (Lempel-Even-Cederbaum).  If G = (V, E) is a biconnected graph
then ifs vertices can be numbered so that | and n are adjacent and, for any vertex ::.:53&
| < j << m, therc exist vertices numbered i and k such that i < j < k and both i and k

are adjacent to j.

Algorithms requiring Oz |- €} steps for graphs having n <n_in.ww and ¢ cammm
exist for finding biconnected components [1] and for generating the desired :::.rn_‘._sw
{7]. It is assumed that all graphs to be considered are biconnected and ::;.:5. <e1_nwm
are numbered as in Lemma 13. The graph with its vertices numbered as indicated in

Yig. 26 will be used throughout this section as an example of the planarity algorithm.

/o

1
Fia. 26. A numbered, biconnected graph.

The algorithm tests a graph G - (', E) having a vertices and € nan.cm. The
algorithm assumes that # >- 2 since otherwise G is trivially planar. _a.mam in m, are
considered to he directed from the lower numbered vertex to the r.nrc_..._:_mam
can be directed at the same time the numbering is generated. A PQ-trec is used
to represent the graph. The clements of the universal set are edges, ::::.:mr U
will change during the course of the algorithm, An edge is added to U during the
iteration corresponding to its lower-numbered vertex and it is removed from U
during the iteration corresponding to its higher-numbered vertex.

Boolean procedure PLANAR(I, E);

begin
U« the set of edges whose lower-numbered vertex is 1;
T: T, U
forj: 2stepluntiln -1do

sl 0d
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begin,
S :== the sct of edges whose higher-numbered vertex is j:
T :=- BUBBLE(T, S)
T :-- REDUCE(T, S);
if T -= T(3, @) then return false;
S’ :— the set of edges whose lower-numbered vertex is J;
if ROOT(T, S) is a Q-node
then replace the full children of ROOTY(T, §) and their
descendants by T(S', 5')
else replace ROOT(T, S) and its descéndants by T(S', S');
U:i=-U—-SUS§
end;
return true
end

"The numbering defined in Lemma [3 ensures that neither § nor . " is ever empty.
As usual we must always make sure that the tree is proper. Therefore when part
of T is replaced by T(S", §) a little carc must be taken. For example, if ROOT(T, .5)
is a Q-node and after the replacernent it has only two children, it is changed to 2
P-node. Also, if after the replacement any node has only once child, it is removed
from the tree.

The planarity algorithm explained here is cquivalent, except for some minor
details. to the algorithm presented in [20]. A proof of correctness is given in [20].
It is left to the reader to establish that the version presented here implements the
same algorithm, The proof is not hard, but a full discussion of the original algorithm
is beyond the scope of this paper. Instead the algorithm will be illustrated by running
it on the simple graph shown in Fig. 26.

"The tree is initialized outside of the main loop to be a universal tree with a leaf
for each edge directed out of vertex 1. This first trec is shown in Fig. 27. Any permuta-
tion of the cdges is legal. This corresponds to the fact that there are no constraints
on the graph. Only vertex 1 has been positioned. As more vertices are added the
freedom to rearrange vertices is diminished. This is reflected in the PQ-tree by
the ordering imposed upon the cdges.

(1.2) (1.3) (1.9)

F1e. 27. Initial PQ-tree for planarity testing.

The inner loop is repeated three times, At each iteration the cdges entering 2
particular vertex are forced to he consecutive. For the first iteration, j - 2, the
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reduction is trivial. There is only one such edge. Tt is (1,2). The trec is already
{(1, 2)}-reduced. After the edges entering vertex 2 are known to be consecutive
within the tree they are replaced by a single P-node having a child for each edge
directed out of vertex 2. This substitution produces the next tree shown in Fig. 28.
Notice that the set [/ has changed. The edge (1, 2) has been removed and the edges
2, 3), (2, 4), and (2, 5) have been added.

(1.3 (1.9)
(2.3) (24) (2.5)

Fic. 28. PQ-tree after first iteration of inner loop.

This first iteration is complete. The second iteration processes vertex 3, since j = 3.

The current tree must be {(1, 3), (2, 3)}-reduced so that all of the edges coming :
into vertex 3 are consecutive, The result is the tree in Fig. 29. This time the reduction

is nontrivial.

C —] (1.5)

]

(2.3) (1.3)

(2.4) (2.5)

Fi1i. 29. PQ-tree after reducing edges entering vertex 3.
"There arc two edges which enter vertex 3. "T'hey are replaced with a P-node. One

of the special cases occurs, because the root of the pertinent subtree is a ()-node.
This causes no problem, though, and the substitution yields the tree of Fig. 30.

(1.5)

(2.4) (2.5) (3.4) (3.5)

Fic. 30. PQ-tree after substituting edges leaving vertex 3.
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For the final iteration, j == 4, the reduction leaves almost no frecedom to the cdges
>=_‘7:n one of the cdges are forced to have a rigid left-to-right order. This is shown
in Fig. 31.

— — (is)
[ ~ | |
(2.5) (2.4) (3.4) {3.5)

Fic. 31. PQ-tree after reduction whenj — 4.

Substituting the single edge (4, 5) for the edges (2, 4) and (3, 4) produces the final
form of the PQ-tree, shown in Fig. 32.

—— ] (1.5)
] |
(2.5) (4.5) (2.5)

Fic. 32. Final PQ-tree for planarity test.

The algorithm halts with the valuc true, surely the correct response in light of
the v_u:w_. representation initially given in Fig. 26. The graph tested is a familiar
c:c...,f_a_:m the other possible edge produces K , onc of the two forbidden subgraphs
of Kuratowski’s structure thcorem for planar graphs [17). K is known to be non-

planar. Rerunning the algorithm with this added edge will indeed produce the
answer false.

Theorem 14, Given a graph G having n vertices the planarity algorithm requires
at most ()(n) steps. ,

Proof. As mentioned carlier, O(n - ¢) algorithms exist to find biconnected
components and the numbering of Lemma 13, so we assume G is biconnccted and
numbered. Outside of the calls to BUBBLE and REDUCE, the algorithm can casily
be seen to require only O(r |- ) time. o

"T'o see that the calls to REDUCE and BUBBLI usc only O(n 1 ) time, wWe use
an argument just like that in Theorem 5. The only wmni‘:nn:p difference here is
the fact that parts of the tree arc replaced by T( :_.,f:v. It is casy to sce that this

replacement can increase NORM(T') by at most | S’ 1. But the sum of £ 8" | over all

iterations is Ofn -1 €), so we again obtain an overall time hound of O(n 1 ¢) for
the calls to BUBBLE and REDUCE.

I
2 e vl o4
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So far we have scen that the algorithm requires O(n -+ ¢) time. To obtain a bound
of O(n), we use the trick employed in {14]: since a planar graph on 7 vertices has
at most 3n — 3 cdges, we may immediately reject inputs with more than 3n — 3
edges. For the remaining graphs, O(n i- €} is the same as O(n). B

7. CONCLUSION

A new data structure called a PQ-trec has been introduced. PQ-trees are used for
representing the classes of permutations within which various subsets of a universal
set appear as consecutive subsequences. These permutations are useful for solving
three problems: testing for the consccutive ones property, recognizing interval
graphs, and testing graph planarity. Ior these problems algorithms based on PQ-trecs
are lincar in the size of their input when implemented on a random access computer.

"The consceutive ones test is an improvement over previously published algorithms.
Interval graph recognition uses the consecutive ones test and a test for graph
chordality. "The linear time bound is again an improvement over previously published
algorithms. The planarity test is a speeded-up version of an existing algorithm, due
to Lempel, Even, and Cederbaum. For planarity the linear time bound is not ncw.
"Fhe algorithm of Toperoft and ‘Tarjan is also lincar. It would be of interest to compare
actual implementations of these two planarity algorithms to estimate the constants of
proportionality and to analyze the average hehavior instead of the asymptotic worst-
case behavior, 'This has not been done, and is suggested as a topic for further study.

Additional material and references may be found in both [3] and [21]. Many of the
references were originally cited in [22].
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