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Abstract

In this thesis we study a problem that arises in answering boolean queries submitted to
a search engine. Usually a search engine stores the set of IDs of documents containing
each word in a pre-computed sorted order and to evaluate a query like “computer AND
science” the search engine has to evaluate the union of the sets of documents containing
the words “computer” and “science”. More complex queries will result in more complex set
expressions. In this thesis we consider the problem of evaluation of a set expression with
union and intersection as operators and ordered sets as operands.

We explore properties of comparison-based algorithms for the problem. A proof of a set
expression is the set of comparisons that a comparison-based algorithm performs before it
can determine the result of the expression. We discuss the properties of the proofs of set
expressions and based on how complex the smallest proofs of a set expression E are, we
define a measurement for determining how difficult it is for £ to be computed. Then, we
design an algorithm that is adaptive to the difficulty of the input expression and we show
that the running time of the algorithm is roughly proportional to difficulty of the input
expression, where the factor is roughly logarithmic in the number of the operands of the

input expression.

Key words: Adaptive algorithm, comparison-based algorithm, search engines, algo-

rithms.
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Chapter 1

Introduction

Traditionally, the time or space complexity of an algorithm is measured by taking the
maximum cost of running the algorithm on all instances of a given size, without taking
into consideration special properties of instances, other than size, that may affect the cost
of running any algorithm. This means that when we are talking about the worst case
time complexity, the complexity of the algorithm is determined by just looking at the most
difficult instance of every size for that algorithm, ignoring how efficiently the algorithm
works for other instances.

For the purpose of illustration, let us use an example to show how we can consider
different levels of easiness for instances. Consider the problem of evaluating the intersection
of two ordered sets. Given two sorted arrays A and B of size n, the best comparison-based
algorithm needs to perform at least 2n — 1 comparisons in the worst case. That happens
when we consider a sorted sequence of 2n integers, select integers in odd positions as the
sequence stored in the array A, and select integers in even positions as the sequence stored
in B. This can be considered as a difficult instance of the problem. But we can construct
an easy instance by picking the first n elements of the sequence for the first array and
picking the next n elements for the second array. One can show that the intersection of
the two sets is empty using just one comparison.

Adaptive algorithms [Meh84] were introduced to solve the easy instances in a short time
while at the same time not increasing the worst-case running time. They are adaptive to

the hardness of the input and take advantage of easiness of instances. A difficulty function
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over the set of all possible instances is defined, which is increasing with both size and
hardness of the instance. The complexity of the algorithm is measured by looking at the
ratio of the running time to the difficulty parameter of all instances of a given size.

We can consider sorting as the seminal problem in the area of adaptive algorithms
|[GMPR77|. The amount of disorder in an instance is the criterion for difficulty of the
problem and many different functions for measuring the amount of disorder have been
proposed. The number of exchanges required to sort the input, the maximum difference
between indexes of an element in the input and in the sorted order, and the minimum
number of monotone subsequences of the input partitioning the input are some examples
of measurements of the amount of disorder. For groups of these measurements a number
of generic algorithms have been proposed [ECW92].

There are not many results on adaptive algorithms in other areas. The work of Estivill-
Castro and Gasca-Soto on adaptive algorithms for the shortest path and minimum span-
ning tree problems in directed weighted graphs [ECGS97] is one of the few examples. They
explored different properties of an input that make the input difficult for Dijkstra’s Al-
gorithm, in the case of shortest path problem, and make the input difficult for Prim’s
and Kruskal’s algorithms, in the case of minimum spanning tree problem. For both prob-
lems, they showed that the concept of instance easiness is closely related to the concept of
instance easiness in sorting problem.

The problem we will discuss in this thesis, the problem of evaluating set queries, has
significant applications in the database area, especially for search engines. Search engines
like Google store the set of all documents containing each word |[BP9§|. Then, if the
user requires the list of documents containing all or some of a given set of words, the
search engine has to evaluate the intersection or the union of the sets corresponding to
the given words. More complex queries consisting of logical operators like “and” and “or”
yield the problem of evaluating more complex set expressions. Demaine, Lopez-Ortiz,
and Munro considered a simple version of the problem in which a collection of sets is
given and the intersection or the union of the sets is required to be evaluated. They
studied the running time of adaptive algorithms for the problem and designed an adaptive
algorithm [DLOMO00, DLOMOI1] for the problem. The running time of their algorithm
matches their definition of difficulty of instances. Also, they showed that for any algorithm



A and any integer n, one can construct an input E of size at least n such that the number
of comparisons that A performs before it solves E is at least the difficulty of F.

A few variants of the simple version of the problem, defined above, have been studied.
Barbay |Bar03| considered the problem of evaluating the intersection of the given sets and
proved that, compared to deterministic ones, randomized algorithms perform better in
terms of the number of comparisons on average. Barbay and Kenyon also studied a more
general problem called the t-threshold problem in which a collection of sets is given and the
problem is to compute the set of all values appearing in at least ¢ sets [BK02, BK03]. They
introduced a measurement for determining the difficulty of instances of the t¢-threshold
problem and they presented an algorithm working in O(¢D log klogn) time where D, k,
and n are the difficulty of the input, the number of input sets, and the total number of
members of input sets, respectively. They also showed that, given an algorithm A and
integers k, ny, ..., and ng, one can construct an input E with k sets of sizes at least
ni, ..., ng such that A is required to perform at least Q(D Zle log %) comparisons to
evaluate E where D is the difficulty of E.

In this thesis we will study comparison-based algorithms for the problem of evaluating
an expression with intersection and union operators and ordered set operands. We propose
a definition for the difficulty of instances and then we present an algorithm whose running
time of a given input £ is not far from the difficulty of . We now explain how the thesis
is organization, chapter by chapter.

In Chapter 2, we formally define the problem, describe our assumptions about the
input, and specify input and output formats. Afterward, we present some basic definitions
and lemmas that will be used throughout the thesis. In Section 2.5/ we explain that in some
special cases we have not solved the problem completely. Finally, at the end of Chapter 2,
we define our difficulty function. Similar to the definitions of difficulty functions proposed
by Demaine et al. [DLOMO00|, our definition of the difficulty of instances is based on the
set of comparisons that an algorithm should perform on the members of the input ordered
sets to obtain the result of the input expression. The term “proof” is used for the set of
comparisons after performing which, an algorithm that always output a correct solution
may stop running and report its output [DLOMO0]. For every possible proof P for a given

input we define the cost of P as an integer, intuitively showing the time taken by an
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algorithm to perform the comparisons in P. Then, the difficulty of the instance will be the
minimum cost of all of its proofs.

Chapter 3 introduces a non-deterministic algorithm for the problem that scans members
of the input ordered sets from the beginning and while scanning the set members, it gener-
ates the result of the input expression. At each point, the algorithm non-deterministically
generates a set of evidence called an “eliminating step” either showing some of the smallest
non-scanned members are in the result of the expression and so they should be reported to
the output or showing some of the smallest non-scanned members are not in the result of
the expression and so they can be ignored. The algorithm reports this group of members to
the output if necessary and then scans them. Each sequence of eliminating steps generated
by the algorithm that leads the algorithm to find the result of the input expression will be
called an “eliminating proof”. This concept is closed to the concept of “eliminating proof”
defined for the simple version of the problem [DLOMO00]. We will discuss some properties
of eliminating proofs in Chapter 3.

In Chapter 4 we show how a proof can be converted to an eliminating proof. Then,
in Chapter 5 we present a deterministic version of the algorithm of Chapter 3 that using
dynamic programming processes all possible sequences of eliminating steps. Then, given
a proof P for the input, Chapter 6 compares the running time of the algorithm with the
cost of P using the eliminating proof constructed from P in Chapter 4. Defining D(P)
and V(P) as the cost of P and the number of members of the input sets participating
in comparisons in P, respectively, the running time of the algorithm will be of the form
O(D(P)h+V (P)f+g) where h is roughly logarithmic in the number of the operands of the
input expression and f and g are two functions of the input expression but independent of
the sizes of the input sets. Finally, in Chapter 7 we will summarize the work and include

our concluding remarks.



Chapter 2

Basics

2.1 Notation

Let us first introduce the notation used to deal with sequences throughout the thesis. Given
a sequence % = x1,...,T,, we use length(X) to denote the length of the sequence . Also,
the next two definitions will be used for appending a sequence or a single item to the end

of a sequence.

Definition 2.1 Given two sequences X1 = x1,..., Ty and Yo = Y1, ..., Yn, WeE USE i1 O Vg
to denote the sequence x1,...,Tm, Y1, Yn-

Definition 2.2 Given a sequence ¥ = x1,...,x,, and an item y, we use ¥ ® y to denote
the sequence Ty, ..., Tm,Y.

The next observation follows immediately from the definition.

Observation 2.1 Consider a sequence ¥ = x1,...,x, and an item y. If ' denotes the

sequence having just one element y, then X o' =X © y.
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2.2 The Problem

2.2.1 The Instance

We will study the problem of designing an adaptive algorithm for the problem of evaluating
a given set expression in which each operator is an intersection or a union operator and each
operand is an ordered set. The result of this evaluation is required to be an ordered set also.
Speaking informally, we represent the set expression using a tree in which each internal node
corresponds to an appearance of a set operator in the expression and each leaf is assigned
one of the operands. Every operand is represented by a sequence of objects and each object
has a value which is a member of a universal ordered set V. In our representation, the
sequences corresponding to every two operands have no object in common. This does not
reduce the generality of the problem as different objects are not forced to have distinct
values by this assumption. We denote the problem by SimpleEval.

Every instance of SimpleEval consists of three components. The first component is a

query tree defined as follows:

Definition 2.3 A query tree is a rooted tree ) in which every internal node is of one of
the following two types: union nodes and intersection nodes. Also, no union node is a child
of a union node and no intersection node is a child of an intersection node. A query tree

Q@ s normalized if every internal node of Q) has at least two children.

Given two nodes u and v of a query tree @), if v is on the path connecting u to the root
of ), we say v is an ancestor of u and u is a descendant of v. If u # v, then v is a proper
ancestor of u and wu is a proper descendant of v. A subtree T of @) is a complete subtree if
for every node w of @), if w is in 7', every descendant of w is also in 7. Given a node w of
@, the complete subtree of @ rooted at node w is denoted by Q[w]. Given a subtree U we
denote the set of node, the set of leaves, the set of union nodes, and the set of intersection
nodes of U by nodes(U), leaves(U), unions(U), and intersections(U), respectively.

The second component is the function specifying the sequence of objects corresponding

to each operand.

Definition 2.4 Given a query tree (), an object function for Q) is a function w that asso-

ciates a non-empty sequence of objects with each leaf of Q) such that no object appears in
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more than one such sequence.

The third component is a value function determining the value of each object. We
define there to be two values —oo and oo in V such that —oo is less than every other value

in V and oo is greater than every other value in V.

Definition 2.5 Given a query tree Q@ and an object function w, a value function for (Q,w)
is a function p that assigns a value from V — {—o0, 00} to each object appearing in w(l),

for every leaf | of Q. A wvalue function p is ordered if for every two consecutive objects 0y
and oy of w(l), for a leaf | of Q, u(o1) < p(o2).

The value assigned by a value function p to an object is called the p-value or just the value
of that object.

Definition 2.6 A disordered instance is a triple [ = (Q,w, u) where Q is a query tree, w
is an object function for Q, and p is a value function for (Q,w). A disordered instance
I is an instance if p is ordered. A disordered instance (Q,w, ) is normalized if Q) is

normalized.

The signature of a disordered instance I = (Q,w, p) is defined as the pair (Q,w). Given
a disordered instance I = (Q,w, u), for every leaf | of @), every object appearing in w(()
is an object of I and also is an object of the signature (Q,w). The set of all objects of [
is denoted by Objects(l). In addition, when we talk about a specific disordered instance
(Q,w, 1), by an object of a leaf [ of () we mean an object in w(l). Also, in this situation,
if 0 is an object of a leaf [ of (), we may say [ is the leaf containing o.

Given a disordered instance I = (Q,w, ) and a leaf [ of (), we now number objects
appearing in w(l) with numbers between 1 and the length n of w(l). Also, to handle
boundary cases in proofs, in the next definition, we define two new entities as the Oth and
the (n + 1)st elements of w(l).

Definition 2.7 We define two new objects BEG and END that are not objects of any disor-

dered instance. Also, given a sequence X = o1, ...,0, of objects, for everyi, 0 <i<n+41,
we define Y[i] as follows:
BEG ifi=0
Y[i]=4 END ifi=n+1

0; otherwise
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Definition 2.8 Given a disordered instance I = (Q,w, ), a leaf l of Q, and a member o
of {BEG, END} U Objects(I) such that w(l)[i] = o, for some i, 0 <i < length(w(l) 4+ 1), we
define index(1,l,0) =i.

Now we move towards defining formally what we expect an algorithm designed for

SimpleEval to compute.

Definition 2.9 Given an instance I = (Q,w, ) and a node v of Q, the value set of v in
I is a subset of V defined as follows. If v is a leaf of @), the value set of v in [ is the set of
p-values of objects in w(v); otherwise the value set of v in I is the union or the intersection

of value sets of children of v, depending on the type of v.

We now prove that the definition of the value set of a node v of a query tree ) depends

only on values of objects in sequences associated with leaves in Q[v].

Lemma 2.2 Consider instances I = (Qp,wy, ) and J = (Qy,wy,v) and a node v appear-
ing in both Qr and Q; such that Qr[v] and Q;[v] are the same. Also suppose, for every
leaf I of Qr[v], wi(l) = wy(l) and, for every object o of wr(l), u(o) = v(o). Then, the value

set of v in I is the same as the value set of v in J.

Proof. 'We use induction on the height of v to prove the lemma. If v is a leaf, it follows
from the assumption of the lemma that the set of pu-values of objects of [ and the set of
v-values of objects of [ are the same and hence by Definition 2.9 the lemma is correct. Now
suppose v is an intersection (a union) node with k children u;, ..., u; and the lemma is
true for all children of v. Then, given a child u; of v, as Q[v] = Q;[v], Qrlw;] = Qlus].
Furthermore, since leaves(Q;[u;]) C leaves(Qr[v]), for every leaf I of Q;lw;], wi(l) = ws(1)
and for every object o of w;(1), u(o) = v(0). Thus, by induction the value set of every child
u; of v in I is the same as the value set of u; in J. Hence, due to the definition of the value

set of v, the value set of v in I is the same as the value set of v in J. O

Informally speaking, the problem SimpleEval is given an instance I, to evaluate the
value set of the root of the query tree of I in I and output it in the format that we will
describe. We will use RootValueSet(I) to denote the value set of the root the root of the
query tree of I in I.
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Figure 2.1 An example of making a query tree normalized
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2.2.2 Input and Output

In this section we specify formats of the input and the output of an algorithm for SimpleE-
val. We first explain about the input to the algorithm. It will be assumed that the given
instance is normalized. This does not reduce the generality of the problem as an instance
I that is not normalized can be easily made normalized by repeatedly considering a node
v with only one child u and executing the following steps until no internal node with only

one child remains:

Normalize(v):

if v is the root then
delete v and make u the new root.
else
if u is a leaf then
delete v and make u a child of the parent of v.
else

delete both v and v and make every child of u a child of the parent of v.

Figure 2.1 shows how this method works. In this method, each time a node of the query

tree is deleted and the method stops only when there is no internal node of degree one.
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So, the query tree becomes normalized, ultimately. We now prove that by doing each step
of this method, the value set of the root does not change and hence solving the problem
for the instance created newly suffices.

We consider the three cases distinguished in the method one by one. When v has only
one child u, the value set of v is the same as the value set of u. Now, if v is the root,
we delete v and make u the new root. Thus, the value set of the root does not change.
Now suppose v is not the root and so v has a parent w which is a union (intersection)
node and v = vy, V9, ..., and v, are children of w. Hence, the value set of w is the union
(intersection) of the value sets of v, vy, ..., and v, that is, the union (intersection) of
the value sets of u and vy, ..., and v,,. Now, first consider the case in which u is a leaf.
Then, after the change explained in the method, w has n children u, vs, vs, ..., and v,.
Thus, the value set of w is still the union (intersection) of value sets of v and vy, ...,
and v,. Next, consider the other case in which v is an internal node. Then, since w is a
union (an intersection) node, v is an intersection (a union) node and thus w is a union (an
intersection). Therefore, the value set of u before the change is the union (an intersection)
of value sets of children of u and so the value set of w before the change is the union
(intersection) of the value sets of the children of w and the value sets of vy, ..., and v,. In
addition, after executing Normalize(v), the children of w are the children of u and vy, ...,
and v,. So, after the change the value set of w is still the union (intersection) of the value
sets of the children of u, and the value sets of vy, ..., and v,. Consequently, in either case
the change applied to the subtree rooted at w does not have any influence on the value set
of w and thus the value sets of w and ancestors of w, including the root, do not change.

As explained in Chapter 1), in this thesis our focus is on comparison-based algorithms
for the problem. In a comparison-based algorithm, all decisions are based on relative values
of objects rather than their actual values. To enforce this limitation, we do not let the
algorithm read the values of objects from the input. Instead, the algorithm can read the
signature of the instance and can also submit queries regarding relative values of objects.
Formally, running an algorithm A on an instance I = (Q,w, i), at the beginning A reads
the signature (Q,w). Also, during its execution, A can submit a query consisting a pair
(01,09) of objects to an oracle Compare; and then the response of Compare; is one of the

M "

three operators “<”, “==" or “>” depending on which of the statements p(01) < u(oz),
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p(o1) = p(o2), or u(or) > u(oq) is correct, respectively.

Since the algorithm is not aware of the values of objects, the result of the algorithm is
an ordered set of objects rather than an ordered set of values. More formally, the algorithm
is required to compute a sequence of objects satisfying the conditions defined in the next
definition.

Definition 2.10 Given an instance I = (Q,w, i), a solution of I is a sequence ¥ of objects

of I such that the following properties hold:
1. The set of values of objects of ¥ is the same as RootValueSet([I).
2. No two objects of ¥ have the same value.
3. Objects appear in increasing order of value.

Before describing the format required for the output of an algorithm, using an example
we clarify why we do not design algorithms so that they simply evaluate a solution of a
given instance and output it. Consider an instance I = (Q,w, ) in which @ has three
nodes: a union node as the root and two leaves [y and ly. Also, w(ly) = 01,09,...,04,
w(la) = p1,p2, .-, Pm, and g is defined such that p(or) < p(o2) < ... < p(o,) < u(pr) <
p(pe) < ... < p(pm). The algorithm knows in advance that I is an instance and so by
definition p is an ordered value function. Hence, by comparing values of o, and p; the
algorithm potentially can know that all objects of w(l;) have values less than values of all
objects of w(lz). Thus, using just one comparison an algorithm may know w(l;) o w(ly) is
a solution of the instance, but in order to print this output, the algorithm will need to
consume )(n +m) time just to name the objects. To avoid this kind of waste of time, the
format of the output is designed such that given an instance (Q,w, p), an algorithm can
output a subsequence of w(l), for a leaf [ of @), in constant time.

Definition 2.11 Given an instance I = (Q,w, i), an output item for I is a triple (L, j, k)
where [ is a leaf of Q and 1 < j < k < length(w(l)). In addition, given a sequence ® =
(liyJ15k1)y - ooy (Lny Jns k) of output items of I, the expansion of ® is defined as the sequence
Y10X50...0%,, where for every i, 1 <i<n, X, =w(l;)[j],wl)[5i + 1], ..., w(li)[ki].
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By the previous definition, if we add an output item (I, 7, k) to the end of a sequence ®
of output items, the sequence w(l)[j],w(l)[j + 1],...,w(])[k] is appended to the expansion

of ®. We state this fact as an observation for the future reference.

Observation 2.3 Given a sequence of output items ® of an instance I and an output item
(1,7,k) of I, the expansion of ® ® (I,7,k) = Xg o X1 where Ly is the expansion of ® and
S =w[lw@F +1,... w(l)[k].

Given an instance I = (Q,w, i), an algorithm for the problem SimpleEval evaluates a
sequence ¢ of output items of I such that the expansion of ® is a solution of I. So, the

next observation will hold.

Observation 2.4 Given a comparison-based algorithm A for SimpleEval and an instance

I, the expansion of the output produced by A when run on I is a solution to I.

2.3 Comparisons

2.3.1 Comparison-Based Algorithms

In this section we discuss the behavior of comparison-based algorithms for SimpleEval.
Informally speaking, a comparison-based algorithm is one which all decisions are based on
the previous responses of Compare; to the queries of of the algorithm. As explained, in each
query two objects 0; and oy are specified by the algorithm and the algorithm is informed
of the result of the comparison. This result can be stated in the form of a comparison

proposition defined as follows.

Definition 2.12 A comparison proposition between objects o and p is a statement of the

form o R p where the operator R is one of “ < 7, “> 7 or “==".

Whenever an value function p is fixed, we can talk about the correctness of a comparison
proposition as a total order on members of V is known to us. More formally, given two
objects o and p, depending which of the statements u(o) > u(p), p(o) < u(p), or u(o) =

p(p) is correct, we say the comparison propositions o > p and p < o, p > o0 and o < p,
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or o == p and p == o are satisfied by the value function p or by a disordered instance
whose value function is p. Also, given a set P of comparison propositions, P is satisfied
by a value function p or by a disordered instance I if every comparison proposition of P is

satisfied by p or by I, respectively.

Definition 2.13 Given a set P of comparison propositions, we say an object o is visited
by P or is P-visited if there exists an operator R and an object p such that o Rp or pRo
1s in P; otherwise o is skipped by P or is P-skipped. The set of objects visited by P is
denoted by Visited(P).

We can present an alternative for the definition of ordered value functions based on the

set of comparison propositions that a value function must satisfy in order to be ordered.

Definition 2.14 Given a disordered instance I = (Q,w, ), K(I) is defined as the set of

all comparison propositions of the form o, < oy where o1 and oy are two consecutive objects

of w(l), for a leafl of Q.
Observation 2.5 A disordered instance I is an instance if and only if I satisfies K(I).

When an instance I is fixed, given two objects o; and oy of I such that 0y < 0y € (1),
we say o1 is bigger than oy and o is smaller than o. In this way, given an instance I and
a leaf [ of the query tree of I, we may talk about the biggest object or the smallest object
of w(l).

Given an instance I as the input, a comparison-based algorithm A each time submits
a query (o,p) to Compare; and then A receives the response of Compare; in the form of
one of operators “>", “==" or “<”, indicating which of the comparison propositions o < p,
o == p, or o > p is satisfied by I. In this situation if ¢ is the comparison proposition
between o and p satisfied by I, we say c is reported to A. The sequence of all comparison

propositions reported to A when A is running on [ is denoted by C4([).

Observation 2.6 Given a comparison-based algorithm A and an instance I, I satisfies

every comparison proposition in C4(1).



14 CHAPTER 2. BASICS

By saying an algorithm A wvisits (skips) an object o of an instance I we mean o is visited
(skipped) by the set of comparison propositions in C4(I). We use Visited(/,.A) to denote
the set of all objects visited by the set of comparison propositions in C'4(1).

Given a comparison-based algorithm A, two instances I and J with the same signature,
and a set S of objects of I, consider a special case in which for every comparison proposition
¢ between any pair of objects of S, ¢ is satisfied by [ if and only if ¢ is satisfied by J. If
when A is run on I does not visit any object outside S, informally speaking, A can not
distinguish between I and J and so A will submits the same sequence of queries and will
produce the same output when A is run on [ and when A is run on J. We will discuss

such situations more formally after the next definition.

Definition 2.15 Given a set V of objects, two instances Iy and I, are S-identical iof I
and Iy have the same signature and for every comparison proposition ¢ between two objects
of 8, I, satisfies ¢ if and only if Iy satisfies c.

Now we investigate the behavior of a comparison-based algorithm A when running on
instances that are similar in terms of relative values of objects visited by A. Suppose a
deterministic algorithm A is given an instance I as the input. By definition, the result of
any decision that A makes at any point during its execution is only determined by what
A has read from the input (that is, the signature of ) and the sequence of operators that
A has received as responses to its queries from Compare;. Using this fact we can prove

the next lemma which discusses the set of decisions made by A.

Lemma 2.7 Consider a comparison-based algorithm A for SimpleFEval and two instances
I and J with the same signature and a non-negative integer ¢ such that lengths of both
CA(I) and C4(J) are at least i. Moreover, suppose the operators of the first i comparison

propositions in C4(I) are the same as the operators of the first i comparison propositions

mn OA(J)

Claim 1. The length of C4(I) is at least i + 1 if and only if the length of C4(J) is at least
v+ 1.

Claim 2. If the length of both C4(I) is less i+ 1 then the outputs generated by A produces
the same outputs for I and for J; otherwise the first (the second) operands of the
(i + 1)th comparison propositions in C4(I) and in C4(J) are the same.
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Proof.  We first discuss the first claim and then the second claim. After ¢ comparison
propositions have been reported to A, A might either decide to produce a sequence of
output items and stop running or decide to submit a further pair of objects as a query
to Compare;. As explained before lemma, this decision is based on the signature of the
instance and the sequence of the first i operators received form Compare;. Hence, whether
or not C'4(]) has at least i + 1 comparison propositions, depends only on the signature of
I and the operators of the first ¢ comparison propositions in C4(I). So, Claim 1 is true.
Considering again the situation described by lemma, this time we discuss the situation
after A made its decision on whether to submit a new query or to produce an output and
finish its execution. Then, depending on whether the algorithm has decided to submit the
(14 1)st query or to produce the output, the algorithm has to decide on the the new query
that it submits or on the output that it produces, respectively. In either case, this new
decision is again based only on what the algorithm has read from the input and has received
from Compare; so far, that is, on the signature of I and the sequence of operators of the
first 4 comparison propositions in C'4([). By definition, deciding on the the (i 4+ 1)st query
to be submitted to Compare; is equivalent to deciding on the operands of the (i + 1)th

comparison proposition in C'4(/). Hence, Claim 2 is also true. O

In this section we defined comparison propositions and we explored properties of single
comparison propositions reported to an algorithm. In the next section we will study the

properties of the whole sequence C4(I), for an instance I and an algorithm A.

2.3.2 Proofs

In this section we study the set of evidence that a comparison-based algorithm A should
collect to make sure that the expansion of the output that A generates is a solution to the

given instance.

Definition 2.16 Consider a signature G = (Q,w), a set P of comparison propositions
between objects of G, and a sequence ¥ of objects of G. We say % is a solution certified
by P if X is a solution for every instance I with signature G such that I satisfies P.
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Definition 2.17 Given a signature G = (Q,w), a proof for G is a set P of comparison
propositions such that there exists a solution certified by P. In addition, a proof for an

instance [ is a proof P of the signature of I that is satisfied by I.

Given a set P of comparison propositions, if two instances I and J are Visited(P)-
identical, it follows by Definition 2.15 that P is satisfied by I if and only if P is satisfied
by J. This yields the following observation.

Observation 2.8 Consider a proof P of an instance I and suppose J is an instance

Visited(P)-identical with I. Then P is a proof for J.
The next lemma will be used to construct a proof for a given instance.

Lemma 2.9 Consider an instance I = (Q,w, i), a sequence 3 of objects of I, and a set'V
of objects of I such that ¥ is a solution for every instance that is V-identical with I. The
set P of all comparison propositions between objects of V' satisfied by I is a proof for I.

Proof. We prove that ¥ is a solution certified by P and this yields the fact that P is a proof
for I, by Definition 2.17. To show that > is certified by P, by Definition 2.16 it suffices
to prove that, given an instance J = (Q,w, V) satisfying P, ¥ is a solution to J. To prove
this fact, we prove that J is V-identical with I and then it follows from the assumption of
the lemma that ¥ is a solution to J. So, we consider a comparison proposition ¢ = o Rp
between objects in V and we prove that c is satisfied by I if and only if ¢ is satisfied by J.

We now assume to the contrary that c is satisfied by only one of I and J and we obtain
a contradiction. Depending on whether u(o) > u(p), pu(o) = u(p), or u(o) < wu(p), by
definition one of the comparison propositions o > p, 0 == p, or o < p is satisfied by I. So,
there is a comparison proposition d between (o) and pu(p) satisfied by I. Hence, by the
definition of P, d is in P and so J satisfies d. Therefore, d is satisfied by both I and J
while c is satisfied by exactly one of them and thus ¢ # d. So, one of the instances I and J,
say I, satisfies the two distinct comparison propositions ¢ and d between o and p, that is,
two of the statements (o) < u(p), u(o) = u(p), and p(o) > u(p) are true, a contradiction.
So, the assumption that c is satisfied by only one of I and J is false and hence the lemma

is correct. ]
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As explained in the beginning of the section, informally speaking, a proof of an instance
I is a set of evidence that shows a sequence is a solution to I. We now prove in the next

lemma that the set of comparison propositions in C'4(1) is actually such a set of evidence.

Lemma 2.10 Given a comparison-based algorithm A and an instance I, the set P of all

comparison propositions in C4(I) is a proof for I.

Proof. We first prove that, given an instance J with the same signature as I satisfying P,
the expansion ¥ of the sequence ® of the output items produced when running A on [ is
a solution to J. Then we can show that > is certified by P and hence P is a proof for J.
To prove that ¥ is a solution to J, we show that the length n of C4(J) is at least as large
as the length m of C4(I) and that the operators of the first m comparison propositions
in C4(]) are the same as the operators of the first m comparison propositions in C4(J),
respectively, and then we will use Lemma 2.7.

To prove the above property for C4(J), we use induction on 7, 0 < i < m, to prove that
the length of C'4(J) is at least i and the operators of the first ¢ comparison propositions
in C4(I) are the same as the operators of the first m comparison propositions in C4(J).
The base case ¢ = 0 is trivial. So, we suppose the claim holds for i, 0 < ¢ < m, and
we prove it for ¢ + 1. Since I and J have the same signature and by induction sequences
of operators of the first ¢ comparison propositions in I and in J are equal, we can apply
Lemma 2.7 to conclude that since i +1 < m, ¢ + 1 < n. Then, it follows from Lemma 2.7
that the first (the second) operands of the (i + 1)st comparison propositions in C4(I) and
CA(J) are the same. Now suppose o Rp is the (i + 1)st comparison proposition in C4([).
Then, as we proved, o and p are the operands of the (i + 1)st comparison propositions in
C4(J) and so (o,p) is the (i + 1)st query submitted to Compare;. Also, since o Rp is in
C4(I), by definition o Rp is in P and thus as P is satisfied by J, o Rp is satisfied by J.
Therefore, while running A on J, after A submits (o, p) as its (i + 1)st query to Compare,
the response of Compare; is the operator R. As a result, the operators of the (i + 1)st
comparison propositions in C4(I) and in C'4(J) are the same, as well. Hence, the claim is
true for ¢ + 1.

Now we use the claim for ¢ = m to prove that A produces the same outputs for I and J

and then to complete the proof. According to the claim for ¢ = m, the length of C4(J) is
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at least m and the operators of the first m comparison propositions in C4(I) and in C4(J)
are the same. So, since the length m of C4(I) is not greater than m, by Lemma 2.7 for
i = m, the output ® of A on I is the same as the output of A on J. Therefore, as ¥ is the
expansion of ®, by Observation 2.4/ Y is a solution to J. Consequently, since J was selected
as an arbitrary instance with the same signature as I satisfying P, by Definition 2.16 ¥ is
certified by P and hence by Definition 2.17 P is a proof for the signature of I. Moreover,
since by assumption every comparison proposition in P is in C4(1), by Observation 2.6/ 1
satisfies P and thus by Definition 2.17 P is a proof for I. O

2.4 Tools

In this part of the thesis we introduce some concepts to facilitate dealing with query trees,
proofs, and values throughout the thesis. We first in Section 2.4.1 explore properties of
specific subtrees of the query tree. Afterward in Section 2.4.2) given a proof P of an
instance I, we introduce a number of functions for creating new instances satisfying P
by making minor changes to the values of objects in I. These functions will help us in
investigating properties of proofs. Finally, we talk more about our universal set V of values
in Section 2.4.3.

2.4.1 The Query Tree

In this section we identify rooted subtrees T' of the query tree with this property that
knowing that a value a is (or is not) in the value set of every leaf of T', it is concluded that
a is (or is not) in the value set of the root. These subtrees will be used for designing the
algorithm and also for proving the lower bound.

We now define the subtrees that we talked above. Informally speaking, the query tree
() represents a set expression E as mentioned before. Thus, a complete subtree T" of )
represents a subexpression of E. This subexpression can be written as the intersection
(union) of a number of union (intersection) terms. The set of nodes of the subtree T
representing each of these terms create a sub-union tree (a sub-intersection tree) of T as

defined in below.



2.4. TOOLS 19

Figure 2.2 An example of a sub-union tree and a sub-intersection tree
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A sub-union tree A sub-intersection tree

Definition 2.18 Given a query tree () and a complete subtree U of (), a sub-union tree

(a sub-intersection tree) of U is a subtree T of U with the following properties:

1. It contains the root of U.
2. If it contains a union (an intersection) node, it contains all of its children.

3. If it contains an intersection (a union) node, it contains exactly one of its children.

Figure 2.2 shows an example.

Next we define the following notation for decomposing a given sub-union tree (sub-
intersection tree) to a number of sub-union trees (sub-intersection trees) with smaller
heights and also for composing a number of sub-union trees (sub-intersection trees) to
create a new sub-union tree (sub-intersection tree) containing all of the original ones. Con-
sider a query tree Q). If T' is a sub-union tree (a sub-intersection tree) of Q[v], for a node v
of @), depending on the type of v, deleting v from T either changes T' to one smaller sub-
union tree (sub-intersection tree) or splits it to k& sub-union trees (sub-intersection trees)
where k is the number of children of v. In the first case we denote the new sub-union
tree (sub-intersection tree) by T (7") and in the second case we denote the sub-union tree
(sub-intersection tree) created in this way and rooted at a child u of v by T (7T, u). Also,
if U= Tg(T), for some T" and U, we may write T' = Tg(U). Similarly, if v is a node with
k children uy, ..., u; and for every i, 1 < i < k, we have T; = T5(T, u;), for a sub-union
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tree or a sub-intersection tree T, we write T = Tg(T1,Ts,...,T}). The following four

observations follow by the definition of the function T4 and T, immediately.

Observation 2.11 Given an intersection (a wunion) node v and a sub-union (a
sub-intersection) tree T' of Qv], T = Ta(Ts(T)).

Observation 2.12 Given a child u of an intersection (a union) node v and a sub-union (a
sub-intersection) tree T of Qu], T = To(T(T)).

Observation 2.13 Given a union (an intersection) node v with children uq, ..., ux and
a sub-union (a sub-intersection) tree T of Q[v], T = Tg(Ta(T,u1),..., To(T, ug)).

Observation 2.14 Given sub-union trees (sub-intersection trees) Ty, Ty, ..., Ty, and U
such that U = Tg(T1,...,Tx), T; = To(U,u;) where u; is the root of T;, for every i,
1<i<k.

When T and U are such that "= T(U), or equivalently U = T(7T'), by definition the
root v of T is a union or an intersection node and U is obtained from 7" by just removing

the node v. So, as v is not a leaf, the next observation is true.

Observation 2.15 Given two sub-union trees or sub-intersection trees U and T" such that
U= To(T), leaves(T') = leaves(U). Also, nodes(T) = nodes(U) U {v} and nodes(U) =
nodes(T') — {v} where v is the root of T.

Similarly, if T = T (Uy,...,Uy), for some Uy, ..., Uy, and T, roots of all subtrees Uy,
.., and Uy are children of an internal node v and except v, which is an internal node,
every node of 7" is in one of Uy, ..., or U,. Also, all nodes of each of U;’s, 1 < i < k appear

in T'. Hence, as v is not a leaf, the next observation is true.

Observation 2.16 Given sub-union trees or sub-intersection trees T' and Uy, ..., Uy such
that T = T(Uy,...,Us), leaves(T) = |Jr_, leaves(Uy).

Now, given a union (an intersection) node v with children uy, ..., uj and a sub-union (a sub-
intersection) tree T' of Q[v], by Observation 213/ T = T¢(Ta(T,u1),..., To(T,ux)) and
hence by Observation 2.16 leaves(T') = | J_, leaves(T (T, uy)). Thus, the next observation

is also true.
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Observation 2.17 Given a child u of a union (an intersection) node v and a sub-union
tree (sub-intersection tree) T of Q[v], leaves(T o(T,u)) C leaves(T).

In the next two lemmas we investigate properties of intersections of sets of nodes or
leaves of sub-union trees and sub-intersection trees of a given subtree. We first prove that,
given a node v of a query tree (), the set of nodes of a sub-intersection tree (sub-union
tree) of Q[v] can not be a proper subset of the set of nodes of another sub-intersection tree
(sub-union tree) of Q[v]. Then in Lemma [2.18 we discuss the intersection of the sets of

leaves of a sub-intersection and a sub-union tree of Q[v].

Lemma 2.18 Consider a query tree () and suppose T and U are two sub-union trees or
two sub-intersection trees of Q[v], for a node v of Q. If nodes(T') C nodes(U) then T = U.

Proof. We prove the lemma by induction on the height of v. If v is a leaf, the problem is
trivial. Otherwise, suppose v is a union node; the case of intersection nodes is similar: it
suffices to exchange the terms “union” and “intersection” in the proof. If 7" and U are sub-
intersection trees, we consider the roots u; and us of 7" = To(T) and U’ = T5(U). If uy #
ug, then uy € nodes(T) and wy ¢ nodes(U) while nodes(T) C nodes(U), a contradiction.
Thus, u; = us. So, T and U’ are sub-intersection trees of Q[u;]. Moreover, applying
Observation2.15 for 77 and T', we may conclude that nodes(T") = nodes(T)—{v}. Likewise,
applying Observation 2.15/for U and U, we may conclude that nodes(U’) = nodes(U)—{v}.
Furthermore, as by assumption nodes(T") C nodes(U), nodes(T') — {v} C nodes(U) — {v}.
Therefore, nodes(T") = nodes(T)—{v} C nodes(U)—{v} = nodes(U’). Hence, by induction
T'=U and so T = To(T") = To(U') = U.

Now, we consider the other case, that is, 7" and U are sub-union trees. Then, suppose
Uy, ..., uy are children of v. For every child u; of v, T; = To(T,w;) and U; = To(U, u;) are
two sub-intersection trees of w; and nodes(T;) C nodes(U;); otherwise, there exists a node
v" of Q[u;] which appears in T; but not in U; and so, it appears in 7" but not in U and this
contradicts the assumption that nodes(T) C nodes(U). So, for every i, 1 <i < k, T; = U,
by induction. Therefore, T'= T (T1,...,Tx) = Tg(Ur, ..., Uy) =U. O

Lemma 2.19 Given a query tee (Q and a complete subtree U of Q, for every sub-union

tree Ty and every sub-intersection tree Ty of U, |leaves(Ty) N leaves(Ty)| = 1.
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Proof. We prove the lemma using induction on the height of the root v of U. The proof is
clear when v is a leaf. We consider the case in which v is a union node. The case of inter-
section nodes is similar and it suffices to exchange the terms “intersection” and “union”. We
suppose u is the root of 75 = T5(T3) and we consider the sub-union tree T = Tg(T7, u)
of Q[u]. Since the height of u is less than the height of v, |leaves(17]) N leaves(T3)| = 1, by
induction. But we know leaves(T3) = leaves(T5). So, leaves(T1) N leaves(Ty) = leaves(T1) N
leaves(T3). Also, leaves(Ty) N leaves(Ty) = leaves(T]) N leaves(T3) because leaves(Ty) —
leaves(T}) contains no leaf of Q[u] and so (leaves(T;) — leaves(T})) Nleaves(Ty) = (. There-

fore, |leaves(Ty) N leaves(Ty)| = |leaves(T]) N leaves(Ty)| = 1. O

Given a node v of a query tree () and a subset S of leaves of (), in the next two lemmas
we prove that either one can find a sub-union tree (sub-intersection tree) of Q[v] whose
leaves are all in S or one can find a sub-intersection tree (sub-union tree) of (Q[v] whose
leaves are all in leaves(Q[v]) — S. Later, throughout the thesis, by defining S as the set
of all leaves satisfying a property g, using these lemmas we prove that one can find a
sub-union tree or a sub-intersection tree 7' such that either all leaves of 1" satisfy p or no

leaf of T satisfies p.

Lemma 2.20 Consider a query tree (Q and a node v of Q). Given a subset S of the set of
leaves of Q, if for every sub-union tree U of Q[v] we have S N leaves(U) # 0, then there is
a sub-intersection tree T of Q[v] such that leaves(T) C S.

Proof. We use induction on the height v to prove the lemma. If v is a leaf, the proof is
trivial. So suppose v is an internal node with & children uy, us,. .., u.

First, we consider the case in which v is a union node. First we prove that there exists
a child u; of v such that for every sub-union tree U of Q[u;], S N leaves(U) # () and then
using this fact we prove the lemma for v. Assume to the contrary that there is no such child
u;. Then, there exists a sub-union tree U; of the subtree Q[u;] such that S Nleaves(U;) = 0,
for every ¢, 1 < i < k. Consider the sub-union tree U = Tg(Uy,...,Us) of Q[v]. Then,
as by Observation 2.16 every leaf of U is a leaf of one of U;’s, no leaf of U is in the set S,
contradicting the assumption of the lemma. Hence, there is a child ; of v such that for
every sub-union tree U of Q[u;], SNleaves(U) # ). The height of u; is less than the height



2.4. TOOLS 23

of v. So, by induction Q[u;] has a sub-intersection tree 7" such that leaves(T") C S. Now,
T = Tg(T") is a sub-intersection tree of Q[v] and since leaves(T') = leaves(T"), leaves(T')
is a subset of S.

Next we consider the other case, in which v is an intersection node. We first show that,
for every child u; of v, Q[u;] has a sub-intersection tree whose leaves are all in S. Then we
compose these sub-intersection trees using the operator T4 and we prove the lemma for v.
Given a sub-union tree U of Q[u;], for a child u; of v, for the sub-union tree U’ = T (U) of
Q[v] we have leaves(U’) = leaves(U) and leaves(U’) N'S # (). Thus, for every child u; of v
and for every sub-union tree U of Q[u;], leaves(U)NS # ). So, by induction, for every child
u;, there exists a sub-intersection tree T; of the subtree Q[u;] such that leaves(T;) C S. We
now consider the sub-intersection tree T' = T (T1,...,T;). Then we have leaves(T) C S
as leaves(T) = |JX_, leaves(T;) and leaves(T;) C S, for every i, 1 < i < k. O

The following lemma can be proved in a similar fashion, by exchanging the terms

“union” and “intersection” in the proof.

Lemma 2.21 Consider a query tree (Q and a node v of Q). Given a subset S of the set of
leaves of Q[v], if for every sub-intersection tree U of Q[v] we have S Nleaves(U) # (), there
is a sub-union tree T of Q[v] such that leaves(T) C S. O

Given a node v of a query tree (), recall from beginning of Section 2.4.1/that, informally
speaking, (Q[v] represents a set expression £ which can be written as the union (intersection)
of a number of intersection (union) terms and a sub-intersection tree (sub-union tree)
represents one of these intersection (union) terms. Hence, as E is the union (intersection)
of the aforementioned terms, a value b is in the result of E if b is in the result of one of
(each of) these terms, that is, for one (for every) sub-intersection tree (sub-union tree) T
of Q[v], b is in the result of the term represented by T. We prove this fact formally in the

next lemma.

Lemma 2.22 Consider an instance (Q,w, i), a complete subtree U rooted at a node v of

@, and a value b in V. The following propositions are equivalent:

Py: The value b is in the value set of v.
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Py: There exists a sub-intersection tree T of U such that each leaf of T' contains

an object of value b.

Ps: For every sub-union tree T' of U there exists a leaf of T that contains an

object of value b.

Proof. First we show P, implies P; using induction on the height of v. So, we suppose P
is true. If v is a leaf, P, follows immediately from P;. If v is a union node, the height of
the root u of To(T) is less than the height of v; so b is in the value set of u, by induction.
Therefore, b is in the value set of v as u is a child of v. Finally, if v is an intersection node,
for every child u of v and every leaf [ of To(T,u), by Observation 2.17 [ is a leaf of T" and
thus w(l) contains an object of value b. Consequently, by induction b is in the value set of
u as the height of u is less than that of v. So, b is in the value set of v as it is in the value
set of every child of v.

Next we suppose P3 does not hold and we prove P; also does not hold. If P; does not
hold, there exists a sub-union tree 7" of U such that for every leaf [ of 7", w(l) does not
contain an object of value b. Again, using induction on the height of nodes v of T" we
prove that b is not in the value set of v. If v is a leaf it is obvious. If v is an intersection
node, the height of the root u of T5(7") is less than the height of v. Thus b is not in the
value set of u, by induction. So, b is not in the value set of v either as u is a child of v.
Finally, if v is a union node, for every child u of v, no leaf of T (7", u) contains an object
of value b. Therefore, by induction b is not in the value set of u as the height of u is less
than that of v. So, b is not in the value set of v as it is not in the value set of any child
of v.

Finally, we show P, holds providing P; holds. For this purpose, we define S to be the
set of all leaves u of U such that b is in the value set of u. According to P;, for every
sub-union tree T' of U we have S N leaves(T) # (. So, according to Lemma [2.20 there
exists a sub-intersection tree 7" of U such that leaves(T”) C S, that is every leaf of T”

contains an object of value b. Hence, P, holds. 0

When we talk about wunion problems or union instances, actually we are considering

the cases in which the root of the query tree is a union node. Similarly, whenever we talk
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about an intersection problem or an intersection instance, we are supposing that the root

of the query tree is an intersection node.

2.4.2 Numbering Functions

Throughout the thesis we will need to execute various operations on values in V. Selecting
one or more values between two specific values or assigning the kth biggest value to an
object are two of these operations. In this section we introduce functions, each one creating
a one-to-one order-preserving mapping between a set of integers and a set of values. Using

these functions, performing such operations will be easier.

Definition 2.19 A numbering function is an one-to-one function ¢ : Ny — V, where
No = NU{0}, such that for any integers i and j such that i < j, we have ¢(i) < ¢(j). We
define Vg = {¢(i) | i € No}.

Given a numbering function ¢ and a value a, we say ¢ defines a if a is in V4. In addition,

¢ defines a value function p if for every object o for which (o) is defined, p(o) is in V.

Lemma 2.23 Consider a numbering function ¢ and two values a and b defined by ¢. If
a <b then $~'(a) < ¢~ (D).

Proof 1 g-'(a) = ¢-'(b) then a = 6(61(a)) = (6~1(5)) = b. Thus, ¢-'(a) #
¢1(b) since a # b. Also, if ¢~ (a) > ¢71(b) then a = ¢(¢'(a)) > ¢(¢~1(b)) = b, by
Definition 2.19. Hence ¢~ !(a) # ¢~1(b) as a # b. So, ¢~1(a) < ¢~ (D). O

Observation 2.24 For every finite subset S of V, there exists a numbering function defin-
ing all members of S. Furthermore, for every value function p defined over a finite number

of objects, there is a numbering function defining .

Using the mapping defined by a numbering function ¢, we can apply an integer opera-
tion on a value b by first mapping the value b to the integer ¢! (b), executing the operation

on ¢~ 1(b) to obtain a non-negative integer k, and then evaluating ¢(k).

Definition 2.20 Given a value b, an integer i, a numbering function ¢ defining b, and an
integer operator ® € {+, —, x} such that $=1(b) ® i is a non-negative integer, we define
b®yi= ¢ (o1 (b) ®1).
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The following definition allows us to map the set of values assigned by a value function
i to a different set of values, preserving the order of values. This will be useful when we
need to select a value between values of two objects and we are not sure if such a value
exists. In this situation we can map the set of values of all objects to a different set of

values such that there exists a value between every two values assigned to objects.

Definition 2.21 Consider an instance I = (Q,w, 1), a numbering function ¢ defining p,
an integer i, and an integer operator ® € {+,—, x} such that for every object o of I,
p(0) ®y i is defined. We define the value function p ®41 as (u ®g 1)(0) = p(o) @y .

Considering values a and b defined by the value function ¢ such that a ®44 and b ®, ¢ are
defined, if a < b, by Lemma 2.23 ¢~'(a) < ¢~ !(b) and so, ¢'(a) ® i < ¢~ (b) ® 7. Hence,
a®si = (¢ Ha)®i) < p(¢1(b) ®i) = b®yi. So given a value function p defined by
a numbering function ¢, an integer i, and an integer operator ® € {4, —, x} such that
[t ®y 4 is defined, every comparison proposition satisfied by g is also satisfied by p ®g ¢.
This yields the following observation.

Observation 2.25 Given an instance I = (Q,w, p) , a numbering function ¢ defining p,
an integer i, and an integer operator ® € {+, —, X} such that p® i is defined, (Q,w, p Ry 1)

is an instance and is Objects(I)-identical with I.

The next lemma is in fact an application of Definition 2.21. Let us we give intuition
on the result proved in this lemma and how this result can be used. Consider an instance
I = (Q,w, p), a numbering function ¢ defining p, the value function v = p X, 2, and the
disordered instance J = (Q,w, ). Due to Observation 2.25, J is an instance Objects([)-
identical with I. So, given a proof P of I, since Visited(P) C Objects(I), it follows from
Definition 2.15 that [ and J are Visited(P)-identical and hence by Observation 2.8 P is
a proof of J. But J has the additional property which is if we change the value of any
object o of J skipped by P to v(0) +4 1 = (1(0) X, 2) 44 1, the resulting value function
is valid and still satisfies P, as we show in the next proof. This property will be used to
prove that, informally speaking, an algorithm or a proof can not skip too many objects
of a given instance I; otherwise, as we will prove formally in Section 4.2, we can adjust
values of skipped objects such that the new instance still satisfies P but has no solution in

common with 7, contradicting the fact that P has a certified solution.
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Before presenting the lemma, we first introduce the following notation for changing the
value of a number of objects to a given value. Given a value function p, objects oy, ...,

and o, and a value a, we define the value function puloy, ..., 0, — a] as follows:

plo, ..., o — al(p) =

{a ifp € {oy,...,o}

p(p) otherwise.

Lemma 2.26 Consider an instance I = (Q,w, 1) and a numbering function ¢ such that
¢ defines . Furthermore, suppose P is a set of comparison propositions satisfied by p
and S = {o1,...,01} is a set of objects of I all skipped by P and with the same value a.
If v = puxs2 and & = vioy,...,0 — (a X4 2) +4 1] then J = (Q,w,§) is an instance
satisfying P.

Proof.  We first prove that every comparison proposition in P U K(I) is satisfied by pu.
Then, we prove an inequality on &-values of objects and using that inequality we show that
every comparison proposition with one of the two operators “<” or “>" satisfied by u is
satisfied by £. Afterward, we prove that every comparison proposition in P U K(I) with

7

the operator “==" is satisfied by £. Having proved the above claims, it is proved that &
satisfies PUIK(I). Also, as I and J have the same signature, it follows from the definition
of the function I that (1) = IC(J). So, we then can conclude that & satisfies P U KC(J).
By Observation 2.5/ this result yields the fact that J is an instance satisfying P. So, in this
way the lemma is proved.

The proof of the claim that [ satisfies P U K(I) is simple. Since [ is an instance, by
Observation 2.5/ I satisfies (1) and since P is a proof for I, I satisfies P. Hence, I satisfies
every comparison proposition in (1) U P.

Let us now we prove the inequality on &(p) that we talked about. Since v = u x4 2, by
Definitions 2.21 and [2.20, for every object p, v(p) = p(p) x42 = ¢(2¢~(u(p))). In addition,
by definition a X4 2 = ¢(¢~(a) x 2) and hence ¢~ (a x4 2) = 2¢~'(a). Consequently,
(ax42)+s1=0d(dHax42)+1) =290 (a) + 1). Now, by the definition of &, for every
object p, if p € S then &(p) = v(p) = ¢(20~ (1u(p))); otherwise &(p) = (a x4 2) +4 1 =
#(2¢7(a) + 1). Also, the u-value of every object in S is a. Therefore, for every object p,
if p €S then

&(p) = ¢(207 ((p))); (2.1)
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otherwise §(p) = ¢(2¢~' (1u(p))+1). So, as by Definition 2.19/6(2¢~ (1(p))) < ¢(2¢~ " (1u(p))+
1), the following inequality is obtained.

$(207" (u(p)) < &p) < G207 (u(p)) +1). (2.2)

Now we consider a comparison proposition ¢ of the form p < ¢ satisfied by p and we
show that c is also satisfied by £&. Then we show that every comparison proposition of the
form g > p satisfied by p is also satisfied by £. Since c is satisfied by u, pu(p) < u(q). As
a result, due to Lemma 2.23, ¢~ (u(p)) < ¢~ (u(q)). So ¢~ (u(p)) +1 < ¢ (u(q)) since
¢~ (u(p)) and ¢~ (uu(q)) ave integers. Hence, 2¢~ ' (u(p))+1 < 20~ (u(p))+2 < 26~ (u(q))
and thus by Definition 2.19 ¢(2¢' (u(p)) + 1) < ¢(2¢(u(q))). So, applying Equation 2.2
for p and ¢, £(p) < (207 (u(p)) +1) < ¢(207(1u(q))) < &£(q). Therefore, c is satisfied by
¢. An argument similar to the above one shows that a comparison proposition of the form
q > p satisfied by p is also satisfied by &: it suffices to change the definition of ¢ to ¢ > p
and repeat the above argument.

We now prove that £ satisfies every comparison proposition with the operator “=="in
P UK(I). The set K(I) does not contain any comparison proposition with the operator
“==". Now consider a comparison proposition of P of the form p == ¢, for two objects
p and ¢q. As members of S are P-skipped, neither p nor ¢ is in §. Also, since by the
assumption of the lemma p satisfies P, p(p) = p(g). Now, as p and ¢ are not in S, by
Equation 2.1 for p and g, £(p) = 6(26~(u(p))) = 6(26™(1(q))) = £(q). Therefore, p == g
is satisfied by £. So, the lemma is correct as explained before. O

Definition 2.22 Given a numbering function ¢ and a value b defined by ¢, we say b is
p-even if ¢~1(b) is even; otherwise b is ¢g-odd. Also, v is ¢-positive if ¢~1(b) is positive.

2.4.3 Skirted Sets

In order to have a uniform representation for the set of values greater than a particular
value a and the set of values greater than or equal to a, for every value a in V— {—o00, o0},

we create a new skirted value a+ which is defined to be more than a and less than any
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member of V more than a. In addition, we define

V+=VuU U {a+}

a€V—{—o0,00}

The main values of a and a+ are defined as a. By saying a is a main value, we mean a is
the main value of a member of V+. The next three observations follow immediately from
the definition of V+ and the total order defined on this set.

Observation 2.27 A member b of V+ is a main value if and only if b is not a skirted

value.
Observation 2.28 Given a member a of V+, —oo < a < 0.
Observation 2.29 Given two values a and b in V such that a > b, a > b+.

Considering two values a and b in V+ such that b < a, if a is a main value, b < a = (a);
otherwise, the smallest member of V+ greater than (a) is a and so since by assumption

b < a, b is not greater than (a). So, in either case the next observation is true.

Observation 2.30 Given two values a and b in V+ such that b < a, b < (a).

2.5 Breaking the problem down

In this section we consider the problem in the case in which the root of the query tree of a
given instance is a union node and has more than one child that is a leaf. We break down
the problem in this case into two subproblems, one of which has been studied earlier and
the other one in which the root has at most one leaf child. Then, in the rest of the thesis
whenever the root is a union node and has more than a child, we just consider the second
subproblem, that is, the subproblem in which the root has at most one leaf child.

Now we explain how the problem is divided. Consider a union instance in which the
root of the query tree has n children uq, ..., u, such that uy, ..., uy are leaves and the
rest of the u;’s are intersection nodes. Furthermore, suppose S; denotes the value set of the
child u;, for every i, 1 < i < n. An algorithm has to evaluate S = | J;_, S;. We divide the
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problem of evaluation of this expression to the problems of evaluation of 7 = Ule S; and
then evaluation of 7 UJ;_, +1 Si- The discussion on optimality of this way of evaluation of
S is beyond this thesis. As we will explain later in this section, the problem of evaluating
7T has been studied before and so we focus on the problem of evaluating & when 7 is
already known.

As explained, we break the problem only when the root of the query tree is a union
node and the number of leaves that are children of the root is more than one. We now talk

more about this type of leaf.

Definition 2.23 A leaf v of the query tree Q is a speedy leaf if the root of ) is a union
node and v is a child of the root of Q.

Observation 2.31 A leaf | of a query tree has no intersection ancestor if and only if | is

a speedy leaf.

If a query tree ) contains exactly one speedy leaf, we denote that leaf by sl(Q). We
denote the tree created by deleting all speedy leaves from @ by N(Q). If no speedy
leaf exists, N(Q) is the same as (. Also, given the instance I = (Q,w,pu) we define

N(I) = (N(Q),w, ).

Observation 2.32 Given an instance I = (Q,w, i), the value set of the root in I equals

the union of the value set of the root in N(I) and value sets of all speedy leaves of Q.

As we prove in Lemma 2.34, a property of non-speedy leaves [ that makes them different
from speedy leaves is that, given a proof P, an object of w(l) skipped by P may not appear
in a solution certified by P. This property holds if every intersection node has at least two
children

Definition 2.24 An object o is hidden if there exists a proof P and a solution ¥ certified
by P such that P skips o and o is in 2.

Definition 2.25 A query tree () is intersection-normalized if every intersection node of
Q has at least two children. An instance (Q,w,p) is intersection-normalized if @ is

intersection-normalized.
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Note that as N(Q), for a query tree @, differs from @ only if the root of @) is a union
node and N(Q) is created from ) by only deleting speedy leaves. So, if ) is intersection-

normalized, N(Q) is also intersection-normalized.

Observation 2.33 Given a intersection-normalized query tree Q, N(Q) is intersection-
normalized. Also, if I is an intersection-normalized instance, N(I) is also intersection-

normalized.
We now prove the property explained before Definition 2.24.

Lemma 2.34 Given an intersection-normalized instance I = (Q,w, 1), any hidden object

o of I belongs to the sequence associated with a speedy leaf.

Proof. Given a hidden object o of I, we prove that the leaf [ containing o has no
intersection ancestor and so by Observation 2.31/ [ is a speedy leaf. By Definition 2.24
there is a proof P for I and a solution X certified by P such that o is P-skipped and is in
Y. Also, by Observation 2.24 there is a numbering function ¢ defining pu.

The idea is to create from I a new instance J = (Q, w, §) satisfying P by changing only
the value of 0. Then we show that ¥ is a solution to J and we conclude that £(0) is in the
value set of the root. Also, we show that o is the only object of {-value £(0) in J. Using these
facts we prove that [ does not have any intersection ancestor. We now define the instance
J as explained in Lemma 2.26: we define v = p x4 2, & = v[jo — (u(0) %4 2) +4 1], and as
stated above, J = (Q,w, ). Then, as by assumption o is P-skipped, by Lemma 2.26/ for
a = (o), J is an instance satisfying P. Hence, ¥ is a solution to J, due to Definition 2.16.
Therefore, £(0) is in the value set of the root in J as o is in X.

To prove that J has no object of &-value (o) other than o, we consider an object
p of J and prove that ¢~!(£(p)) is even if and only if p # o. By the definition of &,
{(p) = v(p) if p # o; otherwise {(p) = (u(o) x4 2) +4 1. Also, v(p) = (1 x4 2)(p) =
w(p) X4 2 = (¢~ (u(p)) x 2) and hence ¢~ (v(p)) = 2¢~ (u(p)). Therefore, if p # o then
67U EW)) = 0 (v(p)) = 267 (ulp)); otherwise E(p) = (1(0) % 2) 1 = ((p) X9 2) 4o 1 =
v(p) +5 1 = 667 (v(p) + 1) = 3267 (u(p)) + 1) and thus 671(E(p)) = 26~ (u(p)) + 1.
Consequently, ¢~1(£(p)) is even if and only if p # 0. So, o is the only object whose &-value

is not ¢-even and hence J has no object of {-value £(0) other than o.
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Now we can prove that [ has no intersection ancestor. As we proved (o) is in the value
set of the root in J, by Lemma 2.22 there is a sub-intersection tree T" of () such that every
leaf of T" has an object of {-value £(0). Hence, as the {-value of no object other than o
equals £(0), o is an object of every leaf of T'. So, as by Definition 2.4 0 is the object of only
one leaf of (), T' has no leaf other than [. Also, by Definition 2.18, if T' contains an internal
node v, it contains a child of v too, and recursively applying this fact, we may conclude
that if 7' contains a node v then 7' contains a leaf in Q[v]. Thus, as by Definition 2.18
T contains the root, T' contains a leaf of () and so, since 1" has no leaf other than [, [
is a leaf of T. Therefore, as T is a subtree containing the root and [, every node on the
path connecting [ to the root of () is in T" and so all ancestors of [ are in 7. Now assume
to the contrary that [ has an intersection ancestor w. As @ is intersection-normalized,
w has at least two children u; and uy. Since w is an ancestor of [, w is in T" and thus
by Definition 2.18 u; and wus are also in 7. So, a leaf from each of Q[ui] and Q[us] is in
T, contradicting the fact that [ does not have more than one leaf. Therefore, [ has no

intersection ancestor and hence the lemma is true. O

We now formally divide the problem of solving SimpleEval for an instance with a
query tree with more than one speedy leaf to two subproblems. Given a union instance
I = (Q,w, ) in which Iy, ..., I are all speedy leaves of @) and k£ > 1, we define the

instances First(I) and Second(I) as follows.

1. The instance First(I) is defined as (First(Q), wr, 1) where First(Q) is a query tree of

height one having k leaves vy, ..., vy and for every i, 1 <i < k, wr(v;) = w(l;).

2. The instance Second(I) is defined as (Second(Q),ws, 1), where Second(Q)) is created

by omitting all leaves 5, I3, ..., I from ) and wg is defined as follows:
l)y ifl#1
ws(l) — CJ( ) 1 7& 1
21 ifl = ll

where ¥, is an arbitrary solution to First([).

As Second(Q) is created from @ by omitting k — 1 of its speedy leaves, it is clear that
Second(Q) has exactly one speedy leaf. Also, First(Q) is of height one. Note that in order
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to construct Second(I) one need to first solve First(I) and obtain a solution ¥ to First([).

We now prove that a solution to Second(I) is a solution to I.

Lemma 2.35 Consider a union instance I = (Q,w, p) in which Q has more than one

speedy leaf. Then, a solution to Second(I) is a solution to I.

Proof. Defining [y, ..., I} as all speedy leaves of @) and vy, ..., u,, as non-leaf children of
the root in @), we first prove that the value sets of u; in I and in Second(I) are the same,
for every i, 1 < i < m. Then we show that the value set of the root in I is the same as the
value set of the root in Second(I). After that, using these facts we prove the lemma.

Now let us prove that given an integer 7, 1 < i < m, the value sets of u; in I and in
Second(I) are the same. Since Second(Q) has created from @ by just deleting some leaf
children of the root, Second(Q)[u;] = Qlu;]. Also, for every leaf [ of Q[u;], | # [; and thus
ws(l) = w(l). Moreover, the value functions of I and Second(I) are the same. Hence, by
applying Lemma 2.2/ for v = u;, we may conclude that the value sets of u; in I and in
Second(I) are the same.

We now show that RootValueSet(I) = RootValueSet(Second(I)). Suppose Sy, ...,
Sk, are sets of values of objects in w(ly), ..., w(lx), respectively. As w(l;) = wr(l;), by
Definition 2.9 value sets of ; in I and in First([) are both equal to S;, for every i, 1 <i < k.
Thus, defining S = |J{_, S;, by definition RootValueSet(First(I)) = S. Therefore, as by
definition wg(ly) is a solution to First(I), the set of values of objects in wg(ly) is S and so
the value set of I} in Second(I) equals S. Also, defining 7; as the value set of u; in I, as
we proved, 7; is the value set of w; in Second(I), for every i, 1 < i < m. Consequently,
as l1, Uy, ..., Uy, are the children of the root in Second(Q), RootValueSet(Second(I)) =
SUUiL, 7; = Ule SiUUjL, 75 But by, ..., Iy, ua, ..., and u,, are children of the root in [
and we proved S, is the value set of [; in I, for every ¢, 1 < i < k, and by assumption 7 is the
value set of u; in I, for every j, 1 < j < m. Hence, RootValueSet(I) = Ule S; UU;”Z1 T, =
RootValueSet(Second(I)).

We now show that a solution g to Second([]) is a solution to I. By Definition 2.10
objects in Xg have distinct pu-values and appear in Xg in increasing order of u-value and the
set of values of objects in X g equals RootValueSet(Second(I)) = RootValueSet(I). Hence,
Yg satisfies all conditions of Definition 2.10! for I and thus is a solution to I. O
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Now there are three remaining issues to be discussed. The first issue is that how to solve
the instance First(I). This instance is a union instance in which the query tree is of height
one. The problem in this case has been studied extensively by Demaine et al. [DLOMO0]
and we refer the reader to their work.

The second issue is that once SimpleEval is solved for First(I), we still need a solution
Y to First(I) to create the instance Second(l). By definition, the output of an algorithm
executed on First(I) is a sequence ®p of output items such that the expansion of ®p
is a solution to First(I). Hence, one approach is to create a solution as described in
Definition 2.11. But the time that this approach takes is linear in the number of objects of
the solution of First(I) while neither the algorithm proposed by Demaine et al. for solving
First(I) nor the algorithm that we describe in this thesis for solving Second(I) need that
much time to solve First(/) and Second(l). So, this is not an ideal approach and hence
this part remains as an open problem to be discussed.

The last issue is that once we created Second(I) and solved SimpleEval for Second([),
we have a sequence ®g of output items for Second(I) such that the expansion 3g of ®g is
a solution to Second(l) and thus by Lemma 2.35 ¥g is a solution to I. Now, the problem
is that ®g is a sequence of output items for Second(I), not for I. So, we must design a
method for constructing a sequence of output items for I with the same expansion as ®g.
Again one solution is to evaluate the expansion of ®g and then corresponding to every
object o in this expansion create an output item for I. But due to the same reason as
above this is not an ideal solution and this issue remains to be discussed, as well.

In the rest of the thesis we will discuss the problem in the case in which the query tree

does not have more than one speedy leaf.

2.6 Difficulty

This section defines the difficulty of an instance in which the query tree has at most one
speedy leaf. We use a model similar to the difficulty of instances of height one defined
by Demaine et al. [DLOMO00], but more complex. We define a parameterized class of
difficulty functions. Then we present a general lower bound on the adaptive running time

of algorithms for any difficulty function in this class.
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Given an algorithm 4 and an instance I, the set of comparison propositions in C'4(1)
is a proof for I, by Lemma 2.10. Informally speaking, this means that given an instance I,
a comparison-based algorithm computes a proof for I. Because of this, we define the cost
of a proof P of I as the effort needed to compute P and then we define the difficulty of an
instance I as the minimum cost of any proof of 1.

Now we informally explain the idea behind the definition of the cost of a proof. As is
proved in the next chapter, every proof P consists of a number of subproofs, each proving
a value a is (or is not) in the value set of the root. Now in a more general setting, we
consider a comparison-based algorithm A, a proof P for an instance I = (Q,w, i), and a
subproof of P proving a value a is or is not in the value set of a node v of (). Then we
discuss the effort needed to compute such a subproof in each of the two cases in which v
is a leaf and v is an internal node, separately.

First we consider the case in which v is a leaf. If 0 and p are two consecutive objects
of w(v) such that p(o) < a and a < p(p), the two propositions (o) < a and a < u(p)
(or just a = p(o)) suffice to prove a is not (or is) in the value set of v. Also, in order to
prove a is not in the value set of v, as we will prove, P has to visit 0. Now suppose there
are g consecutive P-skipped objects just before 0. Among o and the g objects before o,
o is the only one visited by P. Intuitively, according to information that 4 has gathered
before A visits any of these g objects, potentially each of these objects can be the biggest
object with a value of at most a. So, A has to find the biggest object with a value of at
most a among at least 1 4+ g candidates and then compare it to a. This requires at least
1+logs g comparisons in the worst case because there are three choices for the comparison
proposition resulting from each comparison and so, informally speaking, every comparison
eliminates at most % of these 1 + ¢ possibilities in the worst case. As we define more

formally in the next definition, these 1 4+ g objects create a P-gap.

Definition 2.26 Suppose P is a proof for the instance I = (Q,w, ), 1 is a leaf of Q
and w(l) = 01,...,0,. Also, 04,04y, ...,0., 1S the sequence of all objects of w(l) that are
visited by P where x; < xj1 for every j, 1 < j < m. If m > 0, each of the sequences

01,02, ..,04 and for every j, 1 < j <m, 0y, 41,04, 142, --,0q; 5 a P-gap.

Now imagine we want to prove that a value a is not in the value set of an internal node

v. If v is a union node, it is clear what we have to do: we need to prove that a is not in the
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value set of any child of v. So consider the case in which v is an intersection node. Then,
we have to find a child w of v such that a is not in the value set of w. But as we do not
know which child is w, we have to start solving the problem for all children of v until the
problem is solved for w and so we know « is not in the value set of w. Thus, when defining
the cost of a proof, we must consider the overhead caused by processing other children of
v. This can be done by counting every object of Q[v] visited by P k times, where k is the
number of children of v, if we suppose the processing time is equivalently divided among
the subtrees rooted at the k children of v. We put it in a more general way. Let us define
S to be the set of children of v. For every child u of v, we consider a weight L~ (u) and we
define L~ (v) = >, cs

set of u would take i:gzg of the whole time spent for proving that a is not in the value set

L~ (v) ..
() fimes as

L~ (u), meaning that our attempt to prove that a is not in the value

of v. Then we count every object of Q[u| visited by P, for a child u of v,

the time spent for v is figz)) of the time spent for w.

Now consider the situation in which we want to prove that a value a is in the value set
of a node v. This time if v is a union node we are in a situation in which we do not know
which child of v should be investigated and hence we have some overhead. Using an idea
similar to what we explained for the previous case, we consider an arbitrary weight L™ (w),
for every child w of a union node v, and we define L*(v) = >° _s L (w) where S is the

set of children of v. Then we count every object of Q[w] visited by P, for a child w of v,
L*(v)
¥ (w)

Motivated by the reasons we mentioned, we define the parametric family of difficulty

times.

functions where the parameter is a function defining arbitrary weights as discussed earlier.
This parameter is defined formally as follows.

Definition 2.27 A negative (positive) workload function for a query tree @) is a function
L~ (L7, respectively) assigning a positive number to every node of Q such that the following

properties hold:
1. The number assigned to every leaf is one.

2. The number assigned to an intersection node (a union node, respectively) u equals

the sum of the numbers assigned to children of u.
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3. The number assigned to a union node (an intersection, respectively) u is at least one

and is at most the sum of numbers assigned to children of .

Now, the parameter is a workload setting L for () which is defined to be a pair (L™, L)
where L™ and LT are a negative workload function and a positive workload function for @,
respectively. Given a query tree ) and a workload setting L = (L, L™) for @, we define
two functions W, and W where for every node v each returns a real number. Values of
these functions for a leaf [ will be used to determine how many times a visited objects of [
should be counted.

Definition 2.28 Given a query tree QQ, a workload setting L = (L™, L") for Q, and a
node v of Q, we define W; (v) and Wi (v) as follows. If v is the root of Q, W (v) and
W (v) both are defined as 1. Otherwise, if u is the parent of v, W; (v) and W; (v) are

defined in the following manner.

W, (u) if u is a union node
W (v) =
H | W (u) x E:EZ; otherwise
X ( Wi (u) x iigjg if u is a union node
WH(v) —
o | Wi () otherwise

Moreover, given a node v of Q, we define Wr(v) = W, (v) + W, (v).

Now, given a proof P, as explained before Definition 2.27, we count a visited object o of
a leaf | of @ Wr(I)(1 + logs g) times where g is the length of the P-gap ending with o.
Since we do not mind constant factors here, we consider a factor Wy (1)(1 + log g), instead
of Wr(I)(1+1logsg). So, the L-gap cost of the proof P is defined as follows.

D)= Y (Wm ) 1+logglm> 23)
l€leaves(Q) 1<i<my

where for a leaf [ of @, m; is the number of visited objects in w(l), and g[1], ¢[2], ...,
gi[my] denote lengths of P-gaps of . Then, the difficulty of the instance I in which the
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query tree has at most one speedy leaf is defined as

Dy (1) = min Dy (P), (2.4)
where 7 is the set of all proofs of I. Given an instance I = (Q,w, ut) such that ¢ has more
than one speedy leaf and a workload setting L for Second(Q), the difficulty function Dy, is
defined as Dy (I) = D”(First(I)) + Dr(Second(I)).

In the next two sections we show that how a proof can be converted to a sequence of
subproofs each showing a group of objects is or is not in the value set of the root and then

in Chapter 5 we will use the structure of that type of sequence to develop our algorithm.



Chapter 3
Eliminating Proofs

As noted in the last chapter, the set of objects visited by a proof can form a number of
subproofs, each proving a specific value (or a range of values) is or is not in the value
set of the root. In this chapter we show how a proof can be rearranged to a form called
an eliminating proof that is a sequence of such subproofs. The idea of this structure will
be used in the next chapter to develop the algorithm. We will also use this structure in
Chapter 6/ to analyze the running time of the algorithm.

Let us first explain the idea of the structure. We construct a solution to an instance
I by considering an empty sequence and then by adding new objects to it, step by step,

such that after each step we have a partial solution, defined formally as follows.

Definition 3.1 Given an instance I = (Q,w, i), a partial solution to I is a sequence 3
of objects of I such that the value of every object in X is in the value set of the root and

for every two consecutive objects o1 and oy of ¥, p(01) < u(oz).

Now suppose we are in the middle of accomplishing the task of adding new objects to
construct a solution. Consider the set S of all values a such that an object of value a is in
our current partial solution. Objects are added to the partial solution in order of value so
that a variable es, whose value is a member of V+, marks a boundary between values in
the value set of the root that are in S and those that are not in §. As a result, for every
value a less than e, if a is in the value set of the root, an object of value a already has been

added to the partial solution. Consequently, informally speaking, an object o of a value

39
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Figure 3.1 An eliminating configuration

e=10,e =8, 5 =3,4,5,6
@ = (‘A7 1’2)’ (D’ 1) 1)7 ('A7373)

less than es is not going to be used to extend the current partial solution to a solution and
so o can be ignored from now on. As initially no object is added to our partial solution,
we set es = —o0 so that es is less than values of all objects.

We define an additional variable e that plays the same role as es, but for N(I) (defined
in Section 2.5) instead of I, which means that for every value a in the value set of the root
in N(I), an object of value a has already been added to the partial solution if and only if
a < e. Now, given an object o of N(I) with a value less than e, as we will prove in this
chapter, we can ignore o from now on without missing any value in the value set of the
root in I. In our structure, due to the reason that we now explain, we define e to be a
value at least as large as es. One can observe that, given a value a in the value set of the
root in N(I), by Observation 2.32/ a is in the value set of the root in I and so an object of
value «a is in the partial solution if and only if a < es. So, by setting e := es the property
described for e is not violated. Moreover, the bigger the value of e is, the more objects of
N(I) we can ignore from now on. So, we suppose e > es.

Figure 3.1 shows an example. In the figure, 3 is the partial solution generated so far.
Each object is shown as a rectangle and the value inside the rectangle is the value of the

object. Objects above the object indicated by the arrow shape in each leaf are objects
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that can be ignored. The expansion of the sequence ® of output items (Definition 2.11)
in the figure is the partial solution ¥ as can be seen. This sequence of output items and
the current values of e and es create our current eliminating configuration as defined in the
following definition. Note that if the query tree has no speedy leaf, e and es have the same

meaning and so we always set es = e.

Definition 3.2 Given a signature G = (Q,w) and an instance I = (Q,w, p), an eliminat-
ing configuration for G or for I is a triple C' = (e, es, ®), where e and es are values in V+
and ® is a sequence of output items for I such that if Q) has no speedy leaf, es = e and
otherwise, es < e. In addition, e, e, and ® are called the e-value, the es-value, and the

output of C.

Now let us formally we define which objects can be ignored. As we proceed, we complete
our partial solution and during this progress, all objects of N (/) with values less than the
e-value of the current eliminating configuration C' can be ignored. An object of I that is
not in N(/), and so is an object of a speedy leaf, can be ignored only if its value is less than
the es-value of C'. Considering these facts, given an eliminating configuration C', we define
C-eliminated objects as objects that can be ignored in the future. The next definition

defines this concept more precisely.

Definition 3.3 Given an instance I, an eliminating configuration C of I, and an object
o of I, o is C-eliminated if it is an object of N(I) and has a value less than e or it is an
object of a speedy leaf and has a value less than es. An object that is not C'-eliminated is a

C-remaining object.

We may omit C' in terms “C-eliminated” and “C-remaining” when C' is clear from the
context (for example in an informal argument when we are talking about the current
eliminating configuration).

Now we introduce a function for evaluating the smallest C'-remaining object of a leaf [.
In order to evaluate the smallest C-remaining object of [, for a non-speedy leaf [ (a speedy
leaf) and an eliminating configuration C, one must find the smallest object in the sequence
associated with [ of value at least e (at least es, respectively) by the previous definition.
This object can be found using the functions defined in the next definition. Recall from

Definition 2.7 the definition of X[i], for a sequence ¥ of objects and an integer i.
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Definition 3.4 Suppose [ = (Q,w, 1) is an instance, | is a leaf of Q, and b is a value in
V+. Also, suppose w(l) = o01,...,0,. We define pos(1,1,b) =k + 1 if values of all objects
of w(l) are less than b and otherwise, we define pos(1,1,b) to be the minimum i, 1 <1i <k,
such that pu(o;) > b. Also, we define find(1,1,b) = w(l)[pos(I,1,b)].

We now present an equivalent definition for the function find. Given an instance I =
(Q,w, 1), a leaf [ of @, and a value b in V+, if there is any object of value at least b
in w(l), pos(1,1,b) is the index i of the smallest object o of value at least b in w(l) and
so find(1,1,b) = X[i] = o. On the other hand, if there is no object of value at least b,
pos(1,1,b) is one plus the length k of w(l) and so find(I,1,b) = w(l)[1 + k] = END. This

proves the next lemma.

Lemma 3.1 Given an instance I = (Q,w, ), a leaf | of Q, and a value b in V+, if there
is any object of value at least b in w(l), find(1,1,b) is the smallest object of value at least b
in w(l); otherwise, find(I,l,b) = END. O

As a special case of Lemma 3.1 consider a leaf [ of an instance I having an object o of
value a, for some a. Then o is the smallest object of [ with a value at least a and thus by

Lemma 3.1/ find(1, 1, a) = o. This yields the following lemma.

Lemma 3.2 Given an instance I = (Q,w, i), a leaf l of Q, and a value a in the value set
of , find(I,l,a) is an object of value a in w(l). O

The next lemma shows that, given an instance I = (Q,w,p), a leaf [ of @, and a
member b of V+, pos(1,l,b) marks a boundary between indices of objects in w(l) with

values less than b and indices of the rest of objects in w(l).

Lemma 3.3 Consider an instance I = (Q,w, p), a value b in V+, and a leaf | of Q) where

w(l) = 01,...,05. Given an integer i, 1 < i <k, pos(I,l,b) <1 if and only if b < u(o;).

Proof. We prove the lemma by considering separately each of the two cases considered in
Definition 3.4. First suppose there is no object with a value at least b in w(l) and hence
b £ w(o;). Then, by Definition 3.4 pos(I,l,e) = k + 1 and so as by the assumption of
the lemma ¢ < k, pos(I,l,e) £ i, proving the lemma in this case. Now suppose there is

an object of value at least b in w(l) and hence by Definition 3.4/ pos(1, 1, e) is the smallest
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j satisfying the inequality b < p(o;). Therefore, b < p(o;) if and only if 57 < i. So, as

j = pos(1,l,e), the lemma is true in this case, as well. O

The next lemma establishes a relationship between the functions pos and find when

they are applied to different instances.

Lemma 3.4 Given two instances I = (Q,w, ) and J = (Q,w,v), a leaf | of Q, and two
values a and b in V+, if find(I,l,a) = find(J,1,b) then pos(I,l,a) = pos(J,1,b).

Proof. We prove the lemma in the two cases find(I,l,a) = END and find(I,l,a) # END
separately. We suppose w(l) = o01,...,0,. First suppose find(/,l,a) = END and so
find(J,1,b) = END. Then, as find(1,[,a) = w(l)[pos(I,l,a)] and find(J,1,b) = w(l)[pos(J, L, b)]
(Definition 3.4), w(l)[pos(I,l,a)] = w(l)[pos(J,l,b)] = END. Hence, it follows from Defi-
nition 2.7 that pos(I,l,a) = n+ 1 and pos(J,l,b) = n + 1. So the claim is true in this
case.

Next consider the case in which find(/, [, a) # END and hence by Lemmal3.1 find(I,, a) =
0; , for an object o; of w(l). Thus, find(I,l,a) = find(J,1,b) = o;, where 1 < i < n, and so by
Definition 3.4 w(l)[pos(I,l,a)] = find(1,l,a) = w(l)[i] and w(l)[pos(J,1,b)] = find(J,,b) =
w(D)[i]. Therefore, pos(1,l,a) =i = pos(J,1,b) as by Definition 2.7/ j = i the only choice
for j such that w(l)[j] = o;. O

Now using Lemma 3.1/ we show how the function find can be used to evaluate the
smallest remaining object of a leaf. Given an instance I = (Q,w, i), an eliminating con-
figuration C' = (e, es, ®) for I, and a non-speedy leaf | of @, by Definition 3.3, there is a
C-remaining object in w(l) if and only if there is an object of value at least e in w(l), that
is, find(1,1,b) # END. Furthermore, the smallest remaining object of w({), if there is any, is
the same as the smallest object of w(l) of value at least e, that is, find(I,l,e). This proves

the following lemma.

Lemma 3.5 Given an eliminating configuration C = (e, es, ®) of an instance I = (Q,w, )
and a leaf | of N(Q), if there is any C-remaining object in w(l), the smallest C-remaining
object of w(l) is find(I,l, e); otherwise, find(I,l,e) = END. O

The next lemma is a result similar to the previous lemma, but for speedy leaves instead of
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non-speedy leaves. To prove it, it suffices to replace all occurrences of the term “e” in the

argument by “es”.

Lemma 3.6 Given an eliminating configuration C' = (e, es, ®) for an instance I = (Q,w, i),
if Q has one speedy leaf and there is any C-remaining object in w(sl(Q)), find(I,sl(Q), &)
is the smallest C-remaining object of w(sl(Q)); otherwise, find(1,sl(Q), es) = END. O

The following definition establishes formally the connection between values of variables

e and e and values of objects in the current partial solution.

Definition 3.5 An eliminating configuration (e, es, ®) for a signature (Q,w) is valid for
an instance I = (Q,w, ) if the following conditions hold.

1. For every value a in the value set of the root, an object of value a is in the expansion
of ® if and only if a < es.

2. For every value a in RootValueSet(N(I)), an object of value a is in the expansion of
® if and only if a < e.

3. The expansion of ® is a partial solution to I.

We now discuss some properties of Definition 3.5. One property is that this definition
depends on the sequence of values of objects in the expansion of the output of the elim-
inating configuration rather than actual objects in this expansion. We prove this fact in

the next lemma.

Lemma 3.7 Consider two eliminating configurations Cy = (e, es, ®1) and Cy = (e, &5, Do)
such that the sequence 'y of values of objects in the expansion of ®1 is the same as the
sequence I'y of values of objects in the expansion of ®5. Then, Cy is valid if and only if Cy
15 valid.

Proof. We consider the three conditions of Definition 3.5/ one by one and for each one we
prove (' satisfies that condition if and only if C satisfies it. The proof of this claim for the
first two conditions is trivial since it follows from the assumption of the lemma that, given
a value a, an object of value a is in the expansion of ®; if and only if an object of value a

in the expansion of 5. To prove the claim for the third condition we must prove that the
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expansion of ¢4 is a partial solution if and only if the expansion of ®, is a partial solution.
It follows from Definition 3.1 that the sequence ®; (the sequence ®5) is a partial solution
if and only if every element of I'y (of I'y) is in the value set of the root and elements of
I’y (of I'y) appear in increasing order. Hence, as by assumption I'; = I'y, ®; is a partial

solution if and only if ®, is a partial solution. So, the lemma is correct. ([l

Another property of valid eliminating configurations is that, as the next lemma shows,
for every value b, es < b < e, b is not in RootValueSet(N(I)) and hence, due to Observa-
tion 2.32, if b is in the value set of the root then b is in the value set of a speedy leaf. This
fact will be used to prove that the remaining objects of the speedy leaf (if it exists) with

values less than e are the next objects that should be added to our partial solution.

Lemma 3.8 Given an instance I, a valid eliminating configuration C' = (e, es, ®), and a
value b in RootValueSet(N (1)), if b > es then b > e.

Proof. The proof is almost an immediate conclusion of the first and the second conditions
of Definition 3.5. As b € RootValueSet(N(I)), b € RootValueSet(I) since by Observa-
tion 2.32 RootValueSet(I) is the union of RootValueSet(N(I)) and value sets of speedy
leaves. So, since b > es, by the first condition of Definition 3.5, no object of value b is in

the expansion of ® and hence b > e, by the second condition in Definition 3.5. 0

In the next section we explain how we create a valid eliminating configuration C' of an
instance [ so that all objects of I are C-eliminated. Then, as the next lemma shows, the
expansion Y of the output of C'is a solution to / and so by constructing C' we have created

a solution to I.

Lemma 3.9 Suppose C' is a valid eliminating configuration for an instance I such that all

objects of I are C-eliminated. Then, the expansion X of the output of C' is a solution to I.

Proof. We prove that ¥ satisfies the three conditions of the definition of solutions (Defini-
tion 2.10) in the following manner. We first show that as ¥ is a partial solution, it satisfies
the last two conditions of Definition 2.10 and, defining S as the set of values of objects
in 3, RootValueSet(I) C S. Then, we prove that S C RootValueSet(I) in two cases. In
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this way, it is proved that RootValueSet(I) = S and thus ¥ satisfies the first condition of
Definition 2.10, as well.

We first prove that X satisfies the first two conditions of Definition 2.10/ and also that
S C RootValueSet(I). The sequence ¥ is a partial solution to I by the last condition of
Definition 3.5 Hence, the last two conditions of Definition 2.10 follow immediately from
the second condition of Definition 3.1/ for the output ¥. Moreover, by Definition 3.1 u(0)
is in the value set of the root, for every object o of ¥. So, & C RootValueSet(I).

Now we prove that RootValueSet(I) C S by considering a member a of the value
set of the root and by showing that there is an object of value a in ¥. We consider
two cases based on a being in RootValueSet(N(I)) or not. First we consider the case
a € RootValueSet(N(I)). Consider an arbitrary sub-union tree 7" of N(Q). Since a is in
RootValueSet(N(I)), by Lemma 2.22 there is a leaf [ of T having an object o of value a.
As all objects are C-eliminated and o is an object of the leaf [ of a sub-union tree of N(Q),
0 is a C-eliminated object of N(I) and thus by Definition 3.3 @ = u(o) < e. Therefore,
since by assumption a € RootValueSet(N(I)), by the second condition of Definition 3.5 an
object of value a is in X.

Next we consider the case a ¢ RootValueSet(N(I)). Then, since a € RootValueSet(I),
a is in the value set of a speedy leaf, due to Observation 2.32, and hence a is the value of
an object p of a speedy leaf. So, since by the assumption of the lemma p is C-eliminated,
by Definition 3.3 a = p(p) < es and thus as a is in the value set of the root, by the first
condition of Definition 3.5 an object of value a is in ¥ in this case as well. Hence, the

lemma is correct. O

In the next section we discuss how to eliminate all objects.

3.1 Eliminating Steps

In this part we define a number of functions that, given an instance I and a valid eliminat-
ing configuration of I, create a new valid eliminating configuration with a bigger e-value or
es-value so that more objects are eliminated. Therefore, by repeatedly applying these func-
tions eventually we get an eliminating configuration C' such that there is no C-remaining

object and so by Lemma 3.9 the output of C' is a solution to the instance.
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Definition 3.6 Given a signature G = (Q,w) in which QQ has at most one speedy leaf, an
eliminating function for G is a function 7 : F(G) x C(G) — C(G), where F(G) and C(G)
are the set of all ordered value functions p for G and the set of all eliminating configurations
for G, respectively.

We define three types of eliminating functions each increasing e or es in its own way.
We first describe these three types very briefly and in an informal manner and then we
define each of them more precisely in the next sections. An important fact that will be
used in the following discussion is that given a valid eliminating configuration (e, es, ) of
an instance I, for every value a less than e, if a is in RootValueSet(N(I)), an object of
value a has already been added to the expansion of @, according to the second condition
in Definition [3.5. As a result, if we want to add some objects to the expansion of ® to
build a solution to I, we can ignore objects of N(I) of values less than e.

When using the first type of eliminating function, we first prove that every member of
RootValueSet(N(I)) that is at least e is also at least a, for a value a, e < a. Hence, in
addition to objects of N(I) with values less than e, objects of N(/) with values b, such
that e < b < a, can be ignored since their values are not in RootValueSet(N(I)). Thus,
we can set e equal to a as all objects of N(I) with values less than a can be ignored.

When using an eliminating function of the second type, we first prove that e is in the
value set of the root and we add an object of value e to the current partial solution. Then e
is set equal to e+ since after adding an object of value e to our partial solution, in addition
to objects with values less than e, objects of value e can be ignored.

The third type of eliminating function is for the situation in which all objects of N([I)
are eliminated. So all remaining objects belong to speedy leaves. These objects are added
to our partial solution and then they are eliminated by setting es = e = oo. Thus, no

remaining object remains after applying these functions.

3.1.1 Eliminating Functions of the First Type

We first explain eliminating functions of the first type. These functions eliminate more
objects of N(I) by setting e equal to a value a, a > e. In order to increase e, we first
prove that there is no value b in RootValueSet(N(I)) such that e < b < a. Then since for
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Figure 3.2 An eliminating configuration
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members b of RootValueSet(NN(I)) less than e an object of value b has already been added
to the partial solution, we can claim that for members b of RootValueSet(N(I)) less than
a an object of value b has already been added to the partial solution and so we can set
e := a. To prove that there is no value b in RootValueSet(N(I)) such that e < b < a, we
find a sub-union tree U of N(Q) such that no leaf of U has an object of value b, e < b < a.
Then Lemma 2.22 guarantees that no value in b, e < b < a, is in Root ValueSet(N(I)).

We now use an example to clarify the idea. Consider the eliminating configuration of
Figure [3.2(a) and the sub-union tree T of N(Q) in the figure. As can be seen, the smallest
object of value at least e in leaves of T is of value 11. Thus, there is no value b, e < b < 11 in
RootValueSet(N(I)) as no leaf of U has an object with any such value. Thus, in addition
to objects of N((Q)) with values less than e, objects of N(Q) with values at least e and
less than 11 can be ignored. So, we set e equal to 11. Figure 3.2(b) demonstrates the
eliminating configuration after updating the value of e. As can be seen, since the definition
of an object of a speedy leaf being eliminated does not depend on e, the set of eliminated
objects of the speedy leaf in the figure does not change.

Generally, when applying an eliminating function of the first type, a sub-union tree U
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of N(Q) is considered and e is increased in the following way. We consider the minimum
value a of any remaining object of leaves of U. For every value b, e < b < a, no leaf of U
has an object of value b since by Definition [3.3/ an object of value b is remaining (as e < b)
and the value of every remaining object of a leaf of U is at least a. Thus, according to
Lemma 2.22, for every b, e < b < a, b is not in RootValueSet(N(I)) as there is no object
of value b in any leaf of U. Hence objects of N(I) with values less than a can be ignored.
We set e equal to a.

In order to define eliminating functions of the first type, we first define a function
returning the minimum value of any remaining object of leaves of a given sub-union tree.
Recall from Lemma 3.5 that the smallest remaining object of a non-speedy leaf can be

found using the function find.

Definition 3.7 Given an eliminating configuration C' of an instance I = (Q,w, ) and a
sub-union tree T' of N(Q), hmin(u, C,T) is defined as 0o if no leafl of T has a C-remaining
object; otherwise hmin(u, C,T) equals the minimum of u(find(I,1,e)) over all leaves | of T
with find(1,1, e) # END.

The next lemma shows how one can evaluate the minimum of values of all remaining

objects of leaves of a given sub-union tree using the function hmin.

Lemma 3.10 Consider a valid eliminating configuration C of an instance I = (Q,w, )
and a sub-union tree T of N(Q). If a leaf of T has a C-remaining object, hmin(u, C,T) is

the minimum value of any C'-remaining object of any leaf of T .

Proof. 'We prove that for every C-eliminated object o of every leaf of T', hmin(u, C,T) <
p(o) and then we conclude that hmin(u, C,T) < b where b is the minimum value of any
C-remaining object of any leaf of T". Then, to complete the proof of the lemma, we show
b < hmin(u, C,T) by proving hmin(u, C,T) is the value of a C-remaining object in w(l),
for a leaf [ of T

First considering a leaf v of T" and a C-remaining object o of w(v), we prove that
p(o) > hmin(p, C,T). Since T is a sub-union tree of N(Q), v is a leaf of N(Q) and
hence, v is not a speedy leaf. Also, due to the existence of the C-remaining object o,

there is at least one C-remaining object in w(v). Therefore, by Lemma 3.5 find(1,v,e) is
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a C-remaining object of w(v) of minimum value and thus,
find(I,v,e) # END. (3.1)

Now o is a C-remaining object of w(v) and find(I,v,e) is a C-remaining object of w(v)

with the minimum value. Hence,

w(find(I,v,e)) < u(o). (3.2)

Also, as v is aleaf of T"and o is a C-remaining object of w(v), by Definition 3.7 hmin(u, C, T')
is the minimum of p(find(1,u,e)) over all leaves u of T with find(I,u,e) # END. So, as
due to Equation 3.1l find(I, v, e) # END,

hmin(p, C,T) < p(find(I,v,e)). (3.3)

Due to Equations 3.2 and 3.3, hmin(u, C,T) < p(o). Therefore, as o has been selected as
an arbitrary C-remaining object of leaves of T, the value of every C-remaining object of
each leaf of T"is at least hmin(u, C,T). Thus,

hmin(pu, C,T) <b (3.4)

as b is the value of a C-remaining object of a leaf of T" by assumption.

Next we prove that hmin(u, C,T) is the value of a C-remaining object and then we
conclude that b > hmin(u, C,T). As by assumption there is a C-remaining object in a leaf
of T', by Definition 3.7 hmin(u, C,T) = p(find(I,1,e)), for a leaf [ of T' with find(I,l,e) #
END. Since [ is a leaf of a sub-union tree of N(Q), [ is in N(Q) and hence, [ is not
a speedy leaf. So as find(I,l,e) # END, w(l) has a C-remaining object and find(I,l,e)
is the smallest C-remaining object of w(l) by Lemma 3.5 But we chose [ such that
hmin(p, C,T) = p(find(I,l,e)). Therefore, hmin(u, C,T) is the value of the smallest C-
remaining object of w(l). Hence, b < hmin(u,C,T) as b is the minimum value of any
C-remaining object of any leaf of T'. Considering this result together with Equation 3.4,
we obtain the equality b = hmin(u, C,T) as claimed by the lemma. O
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Now we can define the first type of eliminating function using the function hmin.

Definition 3.8 Consider an instance I = (Q,w, p) and suppose T is a sub-union tree of
N(Q). Given a valid eliminating configuration C = (e, es, ®) for I, we define mr(p, C) =
(¢,e, @) where € = hmin(p, C,T). Also, & = e if Q has a speedy leaf; otherwise el = €.

Next we prove an eliminating function of the first type never decreases the e-value of

an eliminating configuration.

Lemma 3.11 Given an eliminating configuration C' = (e, es, ®) of an instance I = (Q,w, 1)

and a sub-union tree T of N(Q), the e-value of mr(p, C) is at least as large as e.

Proof.  Defining € to be the e-value of 7 (u,C'), we prove the lemma in each of the
two cases € = oo and € # oo separately. In the first case, the correctness of the lemma
is trivial as oo is greater than every member of V+. For € # oo, by Definition 3.8,
e’ = hmin(p, C,T) and hence hmin(u, C,T) # oco. By Definition 3.7, hmin(u, C,T') is the
value of a C-remaining object o of a leaf [ of T" and thus p(o) = €. The leaf [ is in N(Q)
as it is in a sub-union tree of N(Q). Thus, the value of every C-remaining object of [,
including o, is at least e (Definition [3.3) Hence, ¢’ = hmin(u, C,T) = p(o) > e. O

The next lemma shows that the result of applying an eliminating function to a valid

eliminating configuration is a valid eliminating configuration.

Lemma 3.12 Suppose C = (e, e, ®) is a valid eliminating configuration for an instance
I = (Q,w,p) and T is a sub-union tree of N(Q). The nr(u,C) is valid eliminating

configuration.

Proof.  Defining C" = (¢/, e, @) as the result of 7 (i, C), we prove the lemma by first
showing that C’ is an eliminating configuration and then by proving that C” satisfies each
of the three conditions of Definition 3.5, separately. We first prove the second condition,
then the first condition, and finally the third condition of Definition 3.5 for C".

We now prove that C” is an eliminating configuration by considering two cases based
on @ having a speedy leaf or not. If () has no speedy leaf, by Definition [3.8 e’ = €’ and

so by Definition 3.2/ C' is an eliminating configuration. Now suppose @) has a speedy leaf.
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Then, e/ = es and thus as e < € (Lemma 3.11) and es < e (Definition 3.2 for C), &' < €.
Hence, by Definition 3.2/ C’ is an eliminating configuration.

We now justify the correctness of the second condition for C’. We first prove that the
statements a < € and a < e are equivalent, for any value a in RootValueSet(N(I)). Then,
as we will show, since the second condition of Definition 3.5/ holds for C', that condition
also holds for C".

Now we consider a value a in RootValueSet(N(I)) and we prove that a < € if and only
if a < e. The correctness of the “if” part follows from the fact that by Lemma [3.11/e < €.
Now to prove the “only if” part, suppose a < €. By definition 3.8, ¢ = hmin(u,C,T).
Thus as a < €/,

a < hmin(p,C,T). (3.5)

According to Lemma 2.22, there exists a leaf [ of T' such that w(l) has an object o of value
a as a is selected as a value in RootValueSet(N(I)). Due to Lemma 3.10, when there is
a C-remaining object in a leaf of T', hmin(u, C,T) is the value of a C-remaining object of
leaves of T' of the minimum value. Hence, if there is any C-remaining object in leaves of
T, the value of every C-remaining object of leaves of T" is at least hmin(u, C,T'). So, o can
not be C-remaining because o is in w(l), [ is a leaf of T', and p(0) = a < hmin(u, C,T) by
Equation 3.5. Also, as [ is a leaf of a sub-union tree of N(Q), it is a leaf of N(Q), and
hence, [ is not a speedy leaf. Thus, according to Definition 3.3, a = u(o) < e as 0 is a
C-eliminated object of a non-speedy leaf. Therefore, the “only if” part is also true.

Now using the above results we prove that C’ meets the second condition of Defini-
tion 3.5. Due to that condition for C, there is an object of value a in N([) if and only if
a < e, for every a in the value set the root in N(I). Also, we proved a < €' is equivalent
to a < e, for every a in RootValueSet(N(I)). Considering these facts together leads us to
the fact that given an a in RootValueSet(N(I)), there is an object of value a in N(I) if
and only if a < €. Hence, C" satisfies the second condition in Definition 3.5.

Next we consider the first condition of Definition 3.5, If () has no speedy leaf, by
definition I = N (/) and by Definition 3.2 e/ = €’. Thus in this case the first condition
of Definition 3.5 is equivalent to the second condition of Definition 3.5/ which was proved
above. In addition, if () has a speedy leaf, e = es, according to Definition [3.8, and so the

first condition of Definition 3.5 for C” is equivalent to the same condition for C'. Hence, as
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C satisfies all conditions of Definition 3.5, in this case also the first condition is satisfied
by C".

Finally, the last condition of Definition 3.5/ holds for C” since according the same con-
dition for C', ® is a partial solution. Thus, C" = 7, (u, C') meets all three conditions of
Definition 3.5/ and hence, 77 (1, C') is valid. O

3.1.2 Eliminating Functions of the Second Type

This section introduces eliminating functions of the second type which are designed for the
situation in which e is in the value set of the root. In this situation, by Lemma 2.22] there
is a sub-intersection tree T' of the query tree such that every leaf of T" has an object of
value e. In such cases, we add an object of value e to our partial solution and we increase
e to e+ so that objects of value e are eliminated.

Now we discuss details that should be considered before adding an object of value e
to our partial solution. As we are adding objects to the partial solution in order of value,
before adding an object of value e, we have to ensure that for every member a of the
value set of the root such that a < e, there is an object of value a in the partial solution.
According to the first condition of Definition 3.5 for values a less than es this is true but
for values a, es < a < e, there is no object of value a in the current partial solution.

Now, defining S as the set of all values a in RootValueSet(I) with es < a < e, we
explain how we add objects with values in & to our partial solution before adding an
object of value e. For every a in S, a > e, but a # e by definition of S. So, a is not in
RootValueSet(N(I)), due to Lemma 3.8, for every member a of S. Then, as members of
S are in RootValueSet(I), it follows from Observation 2.32/ that every value in S is the
value of an object in a speedy leaf. Thus, our approach is to add objects of speedy leaves
(if there is any speedy leaf) with values at least es and less than e to our partial solution,
before adding an object of value e.

We now present an example to clarify the method. Consider the eliminating configu-
ration of Figure [3.3(a). As can be seen, U is a sub-intersection tree of the query tree in
which each leaf has an object of value e = 11. So we can add an object of value 11 to our

partial solution. As Figure 3.3(b) demonstrates, before adding the object of C of value 11,
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Figure 3.3 An application of a second type eliminating function

5
4] 17 8 11
13 10 14 — 14 — 13 10 11
15 | — 11 15 11 | 14

e=11+,es =11+

»=3,4,5,6,8,11

o= (A,1,2),(D,1,1),(A,3,3),
(A,4,4),(C,2,2)

e=11,e=28,%X =3,4,5,6

¢ = (-’47 17 2)7 (Da 17 1)7 (A7 31 3)

we add the only object with a value at least es = 8 and less than 11 to the expansion X
of ®, namely the object of value 8. After that, we add an object of value 11 to ¥ and set
e = es = 11+ so that objects with values at most 11 of the instance are eliminated.

We first define a function @ that, given a value b such that b < e, adds objects of
speedy leaves with values a, es < a < b to our partial solution. Applying this function for
b = e, we can add objects of speedy leaves with values in the set §, defined above, to our
partial solution. Having defined this function in this more general form, we will be able to
use it in designing our algorithm for the situation in which the algorithm has not found all
objects of speedy leaves with values less than e and it is going to add just those objects of
speedy leaves that have values less than b, for some b, es < b < e.

Since eliminating functions are defined to be applied to instances in which the query
tree has at most one speedy leaf (Definition 13.6), it is enough to define the function ®y
so that it only works for this kind of instance. Now let us explain how this function
is defined. As is shown in the next lemma, the set of objects of the speedy leaf (if it

exists) with values a, es < a < b, is the set of objects with an index ¢ in w(sl(Q)) such
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that pos(I,sl(Q),es) < i < pos(I,sl(Q),b) — 1. Because of this, ®y appends the output
item (sl(Q), pos(1,sl(Q),es), pos(I,sl(@Q),b) — 1) to the output of the current eliminating
configuration. In this way, as we will show, an object of value a is added to our partial
solution, for each a in S.

Lemma 3.13 Suppose (e, es, ®) is an eliminating configuration for an instance I = (Q, w, ),
Q) has ezxactly one speedy leaf, w(sl(Q)) = o1,...,0k, and b is a member of V+ such that
es < b. For every object 0; of w(sl(Q)), pos(L,sl(Q),e) < i < pos(I,sl(Q),b) — 1 if and
only if es < p(o;) < b.

Proof. This lemma is proved by showing the correctness of the following claims for every
object o; of sl(Q).

1. i < pos(1,sl(Q),b) — 1 if and only if u(o;) < b.
2. pos(I,sl(Q),es) < i if and only if es < u(0;).

We now prove these two claims using Lemma 3.3 Applying Lemma 3.3 for | = sl(Q)
results in the fact that for any integer i, 1 < i < k, pos(I,sl(Q),b) £ ¢ if and only if
b £ p(o;), that is, i < pos(I,sl(Q),b) if and only if pu(0;) < b. Since ¢ and the result of
the function pos are integers, we can conclude that i < pos(I,sl(Q),es) — 1 if and only if
p(o0;) < b and hence the first claim is proved. The correctness of the second claim follows

immediately from Lemma 3.3. 0

Before defining the function ®g, we explain when & adds a new output item to the
output. Given an instance I = (Q,w, p) with a speedy leaf where w(sl) = o0y, ..., 0, using
Lemma [3.13]it can be proved that the speedy leaf has an object o; satisfying es < p(0;) < b
if and only if there is an integer i between pos(,sl(Q),es) and pos(I,sl(Q)),b) — 1. Hence,
as can be seen in the next definition, &y adds a new output item only if pos(Z, sl(Q), es) #
pos(1,sl(Q), b) and thus there is an integer ¢ between pos(I, sl(Q), es) and pos(1, sl(Q),b)—1,

inclusive. Recall the operator “®” from Definition 2.2.

Definition 3.9 Given an eliminating configuration C = (e, es, @) for an instance (Q,w, )

in which @ has at most one speedy leaf and a value b in V+, e < b < e, we define
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the sequence ®gy(C, p,b) of output items to be equal to ® if Q has no speedy leaf or
pos(1,sl(Q), es) = pos(I,sl(Q),b) and we define it to be equal to

O] (S](Q)a pOS(I, SI(Q)? es)v pOS(I, SI(Q)? b) - 1) 5
otherwise.

In the next lemma we show that the definition of &, matches our intention in defining
this function, that is, if we apply the function ®4 on an eliminating configuration C' and
a value b then @y adds all objects of the speedy leaf (if it exists) with values at least the
es-value of C' and less than b to the output of C.

Lemma 3.14 Consider a valid eliminating configuration C = (e, es,®) of an instance
(Q,w, 1) and a value b in V+ such that QQ has exactly one speedy leaf and es < b < e.
We define the subsequence . of w(sl(Q)) consisting of all objects o of w(sl(Q)) satisfying
es < p(o) < b. The expansion of Py(C, pu,b) is the concatenation of the expansion of ®
and Y.

Proof. We prove the lemma for each of the two cases pos(I,sl(Q),es) = pos(I,sl(Q),b)
and pos(1,sl(Q),es) # pos(1,sl(Q),b), separately. In the first case we show that ¥ is empty
and so the lemma is true as the function returns the input ® without any change. In the
second case using Lemma 3.13 we will prove that the set of objects that are appended to
the expansion of ® due to the last output item of ®gy(C,u,b) is the same as the set of
objects in 3. We will use oy, ..., 05 to denote w(sl(Q)).

First we consider the case pos(I,sl(Q),es) = pos(I,sl(Q),b). In this cases there is no i
such that pos(I, sl(Q),es) < i < pos(!, sl(Q), b)—1 since pos(I, sl(Q), es) £ pos(I, sl(Q), b)—
1. Hence, by Lemma 3.13 o; does not satisfy the inequation es < p(0;) < b and thus o; is
not in X, for every i, 1 <@ < k. Therefore, ¥ is the empty sequence. Moreover, since by
Definition 3.9/in this case ®4(C, i, b) = ®, the expansion of @4 (C, i, b) equals the expansion
of ®. Thus, the expansion of &4 (C, p, b) is the concatenation of the expansion of ® and the
empty sequence Y.. Therefore, the lemma is true when pos(1, sl(Q),es) = pos(I, sl(Q), b).

Next we consider the case pos(1,sl(Q),es) # pos(I,sl(Q),b). In this case, by Defini-
tion3.9, &4(C, p, b) = O(sl(Q), m,n) where m = pos(,sl(Q), es) and n = pos(I, sl(Q),b)—
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1. Thus, by Observation 2.3 the expansion of ®y(C, i, b) is the concatenation of the ex-

pansion of ® and the sequence

w(sl(@))[m], w(sl(@Q))[m + 1],...,w(sl(@Q))[n] = om, Omt1,- -, On. (3.6)

So, in order to prove the correctness of the lemma, it suffices to show that > = 0,,, 0,11, - . ., On.
Hence, as ¥ and o,,, . . ., 0, both are subsequences of w(sl(Q)), if we prove the set of objects
in ¥ is the same as the set of objects in o,,, ..., 0,, the lemma is proved.

We now complete the proof of the lemma by considering an object o; of sl(Q)) and by
proving that o; is in ¥ if and only if o; is in the sequence o,,...,0,. Since m and n
are defined as pos(I,sl(Q)),es) and pos(I,sl(Q),b) — 1, respectively, an object o, of sl(Q)
is in oy, ..., 0, if and only if pos(I,sl(Q),es) < j < pos(I,sl(Q),b) — 1. By Lemma 3.13|
pos(L,sl(Q),es) < j < pos(I,sl(@),b) — 1 if and only if es < u(o;) < b, for every o,

1 < j < k. Moreover, by the definition of ¥, o; is in ¥ if and only if es < u(o;) < b, for
all objects o; of sl(()). Hence an object o; of sl(Q)) is in X if and only if o, is in o, ..., 0y.

This proves the lemma as explained. 0

We now define the second type of eliminating function. This function is defined such
that it first adds objects with values at least es and less than e to the expansion of the
output using the function ®,. After that, an object of value e is added to the end of the
expansion of the output.

To realize how an object of value e is found, recall that when an eliminating function
of the second type is being applied, the value e is in the value set of the root. Hence when
defining this function we may use the fact that by Lemma 2.22 there is a sub-intersection
tree T' of the query tree such that each leaf of T" has an object of value e. The function
considers a leaf [ of T" and adds the output item (I, pos(I,l,e), pos(l,l,e)) to the output.
Since [ has an object of value e, by Lemma 3.2/ find(I,l,a) is an object of value e. Thus,
as by Definition [3.4] find(I,l,a) = w(l)[pos(I,l,a)], pos(I,l,a) is the index of an object of
value e in w(l). Hence, by adding the output item (I, pos(I,1,e), pos(I,1,e)) to the output,
an object of value e is appended to the expansion of the output, as we will prove more
precisely in Lemma [3.20.

Before presenting the definition of the eliminating functions of the second type, it is
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worth mentioning that an eliminating function is not necessarily defined on the whole of

its domain.

Definition 3.10 Consider an instance I = (Q,w, p) and suppose T is a sub-intersection
tree of Q. Given a valid eliminating configuration C' = (e, es, ®) for I, mi(u,C) is defined
if e is a main value and w(l) contains an object of value e, for every leaf l of T. Then we
define 75(u, C) = (e+, e+, D) where &' = Oy(C, pu, e) ® (Ip, pos(I,lr,e), pos(I,lr,e)) and
It is a fixed arbitrary leaf of T depending only on T.

In the rest of the section we show that after applying an eliminating function on a valid
eliminating configuration we get a valid eliminating configuration. Since by Definition [3.10
the output ® of the eliminating configuration resulting from applying an eliminating func-
tion of the second type has the result of the function ®4 as a subsequence, we first show
that the sequence resulting from applying ®; is a partial solution. This will help to prove
that ® is a partial solution. To prove that the expansion of the result of the function @ is
a partial solution, we first show that the concatenation of two partial solutions satisfying
a certain property is a partial solution and then, using Lemma 3.14, in Lemma 3.16/ we

prove that the expansion of the result of the function ®; is such a concatenation.

Lemma 3.15 Consider two partial solutions X1 and 3y to an instance I = (Q,w, ) such
that the value of every object in ¥q is greater than the value of every object in 3. Then,

the sequence Y1 o Yo is a partial solution to I.

Proof. By Definition 3.1 it suffices to prove the following claims: first, the value of each
object in ¥; o ¥y is in the value set of the root and second, u(p) < u(q), for every two
consecutive objects p and q of 31 0¥,. The first claim is true since every object o of 3; 03
is in X or in Y5 and so it is in the value set of the root as both >; and ¥, are partial
solutions to I. We now prove the second claim. If p and ¢ both are in »; or both are in
Y9 by Definition 3.1 for ¥, and 35 p(p) < u(q); otherwise p is an object of ¥ and ¢ is an
object of ¢ and hence by the assumption of the lemma p(p) < p(g). So, both properties

required for X7 o ¥y to be a partial solution are satisfied. 0
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Lemma 3.16 Given a valid eliminating configuration C = (e, es, ®) for an instance I =
(Q,w, 1) and a value b in V+ such that Q has exactly one speedy leaf and es < b, the

expansion of ®g(C, u,b) is a partial solution to I.

Proof.  Since by Lemma 3.14 the expansion of ®y(C, u,b) is the concatenation of the
expansion g of ® and a sequence X, by Lemma 3.15 it suffices to prove that each of the
sequences g and Y is a partial solution and values of all objects in ¥ are greater than
values of all objects in Y. We first will argue that as C' is valid, ¥¢ is a partial solution
and then we will use the definition of 3 to prove that ¥ is a partial solution too. After
that, we will show that values of objects in ¥ are at least es and values of objects in g
are less than es and hence values of objects of ¥ are greater than values of all objects in
Y¢. We now discuss each part of the proof in detail.

First we prove that X is a partial solution to I by showing that ¥ satisfies the two
conditions of Definition [3.1. Let us first identify objects appearing in ». As mentioned,
the expansion of ®(C, p,b) is the concatenation of the expansion of ® and ¥ where ¥ is
the subsequence of w(sl(Q)) consisting of objects of sl(Q)) with values at least es and less
than b (Lemma 3.14). As a result, every object of ¥ is an object of the speedy leaf and
so its value is in the value set of the speedy leaf. Furthermore, by Observation 2.32 the
value set of every speedy leaf is a subset of the value set of the root. Therefore, values of
all objects of 3 are in the value set of the root. Also, since X is a subsequence of w(sl(Q)),
every two consecutive objects p and ¢ of X are consecutive objects of w(sl(Q)). Hence, as
by Definition 2.6/ 1 is ordered, u(p) < w(q) by Definition 2.5, for every two consecutive
objects p and g of . Thus, X if a partial solution to I as ¥ satisfies both conditions of
Definition 3.1.

Next we show that ¢ is a partial solution. By the assumption of the lemma C' is valid.
Moreover, Y is defined as the expansion of the output of C. So, the correctness of the
claim that ¥4 is a partial solution follows from the third condition of Definition 3.5 for C'.

Finally, we prove that values of all of the objects of 3 are greater than values of objects
in Yg. As we proved, 3 is the subsequence of w(sl(Q))) consisting of objects of sI(Q) with
values at least es and less than b. Also, as Xg is the expansion of the output of the
valid eliminating configuration C', values of all of its objects are less than es by the first

condition of Definition 3.5. Hence, for every object p of ¥¢ and object ¢ of ¥ we have



60 CHAPTER 3. ELIMINATING PROOEFS

p(p) < es < u(q). Therefore, as explained in the very beginning of the proof of the lemma,
the expansion of ®4(C, i, b) is a partial solution to I by Lemma 3.15. U

Given an instance I = (Q,w, ) and a valid eliminating configuration C' = (e, es, @)
for I, in order to prove that the eliminating configuration C’ resulting from applying an
eliminating function of the second type on C' is valid, we need to prove that the output &’
of C' is a partial solution to I because of the third condition in Definition [3.5. To show
that @’ is a partial solution, in the next lemma we prove that @’ is the concatenation of
the expansion of ®y(C, i, e) with a sequence containing just one object of value e and after
that, in Lemma 3.18 we prove that values of all objects in the expansion of ®y(C, i, e) are
less than e. This will enable us to use Lemma [3.15 to prove that ®' is a partial solution
to I.

Lemma 3.17 Consider an instance I = (Q,w, u), a valid eliminating configuration C' =
(e,e5, @) for I, and a sub-intersection tree T of Q such that mj(u,C) is defined. The
expansion of the output ®, of m3(u, C) is Xg © p where Xy is the expansion of ®gy(C, u, €)

and p 1s an object of value e.

Proof. We first show that the expansion of ® is equal to Xy ® find(1, 1, e) where [ is the
leaf of T' defined in Definition [3.10/and then we prove that find(1, I, e) is an object of value
e. According to Definition 3.10, &, = &4(C, u,e) ® (I, m, m) where m = pos(I,lr,e).
So, by Observation 2.3, the expansion of &, is ¥y o ¥; where Y, is the expansion of
®,(C, p,e) and ¥; contains just one object w(lz)[m]. Hence, by Observation 2.1 the
expansion of @, equals Xy ® w(lr)[m]. As X and Xy both are expansions of ®y(C, p,e),
Yo = Y. Furthermore, w(lr)[m] = w(lr)[pos(I,ir,e)] by the definition of m. According
to Definition 3.4, w(lr)[pos(I,lr,e)] = find(I,lr,e). Hence, the expansion of @, equals
Yo ©@ w(lr)[m] = 3y © w(ly)[pos(I,lr,e)] = g © find(I,lr,e).

Now we complete the proof of the lemma by showing that p(find(I,lr,e)) = e. Since by
assumption 71 (u, C) is defined, by Definition 3.10 every leaf of T" has an object of value e.
So, as I is a leaf of e, w(lr) has an object of value e. Consequently, the value of find(1, I, e)
equals e by Lemma [3.2. Thus, we proved the expansion of @, is ¥y ® find(I,lr,e) and the
value of find(I,lr,e) is e. O



3.1. ELIMINATING STEPS 61

Lemma 3.18 Given an eliminating configuration C' = (e, es, ®) of an instance I = (Q,w, 1)
and a value b in V+ such that Q) has at most one speedy leaf and es < b < e, the value of
every object in the expansion of ®g(C, u,b) is less than b.

Proof. We first show that the value of each object in the expansion g of ® is less than
b. Then we consider two cases based on () having a speedy leaf or not and in each case we
complete the proof of the lemma separately.

The correctness of the claim that values of object in ¥4 are less than b follows from
the two following facts. First, by assumption g is the expansion of the output ® of C'
and thus by the first condition of Definition [3.5 for C' the value of every object in ¥g is
less than es. Second, by the assumption of the lemma es < b.

Now we prove the lemma using the fact that we proved above. First let us consider the
case in which @ has no speedy leaf. Then, ®4(C, u,e) = ® by Definition 3.9 and so ¥4
is the expansion of ®y(C, i, e) as Xg is the expansion of ®. Thus, the correctness of the
lemma results from the fact that the value of every object in ¥4 is less than b, as we proved.
Next we consider the other case, in which ) has a speedy leaf. Then, by Lemma [3.14, the
expansion of ®4(C, 11, b) equals X 0 ¥ where X is a subsequence of w(sl(Q))) in which the
value of every object is less than b. Also, we showed that values of object in ¥¢ are less

than b. Hence, the value of every object of the expansion of ®y(C, i, b) is less than b. [

Given an eliminating configuration C’ resulting from applying an eliminating function of
the second type on a valid eliminating configuration (e, es, ®), a step toward proving that C"
is valid is to prove that C" satisfies the first condition of Definition 3.8. By Definition 3.10,
C" = (e+,e+,P’), for some &', and by Lemma 3.17 the expansion of @’ is evaluated by
appending an object o of value e to the expansion of ®(C, u,e). To show the correctness
of the first condition of Definition 3.5/ for C”, as the es-value of C’ is e+, we have to show
that there is an object of value a in the expansion of @', for every value a in the value set
of the root less than e+. Since every value a in the value set of the root is a member of V
(Definition 2.9)), a is a main value and hence if a < e+ then a is either e or less than e. As o
is an object of value e in the expansion of ®’, to prove the first condition of Definition 3.5,
it suffices to prove that there is an object of value a in the expansion ®4(C, u,e), for every

value a in the value set of the root less than e. We can prove this claim by applying the
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next lemma for b = e.

Lemma 3.19 Consider a valid eliminating configuration C' = (e, e, ®) of an instance
I =(Q,w,n) and values a and b in the value set of the root and in V+, respectively, such
that () has at most one speedy leaf and a < b < e. There is an object of value a in the
expansion of ®g(C, u,b).

Proof. We prove the lemma by considering several cases based on a being in the value
set of the root in N(/) or not and also on a being less than es or not. If a is in the value
set of the root in N(/) or a < e then we prove that there is an object of value a in the
expansion of ®y(C, u,b) by showing that there is one in the expansion of ®. Then we will
argue that if a is not in the value set of the root and a > e, there is an object of value a

in the expansion of ®4(C, i, b) due to the last output item of ®4(C, ,b).

Case 1: The first case is that @ is in the value set of the root in N(I). Since by the
assumption of the lemma a < e, considering the first condition of Definition 3.5 for C, we
can conclude that there is an object o of value a in the expansion of ®. Now we consider
two subcases based on () having a speedy leaf or not and in each subcase we prove that o
is in the expansion of ®(C, u,b). If Q has a speedy leaf, ®4(C, p,b) = ® by Definition 3.9
and thus o in the expansion of ®4(C, i, b) as o is in the expansion of ®. The second subcase
is that @ has no speedy leaf and thus the expansion ¥ of ®4(C, p,b) is the concatenation
of the expansion of ® with another sequence, according to Lemma 3.14. Hence in this
subcase the expansion of ® is a subsequence of the expansion of ®(C, u,b). Therefore, o
appears in the expansion of ®4(C| u,b) as o appears in the expansion of ®. So, in either

case o is in the expansion of ®y(C, i, b) while (o) = a.

Case 2: The second case is that a < es. Then, by the first condition of Definition [3.5
for C there is an object of value a in the expansion of ® and so, there is one in the expansion

of ¥ by the same argument of the previous case.

Case 3: The last case is that a is not in the value set of the root in N(I) and a > es.
Thus, since a is selected as a member of the value set of the root and here we are considering

the case in which a is not in the value set of the root in N(I), a is in the value set of a
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speedy leaf by Observation 2.32. Hence, () has a speedy leaf and a is the value of an object
o of the speedy leaf. Since u(0) = a and by the assumption of the lemma a < b and also
we are considering a case in which es < a, es < a = p(0) < b. Moreover by Lemma [3.14] the
expansion of ®y(C, p,b) is the concatenation of the expansion of ® and the sequence ¥ of
all objects of the speedy leaf (if it exists) with values at least es and less than b. Hence X
includes the object o as o is the object of the speedy leaf and we proved es < u(o) < b.
Therefore, o is in the expansion of ®4(C, u,b) because the expansion of ®y(C, p,b) is the
concatenation of a sequence with ¥ and o is in ¥. Thus, the expansion of ®y(C, u,b) has
an object of value u(o) = a.

In all cases we have now proved that an object of value a is in the expansion of
®,(C, p,b). So the lemma is proved. O

Using lemmas that we have proved, now we can prove that after applying an eliminating
configuration of the second type, the eliminating configuration remains valid. Note that
if 7(u, C), for some p, C, and T, is defined, by definition the e-value and the es-value of

75 (u, C') are the same and so by Definition 3.2/ 71.(u, C') is an eliminating configuration.

Lemma 3.20 Suppose C = (e, e, ®) is a valid eliminating configuration for an instance
I =(Q,w,pn), T is a sub-intersection tree of @, and Q has at most speedy leaf. If m5(p1, C')

is defined then w1 (p, C') is a valid eliminating configuration.

Proof. In order to prove that C" = 7h(u, C) is valid, we first prove that the expansion Y¢
of the output of C' is a concatenation of two partial solutions such that values of objects
in the second sequence are greater than values of all objects in the first one. According to
Lemma(3.15, these results leads us to the fact that X4 is a partial solution and so C’ satisfies
the third condition of Definition 3.5 Then after proving that C’ satisfies the first condition
of Definition 3.5, we show that the correctness of the condition one of Definition [3.5 for C’
implies the correctness of the second condition of that definition for C".

Before starting the argument let us explain some facts about C’. In the following,
(P, €,e) equals C’. Hence, by Definition 3.10, ¢’ = e/ = e+. Furthermore, we will use

the fact that by Lemma [3.17 the expansion Yg of &’ is obtained by appending an object
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o of value e to the very end of the expansion Xy of ®y(C, u,e), that is,
E@ = 251 ® o. (37)
Now we prove the three conditions of Definition 3.5 for C” in the order that we mentioned.

The third condition: Defining I' to be the sequence containing just one object o,
after proving the following three claims we can use Lemma [3.15 to prove that g is a
partial solution. Claim 1: Y¢ is the concatenation of ¥ and I'. Claim 2: Y, and I' are
partial solutions to I. Claim 3: The value of the only object of I' is greater than values
of all objects in Y. The first claim is true as ¢ = Y4y ® o by Equation [3.7 and thus
Yo = Xg ol by Observation 2.1. We now prove the other two claims.

Claim 2 consists of two parts. The part stating that X is a partial solution follows
from Lemma 3.16. Now we prove the other part, claiming that I' is a partial solution, by
first showing that the value of the only object of I' is in the value set of the root and then
by concluding that I' meets both conditions of Definition 3.1. By assumption the value of
o equals e. Since by assumption 7 (i, C) is defined, every leaf of the sub-intersection tree
T has an object of value e by Definition [3.10. Thus, e is in the value set of the root by
Lemma 2.22. Hence, u(o) is in RootValueSet(I) as (o) = e. Also o is the only object of
I'. Consequently, both conditions of Definition 3.1 are met and so I' is a partial solution.

Now we prove Claim 3. Since Y is the expansion of ®4(C, u, ), by Lemma 3.18 values
of all objects of Y are less than e. Moreover, o is the only object of I and p(0) = e. Thus,
the value of each object of I' is greater than the value of each object of Y.

Having proved the three above claims, it follows from Lemma 3.15 that ¢ is partial

solution to I. Therefore, the first condition is satisfied as 3¢ is the output of 77.(u, C).

The first condition: To prove the first condition for C’, we first prove that values
of all objects of ¥g are less than e and then we show that, given a value a in the value
set of the root, if a < e/, a is the value of an object in Y. Once we have proved these two
claims, we can conclude that there is an object of value a in Y¢ if and only if a < &/, for
every a in the value set of the root. Since ¥g is the expansion of &' this yields the fact
that C” satisfies the first condition of Definition [3.5.
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Now let us first prove that the value of each object in X4 is less than es’. Since we proved
Ylg is a partial solution, by Definition 3.1 objects appear in order of value in ¥¢ and hence
the value of every object in X is at most the value of the last object in this sequence.
Also, since Ygp = g ® o (Equation 3.7), o is the last object of ¥¢ by Definition 2.2.
Furthermore, by assumption p(0) = e < e+ = e/. Therefore, the value of every object in
Y is less than eJ.

Now considering a value a in the value set of the root less than es’, we prove that there
is an object of value a in ¥Xg. We first show that a < e. Then we consider the two cases
a = e and a < e, separately. In the first case we prove that the value of 0 is a and the
second case we show that there is an object of value a in ¥y. Then, in both of these two
cases, we use Equation 3.7 to conclude that there is an object of value a in ¥g.

Now we explain the proof of there being an object of value a in ¥¢ in detail. The value
a is in V since a is in the value set of the root. Thus, as by definition the greatest value of
V less than e/ = e+ is e and by assumption a < e, a < e. Now as mentioned we consider
two cases a = e and a < e. The case a = e is trivial since o is an object of value e and
by Equation 3.7/ 0 is in ¥¢. So we consider the case a < e. Then, since a is a member of
the the value set of the root and a < e, applying Lemma 3.19 for b = e, we can conclude
that an object p of value a is in the expansion of ®y(C, i, e). The object p is in Xy as g
is defined as the expansion of ®4(C, i, e). Furthermore, because of Equation 3.7, X is a
subsequence of ¥g. Hence, p is in X and we have u(p) = a. Now in both of the cases
a = e and a < e we have proved that there is an object of value a is in ¥g. But a was
chosen as an arbitrary member of the value set of the root less than e’. Consequently,
every value in the value set of the root less than e’ is the value of an object in Yg. So, as

explained, the correctness of the first condition for C” is proved.

The second condition: The proof of the correctness of the second condition is simi-
lar to the proof of correctness of the first condition. As e’ = oo, the condition is equivalent
to the fact that there is an object of value a in ¥4, for every value a in RootValueSet(N(1)).
So, considering an arbitrary member b of RootValueSet(N(I)), we now prove there is an
object of value b in Xg. By Observation 2.320 RootValueSet(N(I)) is a subset of the
RootValueSet(I). Thus, b is in RootValueSet(I) as b is in RootValueSet(N(I)). Further-
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more, as & = 00, b < &’ and hence as we proved the first condition of Definition 3.5 holds
for C’, there is an object of value b in ¥g. So, C’ meets the the second condition.

Now we can conclude that C" = 7 (u, C) is valid as all the three conditions of Defini-
tion 3.5/ are satisfied by C". O

3.1.3 Eliminating Functions of the Third Type

The last way of updating the eliminating configuration is the situation in which e = oo
and es < 0o. Since e < e, the query tree has a speedy leaf by Definition 3.2. Also, as
e = 00, except objects of the speedy leaf, all objects are eliminated by Definition 3.3. In
this situation, we easily add all remaining objects of the speedy leaf to our partial solution
and we set es = 0o. Remaining objects of the speedy leaf, by Definition 3.3, are objects of
the speedy leaf with values at least es. To add all objects of the speedy leaf with values at

least es we use the function & defined before.

Definition 3.11 Given an instance I = (Q,w, p) in which QQ has at most one speedy leaf
and a valid eliminating configuration C' = (e, es, ®) for I, m>=(u,C) is defined if e = co.
Then, we define 7> (u, C') = (00, 00, Pg(C, i, 00)).

Now we prove that the eliminating configuration resulting from applying the third type

of eliminating function on a valid eliminating configuration is valid.

Lemma 3.21 Given an eliminating configuration C' = (e, e, ®) for an instance I =
(Q,w, i) such that Q has at most one speedy leaf and 7 (u,C) is defined, 7> (u,C') is a

valid eliminating configuration.

Proof.  As by Definition 3.11 the e-value and the es-value of 7°°(u,C') are the same,
by definition 3.2/ 7°(u, C') is an eliminating configuration and thus it remains to prove
that 7> (i, C') is valid. We prove that the conditions defined in Definition [3.5 are met by
7 (u, C'), one by one, starting from the third one. Then we prove the first and the second
conditions, in order. We will use the fact that by Definition 3.11, the e-value, the es-value,

and the output of 7 (e, &5, ) are, 0o, 0o, and Dy (C, i, 00), respectively.
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To prove the third condition, we consider two cases based on () having a speedy leaf
or not. If @ has no speedy leaf, by Definition 3.9 ®4(C, u,00) = ¢ and P is a partial
solution by the third condition of Definition 3.5/ for C'. If @ has a speedy leaf then it
follows immediately from Lemma [3.16] that ®4(C, i, 00) is a partial solution to I.

Now we prove the first condition. Since the es-value of 7°°(e, e, @) is 0o, all members of
the value set of the root are less than the es-value of 7> (e, es, ). Hence, the first condition
is equivalent to the claim that for every member a of the value set of the root, there is an
object of value a in the expansion of ®y(C, i, 00). The correctness of this claim follows
from Lemma 3.19/ for b = oo.

Finally, we consider the second condition of Definition 3.5. As the e-value and the
es-value of 7> (e, e, ) are the same and by Observation 2.32 RootValueSet(N(I)) is a
subset of the RootValueSet(I), the correctness of the second condition follows from the
correctness of the first condition.

Having proved 7" (u, C') satisfies all the three conditions of Definition 3.5, now we can
say 7 (p, C) is valid. O

An eliminating function of one of the three types we defined in this section eliminates
a number of objects of the instance and thus it can be seen as a step towards reaching an
eliminating configuration in which all objects are eliminated and so the expansion of its
output is a solution to the instance by Lemma 3.9. Motivated in this way, we define an

eliminating step as as an eliminating function of one of these three types.

Definition 3.12 An eliminating function 7 is an eliminating step if 7 = 7w for a sub-

union tree T of N(Q), m = n; for a sub-intersection tree U of Q), or m = w*.

3.2 Eliminating Proofs

In this section we define an eliminating proof intuitively as a sequence of eliminating
steps proving a certain sequence of objects is a solution of the instance. Recall that
by Lemmas 3.12, 3.20, and [3.21] an eliminating step of each of the three types that we
defined results in a valid eliminating configuration if it is applied to a valid eliminating

configuration. So, starting with a valid eliminating configuration, after applying a number
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of eliminating steps we may reach a valid eliminating configuration (e,es, ®) in which
e = es = 0o and hence all objects are eliminated by Definition [3.3. Then, the expansion
of ® is a solution for the instance by Lemma [3.9. In this way, informally speaking, using
a sequence of eliminating steps we have proved that X is a solution to the instance. Thus,
we define an eliminating proof as a sequence of eliminating steps that, by eliminating all

objects, proves a certain sequence of objects is a solution to the instance.

Definition 3.13 Given an instance I = (Q,w, ), we define a valid sequence of eliminating

steps for I and the result of a valid sequence of eliminating steps on I as follows.

1. An empty sequence is valid for I and its result on I is the eliminating configuration

Co = (—00,—00, ®g) where P is the empty sequence.

2. A sequence Il = my,...,m, is valid for I if II' = mq,..., w1 is valid for I and
providing C' is the result of TI' on I, m,(u,C) is defined and is a valid eliminating
configuration. Then, the result of Il on I is defined as m,(u, C).

The result of a wvalid sequence 11 of eliminating steps of I = (Q,w,u) is denoted by
result(I,11). A walid sequence 11 of eliminating steps of I is an eliminating proof for [
if result(I,11) = (00, 00, ), for some .

For the purpose of conciseness, given a sequence II = 7q,...,m, of eliminating steps, we
use I1© to denote the empty sequence and use I1Y to denote the sequence 7, ..., m;, for

every i, 1 <i < n. As the next lemma shows, the sequences II), 0 < i < n, are valid.

Lemma 3.22 Consider an eliminating proof Il =y, ..., m, for an instance I. Then, II®)

is a valid sequence of eliminating steps for I, for every i, 1 <i <n.

Proof. We prove the lemma by induction on i. By Definition 3.13, the lemma is true for
i = n. Also, when the lemma is correct for i 4+ 1, II0t) = 7y, ... m4 is valid for I and
thus by Definition 3.13 71, ..., m = I is valid for I, for every i, 0 < i < n. Hence, the

lemma is true for all 7, 0 < i <n. O

Given a sequence II of eliminating steps for an instance I, by the output of I on I we

mean the output of the result of IT on I. As we prove in the next lemma, the result of an
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eliminating proof on an instance I is valid. Using this lemma together with Lemma 3.9
we will be able to show that the output of an eliminating proof of an instance I on [ is a

solution to I.

Lemma 3.23 The result of a valid sequence 11 = m1,...,m, of eliminating steps on an

instance I is a valid eliminating configuration.

Proof. We use induction on the length of II to prove the lemma. For the base case, suppose
n = 0. Then by Definition [3.13| the result of IT on [ is C' = (e, &5, @) where e = & = —c0
and ® is the empty sequence. Hence, the inequality es < e holds and thus by Definition [3.2
C' is an eliminating configuration. Furthermore, for every value a which is in the value set
of the root in I or is in the value set of the root in N(I), a £ —o00 = e, a £ —00 = &,
and a is not the value of any object in the expansion of ® as ® is the empty sequence. So,
the first two conditions of Definition 3.5 are met. Also, since by Definition 3.1 the empty
sequence is a partial solution, the third condition is also satisfied. Therefore, C' is valid.
Now we suppose the claim is true for n — 1 and we prove it for n. Since II is valid,
by Definition 3.13/ 7y, ..., 7,1 = =Y is valid and thus by the induction hypothesis the
result of II™~Y on I is a valid eliminating configuration C'. Also, by assumption 7, is
an eliminating step and hence by Definition 3.12 it is an eliminating function of the first,
the second, or the third type. Moreover, as C' is the result of 7y,...,m,_1 on I and II
is valid, by Definition 3.13 7, (u, C) is defined. Consequently, depending on 7, being of
the first, the second, or the third type, it follows from Lemma 3.12, from Lemma [3.20, or
from Lemma [3.21 that 7, (p, C) is valid. So, as by Definition [3.13 the result of II on I is

Tn(p, C), the lemma is correct for n. O

Given an instance I and an eliminating proof II for I, we define the set of objects visited
by II in such a way that one can verify that II is an eliminating proof for I and determine
the output of IT on I by looking only at relative values of objects in this set. As a result,
intuitively, if we change values of objects that are not visited by Il such that the value
function of the instance remains ordered, Il remains an eliminating proof for the instance.

Since the definition of eliminating steps is based on the definition of functions pos and
find, we first introduce sets of objects such that knowing relative values of objects in these

sets, one can evaluate results of functions pos and find. Suppose we are given an instance
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Figure 3.4 Boundary-sets of (I,[,a) for different values of a.

The sequence associated to I: @ 7 10 11

a=3 a=8 a=134+ a=20

I =(Q,w,pn), aleaf [ of @, and a value a in V+ and we require to evaluate find(I,l, a).
Intuitively, if we find an object g of w(l) such that p(q) = a or find two consecutive objects
p and ¢ of w(l) such that u(p) < a < p(q), we can claim that ¢ is the smallest object of
w(l) with a value at least a and thus find(1,[,a) = ¢ by Lemma [3.1. The object p in the
second case is the biggest object of value at most a in w(l). So in each of the two cases we
can see that knowing values of the smallest object of value at least a (¢ in both cases) and
the biggest object of value at most a (¢ in the first and p in the second case) is enough to
determine find(1,[,a). The set of these objects is the boundary-set of (I,l,a) as defined

more formally below. Figure 3.4/ shows several examples of boundary-sets.

Definition 3.14 Given an instance I = (Q,w, ), a leaf I of Q, and a member b of V+,
the set consisting of the biggest object in w(l) with a value at most b (if there is any) and the

smallest object in w(l) with a value at least b (if there is any) is defined as the boundary-set
of (1,1,b).

In the next chapter we will prove that when a is a skirted value we can evaluate find(I, 1, a)
if we know relative values of objects in the boundary-set of (1,1, (a)) and a.

Before formally defining the set of objects visited by a sequence of eliminating steps,
we intuitively describe which objects are going to be included in this set and why these
objects are selected to be there. Consider an instance I = (Q,w, ) and an eliminating
proof II = 7y, ..., m, of I. If we evaluate the output ® of II on I then we know that the
result of II = II™ on I is (0o, 00, ®), according to Definition [3.13. Moreover, informally
speaking, to evaluate the result of I’ on I, for some i, the result C; of 11~ on I should
be determined first as by Definition 3.13 C; is evaluated by applying 7; on the result of
16D on I. Thus, one should be able to determine the result of the sequence II¥) on I
using only values of objects visited by II, for every i, 1 < i < n, because the output of 11
on I should be determined by only looking at values of objects visited by II, as mentioned

earlier.
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Motivated by what we explained, we now describe which objects should be in the set
of objects visited by II such that knowing objects visited by II and the result C;_; of
0=V, one can evaluate the result of II) on I, for every i, 1 < i < n. We start this
discussion with eliminating steps of the first type. Suppose m; = 7, for a sub-union tree
T of N(Q) and an integer 7, 1 <4 < n, and also suppose C; = (e;,es;, ®;) is the result
of IW) on I, for every j, 1 < j < n. By Definition 3.13 C; = 7 (1, Ci_1). Hence, ac-
cording to Definition 3.8, e; = hmin(u, C;_1,T). Furthermore, according to Definition 3.7,
hmin(u, C;_1,T) is determined by evaluating the minimum value of u(find(I,1,e;_1)), for
all leaves [ of T' such that find(I,l,e; 1) # END. In addition, as we will prove in the next
chapter, in order to evaluate find(I,l,a), for a leaf [ and a value a in V+, it suffices to
know the relative values of the objects in the boundary set of (7,1, (a)) and a. Therefore,
for all such leaves [ of T', we include the object find(1,[,e;_1) (if it is not equal to END) and
also the boundary-set of (1,1, (e;_1)) in the set of objects visited by II to make it possible
to verify that find(1,1,e; 1) is evaluated correctly using values of objects visited by II.

Next we explain how we determine which objects are included in the set of objects
visited by II because of an eliminating step of the second type. Suppose m; = 77, for
a sub-intersection tree T of (), is an eliminating step in Il and consider the eliminating
configuration C;_1 = (e;_1,es;_1, P;—1). In order to verify that 7 (u, C;—1) is defined, one
has to verify that every leaf of T" has an object of value e;_;, according to Definition [3.10.
So, the object in w(l) that is of value e;_; will be in the set of objects visited by II, for
every leaf [ of T'. In addition, the output of 77(p, C;—1) is evaluated as @ (Ci_1, i, €i-1) ©o,
for an object o, according to Definition 3.10. Thus, by Lemma 3.14} if the query tree has
exactly one speedy leaf, all objects of the speedy leaf with values less than e;_; and at least
es;_1 are added to the solution in this step. Hence, the smallest object of the speedy leaf
with a value at least e;_; in addition to the biggest object p of the speedy leaf of a value
at most e;_; will be included in the set of objects visited by II so that one can verify that
p is the smallest object of sl(Q)) with a value at least ;1.

Finally, given a step 7; of the third type in II, because of the reason that we now
explain, we will define the set of objects visited by ; in II as the empty set. According to
Definition 3.11), C; is defined as (oo, 00, P4(C;_1, i, 00)) and by Lemma[3.14 & (C;_1, p1, 00)

is evaluated by appending objects of the speedy leaf (if it exists) of values at least es;_;
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to the output of C;_;. Thus, if we can confirm that the smallest object with a value at
least es;_; in the speedy leaf is the smallest object that is appended to the output by this
step then we can easily verify if C; is evaluated in the right manner. We now explain how
this fact is confirmed. By Lemma 3.1/ the smallest object with a value at least es;_; is
determined by evaluating find(I,[,es;_;) and, as mentioned earlier, we will prove that by
looking at relative values of objects in the boundary-set of (I,1, (es;_;)) and es;_;, one can
verify if find(1,1, es;_;) is evaluated correctly. Also, as we will prove in Lemma [3.24, when
there is a speedy leaf, the boundary-set of (1,1, (es;)) is in the set of objects visited by oo,
for any 7, 0 < j < n. Therefore, knowing values of objects that are already added to the
set of objects visited by II, we can verify the correctness of the evaluation of C;. Hence, it
is not necessary to include any new object in the set of objects visited by II.

We now formally introduces the set of objects visited by an eliminating proof and then
we prove Lemma 3.24, as explained above.

Definition 3.15 Suppose Il = 7y, ..., 7w, is a valid sequence of eliminating steps for an
instance I = (Q,w, 1) and also suppose C; = (e, es;, ®;) is the result of 1Y on I, for every
i, 1 <i<mn. Foreveryi, 1 <i<n, we define the set Visited;(I,1I) as follows.

If mi = 7wy, for a sub-union tree T' of N(Q), Visited;(I,11) is the set

|J {find(I,1,e-1)} US — {END},

leleaves(T)

where S; is the boundary-set of (I,1,{e;_1)), for every leaf 1 of T.
If mi = mh, for a sub-intersection tree T of Q, Visited;(I,11) is the set

TU U {find(I,1,e_1)},

leleaves(T')

where T is empty if Q) has no speedy leaf and otherwise, T is the boundary-set of (I, sl(Q), €;_1).
Finally, if m; = ©=, Visited;(I,11) = ().
The set of objects visited by II is defined as Visited(I,11) = |J;_, Visited;(I,II).

Lemma 3.24 Suppose Il = my, ..., 7w, is an eliminating proof for an instance I = (Q,w, )
and Q has a speedy leaf. Furthermore suppose (e, es;, ®;) is the result of IV on I for every
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i, 0 < i < n. Then, the boundary-set of (I,sl(Q), (es)) is a subset of Visited(I,1I) if
es; & {00, —o0}, for everyi, 0 <i <mn.

Proof.  We use induction on i to prove the claim. The claim is true for ¢ = 0 since by
Definition 3.13/ es, = —oo. So suppose the claim holds for ¢ — 1, 1 <7 < n. If m; = 7, for
some T, the claim is true since es; = es;_; by Definition 3.8 Furthermore, if m; = 7> the
claim is correct as by Definition 3.11 es; = co. Now, suppose m; = 77, for some 7". Then,
by Definition 13.10 es; = e;,_1+ and hence (es;) = e;_1. Also, as m; = 75, by Definition [3.15
the boundary set of (I,sl(Q),e;_1) is a subset of Visited;(I,1I). Thus, the claim is true for

7 in this case, as well. O]

Given a valid sequence Il of m eliminating steps, as it is clear from Definition 3.15,
the definition of the set Visited;(,II), for some i, 1 < ¢ < m, depends only on the the
instance I, the ith step of II, and the e-value of the result of I~ on I. Now consider two

valid sequences of eliminating steps II; and Il such that Hgi) = Hg) =m,...,mT;, for some

7. Then the ith steps of II; and II, both are ;. Also, Hgi_l) =T, .., o1 = Hg_l)and

hence result(1, Hgi_l)) = result([, Hgi_l)). Therefore, the e-values of the results of Hgi_l)
and H;i_l) on [ as well as the ith steps of II; and Il are the same. So, the equation

Visited;(I,11;) = Visited;(I,115) holds. This proves the next lemma.

Lemma 3.25 Given two valid sequences 11y and 11y of eliminating steps of an instance I
and an integer i such that Hgi) = H(i), Visited;(I,11y) = Visited;(I,115). d

The following lemma will be used for a couple of purposes in the next chapters one of
which is to obtain a lower bound on the size of the set of objects visited by an eliminating

proof when analyzing the running time of our algorithm.

Lemma 3.26 Consider a valid sequence Il = 71, ..., m, of eliminating steps of an instance
I and suppose e; is the e-value of the result of 1) on I, for every i, 0 < i < n. Then,
given an integer m, 0 < m < n, e, € {—00,00} or there is an object o of I in Visited(I,II)
such that {e;,) = u(o).

Proof. To prove the lemma we consider several possibilities based on m = 0 or not and if

m # 0, based on the type of the step 7,,. Since 1Y) is empty, by Definition [3.13] the result
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of I on I is (—o0, —o0, @), for some @y, and thus ey = —oo. So the lemma for m = 0
is true.

Now we suppose m > 0. Then, by Definition 3.13 the result of II(™ is evaluated as
Tm (1, C) where C' is the result of the II™~Y. Hence, e, is the e-value of 7,,(u, C) and
emn_1 is the e-value of C'. We now consider different possibilities based on the type of m,,.

If 7, = mp, for some 7', then by Definition 3.8, e,, = hmin(u, C,T'). By Definition 3.7
hmin(u, C,T) is either oo or u(find(1,1,e,,1)), for a leaf | of T', such that find(I,1,e,,_1) #
END and hence by Lemma 3.1l find(/,[,e,,_1) is an object of . Also, given a leaf [ of T
such that find(I,l,e,_1) # END, by Definition 3.15 find(1,l,e,, 1) is in Visited,,(I,II)
and thus as by Definition 3.15/ Visited(I,II) = (. _, Visited,,(I,1I), find(I,l,e,,_1) is in
Visited(I,1I). Therefore, in this case e,, = hmin(u,C,T) is either oo or the value of an
object of I in Visited(I,1I). So, e,, is a main value and hence (e,,) = e,,. Consequently,
either e,,, = 0o or (e;,) is the value of an object of I in Visited(1,II).

Now suppose 7, = 77, for a sub-intersection 7" of (). We prove the lemma by showing
that e,,—1 = (e,,) and find(1,l,e,,1) is an object of value e,,_; in Visited(,II), for every
leaf [ of T Since m,, = w7, by Definition 3.10/ e,, = e,,_1+ and hence e,,_1 = (e,).
Furthermore, given a leaf [ of T', by Definition 3.15! find(1, [, e,,_1) is in Visited,,(I,1I) and
thus is in Visited(I,II). In addition, since by Lemma 3.22/ TI™ is valid, by Definition [3.13
Tm (1, C) = m5(p, C) is define and so by Definition 3.10] every leaf of T has an object of
value e,,_1. As a result, by Lemma 3.2 find(I,l,e,,_1) is an object of [ of value e,,_1, for
every leaf [ of T'. So, the claim is correct in this case, as well.

Finally, if 7, = 7>, by Definition 3.11 e,, = co. Consequently, the claim is correct for

m in all cases. O

In the next chapter, given a proof P for an instance I, we prove that an eliminating

proof for I not visiting any object outside Visited(P) exists.



Chapter 4

Eliminating Proofs versus Proofs

In this chapter we prove that, given a subset V of Objects(I), an instance I has an elim-
inating proof II such that Visited(I,1I) C V if and only if I has a proof P such that
Visited(P) C V. The importance of proving this fact is that the definition of our difficulty
functions is based on sets of objects visited by proofs while the running time of our algo-
rithm will be expressed in a form based on sets of objects visited by eliminating proofs. It
is thus necessary to provide a connection between these two families of sets of objects. We
first in Section 4.1 prove the “only if” part of this claim and then in the following section

we prove the ‘if” part of the claim.

4.1 Building a Proof

In this section we show that, having an eliminating proof II for an instance I, one can build
a proof for I with the same set of visited objects as II. To prove this fact, we first show
that the expansion ¥ of the output of IT on [ is a solution to every instance Visited(I,II)-
identical with I and then we use Lemma 2.9 to construct a proof not visiting any object
outside Visited(I,1I). Given an instance J that is Visited(I, II)-identical with I, in order
to prove that X is a solution to J, we show that II is an eliminating proof for J and that
the result of IT on I is the same as the result of Il on J and then we use Lemma 3.9 to
conclude that ¥ is a solution to J.

We now describe the idea of the proof of the claim that, given an eliminating proof

75
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Il =my,...,m, for an instance I = (Q,w, 1) and an instance J = (Q,w, v) such that I and
J are Visited(I, IT)-identical, II is an eliminating proof for J and the result of IT on J is the
same as the result of Il on I. Informally speaking, we will inductively prove the following
claims for for every i, 0 < i < n: First, II) is valid for J. Second, the output of the result
C; of TI) on I is the same as the output of the result C; of II®) on .J. Third, the e-values
(the es-values) of C; and C; can be described in the same way in terms of the values of
objects visited by II, meaning that as an example, if the e-value (the es-value) of C; equals
the p-value of an object o in Visited(I,II) then the e-value (the es-value) of C; equals the
v-value of the same object 0. Having proved these facts for ¢ = n, it will be proved that
the results of II™ on I and on J are the same and so, as explained above, we can create
the proof P not visiting any object outside Visited(I,1I).

To prove that e-values and es-values of C; and C; can be described in the same way
in terms of the values of objects in the set S = Visited(I,II), we now formally define the
concept of a value in V+ being described in terms of values objects in the set S. Informally
speaking, a value a in V + is described using p-values of objects in a set S if a € {—o00, 00}
or (a) is the p-value of an object in S§. Hence, aside from —oo and oo, only those values

that equal p(0) or pu(o)+, for an object o in S, can be described.

Definition 4.1 Given a set S of objects of a signature G and a value function & for G,
we define apparent(S, €) = {00, ~00} U U,c5{€(0),€(0)+}.

We now formally define how values in apparent(S,¢) are described. We introduce a
number of descriptors each corresponding to a member a in the set apparent(S,¢) and
storing information indicating whether a is a main value or not and if a ¢ {00, —o0},

specifying an object o such that a = £(0) or a = £(0)+.

Definition 4.2 Given a set S of objects, an S-descriptor is a member of {oo, —c0} or is
a pair (o,1) where o € S and i € {0,1}.

The next definition shows how a value described by an S-descriptor is determined.
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Definition 4.3 Given a set S of objects of a signature G, a value function & for G, and
a S-descriptor y, the &-meaning of y, denoted by meang(y), is defined as follows.

Y ify € {—o0,00}
meang(y) = ¢ &(o)  ify = (0,0), for some object o
£(o)+ ify = (o,1), for some object o

Recall that, as we explained, we inductively will prove for any 7, 0 < ¢ < n, that the
e-value (the es-value) of the result C; of II) on I and the e-value (the es-value) of the result
C; of II” on J can be described in the same way in terms of the values of objects visited
by II. We now explain, how this fact is proved for ¢ and, having proved it for ¢, how we will
prove it for i+1. As we will prove in Theorem [4.5, there is a Visited(I, IT)-descriptor y such
that (z such that) e-values (es-values) of C; and C; are the p-meaning and the v-meaning
of y (of 2), respectively. The next lemma proves that this result will yield the fact that I
and J are the same in terms of relative values of objects visited by II and the e-value and
the es-value of the result of II¥). Also, we have defined the set of objects visited by II such
that the result of II¢+1) is determined using these relative values. These facts will enable

us to prove the induction claims for 7 + 1, as we will see.

Lemma 4.1 Given a set S of objects of a signature (Q,w), a S-descriptor y, and two

instances I = (Q,w,n) and J = (Q,w,v) that are S-identical, the statements (o) <

mean,,(y), (o) = mean,(y), and p(o) > mean,(y) are equivalent to the statements v(0) <
v

Yy
mean,(y), v(o) = mean,(y), and v(o) > mean,(y), respectively, for every object o of S.

Proof. We prove the lemma by considering different possibilities for y. We first consider
the cases y = oo and y = —oo. Then, we consider the case in which y = (p,0), for an
object p in S, and finally we prove the lemma for the case y = (p, 1), for some p in S.

We now discuss the case y = oo and then we consider the case y = —oco. We prove the
lemma in this case by proving that the y-meaning and the v-meaning of y are greater than
the p-value and the v-value of o, respectively. By Definition 4.3/ mean, (y) = mean, (y) =
oo. Also, by Definition 2.5 (o) # oo and v(o) # oo. Thus, since both u(o) and v(o)
are in V and by definition oo is the greatest value of V, p(o) < oo = mean,(y) and

v(o) < oo = mean,(y). Hence, the lemma is proved in this case as the two statements
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p(o) < mean,(y) and v(o) < mean,(y) are true and so the other four statements stated
in the lemma are false. The proof for the case in which y is equal to —oo is also similar:
it suffices to replace all occurrences of “c0”, “<”, and “ biggest” in the argument by “—o0”,
“>” and “smallest”, respectively.

Now we prove the lemma in the cases in which y is not in {—o00, 00}, and hence by
Definition 4.2/ there is an object p in & and an integer i in {0,1} such that y = (p,?).
First we consider the case ¢ = 0 and after that we will discuss the case ¢ = 1. By
Definition 4.3l mean,,(y) = p(p) and mean,(y) = v(p). Since by assumption p and o are in
S and I and J are S-identical, by Definition 2.15 each of the three comparison propositions
p < o, p == o, and p > o is satisfied by p if and only if that comparison proposition is
satisfied by v. Hence, the statements u(o) < u(p), u(o) = p(p), and (o) > u(p) are
equivalent to the statements v(0) < v(p), v(o) = v(p), and v(o) > v(p), respectively. So as
p(p) = mean,,(y) and v(p) = mean,(y), the statements (o) < mean,(y), u(o) = mean,,(y),
and (o) > mean,(y) are equivalent to the statements v(0) < mean, (y), v(o) = mean,(y),
and v(o) > mean, (y), respectively.

Finally we consider the case in which ¢ = 1. Thus, by Definition 4.3 the mean,,(y) =
p(p)+ and mean,(y) = v(p)+. In this last case, we consider three subcases based on the

relative values of p(0) and u(p).

Case 1: pu(o) = u(p).
In this subcase, as by assumption p and o are in S and [ and J are S-identical, by

Definition 2.15 the correctness of the equation p(o) = u(p) yields the correctness of
the equation v(0) = v(p). By definition, for every value a in V, a < a+. Thus,
p(o) = p(p) < p(p)+ = mean,(y) and v(o) = v(p) < v(p)+ = mean,(y). Therefore,
the two statements p(o) < mean,(y) and v(o) < mean,(y) are true and so the other
four statements stated in the lemma are false. Hence, the lemma is true in this

subcase.

Case 2: p(o) > u(p).
We have v(o)
Thus, as 1(0)
and v(o) > v(p)

> v(p) as by assumption p and o are in § and I and J are S-identical.
> u(p) and v(o) > v(p), by Observation 2.29 y1(0) > p(p)+ = mean,,(y)
+ = mean,(y). Consequently, the two statements p(o) > mean,,(y)
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and v(o) > mean,(y) are true and hence the other four statements stated in the

lemma are false. Thus, the lemma is true in this subcase.

Case 3: pu(o) < u(p).
By changing all “>” operators in the argument of the previous subcase to “<”, the

lemma is proved in this subcase also.
Now, in all cases we have proved the lemma. O

As explained, a result of Lemma4.1is that given two S-identical instances I and J, for a
set S, and a S-descriptor y, the relative values of pi-values of the objects of S and mean,,(y)
are the same as the relative values of v-values of the objects in S and mean,(y). In the
next two lemmas we show that existence of the S-descriptor p proves more similarities
between mean,(y) and mean,(y). After proving the next lemma, by applying Lemma 4.1,
we will be able to prove the additional result that in such situations the relative values of
p-values of the objects in S and (mean,,(y)) are the same as the relative values of v-values
of that objects and (mean,(y)). Also, by proving Lemma 4.3 we will know that if one of

mean,,(y) and mean,(y) is a main value, the other one is also a main value.

Lemma 4.2 Given a set S of objects of a signature G and a S-descriptor y, there is a

S-descriptor z such that for any value function p for G, mean,(z) = (mean,(y)).

Proof. We consider different cases depending on y being a member of {—o00, 00} or not.
If y € {—o0,0}, by Definition 4.3 the p-meaning of y is also in {—o0, 0}, for every
value function p for GG. Hence, in this case, the p-meaning of y is a main value as —oo
or oo are in V. Thus, by definition mean,(y) = (mean,(y)) and so for the choice z = y,
mean,,(z) = (mean,(y)). Hence, the lemma is true in this case.

Now we consider the other case, in which y = (0,4) for an object o0 of S and an integer
i. Hence, by Definition 4.3, mean,(y) is u(o) or p(o)+ and thus (mean,(y)) = p(o), for
any value function p for G. Hence, as o € S, by Definition 4.2 (0,0) is a S-descriptor and
by Definition 4.3, mean,((0,0)) = p(o) = (mean,(y)) for any value function p for G. So,

the choice z = (0,0) proves the lemma. O



80 CHAPTER 4. ELIMINATING PROOFS VERSUS PROOFS

Lemma 4.3 Given a set S of objects of a signature G, two value functions p and v for G,

and a S-descriptor y, mean,(y) is a main value if and only if mean, (y) is a main value.

Proof. 'We prove the lemma by considering different possibilities for y. By Definition 4.3 if
y € {00, —oo} then mean,(y) and mean,(y) both are in {oco, —oco} and thus both are main
values. If y & {o0, —00}, by Definition 4.2 y is of the form (o0,4). If i = 0, according to
Definition 4.3, mean,,(y) and mean,(y) are the p-value and the v-value of o, respectively.
Hence, in this case, by Definition 2.5/ both are in V and so both are main values. Finally,
if i = 1, by Definition 4.3 mean,(y) = p(o)+ and mean,(y) = v(o)+ and thus both of

mean,,(y) and mean, (y) are skirted values. So the lemma is true in all cases. O

Recall that when motivating the definition of the set of objects visited by an eliminating
proof of an instance I = (Q,w, i), we claimed that find(1,[,a) can be determined if the
relative values of objects in the boundary set of (1,1, (a)) and a is known, for every leaf [
of ) and member a of V+. By proving the next lemma and using Lemma 4.1 we will be

able to prove such a fact.

Lemma 4.4 Consider a set S of objects of a signature (Q,w), a S-descriptor y, two
instances I = (Q,w, n) and J = (Q,w,v) that are S-identical, and a leaf | of Q such that
the boundary-set of (1,1, (mean,(y))) is a subset of S. Then the following claims are true.

Claim 1. find(I,l, mean,(y)) = find(.J, [, mean, (y)).

Claim 2. The boundary-set of (1,1, (mean,(y))) equals the boundary-set of (J,, (mean,(y))).

Proof.  We prove the two claims of the lemma by considering two cases based on w(()
having an object of p-value (mean,(y)) or not. In the following argument, we define z to
be an S-descriptor such that mean,(z) = (mean,(y)) and mean, (z) = (mean,(y)); as y is

an S-descriptor, by Lemma 4.2 such an S-descriptor exists.

Case 1: w(l) has an object o of p-value (mean,(y)).
We first show that v(o) = (mean,(y)), then we prove Claim 2, and finally in order to
prove Claim 1 we will consider two subcases depending on mean,,(y) being a main value

or a skirted value.
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We show that o € S and then we use Lemma 4.1/ to prove that v(0) = (mean,(y)). Since
p is ordered, the p-value of each object placed after o in w(l) is greater than (mean,(y)) and
hence o is the biggest object of [ of value at most (mean, (y)). Therefore, by Definition [3.14
o is in the boundary-set of (I, [, (mean,(y))) and so o € S as by assumption the boundary-
set of (1,1, (mean,(y))) is a subset of S. In addition, by the definition of z, mean,(z) =
(mean,,(y)) = p(o). Thus, as 0 € S, by Lemma 4.1 mean,(z) = v(o). So, as by the
definition of z, mean,(z) = (mean,(y)),

(mean, (y)) = mean,(z) = v(o). (4.1)

Now we prove Claim 2. Since p and v are ordered, o is the biggest (smallest) object
of | with a p-value at most (at least) u(o) = (mean,(y)) and also the biggest (smallest)
object of [ with a v-value at most (at least) v(0) = (mean,(y)). So, by Definition [3.14 both
boundary-sets of (I,[, (mean,(y))) and (J,[, (mean,(y))) are {o}. Thus, Claim 2 is true.

Now, to prove Claim 1 we have different arguments depending on mean,(y) being a

main value or a skirted value.

Case la: mean,(y) is a main value.

We prove Claim 1 by showing that both objects find(/, [, mean,,(y)) and find(.J, [, mean, (y))
equal o. Since mean,(y) is a main value, by Lemma [4.3 mean, (y) is also a main value and
hence mean,(y) = (mean,(y)) and mean,(y) = (mean,(y)). Therefore, since by assump-
tion p(o) = (mean,(y)) and by Equation 4.1l v(0) = (mean,(y)), we may conclude that
mean,(y) = p(o) and mean,(y) = v(0). As a result, [ has an object of p-value mean,(y)
and an object of v-value mean,(y). Consequently, by Lemma 3.2 find(1, [, mean,(y)) and
find(J, 1, mean, (y)) are objects of p-value mean,(y) = p(o) and v-value mean,(y) = v(o),
respectively. Therefore, as w(l) has no two objects with the same p-values or with the
same v-values, find(I,, mean,(y)) and find(.J, [, mean, (y)) both are equal to 0. So, Claim

1 is true.

Case 1b: mean,(y) = (mean,(y))+.
We show that the inequalities p(0) < mean,(y) and v(o) < mean,(y) hold and then

using this result in each of the two cases that o is the last object of w(l) and o is not the
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last object, we prove Claim 1. Since mean,(y) is a skirted value, by Lemma 4.3 mean, (y)

is a skirted value too and so mean,(y) = (mean, (y))+. Therefore,

(o) = {mean, (y)) < (mean,(y))+ = mean,(y) (4.2)

and due to Equation 4.1

v(0) = (mean,(y)) < (mean,(y))+ = mean,(y). (4.3)

Hence, if o is the last object of w(l), the p-values and v-values of all objects of w(l) are
less than mean,(y) and mean,(y), respectively and we will have find({,l, mean,(y)) =
find(J, 1, mean, (y)) = END by Lemma [3.1.

Now we prove Claim 1 when o is not the last object of w(l). In this case suppose p
is the first object after o in w(l). As p and v are ordered, u(p) > p(o) = (mean,(y))
and v(p) > v(o) = (mean,(y)). Thus, by Observation 2.29/ u(p) and v(p) are at least
(mean, (y))+ = mean,(y) and at least (mean,(y))+ = mean,(y), respectively. So, p is
the first object of p-value at least mean,(y) and also is the first object of v-value at
least mean, (y) as pu(o) < mean,(y) (Equation 4.2) and v(o0) < mean,(y) (Equation 4.3).
Therefore, by Lemma 3.1, find(I, [, mean,,(y)) and find(J, [, mean, (y)) both are equal to p.

Case 2: there is no object of p-value (mean,(y)) in w(l).

We consider three subcases depending on whether there is any object with a p-value
less (greater) than mean,(y). Note that since there is no object of p-value (mean,(y)) in
w(l) and by definition u-values of all objects are main values, there is no object of p-value

mean,,(y) in w(l), as well.

Case 2a: p-values of all objects in w(l) are less than mean,,(y).

In this case, by Observation 2.30 py-values of all objects of | are at most (mean,(y)).
We first show that p-values and the v-values of all objects of [ are less than (mean,(y))
and (mean,(y)), respectively, and then using this fact we prove Claims 2 and 1, in that
order.

We now show that 11(0) < (mean,(y)) and v(o) < (mean,(y)), for any object o of [, and
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then we prove Claim 2. As we supposed there is no object of p-value (mean,(y)) in w(l)
and we proved in this subcase values of all object of [ are at most (mean,(y)), the p-value
of the last object of w(l) is less than (mean,(y)). As a result, the last object ¢ of w(l) is
the biggest object of [ with a value at most (mean,(y)) and there is no object of value at
least (mean,(y)) in w(l). So, the boundary-set of (1, [, (mean,(y))) is {¢} (Definition [3.14).
Thus ¢ isin S as by assumption the boundary-set of (1, [, (mean,(y))) is a subset of S. As a
result, by Lemma 4.1/ the sentences ;(q) < mean,(z) and v(q) < mean,(z) are equivalent.
So, since p(q) < (mean,(y)) = mean,(z), v(¢) < mean,(z) = (mean,(y)). Hence, as ¢ is
the last object of [, ¢ is the biggest object of [ with a v-values at most (mean,,(y)) and there
is no object of value at least (mean, (y)) in w(l). Thus, by Definition [3.14' the boundary-set
of (J,1, ({mean,(y))) is {¢}. So, Claim 2 is proved.

Now we prove the first claim. Due to what we proved above, v(q) < (mean,(y)) <
mean, (y) where ¢ is the last object of . Thus, v-values of all objects of [ are less than
mean, (y). Also, we are considering the case in which p-values of all objects are less than
mean,,(y). Hence, by Lemma 3.1, find([, [, mean,(y)) and find(J,[, mean,(y)) both equal

END as there is no object of pi-value at least mean,(y) or v-value at least mean, (y).

Case 2b: p-values of all objects of w(l) are greater than mean,(y) and so they are
all greater than (mean,(y)).

In this case, the same argument as the previous case (by exchanging all occurrences of
“greater”; “bigger”, “>” “>" and “last” with “less”, “smaller”, “<”, “<” and “first”, respec-
tively, and in addition, by ignoring the very last sentence of the argument of the previous
subcase) proves that the second claim of the lemma is true and that p-values and v-values
of all objects of w(l) are greater than mean,(y) and mean, (y), respectively. Hence, the
first object p of w(l) is the first object of w(l) of p-value at least mean,(y) and also the
first object of w(l) of v-value at least mean,(y). As a result, according to Lemma 3.1}

find(I,1, mean,(y)) and find(.J,l, mean,(y)) both equal p. So, Claim 1 is correct, as well.

Case 2c: pi-values of a positive number of objects of w(l) are less than mean,,(y) and
p-values of a positive number of objects of w(l) are greater than mean, (y).
We first consider the biggest object p of [ with a p-value at most mean,(y) and the

smallest object of | with p-value at least mean,(y). Then, we show that p and ¢ are



84 CHAPTER 4. ELIMINATING PROOFS VERSUS PROOFS

consecutive objects of [ and p(p) < mean,(y) < u(q). Afterward, using this fact we then
prove Claims 2 and 1 in that order.

We first prove that p(p) < mean,(y) < p(q) and that p and ¢ are consecutive. As
discussed earlier, since by assumption there is no object of p-value (mean,(y)) in w(l) and

p-values of all objects are main values, there is no object of p-value mean,(y) in w(l), as

well. So p(p) # mean,(y) and p(q) # mean,,(y). Hence,

p(p) < mean,,(y) < pu(q) (4.4)

as p and ¢ are defined as objects with p-value at most mean,(y) and at least mean,(y),
respectively. Also, it follows from the definitions of p and ¢ that they are either consecutive
objects or the same objects. Hence, as by Equation 4.4 p and ¢ do not have the same values,
p and ¢ are consecutive.

Now we prove Claim 2 by showing that the boundary-sets of both (1,1, (mean,(y)))
and (J,1, (mean,(y))) are {p,q}. Since u(p) < mean,(y) (Equation 4.4), by Observa-
tion 2.300 pu(p) < (mean,(y)). So, as there is no object of p-value (mean,(y)) in w(l),
p(p) < (mean,(y)). Moreover, since by Equation 4.4/ mean,(y) < p(q) and by defini-
tion (mean,(y)) < mean,(y), (mean,(y)) < p(q). Thus, u(p) < (mean,(y)) < u(q).
As a result, since p and ¢ are consecutive objects, the object p (the object ¢) is the
biggest (smallest) object of value at most (at least) (mean,(y)) and consequently by
Definition 3.14 {p, ¢} is the boundary-set of (I,l, (mean,(y))). Hence as by assump-
tion the boundary-set of (I,l, (mean,(y))) is a subset of S, p and ¢ are in S. So, as
pu(p) < (mean,(y)) = mean,(z), according to Lemma 4.1, v(p) < mean,(z). Further-
more, as mean,(z) = (mean,(y)) < wp(g), by Lemma 4.1, mean,(z) < v(q). Hence,
v(p) < (mean,(y)) < v(q) since mean,(z) = (mean,(y)). Thus, as p and ¢ are con-
secutive, the object p (the object ¢) is the biggest (the smallest) object of v-value at
most (at least) (mean,(y)). Consequently by Definition 3.14/ {p, ¢} is the boundary-set of
(J,1, (mean,(y))). So Claim 2 is proved.

Now we prove Claim 1. We proved that p and ¢ are in §. Hence, as by Equation 4.4
u(p) < mean,(y) and mean,(y) < u(q), by Lemma 4.1, v(p) < mean,(y) and mean,(y) <
v(q). Therefore, v(p) < mean,(y) < v(g). Also, by Equation 4.4 ;(p) < mean,(y) < u(q).

So, as p and ¢ are consecutive, ¢ is the smallest object of pi-value at least mean,,(y) and at
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the same time, it is the smallest object of v-value at least mean, (y). Hence, by Lemma 3.1,
find(I,1, mean,(y)) = q and find(J, [, mean, (y)) = ¢q. Thus, Claim 1 is also correct.
Now we have proved both claims in all cases. 0

Recall that, given an eliminating proof II for an instance I, our plan is to prove that
IT is an eliminating proof for any instance J that is Visited(/, II)-identical with I and that
the output of II on [ is the same as the output of IT on J. We prove this fact in the next

theorem.

Theorem 4.5 Suppose the query tree of an instance I = (Q,w, ) has at most one speedy
leaf. Also, suppose 11 is an eliminating proof for I and J = (Q,w,v) is an instance
Visited(I,11)-identical with 1. Then, the following properties hold.

(1) 11 is an eliminating proof for J.
(2) Visited(I,11) = Visited(J, I1).
(3) The output of Il on I is the same as the output of I1 on J.

Proof.  Using induction on ¢, we prove following statements for every i, 0 <1 < n.
1. The sequence I is a valid sequence of eliminating steps for J.
@)y — (@ @) F@) @)y — (o o @) g@)
2. Suppose result(l,II") = (e;”, es;’, @) and result(J,I1'V) = (e}, es;,’, ®}’). Then,

a) there is an (I, IT)-descriptor @ such that mean,(y®) = e” and mean, (y®) =
m I
()
eJ 5
b) there is an (I, IT)-descriptor 2® such that mean,(z®) = e\” and mean, (:®) =
m I

esf,i), and

(c) @ = @Y.
3. If i > 0, Visited;(I,I1) = Visited;(J, II).

Having proved these claims for every ¢, 0 < ¢ < n, we will prove that the three claims of the
lemma are true. We now first prove the claims for the base case i = 0. By Definition 3.13,
O is valid for J and result(,11V) = result(J, 11(?) = (—o0, —o0, ®y) where ®; is the
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empty sequence. Thus, when i = 0, e(l) = esgl) = eg) = esf,) = —o0 and CDgi) = @ff) = ®y. So
Claims 1 and 2(c) are proved for i = 0. As —oo is a Visited(I, IT)-descriptor (Definition [4.2)
and by Definition 4.3 mean,,(—o0) = mean, (—o0) = —oco = eg) = es(;) = ef]) = esJ), Claims

2(a) and 2(b) are correct, as well. Finally as ¢ # 0, Claim 3 is also true. Consequently, all
claims are correct for the base case.

Given that the claims are correct for 1 — 1, 1 < ¢ < n, in order to prove them for
1, we consider different types of eliminating functions, one by one. Before that, we state
a number of trivial observations. Since II is an eliminating proof for I, by Lemma [3.22
@ and 1Y are valid for I and by the first claim of the induction hypothesis we know
that TI6- is valid for .J. Now we consider the results Ct' ) = (/™ ™" &1 and
C(i_l = (e(}_l),esf,i_l),q)(}_l ) of TI=Y on I and on J, respectively, and also the result
(J() (e] ,esl), <I> ) of I® on I. As C}i) is the result of II®) on I, by Definition [3.13,

mi(, OF ) = 0 = (e e, ). (4.5)

Also, as by Definition [3.15, Visited(!,1I) is the union of Visited;(1,1I), for j, 1 < j < n,
we can observe that

Visited; (1, 11) C Visited(I,1I). (4.6)

Eliminating functions of the first type: First we consider the case in which m; = 7,
for a sub-union tree T of N(Q) and we prove all claims one by one. Since by induction
I16G-Y is valid for .J and by Definition 3.8 ; (v, C~") is always defined, by Definition 3.13
1@ is valid for J and so the first claim is satisfied. By Definition [3.13, result(J,11%)) =

mi(v, C’t(,ifl)). Now we define the eliminating configuration €' = (e(j), esf,), (I)f]i)) as follows.
result(.J, 11V = m;(v, CL(]Fl)) = Cﬁi) = (ef;), esf,l), (IJF;)). (4.7)

The following lemma will be used to prove the statements in the second induction claim.
Lemma 4.6 For every leaf | of T, find(J,l, er 1) ) = find(I, 1, egifl)).

Proof. Given a leaf [ of T, by Definition [3.15, the boundary-set of (1,1, <e§i_1)>) is a subset
of Visited;(I,Il) because m; = m;. Hence, as by the induction hypothesis for Claim 2a
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eyfl) = mean,(y“~Y) and by Equation 4.6, Visited;(I,1I) C Visited(I,II), the boundary-
set of (I,1, (mean,(y®V))) is a subset of Visited(I,II). So, by applying Lemma 4.4/ for
S = Visited(I,11) we can conclude that find(I,l, mean,(y®~Y)) = find(J, [, mean, (y~Y))
as by the induction hypothesis for Claim 2a y~" is a Visited(I, II)-descriptor. Also, by
induction, "V = mean, (yV) and ™" = mean, (y@~). Thus, find(I,1,e\" ") equals

ﬁnd(J,l,e“ . O

Now we prove different statements of the second claim, one by one.

Claim 2(a). Since eI and e by Definition 3.8 are equal to hmin(u, C’( D,T) and
hmin(v, C(i_l) T), respectlvely, to prove the claim it will suffice to find a V1s1ted([ IT)-
descriptor y® such mean, (y?) = hmm(u,C’(z U,T) and mean, (y”) = hmin(v, C i-1) ,1).
We consider two cases distinguished in Definition 3.7, separately.

The first case is when for every leaf [ of T, ﬁnd([,l,el 1)) = END. Then, as by
Lemma 4.6 find(I,1,e\"" V) = find(J,1,e{™"), ﬁnd(J,l,e(Z Yy = END, for any leaf [ of T.
Thus, by Lemma 3.1/ for every object o of every leaf of T, (o) < e(; and v(o0) < ef]Z Y,
Hence, since all leaves of T" are in N(Q) (because T is a sub-union tree of N(Q)), by
Definition 3.3 all objects of all leaves of T" are both C}ifl)—eliminated and C'y*l)—eliminated.
Therefore, by Definition [3.7, both hmin(u, C’(i_l), T) and hmin(v, C’(i_l),T) are 0o. So, if
we define ) = oo, by Definition 4.2 3% is a Visited(I, IT)-descriptor and by Definition 4.3,
mean,,(y) = meany(y( )) = 0o = hmin(y, C}Z 1),T) = hmin(v, C’JZ Y ,T). Thus, the claim
is proved in this case.

Now we consider the other case, in which the set 7 of all leaves [ of T' satisfying
find(I,1,e"V) £ END is not empty. So, there is a leaf u of T such that find(I, u,e\"™") #
END and thus by Lemma 4.6 find(J, u, e(Z 2 ) # END. Consequently, by Lemma 3.1/ there

is an object o of u of y-value at least eg and there is an object p of u of v-value at least

e‘(;fl). Therefore, as u is a leaf of 7" and so u is in N(Q), by Definition 3.3/ 0 and p are

C}i_l)—remaining and Cgi_l)—remaining, respectively. Hence, by Definition 3.7,
hmin(p, CV9, T) = (ﬁnd([ v, el 1’)), (4.8)

where v is a leaf [ of 7 minimizing u(find(I, 1, eIZ 1))).
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We now claim that if we define
g = (find(1,0,¢{ ™), 0) (4.9)

y satisfies mean,, (y®) = hmin(u, C¥~", T) and mean, (y?) = hmin(v,C™", T). Since
by Lemma 4.6 ﬁnd([,l,egi_l)) = ﬁnd(J,l,eg_l)), for any leaf [ of T, and 7 is the set of
all leaves [ of T with find({, l,egi_l)) # END, 7 is also the set of all leaves | of T with
ﬁnd(J,l,eL(]i_l)) # END. Hence, as we proved above that a leaf of T' exists that has a
C‘(,ifl)—remaining object p, by Definition 3.7,

hmin(v, Ck(,ifl),T) =v (ﬁnd(J, u, ef,iil))> : (4.10)
where w is a leaf [ of 7 minimizing v(find(/J, [, e?_l))).

Now we prove that v(find(J, u, ef,ifl))) = v(find(J, v, et(;;l))) and then using this result
we show that y@ satisfies the conditions mean,, (y) = hmin(u, C\""V, T') and mean, (y?) =
hmin(v, Cgi_l),T). Assume to the contrary that v(find(J, v, ef]i_l))) # v(find(J, u, ef]i_l))).
We know v(find(J, v, eE,i_l))) > V(ﬁnd(J,u,eE,i_l))) as u is a leaf [ of the set 7 minimizing
v(find(J,1, ef,ifl))). Thus, as we supposed v(find(J, v, et(,ifl))) + V(ﬁnd(J,u,et(;fl))),

v(find(J,v,e5 ")) > v(find(J,u, V). (4.11)

Since v and w are in 7 and by definition 7 C leaves(T'), v and u are leaves of T'. Moreover

applying Lemma 4.6/ for [ = v and [ = u yields the facts that
find(J,v,e§™V) = find(I,v, el V) (4.12)

and V(ﬁnd(J,u,ef,ifl))) = V(ﬁnd(I,u,egifl))), respectively. Hence, we can rewrite Equa-
tion [4.11] as V(ﬁnd(l,uegi_l))) > V(ﬁnd(],u,egi_l))). As a result, v satisfies the com-
parison proposition ﬁnd([,v,e?_l)) > find(I,u, egi_l)). Also, as v and v in 7, neither
ﬁnd([,u,ey*l)) nor ﬁnd([,v,ey*l)) equal END. Hence, as u and v are leaves of T, by
Definition [3.15 ﬁnd([,u,egifl)) and ﬁnd([,’u,ey*l)) are in Visited;(I,II) and so they are
in Visited(I,11), due to Equation 4.6. Hence, as I and J are Visited(I,II)-identical, by
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Definition 2.15 the comparison proposition ﬁnd([,v,ey*l)) > ﬁnd([,u,e?*l)) is satisfied
by p as it is satisfied by v. Therefore, p(find(1, v, egi_l))) > p(find(1,u, egi_l))). Since u is
in 7, this contradicts the fact that v is a leaf [ of 7 minimizing u(find(I, 1, egi_l))). Hence

the assumption that v(find(J, v, ef]i_l))) # v(find(J, u, ef,i_l))) is wrong and thus
v(find(J,u, eV ")) = v(find(J, v, e V)). (4.13)
Now due to Equations 4.10, 4.13, and 4.12/ we can write

hmin(v, Cf,iil), T) = v(find(J, u, et(,ifl)))
— v(find(J,v,e§V)) (4.14)
= v(find(I, v, e/ ™M)).

Also, since y®) = (ﬁnd([, v,egi_l)), 0> (Equation 4.9) by Definition 4.3

mean, (y'") = v(find(I,v, e(Iifl))) (4.15)
and
mean,, (y?) = p(find(I,v, e ). (4.16)

Now, by Equations 4.14 and 4.15, mean, (y)) = hmin(v, Cgi_l),T) and by Equations 4.8
and 4.16/ we can write mean,,(y¥) = u(find(I, v, egifl))). This result proves Claim 2(a).

Claim 2(b). We consider two cases based on @ having a speedy leaf or not. First sup-

pose () does not have a speedy leaf. By Equations4.5/and 4.7 (ey), esgi), <I>§i)) = m(p, C’}iil))
and (ey),es(Ji), d)f;)) = (v, C'y_l)). So, as by assumption m; = 7, and () has no speedy
leaf, by Definition 3.8 esgi) = ey) and esf]i) = eff). Hence as by proving Claim 2(a) we
have proved mean,(y®) = e\ and mean, (y®) = €\, for the choice 2 = y we have
mean,,(2) = es(li) and mean, () = esf,i). If @ has a speedy leaf, according to Defini-

tion 3.8, esgi) = esgi_l) and esf,i) = esf,i_l) and by the induction hypothesis for Claim 2b we

have mean,(z0~V) = esgi_l) and mean, (207Y) = esf]i_l), Hence, the choice (V) = 201
satisfies meanu(z(i)) = es?) and mean, (z() = eSfJi)~
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’Clalim 2.(0). Since by Equation 4.5 (egl), es?), @gi)) = 7 (u, C’( ) and by Equatlon 4.7
(ef;), esg), @f;)) = m(v, CSZ_I)) and also by assumption 7; = 77, by Definition 3.8 CI> -
@gi) and (139) = @9_1). Hence, as by the induction hypothesis for Claim 2c <I>SZ V= CDgl_l),

o) = ol
Claim 3. Since by assumption m; = 7, by Definition [3.15,

Visited;(I,T1) = S U ) {find(I,1,¢{ ")} — {END}

leleaves(T)

and
Visited;(J, 1) =Sy U | {find(J,1,e57)} — {END}
leleaves(T)

where S;; and S;; are boundary-sets of (7,1, (eIZ Y )) and (J,[, (e} (i=1) )), respectively, for

every leaf [ of T. According to Lemma [4.6, find(J, I, eJZ 2 ) = find(1, 1, el 1)), for any leaf [
of T'. So, to prove Visited;(I,I1) = Visited;(I,1I), it suffices to prove that boundary-sets
of (I,1,("")) and (J,1, (ei™")) are the same, for any leaf I of T. Given a leaf I of T,
by Definition [3.15, the boundary-set of (1,1, (e} (=1) }) is subset of Visited;(I,1I) and so it is
a subset of Visited(I,11) as by Equation 4.6, Visited;(I,Il) C Visited(I,II). Furthermore,
by the induction hypothesis for Claim 2a mean,(y®=V) = e(z Y. Thus, the boundary-
set of (I,1, (mean,(y~V))) is subset of Visited(I,II). Hence, by applying Lemma [4.4 for
S = Visited(I,11), boundary-sets of (I,l, (mean,(y“~))) and (J,[, (mean,(y"))) are

the same. Also, by the induction hypothesis for Claim 2a mean (y(i_l)) = egi_l)

mean, (y@) = % So, boundary-sets of (I,1, (%)) and (J,1, (e¥™")) are the same.
As a result, Visited;(I,1I) = Visited;(J, I1).

Before proving the cases in which 7; is of the second or of the third type, since the

and

definition of the output of the eliminating configuration resulting from each of these two
types is based on the function ®, we first prove that ®; generates the same output when

it is applied to I or to J.

Lemma 4.7 Suppose Q) has no speedy leaf or if it does have one, find(1,sl(Q), eg.i_l)) _

find(J, sl(Q), €0 V). Then, dy(C, p, &) = @,(CU 1, 471,
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Proof. We prove the lemma by considering two possibilities based on () having a speedy

leaf or not. By Definition 3.9, if @) has no speedy leaf,
(I)s]<c§i 1) m egz 1)> _ (I)gi_l)

and
O y(CY p ey = @lim Y.

So as by the induction hypothesis for Claim 2c @gi_l) = @9_1), @sl(CI(i U,u,ey 1)) =
(I)SI(C’y R ef,’ Wy,

To prove the lemma in the case in which there is a speedy leaf, we first prove that
find(1,sl(Q), esI Yy = find(J, sl(Q), esf,Z Y in the two cases esg € {—o0, 00} and esZ Vg

{—00, >0}, separately, and then we complete the proof of the lemma using this fact.

First consider the case esy_l) € {—00,00}. By the induction hypothesis for Claim 2b

(i-1) i—1)
ST

2= is a Visited(I, IT)-descriptor satisfying mean, (20~) = e . Hence, 2~V is not

of the form (o, ;) since otherwise by Definition 4.3/ (mean, (2~V) was the value of the

object o while mean,(z(~Y) = esgi_l) and we supposed esgi_l) € {—o00,00}. Therefore,

i—1)

by Definition 4.2 20~1 is —oo or co. In the case 2! = 00, as by the induction hy-

(i=1)

pothesis for Claim 2b mean,, (2¢-1) = e'" and mean, (2079 = &/~ by Definition 4.3

esgifl) = mean,(co) = oo and esf,i V= mean,,(oo) = 00. So, as p-values and v-values of
all objects of sI(Q) are less than oo = e V) = &™) by Lemma 3.1/ find(I, sl(Q), e )
and find(/J, s](Q),eSS )) both equal END. In the case 20~! = —oc similar to the above

argument WE can write esgi_l) = mean,(—o00) = —oo and esf]i_l)

= meany(—oo) = —oo.
Hence, as p-values and v-values of all objects of sI(Q) are at least —oo = esy*l) = ¢ 5 by
Lemma 3.1 find(I, sl(Q), esgl Yy and find(J, sI(Q), esJ Y both are equal to the first object
of the speedy leaf. So, in either case, find(I, SI(Q) e V) = find(J, sl(Q), e V).

Now we consider the other case, that is, esI -1 ¢ {—00,00}. By the induction hy-
pothesis for Clalm 2b 20~ is a Visited(I, IT)-descriptor satisfying mean,,(2(~V) = es(; b,
Also, as esg ¢ {—00,00}, by Lemma [3.24! the boundary-set of (I, sl(Q), <es§z YY) is a
subset of Visited(I,1I). Hence, the boundary-set of (I,sl(Q), (mean,(2~V))) is a subset
of Visited(I,1I). Consequently, as by the induction hypothesis for Claim 2b 201 is a

Visited(I,II)-descriptor, applying Lemma 4.4 for S = Visited(I,II), we can conclude that
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find(1,sl(Q), mean,(2~Y)) = find(J, sl(Q), mean, (2("=Y)). Thus, as by the induction hy-

(i—1) (i—1)

pothesis for Claim 2b mean, (20~Y) = &)’ and mean, (20"V) = & ", in all cases we

have proved
find(I, sl(Q), e\ ") = find(J, sI(Q), e ). (4.17)

Now we complete the proof using the above equation. By Lemma 3.4, Equation 4.17
yields the fact that
pos(I, s1(Q), e = pos(J, s(Q), e V). (4.18)

Also, as we are considering the case in which ) has a speedy leaf, by the assumption of
the lemma find(I, sl(Q), egfl)) = find(J,sl(Q), et(;fl)) and so again by Lemma 3.4

pos(,sl(Q), e ) = pos(J; sl(Q), e ~Y). (4.19)
Now we consider two cases based on the equation pos(I, sl(@), esgifl)) = pos(1,sl(Q), e?il))

being true or not. First suppose it is correct. Then,

pos(J, sl(Q), esg_l)) = pos(I,sl(Q), es(li_l)) by Equation 4.18

= pos(I, sl(Q), e([i_l)) by assumption
= pos(J,sl(Q), et(,ifl)) by Equation [4.19.

As by assumption pos(/, sl(Q), es([ifl)) = pos(1,sl(Q), e?*l)), by Definition 3.9,
and as we proved pos(.J,sl(Q), est(,ifl)) = pos(J,sl(Q), e(j’*l)), by Definition 3.9,

B(C, 1, i) — i,

So as by the induction hypothesis for Claim 2c <I>(Ii71) = @971), CIDSI(CEFU,;L, e?*l))

q)sl(C‘(]iil)u v, e‘(]ii1 ) . .
Now we consider the other case, in which pos(],sl(Q),esgz_l)) £ pos(],s](@),ey_l)).
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Then by Definition 3.9,

51(0(7, 1) s (z 1)) (sz—l)@

(SI(Q),pos(],s](Q) es(; )) pos(I,sl(Q), e (l 1)) B 1>‘ (4.20)

Now, since pos(I, sl(Q), esgZ 1)) # pos(I,sl(Q), e; ) because of Equations [4.18 and [4.19

pos(J, sl(Q), &3 ") # pos(J,sl(Q), )

and thus by Definition 3.9,

b(CY Y, v,ef7Y)

= oV o (sl(Q), pos(J, sl(Q), e ), pos(J, sl(Q), e} ™) — 1

= CI>(Ii_1) ® (sl(Q), pos(J, sl(Q), esf; 1)),pos(J, sI(@), eg_l)) — 1) by the induction hy-
pothesis for Claim 2¢

="V o (sl(Q), pos(I,sl(Q), e ™), pos(J, sl(Q), e} ™) = 1) by Equation 4.18

= <I>(Z Vo sl(@Q), pos(1, sl(Q), esgi_l)),pos(l, sl(@Q), egf 1)) — 1) by Equation 4.19

= (I)SI(CI( )7/% E} 1)) by Equation 4.20).

0

Eliminating functions of the second type: Next we suppose m; = 7, for a sub-
intersection tree T' of (), and we prove the induction claims for 7.

First we prove Claim 1 by showing that every leaf of T" has an object of v-value et(]ifl)
and that eg(,ifl) is a main value. Because by assumption II is an eliminating proof for I,
by Lemma 3.22/ TI®) is valid for I and hence by Definition 3.13 7;(x, C(i_l)) is defined.
So, as by deﬁnition C (=1 = (egl 2 esy 2 <I> - 1)) by Definition [3.10 w(/) has an object

of u-value eI , for any leaf [ of T. Thus, by Lemma 3.2/ find([,, e; 2 ) is an object of
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pu-value egifl). Therefore, by the induction hypothesis for Claim 2a,

plfind(1,1,ef™")) = e[ = mean, (y" V), (4.21)

for any leaf [ of T'. Furthermore, since by Definition 3.15/ find([, [, ey*l)) is in Visited; (1, I1),
and by Equation 4.6 Visited;(I,11) C Visited(I,11), find(I,1,e"™") is in Visited(I,II).
So, as we proved ﬁnd([,l,e(li_l)) is an object and by Equation [4.21] p(find(1, l,egi_l))) =
mean,,(y“~V), by Lemma 4.1 for S = Visited(I, 1), v(find(I, , egi_l))) = mean, (y~Y), for

any leaf [ of T. Hence, since by the induction hypothesis for Claim 2a mean, (y~Y) = et(]ifl)

v(find(I,1,e{ 1)) = eV, (4.22)
for any leaf [ of T. As a result every leaf of T" has an object of v-value e(j’*l). Thus

by Definition 2.5 e(Ji_l) is in V and hence eg_l) is a main value. So, by Definition |3.10,

mh(p, CY 7Y is defined. Also, it follows from Claim 1 for i — 1 that II0- is valid for J.
Therefore, by Definition 3.13/ II®) is valid for J and hence the first claim is true. Now we

define the eliminating configuration Cf,“ to be
result(.J, 11V = m;(v, C’L(]Fl)) = Cﬁi) = (ef]i), esf,i), (IJF;)). (4.23)

Now we prove that y~") = (0,0) for an object of o in Visited(I,II) satisfying u(o) =
e?il) and v(o0) = ef,ifl) and then we show that the choice 3 = 2( = (0, 1) proves Claims
2(a) and 2(b). By the induction hypothesis for Claim 2a, mean, (y) = e/""" and as we
proved in the previous paragraph, every leaf [ of 7" has an object of p-value e(Ii_l). Hence,
mean,,(y©~V) is the value of an object and so it is not equal to —oo or co and it is not
a skirted value. Thus, it follows from Definition 4.3/ that v~ is not equal to —oo or oo
and is not of the form (o,1). Hence by Definition 4.2, y(~1 equals (o, 0), for an object
o in Visited(I,II) since by the induction hypothesis for Claim 2a 3~V is a Visited(I, IT)-
descriptor. So, mean,(y~V) = u(o) and mean,(y"Y) = v(o) while by the induction
hypothesis for Claim 2a mean, (y®) = e?il) and mean, (y* V) = et(]ifl). Therefore,
w(o) = egi_l) and v(o) = ef]i_l). Also, by Definition 4.2 0 is an object of Visited(I,II) as

y = (0,0) is a Visited(!, IT)-descriptor.
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Now we prove Claims 2(a) and 2(b). As o € Visited(I,1I), by Definition 4.2/ (0,1)
is a Visited([, II)-descriptor and by Definition 4.3 mean,((0,1)) = p(o)+ = e?_l) and
mean,((0,1)) = v(o)+ = et(,ifl)jL Since by Equation 4.5 ﬂi(u,C’}Z b ) (egl),esp q)( ) and
by assumption 7; = 74, by Definition [3.10, e(z Vi = e(l) = esI Also, as by Equation 4.23

mi(v ,CF; Yy = (ef;),esg),Q( ), by Definition [3.10), e(Z 1)+ = e(l) es(J . Hence, if we define
Yy = 20 = (0,1), then y@ and 2 are Visited(I, IT)-descriptors satisfying mean,, (y) =

e§i71)+ = egi), mean, (y®) = et(,ifl)+ = ef]i), mean,,(2) = e§i71)+ = esgi), and mean, (z) =

e971)+ = es(j).

Next we prove Claim 2(c). We will use Lemma [4.7 to prove that QDS](CI(i Yo, ey 1)) =
@sl(Cgi Yo, eS’ 1)) and then we show that pos(/, lT,e(Ii_l)) = pos(J, lT,ef]i_ ) where Ip is
defined in Definition [3.10. Finally using these two results and Definition [3.10 we will show
the correctness of Claim 2(c).

To prove that CDS](C'@ 2 b, € (Z 1)) = CDSI(C§i 2 U, ef,l 2 ), we first show that if () has a
speedy leaf then find(I,sl(Q), meanu(y(i_l))) = find(J, sl(Q), mean, (y~)) and after that

we apply Lemma 4.7, By the induction hypothesis for Claim 2a meanu(y(ifl)) = egi_l)

and mean, (y@~) = et(]ifl). Furthermore, if () has a speedy leaf, since by assumption
7; = T3, by Definition [3.15 the boundary-set of (I, sl(Q), ey*l)) is a subset of Visited;(I, 1)
and hence it is a subset of Visited(/, 1) as by Equation 4.6 Visited;(I,1I) C Visited(I,II).
Also, as we proved, eIi_l) =1 = (e g¢—1)>' Therefore, the boundary-
set of (I,s1(Q), (")) is a subset of Visited(I,1I). Thus, as mean,(y' ) = e~ the
boundary-set of (I,sl(Q), (mean,(y®~Y))) is a subset of Visited(I,1I). As a result, by

Lemma 4.4

is a main value and so e;

find(I, sl(Q), mean,, (y"~Y)) = find(J, sl(Q), mean, (y"~)). (4.24)

Consequently, as by the induction hypothesis for Claim 2a mean, (y~Y) = egi_l) and
mean, (yY) = e((]i_l), we can conclude that find(I, sl(Q), ey_l)) is equal to find(J, sl(Q), S’ )

if () has a speedy leaf. So, by Lemma 4.7
P(Cy Y, el ™) = 0g(CTTV, v e ). (4.25)

Now we prove that pos(I,ZT,e([i_l)) = pos(J, lT,ef,i_l)) by first showing that for any



96 CHAPTER 4. ELIMINATING PROOFS VERSUS PROOFS

leaf [ of T, find(I,1,e"""V) = find(J,1,e%") and then by applying Lemma [3.4. Since by
Equation 4.22 v(find(1, l,egi_l))) = ef,i_l), [ has an object of v-value eg_l), for any leaf [
of T. Thus, by Lemma 3.2 V(ﬁnd(J,l,ey_l))) = eg_l), for any leaf [ of T. As a result,
v(find(I, l,e?_l))) = v(find(J, 1, ef]i_l))). Therefore, as [ does not have two distinct objects
of the same v-value,

find(J, 1,6y = find(1,1,e} V), (4.26)

for any leaf [ of T'. So, as by Definition 3.10/ for arbitrary leaf [r of T, Equation 14.26 holds
for | = I and thus by Lemma 3.4

pos(J, Iz, ef,ifl)) = pos(1,lr, egifl)). (4.27)
Now having proved Equations 4.25 and 4.27, we can use Definition 3.10 to write

q)gl) e q)sl<c§7f_1), IuJ egli_l)> @ (lT; pOS([7 ZT7 egli_l))’ pOS([, lT, ey—l)))
(€5 1,5 7) © (i pos( by, €5 ), pos(i, e ))
- (p(j).

It now remains to prove Claim 3, that is, to show that Visited;(I,1l) = Visited;(J, II).

As by assumption m; = 7, according to Definition 13.15,

Visited;(I,11) = | J {find(I,1,e{"")}US

leleaves(T')

and
Visited;(J,11) = | J {find(J,1,e{ ")} U T
Ieleaves(T)

where S and 7 are empty if Q has no speedy leaf and otherwise they are boundary-sets of
(1,s1(Q), eg;l)) and (J, sl(Q), e‘(;fl)), respectively. Since by Equation 4.26/ find(1, [, e?il)) =
find(J, [, ef,i_l)), for every leaf [ of T, it suffices to prove that S = 7, that is, to prove that
if @ has a speedy leaf, boundary-sets of (I, sl(Q), e(Ii_l)) and (J,sl(Q), ef]i_l)) are the same.

Since m; = 75, by Definition [3.15, the boundary-set of (I,SI(Q),e?_l)) is a subset of
Visited;(I,11) and hence it is a subset of Visited(/,II) as by Equation [4.6| Visited;(I,11) C
Visited(,I1). Also, as we proved that 7} (u, C’I(i_l)) is defined, by Definition 3.10), egi_l) is a
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main value and hence <e§i71)> = e?il). Moreover, by the induction hypothesis for Claim 2a

mean,, (y@) = e and hence "V = (/") = (mean, (y1)). So, the boundary-set
of (1, s1(Q), (mean, (y~Y))) is a subset of Visited(I, I1). Consequently, applying Lemma 4.4
for S = Visited(I,1I) we can conclude that the boundary-sets of (I, sl(Q), (mean, (y~Y)))

and (J,sl(Q), (mean, (y~1))) are the same. Also exactly the same argument that is used

above to prove that egifl) = (mean,(y"~Y)) can be implied (by replacing occurrences of “I”
and “p” with “J” and “v”, respectively) to show that ey_l) = (mean, (y"Y)). Hence, the

boundary-sets of (I, s](Q),e(Ii_l)) and (J, s](Q),ef]i_l)) are the same. So, Visited;(I,II) =
Visited;(J, 1), as explained.

Eliminating functions of the third type : Finally, we consider the case in which
m; = 7 and we prove the claims one by one. We use the next lemma to prove that

ef;) = oo and then we conclude that TI is valid for J.

Lemma 4.8 Given a Visited(I,II)-descriptor y, if mean,(y) = oo then mean, (y) = oco.

Proof.  We first show that y = oo and then we conclude that mean,(y) = co. If y is of
the form (o, j), for an object o and an integer j, then by Definition 4.3l mean, (y) = p(o)
or mean,(y) = p1(0)+ and in both cases we have (mean,(y)) = p(o). So, as (mean,(y)) =
(00) = 00 is not the p-value of any object (Definition 2.5), y is not of the form (o, j). Also,
y # —oo as otherwise by Definition 4.3/ mean,(y) = —oo. So by Definition 4.2, y = oo and
hence by Definition 4.3l mean, (y) = oc. O

We now prove the first claim. Since II; is valid for I, by Definition [3.13| ;(u, C}iil)) is
defined and hence by Definition 3.11]

e = o0, (4.28)

Thus, mean,(y®~V) = oo as by the induction hypothesis for Claim 2a mean,(y@—Y) =
e?_l). Hence by Lemma 4.8 mean, (y~") = co. So, by the induction hypothesis for Claim
2a mean, (y—V) = ef;_l),

Ul = 0. (4.29)
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Therefore, by Definition 3.11 7;(v, C (Fl)) is defined and hence as by the induction hypoth-
esis for Claim 1 T1¢~Y is valid for .J, by Definition 3.13/ 1) is valid for J. So, Claim 1 is
correct.

We now prove Claims 2(a) and 2(b). In the proof of these two claims and also the proof
of the claim 2(c), (eg),esf,),@(l ) is defined to be resu]t(J H 7). Since by Definition 3.13
result(I,T1V) = m;(p, C’( ) and result(J, T1V) = m;(v, C ) by Definition 3.11

result(1, T1%) = (1, Cf' ™) = (00, 00, 0 (Cf™", 1, 00))

and
result(J, 1) = m;(v, Cgi_l)) = (00, 00, @sl(C’Si_l), v, 0)).

Thus, since by definition result(.J,I16-9) = (e &' &%) and also result(I,II¢(-Y) =
(eg)aesl 7(1351 )7

el = el = e = o) = o0, (4.30)
oW = o (clY 4.31
I Sl( I y oy OO), ( . )
and
(I)(i) — P (C«(ifl)
5y =04(C; v, 00). (4.32)

Now, if we define y = 2() = 0o, ¥y and 2 are Visited(I, II)-descriptors (Definition [4.2)
and by Definition 4.3 mean,,(y)) = mean, (:V) = co = ey) = es(;) = ef]i) = esL(]i). Hence
Claims 2(a) and 2(b) are correct for i.

We now prove Claim 2(c) for i. If @ has a speedy leaf, p-values and v-values of
all objects of sI(Q)) are less than oo and hence by Lemma 3.1/ both find([,sl(Q), o0) and
find(J, sl(Q), o) are equal to END. Thus, as by Equatlons 4.28 and 4.29 e(l - ef; - 00,
if @ has a speedy leaf then find(I,sl(Q),e (Z ) = find(J,sl(Q),e (1 1)) = END. Hence,
by Lemma 4.7, @Sl(Cy b s e? 1)) = CIDSI(C(Z o ,e(f 1)). Therefore because of Equa-
tions 4.28 and 4.29, (IDSI(C’](z U,,LL, o0) = @SI(C§Z_1),V7 o0). So, due to Equations 4.31
and 4.32, o\ = o'}).

Finally, the third claim is true as m; is of the third type and so by Definition 3.15
Visited;(I,11) and Visited;(J, IT) are both equal to the empty set.

Now we prove all claims of the theorem using what we showed by induction. Since
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II = ™ is an eliminating step for I, by Definition 3.13, e(In) = esg”) = 00. Thus,
by Claims 2(a) and 2(b) mean,(y™) = mean, (") = oo and hence by Lemma 4.8
mean, (y™) = mean, (:™) = co. So, by Claims 2(a) and 2(b) for n, e = & = cc.
Therefore, since we proved II = I1(™ is valid for J, II is an eliminating proof for .J (Def-
inition [3.13). The third claim of the theorem also follows immediately by Claim 2(c) for
i = n. Also, we proved Visited;(I,11) = Visited;(J,II), for every i, 1 < i < n. Conse-
quently, Visited(I,1I) = |JI_, Visited;(I,1I) = |J_, Visited;(J,II) = Visited(.J,II). Hence,

all claims of the theorem are correct. O

Corollary 4.9 Suppose the query tree of an instance I has at most one speedy leaf. Then,
for every eliminating proof 11 of I, there is a proof of I that wvisits no object outside
Visited(1, I1).

Proof. We claim that the set P of all comparison propositions between objects in
Visited(I,11) satisfied by I is a proof for I. To prove this claim, by Lemma 2.9 it suffices
to show that the expansion ¥ of the output ® of Il on [ is a solution to every instance that
is Visited(I,1I)-identical with I. So consider an arbitrary instance J that is Visited(I, II)-
identical with I. According to Theorem 4.5, II is an eliminating proof for J and ® is the
output of IT on J as it is the output of Il on I. Consequently, by Definition [3.13/ the result
of IT on J is C' = (00, 00, ®) since II is an eliminating proof for J. So, by Definition 3.3
all objects are C-eliminated. Also, by Lemma 3.23 C' is valid for J. Thus, according to
Lemma 3.9, ¥ is a solution to J as ¥ is the expansion of the output of C'. Therefore,
Y is a solution to any arbitrary instance J that is Visited(I,II) identical with I. Hence,
by Lemma 2.9/ P is a proof for I while by the definition of P, P visits no object outside
Visited(1, IT). O

4.2 Building an Eliminating Proof

In this part we prove that, given a proof P for an instance I = (Q, w, pt), one can construct
an eliminating proof II for I such that Visited(I,11) C Visited(P). Equivalently, we want

to prove that the set of objects visited by a proof has enough members to be a superset
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of the set of objects visited by some eliminating proof. Now we explain the ideas used to
prove such a fact. A proof P by definition has a certified solution 3 which is a solution for
every instance satisfying P. This means that one should be able to convince an observer
that > is a solution to an instance J satisfying P using only values of objects visited by
P in J. To prove such a fact to the observer, due to the first condition in Definition 2.10,
one must show that, given an object o in 3, the value of o is in the value set of the root
in J and this should be accomplished using only values of objects visited by P. Hence, by
Lemma 2.22 using values of objects visited by P one should be able to prove that there is
a sub-intersection tree in which every leaf has an object with the same value as 0. When
o0 is not a hidden object (Definition 2.24), as we prove more formally in the next lemma,
this idea yields the fact that a sub-intersection tree should exist in which every leaf has a

visited object with the same value as o.

Definition 4.4 Consider a proof P for an instance I = (Q,w, u), a value b, and a sub-
intersection tree T' of Q) such that every leaf of T' has a P-visited object of value b. Then,

T is a P-witness for b in I.

Lemma 4.10 For every proof P of an instance I = (Q,w, 1) and for every value a in the
value set of the root that is not the value of any hidden object, there exists a P-witness

forain I.

Proof. We assume to the contrary that there is no P-witness for a. We create an instance
J satisfying P such that, given a solution X certified by P, ¥ is not a solution to J and
then we show that this contradicts Definition 2.16.

To create the instance J, consider the set S of all leaves [ of @ such that w(l) does
not have an object of value a visited by P. Since there is no P-witness for a, there is no
sub-intersection tree T of @ such that leaves(T) NS = 0. So, according to Lemma [2.21),
there is a sub-union tree U of @) such that leaves(U) C S, that is, no leaf of U contains
an object of value a visited by P. Suppose 7 = {01,09,...,0.,,} is the set of all objects of
value a in the sequences associated with leaves of U. Due to our selection of U, objects
of T are all skipped by P. Now suppose ¢ is a numbering function defining p (which
exists by Observation 2.24). We now define v = (i x4 2)[01,02,...,0m — (a X4 2) +4 1]

and J = (Q,w,r). Now let us first explain how the v-values of objects of p-value a are
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evaluated. By Definition 2.20 a %, 2 = ¢(2¢(a)) and so ¢~ '(a X, 2) = 2¢ ' (a). Now,
given an object p of I, if pisin 7,

v(p) = (axs2)+51 by the definition of v
= ¢(¢(a x4 2) + 1) by Definition 2.20
d(207 (a) + 1) by Definition 2.20);

otherwise,
v(p) = (p x42)(p) by the definition of v

= 1u(p) x4 2 by Definition 2.21
= ¢(2¢0" (u(p))) by Definition 2.20.

As a result, given an object p of I, if pisin 7, ¢~ (v(p)) = 2¢"!(a) + 1 and so ¢~ (v(p))
is odd; otherwise ¢! (v(p)) = 290! (u(p)) and thus ¢~(v(p)) is even.

Considering a solution X certified by P (which exists by Definition 2.17 it), we now
prove that ¥ is not a solution to J. Since P is a proof for I, I satisfies P and thus by
Definition 2.16 ¥ is a solution to I. Hence, as by assumption a is in the value set of the
root in I, by Definition 2.10 > contains an object o of u-value a. As by assumption a is
not the value of any hidden object, the object o is not hidden and hence by Definition 2.24
the object o is visited by P. Therefore, o is not in 7 and so v(0) = p(0) X4 2 = a x4 2. To
prove that ¥ is not a solution to .J it suffices to show that (o) is not in the value set of
the root in J. To prove this fact, by Lemma 2.22 it is sufficient to show that no leaf of U
has an object of v-value v(0) = a X, 2. Suppose to the contrary that a leaf [ of U has an
object ¢ of v-value a X42. Then, ¢~ (v(q)) = ¢~ (axs2) = 2¢'(a) is even. Consequently,
as we proved above, ¢ is not in 7 and so as we showed above, ! (v(q)) = 20~ (u(q)). So,
as we proved ¢~ 1(v(q)) = 207 (a), 207 (u(q)) = 2¢~!(a) and thus as by Definition 2.19
¢ is one-to-one, p(q) = a. We then obtain a contradiction: by the definition of 7, every
object in every leaf of U of p-value @ is in 7 while we proved u(q) = a and ¢ is not in 7.
S0, no leaf of U has an object of v-value a x, 2 and hence X is not a solution to J.

Now one can see a contradiction as follows. As objects oy, ..., 0, are in 7 and hence as
mentioned they are P-skipped, due to construction of J, by Lemma 2.26 J is an instance
satisfying P. Also, by assumption X is certified by P. Thus by Definition 2.16 ¥ is a

solution to J. But, we proved that X is not a solution to J. This contradiction yields the
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fact that our earlier assumption that there is no P-witness for a was wrong. Therefore,

the lemma is correct. O

As the next step towards proving that the set of objects visited by a proof P has enough
members to be the superset of the set of objects visited by an eliminating proof, in the
next lemma we show that if there is any speedy leaf, objects of sl(@Q) not appearing in all

solutions certified by P are visited by P.

Lemma 4.11 Consider the instance I = (Q,w, pu) with a speedy leaf and a proof P of I.
If 0 is an object in w(sl(Q)) skipped by P, o is in any solution certified by P.

Proof. We construct an instance J = (Q, w, ) satisfying P such that v(0) is in the value set
of the root but, except o, J does not have any object of v-value v(0) and then we conclude
that o appears in any solution certified by P. Suppose ¢ is a numbering function defining
i (Observation 2.24) and consider the value function v = (p %, 2)[0 — (@ X4 2) +4 1]. Since
o is skipped by P, by Lemma 2.26/ J = (Q,w, v) is an instance satisfying P. Consequently,
by Definition 2.16, given a solution X certified by P, ¥ is a solution to J. As o is an object
in w(sl(@)), v(o) is in the value set of the speedy leaf and hence by Observation 2.32 v(0)
is in the value set of the root. Thus, there is an object of v-value v(0) in X. Now, given an
object p such that p # o, by definition of v, v(p) = (1 x42)(p) = u(p) X2 = ¢(¢~1(2u(p)))
while v(0) = (a X4 2) +4 1 = ¢(2¢'(a) + 1). Hence, v(0) is not ¢-even while the v-values
of all objects other than o are ¢-even. Therefore, o is the only object of v-value v(0) and

so as we proved there is an object of v-value v(o) in 3, 0 is in X. 0

We now study the next idea used to prove that the set of objects visited by a proof P
of an instance I is enough big to be a superset of an eliminating proof for I. If we change
values of objects skipped by P then it can proved that the resulting disordered instance J
satisfies P. So, if this modification is such that .J remains an instance but has no solution
in common with I, then it follows from Definition 2.16 that there is no solution certified
by P and this contradicts Definition 2.17. Consequently, informally speaking, the set of
objects visited by a proof can not be too small because otherwise, the set of objects skipped
by P will have enough members so that by changing values of objects skipped by P one

can create an instance J having no solution in common with 7. Also, using Observation 2.5
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one can prove that J is an instance if and only if J satisfies K(I). Therefore, if we create a
disordered instance J from I by changing values of some of P-skipped objects of I so that

J satisfies C(I) then J has a solution in common with I.

Definition 4.5 Given a set P of comparison propositions, an instance I = (Q,w, i), and
a value function v, v is a (p, P)-similar value function if v satisfies K(I) and for every
object o of I wisited by P, v(o) = u(o).

Given a proof P for an instance I = (Q,w,p) and a solution X certified by P, an
observer who only know values of P-visited objects should be able to confirm that X is a
solution to I, as explained at the beginning of the section. But, given a (u, P)-similar value
function v, informally speaking, such an observer can not distinguish between instances
and J = (Q,w,v) because P-visited objects have the same values in these two instances.
So, given a value a and a node v such that a is in the value set of v in J but @ in not in
the value set of v in I, the observer can not deny or accept that a is in the value set of v in
I. But in order to confirm that X is a solution to I, the observer should be able to confirm
that the value of every object of ¥ is in the value set of the root, due to Definition 2.10.
We now, given a node v, in the next definition explore the set of values whose membership

in the value set of v the observer can not deny.

Definition 4.6 Given an instance I = (Q,w, 1), a value a € V, and a node v of Q, if
there exists a (p, P)-similar value function v such that a is in the value set of v in (Q,w,v),
we say a potentially belongs to the value set of v with respect to (I,P). We denote the
set of all values that are potentially in the value set of a node v with respect to (I, P), for
some I and P, by Potential(I,P,v).

Given a proof P for an instance I = (Q,w, i), by Observation 2.5/ I satisfies K(I)
and thus by Definition 4.5 1 is (i, P)-similar. Thus, the next observation follows from
Definition 4.6 for v = pu.

Observation 4.12 Given an instance I = (Q,w, i), a proof P, and a node v of Q, the

value set of v is a subset of Potential(I,P,v).
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Now we first in Lemma 4.13 present an equivalent definition for a value being potentially
in the value set of a leaf and then in Lemmas 4.14/ and 4.15 explain how the sets of values

being potentially in value sets of internal nodes can be evaluated, recursively.

Lemma 4.13 Given an instance I = (Q,w, u), a proof P for I, a leafl of Q, and a value
b that is not in the value set of 1, the value b is in Potential(I,P,l) if and only if there
exists a skipped object o of | such that the value function ufo — b] satisfies K(I).

Proof.  We first prove the “if” part of the lemma and then we provide a proof for the
“only if” part. If such an object o exists, then as o is skipped, for every visited object
p, p # o and thus by definition pfo — b](p) = u(p). Hence, as ufo — b] satisfies K(1),
plo — b is (p, P)-similar. Also, as by definition ulo — bj(0) = b, b is in the value set
of [ in (Q,w, ulo — b]). Therefore, by definition b is potentially in the value set of [ with
respect to (I, P).

Now we suppose that b is potentially in the value set of [ with respect to (I, P) and we
prove the existence of such an object 0. As b € Potential(I,P,1), by definition there exists
a (u, P)-similar value function v such that b is in the value set of [ in (Q,w,v). So, there
is an object p of [ such that v(p) = b. As v satisfies IC([), it is ordered (Observation 2.5)).
Suppose a; and ay are the u-value of the biggest visited object of [ smaller than p (—oo if it
does not exist) and the u-value of the smallest visited object of [ bigger than p (oo if it does
not exist), respectively. Since v is (u, P)-similar, the p-value and the v-value of an object
visited by P are the same. Hence, a; (a9, respectively) is either —oco (00, respectively), or
the v-value and p-value of an object smaller than (greater than) p. Therefore, since p and
v are ordered, a; < pu(p) < az and a1 < v(p) < ag. So, as v(p) = b, a3 < b < az. Now,
suppose S is the set of all objects with p-values less than ay and greater than a; in w(l).
Then, due to our selection of a; and as, as p is skipped, all objects of S are skipped. Also,
as we proved a; < p(p) < ag, p is in § and hence § is not empty.

Now we prove that there exists an object ¢ of S such that the values of all objects of
w(l) before g are less than b and the values of all objects of w(l) after ¢ are greater than
b. Then, we show the choice 0o = ¢ proves the lemma. If S has any object with a p-value
at most b, we set ¢ to be the biggest object whose p-value is at most b; otherwise we set

q to be the smallest object of S. In either case, one can observe that values of all objects
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of S before (after) ¢ are less than (greater than) b. Also, the p-value of every object of
w(l) which is not in S and is before (after) ¢ is at most a; (at least as) and we proved
a1 < b < as. So, q satisfies the required property.

Now we show that the choice 0 = ¢ proves the lemma. The value function ufo — b
is constructed from the ordered value function p by just changing the value of o = g¢.
Hence, for every two consecutive objects 0; and o9 of [ other than ¢, v(01) < v(0s) as by
Definition 2.5/ 11(01) < p(o2). Also, for every object 01 of w(l) before ¢ we proved p(oy) < b
and so v(01) = p(o1) < b = v(q). Furthermore, for every object oy of w(l) after ¢, we
showed that p(o2) > b and thus v(02) = p(o2) > b = v(q). As a result, for all choices
of two consecutive objects o; and o9 of I, v(01) < v(0z). Consequently, by Definition 2.5
plo — b] is ordered and thus it satisfies (7). Furthermore, ¢ is skipped by P since ¢ is in
S. So, ¢ is the object we are looking for. O

To explain how the set of values potentially being in the value set of an internal node
v is recursively evaluated, we consider two cases depending on whether v is an intersection

node or is a union node.

Lemma 4.14 Consider an instance I = (Q,w, i), a proof P for I, and an intersection
node v of Q) with children uy, ..., ux. Then, Potential(I,P,v) = ﬂle Potential(I, P, u;).

Proof. First we prove that Potential(I,P,v) C ﬂle Potential(I, P, u;) and then we show
that (}_, Potential(I, P,u;) C Potential(I,P,v). Consider a value a in Potential(I, P,v).
By definition, there exists a (i, P)-similar value function v satisfying /C(7) such that a is
in the value set of v in J = (Q,w,v). Since a is in the value set of v in J, it is in the
value set of u; in J, for every child u; of v (Definition 2.9). Hence, due to the existence of
the value function v, a is in Potential(I,P,u;), for every child w; of v. Therefore, a is in
ML, Potential(I, P, u;).

Now we prove that ﬂle Potential(I, P,u;) C Potential({,P,v). Consider a value a
that is in Potential(1, P, u;), for every child u; of v. Then, for every i, 1 < i < k, there
exists a (p, P)-similar value function v; such that a is in the value set of v in (Q,w, ;).
We now construct the new value function £ by combining the value functions vy, ..., 4,
and p and then, prove that £ is a (u, P)-similar value function and «a is in the value set of
vin (Q,w,§). For every leaf [ of @) and every object o of w(l), £(0) is defined as follows.
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If [ is not a descendant of v, we define £(0) = u(0); otherwise we consider a child u; of v
such that [ is a descendant of u; and we define £(0) = v;(0). Now, given an object o visited
by P, as v; is (p, P)-similar, v;(0) = p(o), for every i, 1 < i < k. Also, for every object
o visited by P, due to the construction of &, either (o) equals p(0) or it equals v;(0), for
an i, 1 < i < k. Thus, in any case, {(0) = u(0), for every object o visited by P. Now we
prove that £ satisfies K(/). By Definition 2.14, for every comparison proposition ¢ in K(1),
there is a leaf [ of @) such that ¢ is between two objects of w(l). Also, given a leaf | of @,
due to the construction of £, there exists p € {u, v1, ..., v} such that for every object o in
w(l), £(0) = p(o0). Consequently as all members of {y, v, ..., v} are (i, P)-similar and so
they all satisfy IC(I), p satisfies K(I). Hence, c is satisfied by p and so it is satisfied by &.
Thus, ¢ satisfies IC(I). Therefore, £ is (i, P)-similar.

Finally we show that a is in the value set of v in (Q,w,§). For every child u; of v, as
vi-values and &-values of all objects of Q[u;] are the same, by Lemma 2.2/ value sets of u; in
(Q,w, ;) and in (Q,w, &) are the same. So, since a is in the value set of u; in (Q,w, ;) , it
is in the value set of u; in (Q,w, ), for every child u; of v. Therefore, a is in the value set of
vin (Q,w,&). Hence, as we proved above that £ is (u, P)-similar, a is in Potential(1, P, v).
As a result, (\\_, Potential(I,P,u;) C Potential(I, P,v). O

Lemma 4.15 Consider an instance I = (Q,w, i), a proof P for I, and a union node v of
Q with children uy, ... ,u. Then, Potential(I,P,v) = Ule Potential(I, P, u;).

Proof. We prove a value a is in Potential(I,P,v) if and only if a is in Potential(I, P, u;),
for a child w; of v. A value a is in Potential(I,P,v) if and only if there exists a (u, P)-
similar value function v such that a is in the value set of v in J = (Q,w, v), that is, a is in
the value set of u; in J, for a child u; of v. So, a is in Potential(I,P,v) if and only if there
exists a child u; of v such that a is in Potential(I,P,w;). Thus, Potential(I,P,u;) equals
UL, Potential(I, P, ;). O

Given a proof P for an instance (Q,w, ), due to Lemma [4.13, if a value a is not
in Potential(I,P,l) then for every object o of [ such that ulo — a] satisfies K(I), o is
visited by P. We now prove that this result yields the fact that when a value a is not in
Potential(I,P, 1), the members of the boundary-set of (1,1, a) are visited by P. To see why
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this can be useful, recall from Definition [3.15 that in order to build an eliminating proof
IT for an instance I such that Visited(I,II) C Visited(P), it is needed that for some values
b and leaves [, the boundary-set of (1,1, b) is a subset of Visited(P).

Lemma 4.16 Consider a proof P for an instance I = (Q,w, ) and a value b such that
b & Potential(I,P,l). Then, the boundary-set of (I,1,b) is a subset of Visited(P).

Proof.  Suppose S is the set of objects of w(l) with values at least (at most) b. By
Definition [3.14 it suffices to prove that if S # () then the smallest (biggest) object o of S is
visited by P. Consider the situation in which this is not true. Since b ¢ Potential(,P,1),
by Observation 4.12/ b is not in the value set of [ and hence, there is no object of value b in
w(l). Thus, values of all objects before o are less than b and values of all objects after o are
more than b. So, the value function v = pfo ~— b] satisfies K(I). Therefore, as we supposed
o is skipped by P, v is (u, P)-similar. Also, as by definition of v v(0) = b, b is in the value
set of [ in (Q,w,v). Hence, b is in Potential(I,P,l), contradicting the assumption of the

lemma. O

Suppose we want to construct an eliminating proof II for an instance I with the same
set of visited objects as a proof P, and we need to use an eliminating step 7, for a sub-
union tree T of N(Q), as the ith step of II. Then, as Definition [3.15/ shows, it is necessary
that members of the boundary-set of (1,1, e) are visited by P, for every leaf [ of T', where e
is the e-value of I1¢~Y on I. Motivated by this fact, we now show that given a value a that
is not in the value set of the root, there is a sub-union tree 7" of N (@) such that members
of the boundary-set of (1,[,a) are visited by P, for every leaf [ of T. To prove this fact,
we first in Lemma [4.17 prove that, given a value a that is not in the value set of the root,
a is not potentially in the value set of the root in N(/) and then in Lemma [4.18 we show
that this result yields the fact that there is a sub-union tree 7" of N(Q) such that a is not
potentially in the value set of any leaf of 7. Then we can conclude from Lemma 4.16/ that

the members of the boundary-set of (1,1, a) are visited by P, for every leaf [ of T

Lemma 4.17 Suppose P is a proof for an intersection-normalized instance I = (Q,w, ).
Then, every member of Potential(N(I), P, root(N(Q))) is in the value set of the root in I.
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Proof.  The lemma is almost just a corollary of Lemma 4.10. Given a member a of
Potential(N(I), P,root(N(Q))), we create an instance J in which the value of every object
o visited by P is the same as the value of o in I and a is in the value set of the root in
N(J). Then we use Lemma 4.10/ to find a P-witness for a. Afterward, we show that the
existence of this P-witness proves the membership of a in the value set of the root in N(I)
and hence in .

Considering a member a of Potential( N (I),P,root(N(Q))), we now construct the in-
stance J and prove a € RootValueSet(.J). By Definition 4.6, there exists a (u, P)-similar
value function v such that a is in the value set of the root in (N(Q),w,v). Now we define
the value function ¢ for (Q,w) as follows: For every object o of N(I) we define £(0) = v(0)
and for every object o of I that is not in N(I) we define £(0) = p(0). Since v(o) = £(0),
for every object o of N(I), by Lemma 2.2 value sets of the root in (N(Q),w,r) and in
(N(Q),w, &) are the same. So, a is in the value set of the root in (N(Q),w,&) since a is
in the value set of the root in (N(Q),w,v). Consequently, by Observation 2.32] a is in the
value set of the root in J = (Q,w,§).

Based on a being the &-value of a hidden object or not, we now consider two cases. If a
is the &-value of a hidden object o, o is an object of a speedy leaf, according to Lemma 2.34.
So, 1(0) = £(0) = a and hence, due to Observation 2.32, a is in the value set of the root in
I since it is the value set of a speedy leaf. Therefore, the lemma is correct in this case.

Now we prove the lemma in the case in which a is not the ¢-value of any hidden object.
We first prove that P is a proof for J and then we conclude that there is a P-witness
for a. To prove that P is a proof for J, by Observation 2.8 it suffices to show that J is
an instance Visited(P)-identical with I. Also, the correctness of the claim that J is an
instance Visited(P)-identical is proved if we show that, given an object o in Visited(P),
p(o) = &(0). We now prove this claim. Suppose o is a P-visited object in w(l), for a leaf
[ of Q. Then, due to the construction of &, if [ is a speedy leaf {(0) = p(o); otherwise
¢(0) = v(o) and since o is visited and v is (u, P)-similar, v(o) = u(o). Hence in either case,
£(0) = u(o). Therefore, the claim that P is a proof for J is correct.

Finally we prove that there is a P-witness for a in J and we use this P-witness to show
the correctness of the lemma. Since we proved that a is in the value set of the root in J

and a is not the £-value of any hidden object, the existence of an P-witness T for a in J
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follows from Lemma 4.10. By Definition 4.4/ T" is a sub-intersection tree of () such that
for every leaf [ of T'; w(l) contains a P-visited object o; of &-value a. Given a leaf [ of T,
since o; is visited by P, by the same argument as above p(o;) = £(0;) and hence p(o;) = a.
So, T is a sub-intersection tree of ) such that every leaf of T" has an object of u-value a.

Therefore, a is in the value set of the root in I, according to Lemma [2.22. O

Lemma 4.18 Consider an intersection-normalized instance I = (Q,w, ), a proof P of I,
a value b and a node v of Q such that b ¢ Potential(I,P,v). Then, there exists a sub-union
tree T' of Q[v] such that b & ;¢ jeaves(ry Potential(l, P, 1).

Proof. Defining S to be the set of all leaves [ of @) such that b ¢ Potential(l,P,1), if we
show that for every sub-intersection tree U of Q[v] we have leaves(U) NS # (), according
to Lemma 2.21, we can conclude that there exists a sub-union tree T' of Q[v] such that
leaves(T') C S and thus, b & Ujcjeaves(r) Potential(1,P,1). So in the rest of the proof we
prove that, given a sub-intersection tree U of Q[v], there is a leaf [ of U such that [ € S,
that is, b & Potential(I,P,1).

To prove the above property for U we suppose to the contrary that for every leaf [ of
U, b € Potential(I,P,l). Now by induction on the height of nodes of U we prove that
b € Potential(I,P,u), for every node u of U. If u is a leaf the proof is trivial. Now suppose
u is an internal node and the claim is true for all children of w. First suppose u is union
node. Then, defining w as the root of T (U), w is a child of u and a node of U. Hence, by
induction b € Potential(I,P,w) and so b € Potential(I,P,u), due to Lemma 4.15. Next
suppose u is an intersection node. Then, for every child w of u, by Definition 2.18 w is
in U and thus by induction b € Potential(I,P,w). Therefore, b € Potential(I,P,u), due
to Lemma [4.14. Consequently, the claim is correct for every node u of Q[v] and thus it is
true for v, that is, b € Potential(I,P,v). This contradicts the assumption of the lemma.

So the lemma is correct, as argued. 0J

To facilitate use of the ideas explained in Section 2.4.2 given a proof P of an instance
I = (Q,w, ), before starting constructing an eliminating proof for I with the same set of
visited objects as P, we consider a numbering function ¢ defining p and we will construct

an eliminating function for J = (Q,w, p x4 2) rather than for /. Then, we will argue
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that since I and J are Objects(I)-identical instances, they have the same sets of proofs
and eliminating proofs and thus our approach is correct. It can be proved that values
of objects in J are all ¢-even. So, in the next lemmas we will suppose that there is a
numbering function ¢ such that values of all objects are ¢-even. This assumption enables
us to change the value of a P-skipped object o of a leaf and obtain a new instance satisfying

P, as the next lemma shows.

Lemma 4.19 Consider an intersection-normalized instance I = (Q,w, u), a leaf | of Q,
and a numbering function ¢ such that values of all objects in w(l) are ¢-even. Also suppose
P is a proof for I and o is an object of | skipped by P. If v = pfo — p(o) +4 1], (Q,w, V)

15 an instance satisfying P.

Proof. We first prove that J = (Q,w,v) is an instance and then we show that J satisfies
P. By Definition 2.6 J is an instance if v is ordered. Hence, due to Definition 2.5, we
must prove that, given two consecutive objects p and g of a leaf of @, v(p) < v(q). As I
is an instance, u is ordered and so p(p) < u(q). Hence, if neither p nor ¢ equals o, as by
definition of v, v(p) = u(p) and v(q) = u(q), the inequality v(p) < v(q) holds. Now, in
either of the two cases 0 = p and 0o = ¢ we prove that v(q) < u(q). Since u(p) < u(q), by
Lemma 2.23/ ¢~ (u(p)) < ¢~ (u(q)). Also, as p and ¢ belong to the same leaf and one of
them is o and also o is an object of [, p and ¢ are objects of [. Hence, by assumption p(p)
and p(q) are ¢-even, that is, ¢! (u(p)) and ¢~(u(q)) are even integers. So as we proved

¢~ Hup) < o7 (ula)), o7 ((p)) < &~ (ulp)) +1 < 67 (1lq)) < ¢~ (u(g)) + 1 and thus
by Definition 2.19]

Now, for each of the cases 0 = p and 0 = ¢, by the definition of u, v(p) is either u(p) or
p(p) +» 1 and v(q) is either u(q) or pu(q) +» 1. Hence, in any case by the above inequality,
v(p) < v(q). Therefore, v is ordered and so J is an instance.

Finally, it remains to prove that J satisfies P. By the definition of v, o is the only

object whose p-value and v-value are not the same. So, as o is skipped, for every object
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p participating in a comparison proposition in P, u(p) = v(p). Thus, as p satisfies P, v
satisfies P. O

Given a proof P for an instance I = (Q,w,u), we now consider the situation in
which we are constructing an eliminating proof II for I not visiting any objects other
than objects visited by P and we want to use an eliminating step of the form 77 as
the ith step of II, for some T'. Then, as Definition 3.15 shows, we must show that if
() has a speedy leaf, the boundary-set of (I,sl(Q),e) is a subset of Visited(P) where

e is the e-value of the result of IT¢-1

on I. We only consider the situation in which
e € Potential(N(I),P,root(N(Q))) because otherwise, as we will see, an eliminating step
of the first type will be used rather than an eliminating step of the second type. We prove
that when e € Potential(N(I), P,root(N(Q))), if @ has a speedy leaf, the boundary-set
of (1,sl(Q),e) is a subset of Visited(P). If e ¢ Potential(I, P, sl(Q)) the claim is true, due
to Lemma 4.16. So we just explore the case e € Potential(1,P,sl(Q)). In this case, we
prove that a P-visited object o of value e is in w(sl(Q)). Having proved this fact, when
constructing IT we will easily prove that the boundary-set of (I, sl(Q),e) is {o} and so it is
a subset of Visited(P). We first discuss the special case in which e is in the value sets of

the root in N(I) and the speedy leaf and then we consider the general case.

Lemma 4.20 Consider an intersection-normalized instance I = (Q,w, u) with one speedy
leaf and a numbering function ¢ defining v such that the p-value of every object of the
speedy leaf is ¢-even. Also, consider a proof P for I and suppose a ¢-even value b is in
both the value sets of the root in N(I) and the speedy leaf. Then, there exists an object of
value b visited by P in w(sl(Q)).

Proof. The existence of an object o of value b in w(sl(Q)) follows from the assumption that
b is in the value set of the speedy leaf. So we prove that o is visited by P. Assume to the
contrary that o is P-skipped. We consider a solution X certified by P (by Definition 2.17
it exists) and construct an instance satisfying P such that ¥ is not a solution to that new
instance, contradicting Definition 2.16.

So, let us construct the instance we talked about. Since o is skipped by P, o is in ¥,
according to Lemma 4.11. Thus, there is no object of u-value b other than o in 3. Now

we define v = pfo — b+4 1] and J = (Q,w,v). Then, as b = u(o) and by assumption
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o is P-skipped, by Lemma [4.19 J is an instance satisfying P and so by Definition 2.16 X
is a solution to J. We now prove that b is in the value set of the root in J and then we
use this fact to show that there is an object of p-value b other than o in 3. The object o
is an object of the speedy leaf and hence it is not an object of N(J). Also, by definition
for every object p of J other than o the equation pu(p) = v(p) holds. Therefore, for every
object p of N(J), u(p) = v(p). Consequently, by Lemma 2.2 value sets of the root in
N(J) and in N([) are the same and thus b is in the value set of the root in N(J) as by
assumption it is in the value set of the root in N(I). As a result, by Observation 2.32 b
is in the value set of the root in J. Hence, there is an object ¢ of v-value b in . Since
v(o) = b+4 1, g # o. Therefore, by definition of v, p(q) = v(q) and so p(q) = b. Thus, X
has two distinct objects 0 and ¢ of the same p-value b, contradicting the fact that ¥ is a
solution to I (Definition 2.10)). So, the assumption that o is skipped is wrong and hence

the lemma is correct. O

Lemma 4.21 Consider an intersection-normalized instance I = (Q,w, u) with one speedy
leaf and a numbering function ¢ defining v such that the p-value of every object of the
speedy leaf is ¢-even. Also, consider a proof P for I and suppose a ¢-even value b is
in both Potential( N (I), P, ro0t(N(Q))) and Potential(I,P,sl(Q)). Then, there exists an
object of value b visited by P in w(sl(Q)).

Proof. 'We prove the claim by considering different cases depending on b being in the value
set of sl(@)) and in the value set of the root in N(I) or not. In the following discussion, X
is a solution certified by P (Definition 2.17). The proof of the case in which b is in both
the value set of sl(Q)) and the value set of the root in N([/) follows from Lemma 4.20.
Now we consider the case in which b is in the value set of the root in N(I) but it is
not in the value set of sl(Q)). We prove that this case does not happen. Since b is in
the value set of the root in N(I), by Observation 2.32/ b is in the value set of the root
in I. Hence, as X is a solution to I, there is an object o of value b in . The object
o does not belong to the speedy leaf as b is not in the value set of the speedy leaf. As
b € Potential(1,P,sl(Q)), according to Lemma 4.13, there exists a skipped object p in
w(sl(®)) such that v = p[p — b] satisfies I(I). Therefore, as the values of each P-visited
object in J = (Q,w, ) and in [ are the same and [ satisfies P, J also satisfies P. Hence, by
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Definition 2.16 3 is a solution to .J. As p is P-skipped, p is in X, according to Lemma [4.11.
Also, since p is in w(sl(@)), o # p and so by definition of v, v(0) = u(o) = b. Also, by
definition of v, v(p) = b. Hence, o and p are distinct objects of v-value b and both appear
in the solution ¥ of J, contradicting Definition 2.10. So this case does not happen at all.

The last possibility is that b is not in the value set of the root in N(I). In this case, we
first show that b is the value of an object o of the speedy leaf and then we prove that b is
visited by P. Since b € Potential(N(I), P,root(N(Q))), Lemma 4.17 yields the fact that b
is in the value set of the root. Hence, since by assumption b is not in the value set of the
root in N (1), it follows from Observation 2.32! that b is in the value of the speedy leaf. So
b is the value of an object o of sl(Q).

We next prove that o is visited by P. Suppose this is not true. Then, the object o is
in ¥, according to Lemma [4.11. As b is in Potential(N(I), P,root(N(Q))), there exists a
(1, P)-similar value function v for (N(Q),w) such that b is in the value set of (N(Q), w, v).
We define the value function ¢ as follows: Given an object p of a leaf [ of (), we define
E(p) = v(p) if [ is a leaf of N(Q) and we define £(p) = p(p) if [ is a speedy leaf. Since
v is (u, P)-similar, for every object p visited by P, v(p) = u(p). Thus, as {(p) is either
w(p) or v(p), £(p) = u(p), for every object p visited by P. Hence, £ satisfies P, as u does.
Also, ¢ satisfies KC(I) because for every two objects 0; and o, belonging to the same leaf,
we have either £(01) = p(o1) and £(02) = p(o2) or £(01) = v(o1) and &(02) = v(0y) and p
and v are ordered and satisfy IC(I). So, J = (Q,w, &) is an instance satisfying P and thus
by Definition 2.16 3 is a solution to J. Also, as for every object p of N(J), p is not in
w(sl(®)), by definition of &, {(p) = v(p) and hence by Observation 2.2/ b is in the value set
of the root in N(J) as b is in the value set of the root in (N(Q),w,v). Furthermore, as
0 is in w(sl(@)), £(o) = (o) = b and so b is in the value the speedy leaf in J. Moreover,
as every object of the speedy leaf has the same &-value and p-value, ¢é-values of all objects
of the speedy leaf are ¢-even. Hence, by Lemma 4.20/ an object ¢ of {-value b visited by
P is in w(sl(Q)). Since ¢ is in sl(Q), u(q) = &(q¢) = b. Furthermore, ¢ # o because ¢ is
P-visited while by assumption o is not. So, w(sl(Q))) contains two distinct objects o and ¢
of the same £-value b and this contradicts Definition 2.5. Hence, the assumption that o is

not visited by P is wrong and so the lemma is true in this case, as well. 0
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Our approach is to consider an empty sequence and each time to add one eliminating
step to this sequence until we have a complete eliminating proof. So, each time, having a
valid sequence II; of eliminating steps, we build a valid sequence Il of eliminating steps
of the form I, = II; ® 7. Now we explain how the result of II, on a given instance I can
be evaluated. If II, = mq, ..., m,, since Il = 1I; ® 7 for II; = 7,...,m,—1 and m, = m, the

next observation follows immediately from Definition 3.13.

Observation 4.22 Consider a sequence 111 of eliminating steps for an instance I and an
eliminating step w. If Ty is valid for I and w(u,C') is defined, where C' = result(l,11;),
then Ily = Iy ® 7 is valid for I and result(I,11s) = w(u, C).

Now the next lemma shows how the set of objects visited by II; ® 7 is evaluated.

Lemma 4.23 Consider a valid sequence 11y of eliminating steps for an intersection-normalized
instance I and an eliminating step ™ such that Iy, = 11, ©7 is also a valid sequence of elimi-
nating steps for I. The set Visited(I,1ly) can be evaluated as Visited(1, I1,)U Visited,, (I, 112)

where n is the length of the sequence Il5.

Proof.  We use Lemma 3.25 to prove the lemma. By Definition 2.2/ the length of the
sequence 1I; is one less than the length of Il = II; ® 7, that is, n — 1. Suppose II; =
T,...,Tp—1 and so Il = m,...,m,_1,7. Then, Hgi) = My,..., T = Hgi) and thus by
Definition [3.25/ Visited;(I,11;) = Visited;(I,1ls), for every i, 1 < ¢ < n — 1. Hence, by

Definition [3.15

Visited(I,1ly) = J;_, Visited;(1,11,)
= Visited, (I, Tly) U}~ Visited;(I,Tl,)
— Visited, (I, Tly) U}~ Visited;(I,1I;)
= Visited,, (1, 1l5) U Visited(I,11;).

O

Given a proof P of an instance I, the problem is to construct an eliminating proof II for
I visiting no object outside Visited(P). Equivalently, we want to create a valid sequence
IT of eliminating steps such that the e-value and the es-value of the result of II on I are oo

and also Visited(I,1I) C Visited(P). We set our primary goal as constructing II so that
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the e-value of its result is more than values of all P-visited objects of N(I). Suppose ay,

.., ay is the sequence of the values of all P-visited objects of N(/) in order and we have
constructed a sequence I1I; of eliminating steps such that the e-value of its result is greater
than a; but less than a;;q, for some i, and Visited(I,I1;) C Visited(P). Given a value
b, a; < b < a;41, such that b ¢ Potential(N(I),P,root(N(Q))), in the next lemma we
illustrate how we can create a valid sequence Il5 of eliminating steps such that the e-value
of its result is greater than b and Visited(I,Ily) C Visited(P). Then in Lemma 4.26 we
show how we can use this result to create a valid sequence Il of eliminating steps such
that the e-value of its result is more than a;,;. In this way, we can inductively reach our

primary goal that we described above.

Lemma 4.24 Consider an intersection-normalized instance I = (Q,w, u), a proof P for
I, a member b of V+, and a sequence 11 of eliminating steps for I such that the following
properties hold.

~

The sequence 11 is valid.

2. Visited(I,11) C Visited(P).

3. b < 0.

4. b & Potential(N(I), P, root(N(Q))).

5. For every object o wvisited by P of N(I), if u(o) < b then u(o) < e where e is the
e-value of the result of IT on I.

Then, there ezists a valid sequence 11 of eliminating steps such that Visited(I,11") C
Visited(P) and the e-value of result(l,1l") is greater than b.

Proof.  We first define the sequence II' and then we show that it satisfies the proper-
ties required in the lemma. If e > b then II' = II satisfies the required properties and
hence the lemma is trivial in this case. So we suppose b > e. Since by assumption
b & Potential(N(I),P,root(N(Q))), by Lemma 4.18 N(Q) has a sub-union tree 7" such
that b ¢ Potential(I,P,l), for any leaf [ of T. We now define II" = IT ® my. Defining
result(1,I1) = C' = (e,es, ®), since by assumption II is valid, by Lemma 3.23 C' is valid.
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Hence, by Definition 3.8 77 (1, C') is defined. Thus, since I1 is valid and 74 (i, C) is defined,
by Observation 4.22/ IT' is valid.

We first prove that Visited(I,11') C Visited(P) and then we show that the e-value of
the result of IT" on I is greater than b. By Lemma 4.23 Visited(I,1l') = Visited(I,11) U
Visited,, (I,1I') where n is the length of the sequence II'. Hence, as by assumption,
Visited(I,11) C Visited(P), in order to prove Visited(I,II") C Visited(P) we just need
to prove Visited,(I,1I') C Visited(P). Since m, = m;, by Definition [3.15, Visited, (I,II")
equals the set consisting of find(I,l,e) (if it does not equal END) and members of the
boundary-set of (I,1,(e)), for all leaves [ of T. Hence, we now show that the aforemen-
tioned objects are visited by P.

We first prove that, given a leaf [ of T, the set of objects of [ with values less than
(greater than) e is the same as the set of objects with values less than (greater than) b and
we conclude that find(I,1,e) (if it does not equal END) and members of the boundary-set
of (I,1,(e)) are in the boundary-set of (I,l,b). Also, since b ¢ Potential N(I),P,1), the
boundary-set of (,[,b) is a subset of Visited(P), due to Lemma [4.16. Hence, by proving
the aforementioned claims, we prove that the members of Visited,(I,Il") are in Visited(P)
and so Visited(I,11") C Visited(P). Suppose S;* and S; are the set of objects of w(l) of
value less than b and the set of objects of w(l) of values greater than b, respectively. As
[ is a leaf of T, by assumption b ¢ Potential(I,P,l) and thus b is not in the value set of
[, according to Observation [4.12. Hence, there is no object of value b in w(l) and so every

object of w(l) is either in §;* or in & .

Claim 4.25 Given a leaf | of T, S;° is the set of objects of | with values less than e and
S/ is the set of objects of | with values greater than e. Also, there is no object of value e

in w(l).

Proof. Since we proved that every object of [ is either in & or in &7, it suffices to show
that values of all objects of S are less than e and values of all objects of §; are greater
than e. The correctness of the claim that the value of each object of S/ is greater than e
follows from the facts that by the definition of §;, values of all objects of S are all greater
than b and by assumption b > e. Now we prove that values of all objects of S are less
than e.
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Suppose to the contrary that the value of an object of S is not less than e. Therefore,
S is not empty and the value of the biggest object o of & is at least e. We prove first
that o is visited by P and then we obtain a contradiction. Since the object o is the biggest
object of §7 and S is the set of all objects of value less than b, o is the biggest object
of w(l) of value less than b. Thus, as we proved w(l) has no object of value b, o is the
biggest object of w(l) of value at most b and so by Definition 3.14 0 is in the boundary-set
of (1,1,b). Also, as [ is a leaf of T', b ¢ Potential(I,P,l) and hence by Lemma 4.16 the
boundary-set of (I,[,b) is subset of Visited(P). Therefore, o is in Visited(P). Moreover,
by assumption p(o) > e and since o € S, p(o) < b. Consequently, there is a P-visited
object with a value at least e and less than b, contradicting the assumption of the lemma.

Hence, S has no object of value at least e. O

Before proving that find(I, 1, e) (if it does not equal END) and members of the boundary-
set of (1,1, (e)) are in the boundary-set of (I,[,b), for a given leaf [ of T', we explain which
objects of §7 and S; are in the boundary-set of (I,[,b). As we proved, there is no object
of value b in w(l) and thus it follows from the definition of S (of &) that when S
(87, respectively) is not empty, the biggest object of S (the smallest object of S;) is the
biggest (the smallest) object of value at least (at most) b in [. Hence, by Definition [3.14
the biggest object of S (if S # ) and the smallest object of S (if S; # () are in the
boundary-set of (I,1,b).

Now we show that, given a leaf [ of T, if find(I,l,e) # END then find(I,l,e) is the
smallest object of §; and is in the boundary-set of (I,1,b). If find(I,l,e) # END, by
Lemma 3.1/ there is an object with a value at least e in w(l) and find(I, [, e) is the smallest
object of [ with a value at least e. Hence, as by Claim 4.25/ has no object of value e, when
find(1,l,e) # END, find(1,l,e) is the smallest object of [ with a value greater than e, that
is, the smallest object of §;. So, as we proved above that the smallest object of & is in
the boundary-set of (I,1,b), when find(I,l,e) # END, find(I,[,e) is in the boundary-set of
(1,1,b).

Next we prove that, given a leaf [ of T', the boundary-set of (I,1, (e)) is a subset of the
boundary-set of (I,1,b). We consider two cases depending on whether [ has an object of
value (e) or not. If [ has an object o of value (e), o is the greatest (the smallest) object of [
with a value at most (at least) (e) and thus by Definition [3.14/ the boundary-set of (1,1, (e})
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equals {o}. We now prove that o is in the boundary-set of (I,l,b). Since by Claim [4.25
there is no object of value e in [ and by assumption there is an object of value (e) in [,
e # (e) and so e = (e)+. Thus, u(o) = (e) < (e)+ = e. Moreover, for every object p of [
bigger than o, u(p) > u(o) = (e) and hence by Observation 2.29 u(p) > (e)+ = e. So, o
is the biggest object of [ with a value less than e. Therefore, o is the biggest object of &
(Claim 4.25) and thus as we proved that the biggest object of S;* is in the boundary-set
of (1,1,b), o is in the boundary-set of (1,1, b).

Now we consider the other case, in which [ does not have an object of value (e) and
we prove that the boundary-set of (I,[,(e)) is a subset of the boundary-set of (I,l,b).
Since (e) < e, given an object of [ such that u(o) < (e), p(o) < e and so by Claim 4.25
o € §7. Also, given an object o of §;*, by Claim 4.25| ;1(0) < e and so by Observation 2.30,
p(o) < (e). Hence, as by assumption ! does not have any object of value (e) the value of
every object of S is less than (e). Therefore, S is the set of all objects of [ with value
less than (e). As a result, since [ does not have any object of value (e), S;* is the set of all
objects of [ with value at most (e). Consequently, as S;* and S partition the set of objects
of [, S is the set of all objects of [ with values greater than (e), or equivalently, the set of
all objects of [ with values at least (e). Therefore, it follows from Definition [3.14 that the
boundary-set of (I,1, (e)) is the set of the biggest object of S (if S # 0) and the smallest
object of & (if S # () and we proved any of these two objects that exists is in the
boundary-set of (I,1,b). Hence, the boundary-set of (I,1, (e)) is a subset of the boundary-
set of (I,1,b). Also, we proved above that find(1,[,e) is END or is in the boundary-set of
(1,1,b). So, the claim that Visited(I,II') C Visited(P) is true, as explained before.

Now, defining €' as the result of II" on I, it remains to show that € > b. Since
by Observation 4.22 result(I,1I') = m;(p,C), € is the e-value of 7 (u, C'). Hence, by
Definition 3.8, ¢ = hmin(u, C,T) and so all we need to prove is that hmin(u, C,T) > b.
If no leaf of T" has a C-remaining object, by Definition 8.7 hmin(u, C,T) = co. So, as
by assumption b < oo the claim is true in this case. Now consider the case in which
there is a C-remaining object and hence by Definition 3.7 hmin(u, C,T') is the minimum
of u(find(1,1,e)) for all leaves | of T' with find(I,l,e) # END. We proved above that when
find(I,1,e) # END then find(, [, e) is the smallest object of S/, for every leaf [ of T'. Also,

by definition values of all objects of S; are greater than b, for every leaf [ of T". Hence,
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when find(I,l,e) # END, p(find(I,l,e)) > b, for all leaves | of T. Thus, in this case
hmin(pu, C,T) > b as hmin(u, C,T) is the minimum of u(find(1,1,e)) for all leaves [ of T
with find(I,l,e) # END. So, € > b. O

Using the following lemma we inductively construct a valid sequence of eliminating
steps such that its result is an eliminating configuration with an e-value more than the
value of every object visited by P and also, Visited(I,II) C Visited(P).

Lemma 4.26 Suppose the following conditions hold.

1. I =(Q,w, ) is an intersection-normalized instance with at most one speedy leaf.

2. ¢ is a numbering function defining p such that the value of each object of I is ¢-even

and ¢-positive.

3. P is a proof for I and ay,...,a, is the sequence of values of all objects of N(I)

visited by P in increasing order. We also define ag = —o0.

4. 11 is a valid sequence of eliminating steps of I such that Visited(I,11) C Visited(P).
Also we suppose result(I,11) = (e, s, ).

5. 1 1s an integer such that 0 <1 < m — 1 and if i # 0 then e > a;.

Then, there exists a valid sequence 11" of eliminating steps of I such that Visited(I,11") C
Visited(P) and the e-value of result(l,1l") is greater than a;i1.

Proof. ~ We first in the case in which a;y; & Potential( N(I),P,root(N(Q))) prove the
lemma by simply applying Lemma 4.24. Afterward, we discuss the lemma in the case
a; 1 € Potential(N(I),P,root(N(Q))). In this case, we first construct a valid sequence Iy
of eliminating steps visiting no P-skipped object such that, defining e; as the e-value of
IT; on I, e; > a;41. Then as we will argue, if e; > a;;1, the choice II' = II; simply proves
the lemma. So we suppose e; = a;;1 and based on a;; being the value of an object of a
speedy leaf or not we will have two different arguments.
Before starting considering the two cases based on a;1 being in Potential(N (1), P, root(N(Q)))

or not, we mention that as by assumption II is valid and Visited(I,II) C Visited(P), when

a;11 < e the choice II" = II proves the lemma and hence in the proof we suppose a;1 > e.
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To prove the lemma in the case a;,1 ¢ Potential(N(I),P,root(N(Q))) we show that
we can apply Lemma 4.24] for IT and b = a;,; to construct the sequence II' required by
the lemma. For this purpose, we prove the five conditions required by Lemma 14.24, one
after another. The first two conditions follow from the assumption of the lemma. Also,
since a;4q is the value of an object, b = a;,1; < oo and so the third condition is also
satisfied. The fourth condition follows from the fact that we are considering the case
b = a;41 ¢ Potential(N(I),P,root(N(Q))). Now we prove the fifth condition. Due to
the definition of the sequence aq, ..., a,,, given a P-visited object o with a value less than
b = a1, plo) € {ay,...,a;} and so pu(o) < a;. Also, given such an object o, i > 1
(since p(o) € {ai,...,a;}) and thus it follows from the assumption of the lemma that
a; < e. Consequently, given a P-visited object o with a value less than b = a;,1, u(o) < e.
Therefore, all the five conditions hold and so we can apply Lemma 4.24/ for I and b = a;41
and conclude the correctness of the lemma.

In the rest of the proof we consider the case a;41 € Potential(N(I),P,root(N(Q))).
Since by assumption a;;; is the value of an object and hence it is ¢-positive, by Defini-
tion 2.22 ¢~(a;11) > 1 and thus by Definition 2.19 ¢(¢'(a;r1) — 1) is defined. Now,
defining b = ¢(¢'(a;11) — 1), we first show that we can apply Lemma 4.24 for 1T and b
to have a new valid sequence II; of eliminating steps such that the e-value of the result of
I1; is greater than b. Then we prove that the e-value of the result of II; is at least a;,1,
as described at the beginning of the proof. So, let us prove the correctness of the five
conditions of Lemma 4.24), one by one. As before, the first two conditions follow from the

assumption of the lemma. Now we discuss the third condition. Since b = ¢(¢(a;1) — 1),

¢ (b) = o7 (aip1) — 1 < ¢ Hain). (4.33)

Therefore, by Definition 2.19, ¢(¢~(b)) < ¢(¢'(a;11)) and thus b < a;41 < co. Hence,
the third condition is true. Also, since by assumption a;,; is the value of a visited object,
by assumption a;,; is ¢-even and hence ¢ 1(a;; 1) is even. Therefore, due to Equation [4.33),
¢»~1(b) is not even and so b is not ¢-even. Consequently, I does not have an object of value
b since values of all objects of I are ¢-even. As a result, b is not in the value set of the root
of I and thus b in not in Potential( N (I), P,root(N(Q))), according to Lemma 4.17. So, the

fourth condition is also satisfied. Now we consider the fifth condition. As we proved in the
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previous case, for every object o visited by P with a value less than a;,1, (o) € {a1,...,a;}
and 7 > 0 and thus p(o) < a; < e. Hence, as by assumption b < a;1, for every P-visited
object o with a value less than b, u(o) < e. Therefore all the five conditions are true. So

we can apply Lemma 4.24 and conclude that there is a valid sequence of eliminating steps
IT; such that Visited(I,11;) C Visited(P) and, defining result(I,11;) = Cy = (ey, sy, P1),

e; > b. (4.34)

Now we prove that e; > a;41. To prove this fact, we first show that if e; & {—o00, 00}
then (e;) is ¢-even. Then we will argue that since e; > b = ¢(¢ H(a;r1) — 1), €1 > air1.
By Lemma 3.26 e; either is in {—o00,00} or (e;) is the value of an object of I. Also,
since by Equation 4.34 e; > b, e; # —oco. In addition, if e; = oo, then the correctness
of the claim e; > a;y; is trivial. Now, consider the case in which e; ¢ {—o00, 0} and
so (eq) is the value of an object. Then, as by assumption the values of all objects are
¢-even, (e1) is ¢-even. So, as we proved before that b is not ¢-even, b # (e1). Thus, either
b > (e;) or b < (e;). In the first case, b £ (e;) and thus by Observation 2.30 b £ ey,
contradicting Equation 4.34. So, b < (e1). Also, as (e;) is ¢-even, by Definition 2.22] it is
defined by ¢. Hence, by Lemma 2.23 ¢! (b) < ¢~({e;)) and thus because of Equation 4.33
¢ Haiy1) —1 < ¢~ ((e1)). Therefore, as the result of function ¢! is integer, ¢! (a; ) <
¢ '({e1)) and so by Definition 2.19, a;y1 = ¢(¢ " (ai11)) < d(¢ ({e1))) = (e1) < e;. So
the claim a;,1 < e; is proved.

Next we show that when e; > a;,1 the lemma is trivial. If e; > a;,4, as II; is valid and
Visited(1,11;) C Visited(P), the choice II' = II; proves the lemma. So we suppose this is
not the case and hence e; = a;,1.

Here we consider two possibilities depending on whether there is any object of value
a;y1 in any speedy leaf or not. First suppose that sl(Q)) exists and contains an object
of value a;41. Then, a;41 is in the value set of sl(Q)) and so by Observation [4.12 a; is
in Potential(1,P,sl(Q)). Also, by assumption a;4 is in Potential(N(I), P,root(N(Q))).
Hence, the speedy leaf has an object p visited by P of value a;1, according to Lemma 4.21.
We now prove that, defining 7" as the sub-intersection of () with only one leaf sl(Q), the
choice II" = II; ® 77 proves the lemma. As by definition C; is the result of II; and II; is
valid, by Lemma [3.23| C} is valid. Also, sl(Q) is the only leaf of 7" and sl()) has an object
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of value e;. Therefore, e, is a main value and by Definition [3.10 7 (u, C1) is defined. Also,
I1; is valid. Hence, by Observation 4.22/ IT" is a valid sequence of eliminating steps and
result(1,11") = 7;.(p, C1). Suppose m(p, C) = (¢, e, D).

We now first prove that Visited(I,1I') C Visited(P) and then we show that & >
a;y1. Defining n as the length of II', by Lemma [4.23 Visited(I,11") = Visited(I,11;) U
Visited,,(I,1I'). Also, since m, = 7 and sl(Q) is the only leaf of T, by Definition 3.15
Visited,,(I,1I') = T U find(1, sl(Q),e;) where 7 is the boundary-set of (I,sl(Q),e;). As a
result, Visited(I,11') = Visited(I,11;) U7 U find(I,sl(Q),e;). Thus, as Visited(I,1I;) C
Visited(P), in order to prove that Visited(I,II') C Visited(P) it suffices to show that
find(1,sl(Q),e;) and the members of the boundary-set of (/,sl(Q),e;) are P-visited ob-
jects. As the speedy leaf has an object of value e;, by Lemma 3.2 find(I, sl(Q),e;) is an
object of value e; of the speedy leaf and hence as p (defined in the previous paragraph) is
an object of the speedy leaf of value ey, find(1,sl(Q),e;) = p. Also, since u(p) = ey, p the
biggest (the smallest) object of value at most (at least) e; and hence the boundary-set of
(1,sl(Q),e1) has only one member p. Moreover, as stated in the previous paragraph, p is
visited by P. So, as explained, we may conclude that Visited(I,Il') C Visited(P). The
correctness of the claim € > a;,1 follows form the fact that by Definition [3.10 the e-value
of (i, C1) equals e;+ and hence since by assumption e; = a1, € = e+ > €; = a;41. So
IT satisfies all requirements.

Now, we consider the other possibility, in which there is no object of value a;;; in
any speedy leaf. First we prove that there is a P-witness T for e; and then we show
that the choice II' = II; ® 7} proves the lemma. Since sl(Q)) has no object of value
ai11 , a;r1 is not in the value set of any speedy leaf. Also, as by assumption a;;; €
Potential(N(I), P,root(N(Q))), Lemma 4.17, a;;; is in the value set of the root in /. So,
it follows from Observation 2.32/ that a;;; is in the value set of the root in N (). Since
a;+1 = €1 is not the value of any object of any speedy leaf, by Lemma 2.34 it is not the
value of any hidden object. Hence, as we proved e; is in the value set of the root in I, by
Lemma 4.10 there exists a P-witness for eq, that is, there is a sub-intersection tree T" such
that every leaf of T' contains a P-visited object of value a;; = e; (Definition 14.4).

Now we prove that II' = II; ® 7. satisfies the required properties in the lemma. We
first prove that IT" is valid for I, then we prove that Visited(I,Il") C Visited(P), and finally
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we show that the e-value of the result of II' on [ is greater than a;;. As argued before,
(' is valid and e; = a;41 is a main value. Also, as mentioned, for every leaf [ of T', w(l)
has an object of value e;. Consequently, by Definition [3.10 7.(u, Cy) is defined. So, as
I, is valid, by Observation 4.22/I1" is also valid and its result on [ is 7}.(u, C1). Suppose
mh(u, C1) = (¢, e, ®'). By Definition 3.10 ¢ = e;+ > e; = a;11 and hence it suffices to
show that Visited(I,1I') C Visited(P).

Now we complete the proof of the lemma in this case by showing that Visited(I,11") C
Visited(P). By Lemma 4.23 Visited(I,1I') = Visited(I,Il;) U Visited,(I,Il') where n
is the length of II'. Also, since m, = =}, by Definition 8.15 Visited,(I,II') = S U
Uscteavesr) {find(Z, 1, e1)} where S = () if @ has no speedy leaf and S equals the boundary-set
of (I,sl(Q),e1), otherwise. As mentioned before, Visited(l,1Il;) is a subset of Visited(P).
Also, as T is a P-witness for e;, by Definition 4.4/ every leaf [ of T has a P-visited object
of value e; and thus by Lemma 3.2 find(I,l,e;) is the object of [ of value e;, for every
leaf [ of T. Hence, for every leaf [ of T, find(I,l,e;) is visited by P. Thus, it remains
to prove that S C Visited(P). If the query tree has no speedy leaf, this claim is true as
S = (). So, suppose @ has a speedy leaf and thus S is the boundary-set of (I, sl(Q),e;).
Recall that a;; is the value of a visited object and thus by assumption it is a ¢-even
value. Also, by assumption a1 is in Potential( N(I), P,root(N(Q))) and there is no ob-
ject of value a;;1 in any speedy leaf. As a result, if a speedy leaf exists, a;,1 = e; is not
in Potential(1,P,sl(Q)), according to Lemma 4.21] for b = a;1;. So, by Lemma [4.16/ the
boundary-set of (I,sl(Q),e;) is a subset of Visited(P). Hence, in any case S C Visited(P).
Therefore, Visited(I,11") C Visited(P) and thus II" satisfies all properties required by the

lemma. Consequently, the lemma is correct in this case, as well. O

Suppose using Lemma 4.26 we have constructed a valid sequence II of eliminating steps
of an instance [ such that the e-value of the result of II on I is greater than the value of
every object of N(I) visited by a proof P and Visited(,II) C Visited(P). We use the next
lemma to construct an eliminating step 7 such that [I® 7 is a valid sequence of eliminating
steps visiting no object outside Visited(P) such that the e-value the result of I[I ® 7 is oc.

Lemma 4.27 Consider an intersection-normalized instance I = (Q,w, n) and a proof P

for I. Fvery sub-intersection tree T of () with at least two leaves has a leaf | such that the
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biggest object of w(l) is visited by P.

Proof.  Assume to the contrary that there exists a sub-intersection tree T violating the
lemma. Thus, given a leaf [ of T', the last object o; of [ is skipped by P. By changing the
value of the last object of each leaf of T" we build two instances satisfying P but having no
solution in common and then we show that this contradicts the fact that every proof has
a certified solution.

Let us first construct the instances. Consider an integer i greater than ¢~ (u(p)), for any
object p of I, and suppose leaves(T) = {l1,...,ly}. Wedefine v = ulo,, 01, - , 01, — ¢(7)]
and & = v]o, — ¢(i + 1)]. We first prove that J = (Q,w,v) and K = (Q,w,§) satisfy P
and are instances and then we prove that these two instances do not have any solution in
. are skipped by P, for every object
o visited by P, u(o) = v(o) = £(0). Hence, as P is satisfied by u, P is also satisfied by
v and by &, that is, by J and by K. In the rest of the proof we will use the fact that as
i+1>14>¢ (u(p)), by Definition 2.19 ¢(i 4+ 1) > ¢(i) > ¢(¢ (u(p))) = u(p), for every
object p of I.

common. Since by assumption all objects o, ..., o

We now prove that v and £ are ordered. For this purpose, by Definition 2.5 we must
prove that, given two consecutive objects p and ¢ of a leaf [ of @), the inequalities v(p) < v(q)
and £(p) < &(q) hold. The object p is not the last object of I and hence (p) = v(p) = u(p).
If | & leaves(T) or q is not the last object of [, £(q) = v(q) = u(q) and hence as u(p) < u(q)
(because p is ordered), the inequalities v(p) < v(q) and £(p) < &(q) hold. So, suppose
l € leaves(T) and q¢ = o;. As we proved, ¢(i + 1) > ¢(i) > u(p). Hence, as v(q) and
€(q) each one equals ¢(i) or ¢(i + 1), and we showed u(p) = v(p) = &£(p), the inequalities
v(p) < v(q) and &(p) < &(q) hold. Thus, v and £ are ordered and hence J and K are
instances.

Having proved that J and K are instances satisfying P, we now prove that a solution
> of J is not a solution of K. Assume to the contrary that ¥ is a solution to both J and
K. Since by the definition of v, ¢(i) the v-value of the object o; of I, for every leaf [ of the
sub-intersection tree T of @), ¢(7) is in the value set of the root in J, due to Lemma 2.22.
So, by Definition 2.10/an object o of v-value ¢(i) is in X. But, as we proved, ¢(i) is greater
than the p-value of any object of I. Therefore, as v(o) = ¢(i), pu(o) # v(o) and hence by

the definition of v, o is in the set S = {0, 0y,,...,05, }. Consequently, the ¢-value of o is
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either ¢(i) or ¢(i + 1). Hence, as o is in ¥ and by assumption ¥ is a solution to K, by
Definition 2.10 a value a in {¢(i), ¢(i + 1)} is in the value set of the root in K.

Now we complete the proof of the claim that X is not a solution to both J and K by
showing a contradiction resulting from the membership of a in the value set of the root in
K. Since ¢(i) and ¢(i+ 1) are greater than the u-value of any object of I, for every object
of &-value ¢(i) or ¢(i+1), £(p) # p(p) and thus by the definition of £ and v, p is among the
objects oy, ..., o, that is, p is in S. Also there is exactly one object of {-value ¢(i + 1)
in S and by the definition of S, |S| = |leaves(T")| > 1. So, there is at least one object of
¢-value ¢(7) and exactly one object of £-value ¢(i + 1) in S. Hence, as a € {¢(i), ¢(i + 1)}
and we showed all objects of value ¢(i) or ¢(i+ 1) are in S, the set of objects of value a is
a proper subset of §. Moreover, S is the set of the last objects of leaves of T" and so in this
way there is a one to one correspondence between leaves of T' and objects of S. So, the set
7 of leaves having an object of -value a is a proper subset of leaves(T'). Since a is in the
value set of the root in K, there is a sub-intersection tree U such that every leaf of U has
an object of ¢-value a, according to Lemma 2.22. So, leaves(U) C T C leaves(T) and thus
leaves(U) C leaves(T') but leaves(U) # leaves(T). This contradicts Lemma 2.18. Therefore
> is not a solution to both J and K where Y was selected as an arbitrary solution to both
J and K. As a result J and K do not have any solution in common. But as J and K are
instances satisfying P, by Definition 2.16/ a solution certified by P is a solution to both
J and K. Hence, P has no certified solution and so by Definition 2.17 P is not a proof
for (Q,w), contradicting the assumption of the lemma. Therefore, the assumption that T

violates the lemma is false. Consequently, the lemma is correct. O

Now we can prove that, given a proof P for an instance I, there is an eliminating proof
for I visiting no object other than those visited by P. Recall the definition of a query tree

being normalized from Definition 2.3\

Theorem 4.28 Consider a normalized instance I = (Q,w, p) such that Q has more than
one node and has at most one speedy leaf. Given a proof P for I, there exists an eliminating
proof I1 for I such that Visited(I,11) C Visited(P).

Proof.  Considering a numbering function ¢ defining I, we first create an instance J
such that J is Objects(])-identical with I and the value of every object of J is ¢-even
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and ¢-positive. Then we use Lemma 4.26 to inductively create a valid sequence II of
eliminating steps visiting no P-skipped object such that the e-value of the result of II on J
is greater than the value of every P-visited object in N(J). Then, we apply Lemma 4.27
for sub-intersection trees of N(Q) to constructing a step m such that the e-value of 1 ® 7
is oco. After that, we complete the eliminating proof by adding the step 7> to II ® .
Finally, we use Theorem 4.5 to prove that (Il ® 7) ® 7* is an eliminating proof for I and
Visited(I,11) C Visited(P).

Defining v = (144 1) x42 and J = (Q,w, ), we now prove that the values of all objects
of J are ¢-even and ¢-positive, J is an instance, and P is a proof for J. By Definitions 2.21
and 2.20, given an object o, (1+41)(0) = p(o) 441 = ¢(¢(u(0)) +1) and thus ¢ ((p +4
1)(0)) = ¢ (u(0)) + 1. Consequently, since v = (44 1) X4 2, by Definitions 2.21 and 2.20),
v(0) = (1145 1)(0) %42 = (26~ (1145 1)(0))) = $(2(67 (1(0)) + 1)) = 626~ (1(0)) +2)
and so ¢~ (v(0)) = 2071 (u(0)) +2, for every object o of I. Therefore, as by Definition 2.19,
for every value a defined by ¢, $~!(a) is a non-negative integer, $~!(v(0)) is an even positive
integer and hence by Definition 2.22/ (o) is ¢-even and ¢-positive, for every object o of J.

Now let us prove that J is an instance and P is a proof for J. The two disordered
instances I = (Q,w, p) and (Q,w, u +4 1) and the two disordered instances (Q,w, pt +4 1)
and J = (Q,w, (1t + 1) X4 2) are Objects(I)-identical, due to Observation 2.25. Therefore,
by Definition 2.15 for every comparison proposition ¢, c¢ is satisfied by I if and only if
c is satisfied by (Q,w,p +4 1) and also c¢ is satisfied by (Q,w, p +, 1) if and only if ¢ is
satisfied by J. So, J satisfies KC(I) because by assumption / is an instance and hence by
Observation 2.5/ I satisfies IC(I). As a result, by Observation 2.5/ J is an instance. Also, J
satisfies P since by assumption P is a proof for I and so I satisfies P. Thus, P if a proof
for J, as well.

Now we construct an eliminating proof such that the e-value of its result is greater
than values of all P-visited objects. Suppose ay,...,a,, is the sequence of v-values of
all objects of N(J) visited by P in increasing order and ag = —oo. We claim that for
every ¢, 0 < ¢ < m, there exists a valid sequence II; of eliminating steps for J such that
Visited(J,11;) C Visited(P) and if result(J,11;) = C; = (e;, es;, P;) then e; > a; or i = 0.
Defining I, as the empty sequence of eliminating steps, by Definition 3.13 Il is valid and
by Definition [3.15 Visited(I,11y) = () C Visited(P). Hence, the claim is true for i = 0. Also



4.2. BUILDING AN ELIMINATING PROOF 127

if the claim is true for some i, the claim is true also for 2 + 1, due to Lemma 4.26. So, II,,
is a sequence of eliminating steps such that Visited(J,I1,,) C Visited(P), result(J,I1,,) =
Crm = (em,€spm, ), and if m > 0 then e,, > a,,, that is, e, is greater than than the
v-value of every object of J visited by P.

In order to use Lemma 4.27 to complete the eliminating proof, given a sub-intersection
tree T of N(Q), we first prove that T is a sub-intersection tree of () and after that we
show that T has at least two leaves. If () has no speedy leaf, by the definition of the
function N (Section 2.5) N(Q) = @ and thus trivially 7" is a sub-intersection tree of Q.
So, suppose there is a speedy leaf and hence the root is a union node. Then, To(7T) is a
sub-intersection tree of N(Q)[v], for a child v of the root. Also, since N(Q) is constructed
from @) by just deleting the speedy leaf, the complete subtree of ) rooted at v is the
same as the complete subtree of N(Q) rooted at v and thus Q[v] = N(Q)[v]. Therefore,
To(T) is a sub-intersection tree of Q[v] while by the definition of T, T (7') is constructed
from T by just deleting the root. Hence, T is constructed by adding the root to a sub-
intersection tree of Q[v] where v is a child of the root and the root is a union node. So, T
is a sub-intersection tree of ().

Now we prove that every sub-intersection tree 7" of N(Q) has at least two leaves by first
showing that T has two children of one internal node. Since by assumption () is normalized
with at least two nodes, the root of () is an internal node with at least two children. If
the root is an intersection node, by the definition of the function N, N(Q) = @ and so
as by Definition 2.18 T contains the root, T" also contains all children of the root which
are at least two. We consider two cases based on the root of () being a union node or an
intersection node. First suppose the root is a union node. Then, every child [ of () that is
a leaf is a speedy leaf and so [ is not in N(Q). Also, since we proved the root of () has at
least two children and by assumption at most one of these children is a speedy leaf, the root
has at least one internal node v as as a child and so v is in N(Q) as it is not a speedy leaf.
Therefore, the root in N(Q) has at least one child. Thus, by Definition 2.18 7' contains
one child u of the root in N(Q). As the node w is in N(Q), u is not a speedy leaf and so
as by assumption the root is a union node and w is child of the root, u is an internal node.
Hence, as the root is a union node, u is an intersection node. Also, since () is normalized

u has at least two children. As T contains the intersection node wu, by Definition 2.18 T’
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contains all children of w which are at least two. So in any case we proved that there at
least two children v; and vy of a single node are in T'. It follows from Definition 2.18 that
when T contains an internal node v, it contains a child of v and thus, recursively applying
this definition, we may conclude that 7" contains a descendant of v that is a leaf. Hence,
T contains one descendant of each of v; and v, that is a leaf. Also, as v; and vy are two
children of the same node, they do not have any descendant in common. Therefore, T" has
two distinct leaves.

Now we add additional eliminating steps to II,,, as we explained. Suppose S is the
set of leaves [ of N(Q) such that the last object of w(l) is an object visited by P. For
every sub-intersection tree U of N (@), as we proved U is a sub-intersection tree of () and
has at least two leaves. Hence, by Lemma 4.27 for every sub-intersection tree U of N(Q),
leaves(U) N'S # (). So, there exists a sub-union tree T' of N(Q) such that leaves(T) C S,
according to Lemma 2.21. Now we consider the sequence II,,+; = II,, © 7. We prove
that II,,4; is valid, the e-value of its result on J is oo, and Visited(J,I1,,11) C Visited(P).
So, let us prove these claims, one by one. Since II,, is valid, by Lemma [3.23 the result C,,
of I1,,, is valid. Hence, by Definition 3.8 7 (v, C,,) is defined. Thus, as II,, is valid, by
Observation4.22/11,, 14 is also valid and result(.J, I1,,,+1) = 7 (v, Cy,). Suppose 7 (v, Cy,) =
Cos1 = (€m11,€mi1, Prmr1). We now prove that e, ;1 = oco. Since leaves(T) C S, by
definition of S the last object of every leaf of T" is P-visited. Also, every object of every
leaf of T is an object of N(J) as T is a sub-union tree of N(Q). Hence, as e,, is greater than
the values of all objects of N(.J) visited by P, the value of the last object of each leaf of T'
is less than e,,. Thus, for every leaf [ of T, the value of every object of w(l) is less than e,,.
Therefore, as T is a subtree of N(Q) and so all of its objects are in N(.J), by Definition [3.3
all objects of leaves of T are C,-eliminated. So, by Definition 3.7, hmin(u, C,,,T) = oo
and hence by Definition 3.8, e, 1 = oo.

Now we prove that Visited(J,I1,,.1) C Visited(J,II). Defining n as the length of
.41, by Lemma [4.23| Visited(J,11,,,41) = Visited(J,11,,) U Visited, (J,11,,41). Since we
proved that Visited(J,I1,,) C Visited(P), it suffices to show that Visited, (J,11,,+1) C
Visited(P). As the nth step in Il is 7, by Definition 3.15 Visited,(J,11,,41) =
Ulcreavesr) tind(J, 1, e)} U 7y — {END} where 7; is the boundary-set of (J,[,(en)), for

every leaf [ of T. We proved above that values of all objects of [ are less than e,,, for
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every leaf [ of T. Thus by Lemma 3.1 find(J,l,e,) = END, for every leaf [ of T. Now
to prove Visited(J,11,,+1) C Visited(J,II) it remains to show that, given a leaf | of T,
7, C Visited(P). To prove this, we show that 7, = {o} where o is the last object of [.
Having proved this fact, as by the definition of 7" the last object of every leaf of T' is P-
visited, we will have proved that 7; C Visited(P) and thus Visited(J,I1,,11) C Visited(P).
Recall that 7; is the boundary-set of (J,[, (e;,)). We consider the two cases u(o) = (e,)
and (o) # (en). In the first case o is the biggest (the smallest) object of | with a value at
most (at least) (e,,) and thus the boundary-set of (J, [, (e,,)) is {o}. Now consider the case
p(o) # (em). Since o is the last object of a leaf of T', as we showed, u(o) < e, and hence
by Observation 2.30/ 1(0) < (en). So, as we are considering the case in which u(0) # (e,),
(o) < (en). Thus, as o is the last object of [, I does not have any object of value at least
(em) and o is the biggest object of | with a value at most (e,,). So, the boundary-set of
(J,1,{em)) is {o}. Therefore in any case 7, = {0} and as discussed, this result yields the
fact that Visited(J,I1,,11) C Visited(J, II).

Next, defining 11,15 = Il,,, 11 ® 7, we prove that I, is an eliminating proof for J,
visiting no object outside Visited(P). Since we proved Il,,;; is valid, by Definition 3.23
the result C,, 1 of I1,,, 11 on J is a valid eliminating configuration. Furthermore, we showed
that the e-value of the result C,, 1 of 1,41 on J is oco. So, by Definition 3.11 7 (p, Cpi1)
is defined and 7> (u, Cppy1) = (00,00, @,yy0), for some D, 5. Hence, by Observation [4.22
II,, 49 is valid and its result on J is 7°(u, Cpny1) = (00,00, Ppya). So, by the Defini-
tion [3.13 11,5 is an eliminating proof for J. Also, as n + 1 is the length of II,,,5, by
Lemma 4.23 Visited(J, I1,, 1) = Visited(J, 11,,,1) U Visited,,+1(J, I1,,12). Since the n + 1st
step of I1,,,42 is 7, by Definition 3.15| Visited,,11(J, I1,,42) =  and thus Visited(J, I1,,42) =
Visited(J, I1,,,+1). Therefore, as we proved Visited(.J, I1,,,1) C Visited(P), we may conclude
that Visited(J, I1,,,2) C Visited(P). Thus Il,, .2 is an eliminating proof for J not visiting
any P-skipped object and so as we showed I and J are Objects(I)-identical, by Theo-

rem 4.5 I1,,,, 5 is an eliminating proof for I not visiting any object outside Visited(P). O

In this chapter we studied the relation between proofs and eliminating proofs of an
instance and we proved that given a proof P of an instance one can build an eliminating

proof visiting no object skipped by P. In the next chapter we describe our algorithm and
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in Chapter (6l we analyze the running time of the algorithm based on the sets of objects
visited by eliminating proofs of the given instance as the input. Then, due to the result
proved in Theorem 4.28 we will be able to compare the running time of the algorithm with

gap-costs of proofs of the instance and so with the difficulty of the instance.



Chapter 5

The Algorithm

In this chapter we present an algorithm for query trees with at most one speedy leaf. For
instances with more than one speedy leaf, this algorithm should be combined with the
algorithm designed by Erik D. Demaine et al. [DLOMO00]. Compared to our lower bound,
the running time has an additional factor that is roughly logarithmic in the size of the

query tree.

5.1 Overview

We first present basic definitions and explain general ideas of the algorithm. Throughout
the chapter we suppose that I = (Q,w, ) is a normalized instance given as the input
to the algorithm and that () has at most one speedy leaf. Also, to avoid considering
additional special cases in proofs, we define y(BEG) = —oo and p(END) = oco. The value
of a variable v of the algorithm at a specific time ¢ during the execution of the algorithm is
denoted by v(*). In this representation the superscript “(¢)” is called a time stamp. We will
express as “invariants” a number of provable facts about contents of the variables during
running the algorithm but they are not used in formal arguments as proved facts before
their correctness is shown. Moreover, for every variable v that we define for the algorithm,
we express some conditions that should be satisfied by what is stored in v and, at any
time during execution of the algorithm, we will say v is well-valued if those conditions

hold. For a procedure in the code of the algorithm, we may define a set of preconditions,
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a set of changing variables, and a set of postconditions. In such cases, we will prove that
if before calling the procedure its preconditions hold, the procedure, during its execution,
does not modify any variable other than those that are defined as changing variables of the
procedure and after executing the procedure its postconditions hold. During the execution
of the algorithm, whenever the algorithm calls a procedure we say the procedure call is
legal if preconditions of the procedure hold before calling the procedure.

The algorithm is presented in Figures 5.1/ through 5.6. The main idea of the algo-
rithm is to consider a valid eliminating configuration and to change it gradually until it is
transformed to a valid eliminating configuration in which all objects are eliminated. Then,
the expansion of the output of the eliminating configuration is a solution to the problem,
according to Lemma 3.9, and so the algorithm has solved the problem.

Now we explain how the eliminating configuration is stored and how it is changed.
Variables e, es, and ® will be used to store the e-value, the es-value, and the output of this
eliminating configuration and at any time C is defined as this eliminating configuration,
that is, C = (e, es, D).

Invariant 1 C is a valid eliminating configuration.

At the beginning, the algorithm sets e = es = —00, and ® equal to the empty sequence.
If the algorithm reaches a point in which all objects are eliminated, then the algorithm
has finished its job as explained. If at some point e becomes equal to oo, by Definition 3.3
all objects of non-speedy leaves are eliminated. Then, if there is a speedy leaf, as we will
see, the algorithm can easily eliminate objects of the speedy leaf in a simple way and get a
valid eliminating configuration in which all objects are eliminated. So, the algorithm aims
to increase e until e becomes as large as co. In the meantime, es and ® change so that C
remains a valid eliminating configuration.

In order to increase e, the algorithm first evaluates the membership of e in the value
set of the root. This will help the algorithm to add to the output an object of value e if
necessary and then to update e. By Lemma 2.22, to evaluate the membership of e in the
value set of the root, it suffices to find a sub-intersection tree in which every leaf has an
object of value e or to find a sub-union tree in which no leaf has an object of value e. In

order to know whether a leaf has an object of value e or not, one should find the smallest
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object of value e of the leaf and see if its value is e. So the algorithm tries to find the
smallest object of value at least e in w(l), that is to compute find(/,[,e) (Lemma [3.1), for
different leaves . To do this, for every leaf [, the algorithm uses a variable fi[l] to remember
the biggest object of [ of value less than e that has already been compared with e. If the
value of the last object of [ is compared with e and is less than e then fi[l] is set equal to
END; otherwise fi[l] is set equal to the object of [ following the biggest object of [ whose

value is known to be less than e.

Definition 5.1 The head array fi is an array such that f[l] is an object of w(l) or it equals
END, for every leaf | of Q. FEvery object of w(l) with a value less than pu(A[l]) is scanned
and the rest of objects of | are waiting objects, for every leaf l of Q. Also, for a time t, by
a t-scanned object (a t-waiting objects) we mean an object that is scanned (is waiting) at
the time t.

Throughout the chapter, we suppose that the elements of fi satisfy the above definition,
that is, fi[l] is either END or an object of [, for every leaf . Now we explain how we ensure
that this is a correct assumption. As we will see, at the beginning fi[l] is initialized to the
first objects of [, for every leaf [. Also there are only three lines in the algorithm modifying
the elements of fi after initialization. For each of these lines, we will prove that when the
line modifies fi[l], for a leaf [, the line sets fi[l] equal to END or an object of I. So, the
assumption is correct.

The algorithm each time selects a leaf [ and tries to find a prefix of the sequence of
waiting objects of [ in which all objects have values less than e and then modifies fi[l] so
that objects of this prefix become scanned. By repeating this operation for a specific leaf
[, the algorithm can compute find(I, [, e), as we will show. The next lemma shows how the

algorithm can identify the sequence of waiting objects of a given leaf.

Lemma 5.1 Given a leaf I, if | has any waiting object, A[l] is the smallest waiting object

of .

Proof.  We consider two cases fi[l] = END and f[l] # END. In the first case, for every
object o of I, u(o) < oo = p(END) = p(A[l]) and so by Definition 5.1 0 is not a waiting

object. So in this case, there is no waiting object and hence the lemma is correct.
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Now suppose fi[l] # END and thus by Definition 5.1, fi[l] is an object. Then, since pu
is ordered, for every object o of [ that is before fi[l] in w(l), u(o) < wu(A[l]) and hence by
Definition 5.1/ 0 is not a waiting object. Also, as p(fi[l]) < w(A[l]), by definition f[l] is
waiting. Thus, f[l] is the smallest waiting object of [. O

An important problem is how to divide the processing time among different leaves
[ to process w(l) and change f[l] so that more objects with values less than e in w(()
become scanned. We will define two recursive procedures, called visit procedures, namely
Visit™, the negative visit algorithm, and Visit™, the positive visit algorithm. Every visit
procedure has a parameter that is a node of the query tree. At any moment that Visit™ (v)
or Visit™(v) is being executed, for a node v, we say v is being negative-visited or being
positive-visited, respectively, or just is being visited. When a leaf [ is being visited, a prefix
of the sequence of waiting objects of w(l) of values less than e is selected its objects become
scanned. When an internal node is being visited, a number of its children are selected and
are visited recursively.

Procedures Visitt and Visit™ have different policies in selecting the next child of the
vertex being visited to be visited and these two procedures are optimized for when e is not in
the value set of the root in N(I) and when e is in the value set of the root in I, respectively.
Since by Observation 2.32 the value set of the root in I is a subset of the value set of the
root in N(I), at any time at least one of these two situations is the case. So, informally,
at any time one of these two procedures works optimally. Hence, as the algorithm can not
decide which one is the optimal one at a specific time, the algorithm alternates between
calling these two procedures with the root as parameter. This alternation will be so that
these two procedures roughly take the same amount of the time and thus running the
non-optimal one increases the running time of the whole algorithm by only a constant

factor.

5.2 Updating the Eliminating Configuration

In this section we explain more about our ways of updating the eliminating configuration
by the algorithm so that C remains valid and e is increased. We first explain the idea

of evaluation of find(I,l,e) for different leaves [ of ). Then, we introduce two functions
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that can be evaluated using the result of the expression find(/,[,e), for different leaves I
of @. These functions will be so that, having evaluated them, the algorithm will be able
to update C and increase e. Then, in the next section we will discuss how to evaluate the
two functions that we talked about, more extensively. As mentioned, each time that the
algorithm visits a leaf [, it sets fi[l] equal to a bigger object and in this way makes more
objects of [ scanned. However, as the algorithm aims to find the smallest object of value

at least e, the algorithm never makes an object of value at least e scanned.
Invariant 2 The value of every scanned object is less than e.

Since the definition of being scanned only depends on contents of the array fi, the following

observation follows from the definition of Invariant 2.

Observation 5.2 The correctness of Invariant 2 depends only on contents of variables A

and e.

When Invariant 2/ holds and all objects with values less than e are scanned, the algorithm

has evaluated find(I,1,e) as the next lemma shows.

Definition 5.2 When all objects of a leaf | with values less than e are scanned, we say l

15 satiated.
Lemma 5.3 Suppose Invariant 2 holds and [ is a satiated leaf. Then, Al] = find(1,1, e).

Proof. ~ We consider two cases based on [ having an object of value at least e or not.
If [ does not have such an object, all objects of [ have values less than e and so, as by
assumption [ is satiated, by Definition 5.2/ objects of [ are all scanned. We now prove that
fi[l] = END. Assume to the contrary that this is not true and hence by Definition 5.1/ fi[l] is
an object of I. Then, since the value of fil] is not less than p(£[(]), fi[l] is not scanned while
we proved all object of [ are scanned, a contradiction. Thus, the claim fi[l] = END is true.
In addition, as by assumption there is no object of value at least e in w(l), by Lemma [3.1
find(1,1,e) = END. Therefore, find(I,1,e) = £[l].

Now consider the other case, in which there is an object of value at least e in w(l).

Then, by Lemma 3.1l find(I, 1, e) is the smallest object of [ with a value at least e. So, as
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every object before find(1, [, e) has a value less than e and [ is satiated, every object before
find(1,l,e) is scanned, according to Definition 5.2l Furthermore, since by assumption
Invariant 2 holds and find(/,[,e) has a value at least e, by Invariant 2 find(,[,e) is not
scanned. Thus, find(I,[,e) is the smallest waiting object of I. Therefore, by Lemma 5.1
G[l] = find(I,1,e). O

The next lemma shows how the algorithm can know if a leaf [ is satiated.
Lemma 5.4 A leaf | is satiated if and only if p(A[l]) > e.

Proof. ~ We first prove the “if” part of the claim and then we prove the “only if” part.
When p(£i[l]) > e, every object o of value less than e has a value less than fi[l] and thus by
Definition 5.1 o is scanned. Hence, in this case by Definition 5.2/ [ is satiated.

To prove the “only if” part we consider the two cases fi[l]] = END and fi[l] # END. In
the first case, as we defined, p(fi[l]) = u(END) = oo and by Observation 2.28 co > e. So,
p(fi[l]) < e. Now suppose fi[l] # END. Then, since pu(£[l]) £ w(£[l]), by Definition /5.1 fi[l]
is not a scanned object. Thus, as [ is satiated, by Definition 5.2 u(f[l]) is not less than e.
Consequently, u(6[l]) > e. O

We now explain more precisely how the algorithm can use satiated leaves to increase e.
We consider two possibilities that may overlap: when e is not in the value set of the root
in N(I) and when e is in the value set of the root in /. First we discuss the case in which e
is not in the value set of the root in N (7). The algorithm makes leaves of () satiated such
that if e is not in the value set of the root in N(I), a sub-union tree 7' of N(Q) is found
such that no leaf of T" has an object of value e and all leaves of T" are satiated. Then, as
we prove in the next lemma, the algorithm can easily evaluate hmin(u,C,T') by finding
the minimum of p(fi[l]) over all leaves [ of T'. Then, having evaluated hmin(u,C,T'), the
algorithm can compute 7 (1, C), as described in Definition 3.8. After that, the algorithm

sets C equal to 7 (i, C) and in this way e is increased as we will see.

Definition 5.3 Given a node v of N(Q) and a sub-union tree T of N(Q)[v], min-wait(T')
is defined as mineeaves(ry 1(A[1]).
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Lemma 5.5 Suppose Invariant |2 holds. Also, suppose T is a sub-union tree of N(Q)[v],
for a node v of N(Q), such that every leaf of T is satiated. Then, hmin(u, C,T) =

min-wait(T).

Proof. Defining S as the set of all leaves of T such that w(l) has an object of value at
least e, we consider two cases, S = () and S # (), separately. In the first case, as S = 0,
by definition of S there is no object of value at least e in w(l), for any leaf [ of 7. As T
is a subtree of N(Q), all leaves of T" are in N(Q). Hence, as values of all objects of w(l)
are less than e, by Definition [3.3| there is no C-remaining object in w(l), for any leaf [ of T.
Therefore, by Definition [3.7/ hmin(u, C,T') = co. Furthermore, for a leaf [ of T', since as we
proved there is no object of value at least e in w(l), by Lemma 3.1l find(1,[,e) = END. Also,
since by assumption every leaf of T is satiated, by Lemma 5.3 fi[l] = find(I,,e), for all
leaves [ of T'. Hence, fi[l] = find(I,l,e) = END, for every leaf [ of T'. Thus, by Definition 5.3
min-wait(T") = mineeavesr) £(A[l]) = mineeaves(r) (H(END)) = 00. So, as we proved earlier
that hmin(u, C,T) = oo, hmin(u, C, T) = min-wait(T), completing proof for this case.

Now suppose S # () and consider a member v of S minimizing p(find(1,v,e)) over all
members of S. We prove that u(find(1,v,e)) < p(find(I,l,e)), for every leaf [ of T', and
then we conclude that hmin(u, C, T') and min-wait(T') both equal pu(find(1,v,e)). Given a
leaf [ of T, in order to prove p(find(I,v,e)) < wp(find(1,l,¢e)), we consider the two cases
leSandl ¢ S. If | € S then by definition of v, u(find(1,v,e)) < u(find(I,l,e)). If
[ ¢ S, by definition of S there is no object of value at least e in w(l) and so by Lemma [3.1
find(1,l,e) = END. Therefore, u(find(1,l,e)) = oo > find(l,v,e) (Observation 2.28).
Consequently, in both cases u(find(I,v,e)) < p(find(1,1,e)).

Next we prove that min-wait(T) = p(find(I,v,e)) by first showing that v is a leaf
minimizing p(6[l]) over all leaves of 7" and then by using the definition to prove the claim.
As by assumption all leaves [ of T are satiated, by Lemma 5.3 f[l] = find(I,, ), for every
leaf [ of T'. So, as v is a leaf of T, u(G[v]) = p(find(1,v,e)) < u(find(1,1,e)) = p(h[l]), for
every leaf [ of T. Hence v is a leaf [ of T" minimizing p(fi[l]) over all leaves of T" and thus
by Definition 5.3l min-wait(T) = p(f[v]) = p(find(I,v,e)).

Finally, we complete the proof by showing that hmin(u, C, T') = p(find(I,v,e)). We first
prove that S is the set of all leaves [ of T" with find(I,l,e) # END and then the correctness

of lemma will follow from definitions of v and the function hmin. As S is the set of all
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leaves with at least one object of value at least e, due to Lemma 3.1}, for every leaf [, [ € S,
find(1,1,e) is an object of [ and so find(I,l,e) # END. Also, for every leaf [, | ¢ S, by
definition { has no object of value at least e and thus by Lemma 3.1 find(I,[,e) = END. So,
as claimed, S is the set of all leaves [ of T' with find(I, [, e) # END. Hence, as by assumption
v is a member [ of S minimizing u(find(I,l,e)) over all leaves in S, by Definition 3.7
hmin(p, C,T) = p(find(1,v,e)). Thus, hmin(u, C,T) = p(find(1,v,e)) = min-wait(T). O

Having found a sub-union tree of N (@) in which all leaves are satiated, the algorithm
can use eliminating steps of the first type to increase e, as we now explain. Suppose
Invariants(1'and 2 hold. Given a sub-union tree 7" of N(Q), as by Definition 5.3 min-wait(T")
is the minimum of p(f[l]) over all leaves [ of T, if min-wait(T') > e then for every leaf [ of
T, pu(f[l]) > e and so [ is satiated (Lemma 5.4). Hence, in this situation, by Lemma 5.5
hmin(p, C,T) = min-wait(T"). Thus when min-wait(7") > e, by Definition 3.8/ the algorithm
can easily set C equal to 77 (1, C) by setting e equal to min-wait(7T") and if the query tree
has no speedy leaf by setting es equal to min-wait(T') also. Then since by assumption before
these changes Invariant [1/ held and so C was valid, by Lemma 3.12 after these changes C is

valid and so Invariant 1/ holds. This proves the next lemma.

Lemma 5.6 Suppose Invariants 1 and |2 hold and consider a sub-union tree T of N(Q)
such that min-wait(T) > e. Then, if the algorithm sets e equal to min-wait(T) and if
the query tree has no speedy leaf it sets es equal to min-wait(T) also, Invariant 1 remains
satisfied. O

The algorithm is designed so that it finds maxy min-wait(7"), where the maximum is
taken over all sub-union trees T" of N (@), and then by the approach explained in Lemma /5.6
the algorithm increases e. To explain how this maximum is computed, we first generalize

its concept to all nodes, as follows.

Definition 5.4 Given a node v of N(Q) we define maxmin(v) to be the mazimum of

min-wait(T') over all sub-union trees T of N(Q)[v].
The following observation follows immediately from Definition 5.4.

Observation 5.7 Given a nodev of N(Q) and a sub-union tree T' of N(Q)[v], min-wait(T") <

maxmin(v).
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Since by Definition 5.4 maxmin(root) equals min-wait(T"), for a sub-union tree T of
N(Q)[root] = N(Q), the following observation follows immediately from Lemma [5.6.

Observation 5.8 Suppose Invariants'l and!2 are true and maxmin(root) > e. If the algo-
rithm sets e := maxmin(root) and provided () has no speedy leaf it sets es := maxmin(root)

then Invariant!l remains satisfied.

In the next section, we will discuss how to evaluate maxmin(root) and how to use Obser-
vation 0.8 to increase e.

Now we explain our approach for increasing e in the situation in which e is in the value
set of the root in I. In this situation, by Lemma 2.22] there is a sub-intersection tree T  of
@ such that for every leaf [ of T', w(l) has an object of value e. If the algorithm finds such
a sub-intersection tree, it can use the step 7. to increase e, as stated in Definition 13.10.
In order to find such a sub-intersection tree T, the algorithm has to find objects of value
e in all leaves of T' to ensure that every leaf of T has an object of value e. By Lemma 3.2
the object of value e in w(l) is find(I,l,e), for every leaf [ of T. Also, by Lemma 5.3
when Invariant 2 holds and [ is a satiated leaf, fi[l] = find(I,[,e). Due to these facts, the
algorithm tries to find a sub-intersection tree T of @ such that u(f[l]) = e, for every leaf
of T

Definition 5.5 Given a node v of Q, a sub-intersection tree T of Q[v] is an eyewitness

for v if A[l] is an object of value e, for every leaf 1 of T.

Once the algorithm has found an eyewitness for the root, the algorithm can update C

and increase e as the next lemma shows.

Lemma 5.9 Suppose Invariant!|1 is true and there is an eyewitness T' for the root. If the
algorithm sets C = (e+, e+, Pg(C, u, €) ® (v,4,7)) such that w(v)[i] is an object of value e,

C remains a valid eliminating configuration.

Proof.  We first prove that m.(u, C) is defined and then we use the similarity between
7 (u, C) and the new eliminating configuration being assigned to C to prove that C will
be valid. As by assumption e is the value of the object w(v)[i], by Definition 2.5 e is

member of V and e # oo. Also, since by assumption 7" is an eyewitness, by Definition 5.5
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w(6[l]) = e, for all leaves [ of T'. Therefore, since e # oo = p(END), fi[l] # END and hence,
by Definition 5.1 fi[l] is an object of [, for every leaf [ of T'. So every leaf of 7" has an object
of value e. Also, as we proved e € V, e is a main value. Thus, by Definition [3.10 7.(x, C) is
defined and hence according to Lemma [3.20, 77 (p, C) is a valid eliminating configuration.

We now prove that sequences of values of objects in expansions of outputs of 7 (u, C)
and the new eliminating configuration being assigned to C are the same and then we use
the fact that 7}.(u, C) is valid to show the correctness of the lemma. By Definition [3.10
7 (p, C) = (e+, e+, Pg(C,u,e) @ (I, j, 7)) where j = pos(I,ir,e) and Iy is a leaf of T
Since Ir is a leaf of T', as we proved, Iy has an object of value e and thus find(,lr,e€) is
an object of value e, according to Lemma 13.2. Hence, as by Definition 3.4/ find(1,lr,e) =
w(lr)[pos(1,lr,e)] = w(lr)[j], the value of w(lr)[j] is e. So, w(v)[i] and w(lr)[j] both are
objects of value e. Also, defining ¥ = 0y,...,0, as the expansion of ®y(C, i, e), we can
conclude from Observation 2.3 that expansions of ®(C, u,e) ® (Ir,7,7) and g(C, u,e) ®
(v,7,7) are ¥ o I'y and ¥ o I'y, respectively, where I'y and I'y are sequences consisting of
just one object w(lr)[j] and just one object w(v)[i], respectively. Hence, by Definition 2.1
expansions of @y(C, u,e) ® (Ir, j,7) and ®g(C, pu,e) ® (v,i,1) are 01,09, . . ., 0p, w(lr)[j] and
01,02, .. .,0n,w(v)[i], respectively, where p(w(lr)[j]) = p((w(v)[i]), as we proved. Thus,
the sequence of values of objects of the expansion of ®y(C,u,e) ® (Ir,7,7) and that of
O y(C, p,e) ® (v,4,4) are the same. Hence, by Lemma 3.7 (e+, e+, ®y(C, p, e) o (v,4,1)) is
valid since, as we showed, 75.(i, C) = (e+, e+, ®g(C, p1,€) o (Ir, j, 7)) is valid. O

We now discuss the conditions that should hold so that the algorithm can use Lemmal5.9
to increase e in an efficient manner. As Lemma 5.9 shows, when e is in the value set of
the root and we want to increase e using an eliminating step of the second type, the
algorithm must evaluate ®4(C, i, e). By Definition 3.9/ in order to compute ®gy(C, i, e),
the algorithm should evaluate pos(I, sl(Q), es) first, when @ has a speedy leaf. Also due to
Definition 3.4, pos(1,sl(Q)), es) is in fact the index of find(I,sl(Q),es) in w(sl(Q)) and so to
evaluate pos(I,sl(Q),es) it suffices to compute find(I,sl(Q), es). Motivated by these facts,
the algorithm is designed in such a way that when there is a speedy leaf, the algorithm
updates es so that the equation find(1, sl(Q), es) = f[sl(Q)] holds at almost any point during
the execution of the algorithm. In this way, the algorithm can evaluate pos(I,sl(Q),es) by
considering the index of f[sl(Q)] in w(sl(Q)). So, we design the algorithm such that the
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following invariant holds.
Invariant 3 If Q has a speedy leaf then A[sl(Q)] = find(I,sl(Q), es).

In order to use Lemma 5.9 to increase e, first the algorithm has to ensure that there is
an eyewitness for the root. Before explaining how the algorithm checks whether there is
an eyewitness for the root, we explain how the algorithm can recursively check if a certain
sub-intersection tree 7" is an eyewitness. We discuss the two following situations separately:
When the root of T" is a union node and when the root of 7" is an intersection node. Recall

the function T4 from Section 2.4.1l

Lemma 5.10 Given a sub-intersection tree T of Q[v], for a union node v of Q, T is an

eyewitness if and only if To(T) is an eyewitness.

Proof. 'We prove the lemma by showing that the definition of a sub-intersection tree being
an eyewitness is based on its set of leaves and by arguing that sets of leaves of 7" and T o(7T)
are the same. Defining S as the set of leaves [ of @) satisfying pu(fi[l]) = e, by Definition 5.5
T is an eyewitness if leaves(T)) C S. Moreover, by Definition 5.5, To(T') is an eyewitness
if leaves(To(T)) C S. Hence, as by Observation 2.15 leaves(T') = leaves(To(T)), T is an

eyewitness if and only if T (7') is an eyewitness. O

Lemma 5.11 Given a sub-intersection tree T of Q[v], for an intersection node v of Q, T

is an eyewitness if and only if To(T,u) is an eyewitness, for every child u of v.

Proof. To prove the lemma we first show that the set of leaves of T" is the union of sets of
leaves of T (T, u), for all children u of v. Then, similar to the technique used in the previous
lemma, we use the fact that the definition of a sub-intersection tree being an eyewitness is
based on its set of leaves. Defining S as the set of leaves [ of @ satisfying u(f[l]) = e, by
Definition 5.5/ T" is an eyewitness if and only if leaves(T') C S. Also, defining {u1, ..., ux}
to be the set of children of v, since by Observation 2137 = To(To(T,uy), ..., To(T,uy)),
by Observation 2.16, leaves(T) = |JI_, leaves(T (T, u;)). Hence, T is an eyewitness if and
only if U, leaves(To(T,u;)) C S, that is, leaves(T (T, u;)) C S, for every i, 1 <i < k.
By Definition 5.5, leaves(T (T, u;)) C S if and only if To(T,u;) is an eyewitness, for every
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i, 1 <i < k. Therefore, T is an eyewitness if and only if T (7, u;) is an eyewitness, for
every 1, 1 <1 < k. OJ

In the next section we will see how we can use above results to keep track of nodes

having eyewitnesses.

5.3 Evaluating maxmin and Finding Eyewitness

In this part we explain how the algorithm evaluates the function maxmin, how the algo-
rithm checks if an eyewitness exists, and how these results are used to increase e. Given a
node v, the evaluation of maxmin and the task of testing the existence of an eyewitness for
v are accomplished using variables M[v] and W/[v], respectively. The variable M[v] is used
to store maxmin(v), for every node v of N(Q). The variable W[v] is used for determining
if there is an eyewitness for v, for every node v of (). This variable stores a member of
{BEG} U Objects(I) and when certain conditions hold, W[v] is an object of value e if and
only if v has an eyewitness. Initially W[v] is set equal to BEG, for every node v of Q). We
now explain how the value of each of these variables is evaluated.

We first talk about the variable M[v], for a node v of N(Q), which is defined to store
the value maxmin(v). As we will prove, when v is a leaf, maxmin(v) = u(fi[v]) and when v
is a union (intersection) node, maxmin(v) is the maximum (the minimum) of maxmin(u)
over all children u of v in N(Q).

Definition 5.6 Given a node v of N(Q), M[v] is well-valued if one the following conditions
holds:

1. The node v is a leaf and M[v] = p(hlv]).

2. The node v is a union node and Mlv] is the minimum of Mlu], for all children u of v

in N(Q).

3. The node v is an intersection node and M[v] is equal to the maximum value of Mlu),
for all children u of v in N(Q).
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Before proving formally that what is explained in Definition 5.6 is the right way to
recursively evaluate the function maxmin, we first discuss how to evaluate the function
min-wait recursively as the definition of the function maxmin is based in the definition of

the function min-wait.

Lemma 5.12 Suppose T is a sub-union tree rooted at an intersection node v in N(Q).
Then, min-wait(T') = min-wait(T o(T)).

Proof.  Since by Observation 2.15/ leaves(T') = leaves(T (7)), according to Definition [5.3
min-wait(T') = minejeaves(r) 1(A[l]) = Minejeaves(To (1)) #(A[l]) = min-wait(T o (T)). O

Lemma 5.13 Suppose T'= T (Uy,...,Ux) is a sub-union tree of a node in N(Q). Then,

min-wait(T) = min%_, min-wait(U;).

Proof. min-wait(T') = mineeaves(r) ((A[1]) by Definition 5.3
= M b eaves(T) w(61]) by Observation 2.16
= mini'c:l minleleaves(Ui) :U’(ﬁ[l])

= min%_, min-wait(U;) by Definition 5.3.

O

We now can prove that if the array M is filled so that all its elements are well-valued

then M[root] represents the value of maxmin(root).

Lemma 5.14 Given a node v of N(Q), if for every node u in N(Q)[v], M[u] is well-valued

then M[v] = maxmin(v).

Proof. We use induction on the height of v to prove the lemma. The base case is when v
is a leaf. Then, since by definition v is in N(Q)[v], by assumption M[v] is well-valued and
hence by Definition 5.6 M[v] = u(fi[v]). Also, as v is a leaf, N(Q)[v] has only on sub-union
tree T having just one leaf v. Thus, by Definition 5.3, min-wait(T) = u(fi[v]) and hence
by Definition 5.4 maxmin(v) = min-wait(T) = p(f[v]). So, as we proved M[v] = p(fiv]),
M[v] = maxmin(v).

Next suppose that v is an internal node of N(Q) with & children uy, ... u; in N(Q) and

that the lemma holds for all children of v. We consider two cases based on v being a union
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node or an intersection node. Since the next two equations will be used in arguments of

both cases, we express them in advance. By Definition 5.4,

maxmin(v) = min-wait(T), (5.1)
for a sub-union tree 7" of N(Q)[v] and

maxmin(u;) = min-wait(7;), (5.2)

for a sub-union tree T; of N(Q)[u,], for every i, 1 < i < k.
Consider the case in which v is a union node. Since for every i, 1 < ¢ < k, by definition
To(T,u;) is a sub-union tree of N(Q)[u;], by Observation 5.7/ and Equation [5.2

min-wait(T o (T, u;)) < maxmin(u;) = min-wait(T}). (5.3)

Also, by Observation 213 T' = Tg(To(T,uy),..., Te(T,ux)). Thus, due to Lemma 5.13
and Equation 5.3

min-wait(T) = lrgi?k min-wait(T o (T, u;)) < lglii<nk min-wait(T;). (5.4)

Since T; is a sub-union tree of N(Q)[w], for every i, 1 < i < k, by definition U =
Te(Th, ..., k) is a sub-union tree of N(Q)[v]. According to Lemma [5.13|

min-wait(U) = Iin, min-wait(7T};) (5.5)
and by Equation 5.4l min-wait(7") < min;<;<; min-wait(7;). Thus,

min-wait(T) < min-wait(U). (5.6)

In addition, as U is a sub-union tree of N(Q)[v], by Observation 5.7, maxmin(v) >

min-wait(U). Hence, by Equation 5.1

min-wait(T) = maxmin(v) > min-wait(U). (5.7)
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Now Equations 5.6 and 5.7 yield in the the following equation.

min-wait(T) = min-wait(U). (5.8)
Therefore,
maxmin(v) = min-wait(T) by Equation 5.1
= min-wait(U) by Equation 5.8
= min, min-wait(T;) by Equation 5.5
= min maxmin(u;) by Equation 5.2
= min;<;<; Mu;] by the induction hypothesis
= M[v] by Definition 5.6, as by

assumption M[v] is well-valued.

Next we consider the case in which v is an intersection node. For a node u of N(Q),
we denote the set of all sub-union trees of N(Q)[u] by 7(u). In addition, we define
S={To(T)| T € T(v)}. First we prove S = |\, 7 (u;) and then we use the induction
hypothesis to prove the lemma.

Now we first prove that S C Ule 7 (u;) and then we will show that Ule 7 (u;) C S.
Given a member T of S, by the definition of S, T' = To(U), for a member U of 7 (v),
that is, for a sub-union tree U of N(Q)[v]. Hence, as T' = T5(U), by definition of the
operator Tg, T is a sub-union tree of N(Q)[u;], for a child u; of v. Thus, by definition,
T e T(u;) € U, T(u;). So we proved every member of S is in (JI_, 7(u;). Therefore,
SC U§:1 T (ui).

Now considering a member 1" of 7 (u;), for a child u; of v, we prove T' € § and then
we conclude that (JY_, 7(u;) € S. By definition Tg(T) is a sub-union tree of N(Q)[v]
and hence Tg(T) € 7 (v). So, as by Observation 211 T = Tg(Tg(T)), T is in S. Thus,
7 (u;) € S where u; was selected as an arbitrary child of v. As a result, 7 (u;) C S, for
every child w; of v. Hence, Ule T (u;) € S. Therefore, S = Ule T (u;).
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Now we can write

maxmin(v) = maxper(y) min-wait(7) by Definition 5.4
= maxrer(y) min-wait(T (1)) by Lemma 5.12
= maxyes min-wait(U) by Definition of S
= MaX;<j< MAXye7(y,) Min-wait(U) as S = Ule T (u;)
= maxj <;<, maxmin(u;) by Defintion 5.4
= max;<;<; M[u] by the induction hypothesis
= M[v] by Definition 5.6, as by

assumption M[v] is well-valued.

So, in both cases M[v] = maxmin(v). O

Now we discuss how to fill the array W and we define the concept of being well-valued
for elements of this array. As explained above, given a node v of (), we define a variable
WI/v] to store an object of value e only if there is an eyewitness for v. Since the definition of
an eyewitness also depends on e and the value of e changes frequently, it will be too costly,
in terms of time, to update the array W at the same rate that e changes. To solve this
problem, we consider an additional variable E which is at most e. Once in a while E is set
equal to e and the whole of the array W is filled from scratch so that after this updating
for every node v, pu(W[v]) = e if and only if v has an eyewitness. After that updating,
during the execution of the algorithm the variable W[v| is updated so that as long as e is
not changed (and so E = e), W[v] is an object of value e if and only if v has an eyewitness.
When E # e the algorithm will not use contents of elements of the array W as it is not

guaranteed that W[v] shows if there is an eyewitness for v, for nodes v of Q.
Definition 5.7 The variable E is well-valued if E < e.

Now assuming E = e we explain how the algorithm updates W. Suppose there is an
eyewitness 7" for a node v. If v is a union node, by Lemma [5.10 T5(T") is an eyewitness for
its root, which is a child of v. Also, as we shown in the Lemma [5.11) if v is an intersection
node, To(T,u) is an eyewitness for u, for every child u of v. So as we will prove more

formally, when v is a union node, v has an eyewitness if and only if a child of v has an
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eyewitness, and when v is an intersection node, v has an eyewitness if and only if every
child of v has an eyewitness. Moreover when v is a leaf, using Definition /5.5, it easily can
be shown that v has an eyewitness if and only if p(ffv]) = e. The other point is that
when e € {00, —00}, e is not the value of any object and so by Definition 5.5 there is no
eyewitness for any node. Hence, as the algorithm uses the array W only to check if there is
an eyewitness for the root, when e € {00, —0o} contents of the array W are not important
to the algorithm. Regarding the facts that we stated, we now define the concept of being

well-valued for elements of the array W as follows.

Definition 5.8 Given a node v of Q, Wv| is well-valued if E # e, e € {—00, 00}, or all
of the following conditions hold:

1. p(W]) < e.
2. If v is a leaf, u(Wv]) = e if and only if u(fv]) = e.
3. If v is a union node, u(Wlv]) = e if and only if n(Wlu]) = e, for a child u of v.

4. If v is an intersection node, u(Wv)) = e if and only if w(Wlu]) = e, for every child

u of v.

Now we prove that if the array W is filled such that it satisfies the conditions of the
above definition and E = e then the algorithm can use elements of W to check the existence

of eyewitnesses.

Lemma 5.15 Suppose E=e, e ¢ {—00,00}, and v is a node of Q such that Wu] is well-
valued, for every node u in Q[v]. Then, u(W[v]) = e if and only if there is an eyewitness

for v.

Proof.  We use induction on the height of v to prove the lemma. Before presenting the
proof for the base case and also for the induction step, let us first express a trivial fact that
will be used in the proof. Since v is in Q[v], the following fact follows from the assumption

of the lemma.

Observation 5.16 The variable W[v] is well-valued.
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First we discuss the base case. The base case is when v is a leaf. Then, as e = E,
e & {—00,00}, v is a leaf, and by Observation 5.16/ W[v] is well-valued, by Definition 5.8
w(Wv]) = e if and only if pu(f]v]) = e. Moreover, given a sub-intersection tree T' of Q[v],
by definition v is in 7" and since v is the only node of Q[v], there is no leaf other than v
in T. So, leaves(T)) = {v} and hence by Definition 5.5/ T" is an eyewitness if u(f[v]) = e.
Thus, as T was an arbitrary sub-intersection tree for Q[v], v has an eyewitness if and only
if p(fv]) = e. Also, we proved that u(Wv]) = e if and only if p(fifv]) = e. So, when v is
a leaf, u(W[v]) = e if and only if there is an eyewitness for v.

Now suppose v is an internal node with k& children wuq, ... u, and the lemma is true for
all children of v. To prove the lemma for v, we consider two cases based on the operator
associated with v. Again we express a simple fact before starting the proof. Given a
child u of v, since all nodes of Q[u] are in Q[v], it follows from the assumption of the
lemma that W]w] is well-valued, for every node w of Q[u]. Also, by assumption E = e and
e ¢ {—o0,00}. Hence, as by induction the lemma is true for children of v, the following

observation follows.

Observation 5.17 Given a child u of v, p(Wlu]) = e if and only if there is an eyewitness

for u.

First suppose v is a union node. We first prove the “if” part of the claim and then
we show the correctness of the “only if” part. So suppose an eyewitness 7' exists for v.
Consider the root u of To(T'). To(T) is an eyewitness for u by Lemma 5.10. Thus by
Observation 5.17 pu(W[u]) = e. Hence, considering the facts that by Observation 5.16 W/v]
is well-valued, e & {—o00, 0}, and E = e, by the second condition of Definition 5.8 we can
conclude that p(W[v]) = e. Now we prove the other side of the claim, that is, if u(W[v]) = e
then v has an eyewitness. If u(Wv]) = e, as E = e and e € {—00,00}, by the third
condition of Definition 5.8 p(W/[u]) = e, for a child u of v. So, by Observation [5.17 there is
an eyewitness U for u and hence as by Observation 212 U = To(Tg(U)), Ta(Te(U)) is
an eyewitness for u. So, by Lemma 5.10 T4 (U) is an eyewitness for its root, that is, for v.

Now consider the case in which v is an intersection node. First we suppose that there
is an eyewitness for v and we prove that u(Wv]) = e. After that we will prove the “if”
part of the lemma. If T is an eyewitness for v, by Lemma 5.11 T(7,u) is an eyewitness

for w, for every child w of v, and hence by Observation 5.17 u(W[u]) = e, for every child u
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of v. Thus, as E = e, e € {—00, 0}, and by Observation 5.16 W/[v] is well valued, by the
fourth condition of Definition 5.8 p(W][v]) = e. Now we prove the “if” part of the lemma.
Suppose p(Wv]) = e. Then, since E = e and e ¢ {—00, 00}, by the fourth condition of
Definition 5.8 p(Wlu]) = e, for every child u of v. So, by Observation [5.17 every child w;
of v has an eyewitness T;. Now we prove that T = Tg(T3,...,T}) is an eyewitness for
v. As by assumption T} is an eyewitness for u; and by Observation 2.14 T; = To(T, u;),
To(T,u;) is an eyewitness for u;, for every child u; of v. Therefore, by Lemma 5.11/ 7" is
an eyewitness for v.

Now we have proved the induction claim in both cases that v is a union node and that

v is an intersection node. Consequently, the lemma is true for all nodes of Q. O

Given an intersection node, in order to keep W[v] well-valued, when E = e and e ¢
{—00, 0}, due to Definition 5.8 we have to keep track of the number of children u of v
with ©(Wlu]) = e so that as soon as for all children u of v the equation pu(Wlu]) = e is
satisfied, we can set W[v] equal to an object of value e. So for every intersection node v we

define a variable Counter[v] storing the number of children u of v with u(W[u]) = e when
e=E.

Definition 5.9 Given an intersection node v, Counter[v] is well-valued if it equals the
number of children u of v with u(Wlu)) = E.

5.3.1 Updating C

The procedure described in Figure 5.1]is responsible for updating C using variables W[root]
and Mroot]. The procedure consists of two “if” blocks starting from lines 1l and 4. The
first block will use Observation 5.8 and the second block will use Lemma 5.9 to update
C. Suppose before starting the procedure its preconditions, listed in Figure 5.1, hold. We
first explain what is happening in Block [1l and we prove that after executing this block
postconditions of the procedure hold. Then we prove that if Block 1! is executed then the
condition checked on line 4! is false and thus Block 4/ is not run. In this way we conclude
that if Block 4 is executed, its previous block has not been run and so all preconditions of

the procedure still hold. Finally, we will show that if Block 4lis executed, after its execution
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all postconditions of the procedure hold. Then we will summarize all these results and we
will conclude that after exiting the procedure its postconditions hold.

We first discuss the first “if” block. Suppose before executing the procedure its precon-
ditions hold. Since by the second precondition before executing the procedure all elements
of the array M are well-valued, by Lemma [5.14 before executing the procedure M[root] =
maxmin(root). So as by the condition checked on line [Il M[root] > e, maxmin(root) > e.
Also, since we proved before executing the procedure maxmin(root) = M[root], by execut-
ing the block e is set equal to maxmin(root) (line 2) and if there is no speedy leaf, es is also
set equal to maxmin(root) (line 3). Hence, since by precondition 1 Invariants [ and 2| be-
fore executing the procedure held and as we showed maxmin(root) > e, by Observation 5.8

after executing Block 1/ Invariant [1/ holds. So the following lemma is true.

Lemma 5.18 Suppose before executing UpdateC, its preconditions hold and during the
execution of the procedure Block 1l is executed. Then, after executing this block Invariant |1

holds. O

We now prove the correctness of other postconditions of the lemma after executing
Block 1.

Lemma 5.19 Suppose before executing UpdateC its preconditions hold and during its exe-
cution Block!|1 is executed. Then, after executing Block 1l all postconditions of the procedure
hold.

Proof. ~ We consider postconditions of the lemma one by one. The correctness of the
first invariant follows from Lemma 5.18. Now let use prove Invariant 3. We consider two
cases based on () having a speedy leaf or not. If there is no speedy leaf, by its definition,
Invariant 3 holds always. So consider the case in which there is a speedy leaf. Then the
condition of the “if” command of line 3 is false and hence the only variable changed in the
block is e. Therefore, as by its definition Invariant 3 does depend on e and by precondition 1
before executing the procedure Invariant 3 holds, after executing the block still Invariant [3
holds.

Finally we prove that Invariant 2 holds after executing the block. The block is executed

only if e < M[root] and the block sets e := Mroot|. Hence, the block increases e. Also, as
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Figure 5.1: Updating the eliminating configuration

Preconditions: 1. Invariants 1, 2, and 3 hold.
2. All variables are well-valued.
3. If u(W[root]) = E = e, the speedy leaf (if it exists)

is satiated.

Changing variables: C and fi[sl(Q)].

function UpdateC returns: boolean;

begin
1 if Mroot| > ethen
2 e := M[root];
3 if there is no speedy leaf then es := Mlroot]; Block 1
+ i p(Wroot]) =E=eandeg{—co,cof then
5 es = e+;
€= e+; Block 2
7 ¢ :=® © (l,4,i) where W[root] is the ith object of w(l);
8 if there is a speedy leaf and p(f[sl(Q)]) = (¢) then Block 4
\
9 if A[sl(Q)] is the last object in w(sl(Q)) then
sl = ;
[s(Q)] := END; Block 3
else
10 f[sl(@Q)] := The object after A[sl(Q)]; )
end

Postconditions: Invariants 1, 2, and 3 hold.
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the block does not change the value of elements of the array fi and the definition of being
a scanned object (Definition 5.1) depends only on the array fi, by executing the block the
set of scanned objects does not change. Furthermore, before executing the procedure by
precondition 1 Invariant 2 held and so the value of every scanned object was less than e.
Thus, as e has been increased in the block, after executing the block, the value of every

scanned object is still less than e and thus Invariant 2 holds. O

Now we prove that at most one of Blocks [1! and 4/is executed. Recall the usage of time

stamps form the very beginning of the chapter.

Lemma 5.20 Suppose before executing UpdateC, its preconditions hold. Then, if Block!|1

15 executed, Block|j is not executed.

Proof. Defining bef and aft as times before and after executing Block [1, we prove
E@® < e and then we conclude that the condition in line 4 does not allow Block 4 to
run. Since Block [1! does not modify M or E we do not use time stamps for these variables.
Before executing the procedure, by the second precondition E is well-valued and so by
Definition 5.7, E < e®*)_ Also as Block [I is executed, by the condition checked on line [1
M[root] > e*®) and thus E < M[root]. Moreover, due to line 2, e(*®) = M[root]. Hence,
E < e@®  So, the condition checked on line 4! is false and thus Block 4/ is not executed. O

A consequence of the above lemma is that if before executing UpdateC, its preconditions
hold and Block 4| is executed, before executing Block 4/ the procedure does not run any
command and so when the procedure starts running Block 4 still all preconditions of the

procedure hold.

Observation 5.21 Suppose before executing UpdateC its preconditions hold. If Block 4 is

executed, then just before running Block 4|, preconditions of the procedure hold.

Next we consider the block starting at line [4. This block will try to increase e using
the approach justified in Lemma 5.9. In the next two lemmas we show if the conditions
checked on line 4/ let this block run, certain conditions that allow the algorithm to use

the approach described in Lemma 5.9/ for increasing e efficiently hold. As is clear from
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Lemma 5.9, to use this approach the algorithm needs to evaluate ®4(C, u,e). The next

lemma shows how the algorithm can compute this expression.

Lemma 5.22 Suppose before calling UpdateC, its preconditions holds. Then if Block 4 is
executed, just before executing this block the equation ®4(C, u, e) = ® holds.

Proof.  If the query tree has no speedy leaf, by Definition 3.9 the lemma is true. So
we suppose there is a speedy leaf. By Definition 3.9, in order to prove ®4(C, u,e) =
®, it suffices to show that pos(I,sl(Q),es) = pos(I,sl(Q),e). We now prove this fact.
Since Block 4] is executed and before executing the procedure its preconditions hold, by
Observation 5.21 just before executing Block 4/ preconditions of the procedure still hold.
Also, the condition checked on line 4l is true and so u(Wroot]) = E = e. Hence by
the third precondition sl(@) is satiated. Thus, since by precondition 1 Invariant 2/ holds,
by Lemma 5.3, find(I,sl(Q),e) = f[sl(Q))]. In addition, by precondition 1 Invariant 13
holds and by Invariant 3 find(I,sl(Q),es) = f[sl(Q)]. So, find(1,sl(Q),es) = [[sl(Q)] =
find(I,sl(Q),e). Therefore, by Lemma 3.4 pos(1,sl(Q),es) = pos(I,sl(Q),e). Hence, by
Definition 3.9/ &4(C, p,e) = &. O

In order to apply the method described in Lemma 5.9, it is needed that there is an
eyewitness for the root, as explained in Lemma 5.9, We now prove that if before execut-
ing UpdateC, its the preconditions hold and during the execution of UpdateC Block 4 is
executed, an eyewitness for the root exists before executing Block 4. So, consider the time
just before executing Block [4. At this time by Observation 5.21 the preconditions of the
procedure hold. Also, Block 4 is run only if E = e and e ¢ {—o00, c0}. Hence as by precon-
dition 2 elements of the array W are well-valued, by Lemmal5.15 (W([root]) = e if and only
if there is an eyewitness for the root. Also the block is executed only if pu(W[root]) = e.
Therefore, there is an eyewitness for the root before executing Block 4. Thus, the next

lemma follows.

Lemma 5.23 If before executing UpdateC, its the preconditions hold and during the exe-
cution of UpdateC Block 4 is executed, before executing the block there is an eyewitness for
the root. 0
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We next talk about Block 4 of the procedure. We first discuss Block 2/ and then we
will explain the role of the “if” block starting at line 8. Block 2 adds an object of value e
to the expansion of ® and then increases e as explained in Lemma [5.9. As is clear from
lines 5, 6, and 7 of Block 2, in Block 2/ the algorithm is setting C := (e+,e+,® ® (I,4,1))
where w(l)[i] = W[root]. Since by the condition checked on line 4 u(W[root]) = e and
as mentioned w(!)[i] = W[root], u(w(l)[i]) = e. Suppose before running the procedure, its
preconditions hold. Then, as we proved in Lemma 5.22, & = ®y(C, i, e). So, Block 2 of the
algorithm sets C := (e+, e+, Py(C, u,e) ® (1,4,7)) where pu(w(l)[i]) = e. Also, according to
Observation 5.21, when executing Block 4/ the preconditions still hold and hence Invariant [1
holds. Furthermore, by Lemma 5.23 before executing Block |4 there is an eyewitness for
the root. So, by Lemma 5.9 after this setting C remains valid. Also, as it is clear from
the figure, Block I3 does not modify C. So, after executing Block 4/ C is valid and hence

Invariant [1 is satisfied.

Lemma 5.24 If before executing UpdateC, its the preconditions hold and and during the
execution of UpdateC Block |4 is executed, after executing this block Invariant 1 holds. [

Before discussing the “if” block of line [§ we note that, as can be seen, if f[sl(Q)] is not
the last object, this “if” block sets fi[sl(@))] to an object of sI(Q); otherwise the “if” block sets
i[sl(Q)] := END. So, in either case the value assigned to fi[sl(Q)] satisfies Definition [5.1.

Next we show that the “if” block of line |8 guarantees the correctness of Invariant 3. To
see how this block works, suppose before executing the procedure its preconditions hold
and during the execution of the procedure Block 4/ is run. Hence, defining bef and aft as
times just before and just after executing Block 4, we may conclude from Observation 5.21
that at the time bef, the preconditions of the procedure still hold. Furthermore, as Block 4
is executed, by the condition checked on line 4, pu(W®*)[root]) = E = e. So, due to the
fact that the preconditions hold at the time bef, at the time bef the leaf sl(Q) is satiated,
according to the third precondition. Thus by Lemma 5.3 ) [sl(Q)] = find(I, sl(Q), e(**D).
Now recall from the definition of Invariant 3/ that, to satisfy this invariant at the time aft,
fi[sl(Q)] should be set equal to find(I, sl(Q), es®®)). Hence as due to line 5, e;*) = e(beh 4
fi[sl(Q)] should be set equal to find(I,sl(Q),e*) 1) while as we proved 6*[sl(Q)] =

find(1, sl(Q),e?*"). In the next two lemmas we explain how the algorithm can use the
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result of the expression find(I, sl(Q), eP*?) to evaluate the expression find(I, sl(Q), e(P*) ).
We first consider the situation in which find(1, sl(Q), e**?) does not have value e(**) and

then we consider the other cases.

Lemma 5.25 Given a value b in V, b < oo, and a leaf I, if p(find(I,1,b)) # b then
find(I,1,b+) = find(1,1,b).

Proof.  We consider two cases find(I,[,b) = END and find(I,l,b) # END. First suppose
find(1,1,b) = END. Then, there is no object of value at least b since otherwise by Lemma /3.1
find(I,1,b) is an object while END is not an object. Hence, as b < b+, values of all objects
of [ are less than b+. So by Lemma 3.1 find(1, [, b+) = END = find(1, [, b).

Now consider the case find(1,[,b) # END. We first show that p(find(I,1,b)) > b+ and
then we prove values of objects with values less than p(find(I,1,b)) are less than b+. These
results prove the lemma, as we will show. As find(/,[,b) # END, by Lemma 3.1] there
is at least one object of value at least b and hence by the same lemma find(1,[,b) is the
smallest object of value at least b. As a result, u(find(I,1,b)) > b. So, as by assumption
p(find(1,1,b)) # b, p(find(1,1,b)) > b and thus by Observation 2.29 p(find(1,1,b)) > b+.
Also values of all objects of [ smaller than the object find(1,1,b) are less than b as find(I, 1, b)
is the smallest object of value at least b. Thus, due to the inequality b < b+, values of
objects of [ that are before find(I,1,b) in w(l) are less than b+. Hence, as we proved earlier
that p(find(I,1,b)) > b+, find(I,1,b) is the smallest object of value at least b+ and thus by
Lemma 3.1/ find(1, 1, b+) = find(1,1,b). Therefore, the lemma is true in both cases. O

Lemma 5.26 Consider a value b in 'V, b < oo, a leafl of Q, and suppose p(find(1,1,b)) =
b. Then find(I,1,b) is an object o of I and find(I,1,b+) can be evaluated as follows.

END if o is the last object of w(l)
find(I,1,b+) =< p if 0 is not the last object of w(l) where p is the object

following o in w(l).

Proof. We first prove that find(I,l,b) is an object and then we show that find(I,l,b+) can
be computed in the way that is claimed by the lemma. By Lemma 3.1 find([, [, b) is either
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END or an object of . Therefore, since by assumption u(find(1,1,b)) =b < co = u(END),
find(1,1,b) # END and hence, find(1,[,b) is an object of .

To prove the second claim, we consider two cases based on o being the last object in w(l)
or not. First suppose o is the last object. Since by assumption pu(o) = p(find(I,1,b)) =b <
b+, the value of 0 and values of all objects of [ smaller than o are less than b+. Therefore,
as by assumption o is the last object, there is no object of value at least b+ in w(l) and
thus by Lemma 3.1/ find(, [, b+) = END. So the claim of the lemma is true in this case.

Now consider the case in which o is not the last object. Then, as p is ordered, the value
of the object p following o is more than u(o) = b and hence its value is more than b+ by
Observation 2.29. Also, since o is the biggest object of [ smaller than p, the value of every
object that is before p in w(l) is at most (o) = b < b+. So p is the smallest object of [
with a value at least b+ and thus find(/, [, b+) = p, according to Lemma 3.1. O

Now we use Lemmas 5.25 and 5.26/ to show that after executing the “if” block of line 8,
Invariant 3/ holds. Since E is not modified in the procedure, we will not use any time stamp

for this variable.

Lemma 5.27 Suppose before executing UpdateC, its preconditions hold. If during execu-
tion of UpdateC Block j is executed, then after executing this block Invariant 5 holds.

Proof. Defining bef, t, and aft as times just before executing the procedure, the time just
before executing the “if” block of line 8, and the time just after executing the procedure,
respectively, we prove that the “if” block starting at line § evaluates find(I,sl(Q), es®®)
in the way that is described in Lemmas 5.25 and [5.26/ and assigns it to fi[sl(Q))]. For this
purpose we first extract relations between values of variables fi[sl(Q)], e, and es at times
bef, t, and aft and then we consider different cases based on the conditions checked on
lines & and 9.

We now explain relations between values of variables at different times, as mentioned.
Since by assumption Block 4 is executed, by Lemma 5.20 Block [1' is not executed and so

values of variables when executing line 4/ is the same as that values at the time bef. Due to
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lines 5l and 6/ and the fact that es is not modified in Block 3 the following equations hold.

es(aft) _ e(bef)Jr (59)
o) olben, (5.10)

Since Block 4] is executed, when executing line 4 the condition p(W[root]) = E = e of
this line was true. Hence, u(W®*[root]) = E = e®*) and so, due to the third precon-
dition, the speedy leaf is satiated at the time bef. Hence, by Lemma 5.3 6°) [sI(Q)] =
find(1,s1(Q),ePD). Also, since fi[sl(Q)] is not modified in the procedure before Block 13,
AOs1(Q)] = 6P [sl(Q)]. Hence,

AO[s1(Q)] = find(I, s(Q), eP<D). (5.11)

Now we consider three cases based on the conditions checked on lines 8 and 9 be-
ing true or false. First suppose the condition checked on line I8 is false. Thus, ei-
ther there is no speedy leaf or p(A9[sl(Q)]) # (e®). If there is no speedy leaf, In-
variant 3 holds always by its definition and so the proof of the lemma is trivial. So,
suppose there is a speedy leaf and hence u(A®[sI(Q)]) # (e®). Consequently, by Equa-
tions 5.11 and 5.10 pu(find(I, sl(Q), eP*D)) # (ePeD ) = e(beh  Therefore, by Lemma [5.25
find(I,s1(Q), eP*) 1) = find(I, sl(Q),e**)). Hence, due to Equations 5.9 and 5.11]

find(I, s1(Q), es*™) = find(I, sI(Q), P +) = find(I, sI(Q),e"*D) = V[s1(Q)].

Now, since by assumption the condition checked on line 8 is false, Block 3/ is not executed
and thus 6 [s1(Q)] = AY[sI(Q)]. Consequently, find(I, sl(Q), es*) = A [s](Q)] and so
at the time aft Invariant 3 is met.
Next we consider the other case, in which the condition checked on line I8 is true.
Hence, there is a speedy leaf and p(69[sl(Q)]) = (e®). Thus, by Equations 5.11 and [5.10,
p(find(1,s1(Q),ePD)) = (ebeh ;) = e(beh  Therefore, as by the condition checked on line 4
e’ £ oo, by Lemma 5.26, depending on find([, sl(Q), e"*?) being the last object or
not, find(I,sl(Q),e**) +) equals END or the object following the object find(I, sl(Q),e>)).
Thus, considering Equation 5.11], we may conclude that depending on ) [sl(Q)] being the
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last object or not, find(I, sl(Q), eV 1) equals END or equals the object following A4 [sl(Q)].
Moreover, since by assumption the condition checked on line 8 is true, Block 3/ is executed
and so, as can be seen in Figure 5.1, depending on [sl(@)] being the last object or not,
fi[s(Q)] is set equal to END or equal to the object following A®[sl(Q)]. As a result, Block 3
sets fi[sl(Q)] equal to find(I,sl(Q),eP*) 1) = find(I, sl(Q), &s'*) (Equation 5.9) and hence
G@0[5)(Q)] = find(I, sl(Q), es*™). Therefore, at the time aft Invariant 3 holds in this case

as well. 0

We now prove the correctness of the next postcondition of UpdateC, the second invari-

ant, after a legal call to this procedure during which Block 4 is executed.

Lemma 5.28 If before executing UpdateC the preconditions hold and during the execution

of the procedure Block 4 is executed, after executing this block Invariant 2 holds.

Proof.  Defining bef and aft as the time just before executing the procedure and the
time just after executing the procedure, respectively, to prove the lemma we first describe
the relation between values of variables e and i at times aft and bef. Then, using these
relations, we prove the correctness of Invariant 2| for aft-scanned objects of non-speedy
leaves and aft-scanned objects of the speedy leaf, when it exists, separately. Since by
assumption Block 4/ is executed, by Lemma [5.20/ Block [1 is not executed. Thus the only

changes to variables e and es are in lines [5l and 6. So, due to lines 5 and 16,

(aft)

el@ft) — g (aft) — glbef)  ~ glbel), (5.12)

We now consider a non-speedy leaf | and we show that values of aft-scanned objects
of 1 are less than e(® . Elements of the array i may change only in Block 3. Also, due
to the condition checked on line &8, Block 3| is executed only if there is a speedy leaf and
this block only modifies fi[sl(@)]. Therefore, as by assumption [ is not a speedy leaf, f[l] is
not modified by the procedure and hence A#[]] = 6*0[l]. Now consider an aft-scanned
object o of I. Then, by Definition 5.1 u(0) < p(A°Y[1]) = p(6*°P[1]) and thus by the
same definition o is also bef-scanned. As a result, since by precondition 1 at the time
bef Invariant 2 holds, p(0) < eP®). So, as by Equation [5.12 e®®*) < e(a) (o) < elaft),

Consequently, values of all aft-scanned objects of non-speedy leaves are less than e
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We now prove that the value of every aft-scanned object of sl(Q)), when a speedy leaf
exists, is less than e. Since by assumption Block /4 is executed and also before execut-
ing UpdateC the preconditions of the procedure hold, by Lemma [5.27 after exiting the
procedure Invariant 3 holds. So, find(I, sl(Q), &™) = @ [s](Q)]. Therefore, as by Equa-
tion 5.12 e@® = /@ find(I,sl(Q),e") = A [s(Q)]. We now consider two cases
depending on whether there is an object with a value at least e in w(sl(Q)). If there is
no such an object, values of all objects of sl(Q) are less than e(®® and hence the value of ev-
ery aft-scanned object of sl((Q)) is less than e(@®)  Now consider the case in which there is an
object of value at least e in w(sl(Q)). Then, by Definition 3.1 find(I, sl(Q), e*®)) is the
smallest object of value at least e . Hence as we proved find(I, sl(Q), e@®) = & [s)(Q)],
the value of every object of [ that is before A" [sl(Q)] in w(l) is less than e@®. Moreover,
for every aft-scanned object o of the speedy leaf, as u(o) < u(6“™[s1(Q)]) (Definition 5.1)),
0 is before 4®[s)(Q)] in w(l). Consequently, the value of every aft-scanned object is less

than e(aft) (aft) )

. Therefore in either case the value of every aft-scanned object is less than e
Now that we have proved values of all aft-scanned objects are less than e by defi-

nition we can conclude that after exiting the procedure Invariant 2 holds. 0

We now can prove that if before calling UpdateC the preconditions of the procedure
hold, after executing the procedure, its postconditions hold. We have proved in Lemma [5.20
that if before calling UpdateC the preconditions of the procedure hold, at most one of
Blocks [1 and 4 is executed. So let us consider the three possible cases based on each of
these two blocks being run or not. In Lemma [5.19/ we proved if Block 1l is executed, after
executing this block all postconditions hold. In this situation as Block 4! is not executed,
after executing Block [1 the procedure immediately exits and so the postconditions of the
procedure remain satisfied. Also, if Block |4 is executed, after exiting the procedure, by
Lemmas 5.24, 5.27, and [5.28, Invariants [1, 3, and 2/ hold and so all postconditions are met
in this case also. The last possible case is one in which neither of the two Blocks [1 and 4
is executed and hence the procedure does not modify the value of any variable. Then,
as before executing the procedure by precondition 1 Invariants [1, 2, and 3 were satisfied,
after executing the procedure these invariants still are true and so the postconditions are

met. Furthermore as is clear from Figure 5.1, the procedure does not directly modify any
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variable other than its changing variables and also there is no procedure call during the
execution of the procedure. Hence, during the execution of the procedure no variable other

than changing variables of the procedure may be modified.

Lemma 5.29 Suppose before executing UpdateC, the preconditions hold. Then after exit-
ing the procedure, its postconditions hold. Also, during the execution of UpdateC only its

changing variables are modified. 0

5.4 Visiting Functions

Recall from Section /5.1 that there are two visit procedures called by the algorithm repeat-
edly. In this part we explain what happens when a node v of the query tree is visited,
that is, when one of the visit procedures with v as parameter is called. We first investigate

visits to leaves and then we discuss visits to internal nodes.

5.4.1 Visiting Leaves

The goal of visiting a leaf [ is to update fi[l] so that | becomes satiated. To do this, the
algorithm must change fi[l] such that as many waiting objects of values less than e as
possible become scanned. For this purpose, the algorithm uses gallop search [DLOMO0]
to find the biggest object o; with a value less than e in the sequence of waiting objects of
[. Gallop search works in two phases. In the first phase, in n steps, the smallest n such
that o, is among the 2" smallest waiting objects of [ is found. There is a variable Stepll]
which represents the current value of 2" and is initially 1. In each step of the first phase,
the value of Step[l] is doubled. The first phase finishes when [ has less than Step[l] waiting
objects or the Step[l|th waiting object of [ has a value at least e. In the second phase, a
binary search computes the exact position of o, using another O(n) comparisons. So the
algorithm works in time O(log a) where a is the number of waiting objects of [ smaller than
o;. When the Gallop({), for a leaf [, start, it checks values of all objects of [ are less than
e, instead of doubling Step|l], it sets Step[l] equal to the number of waiting objects. In this

way, all objects become scanned in the same visit, as we will see in the next chapter.
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Figure 5.2: The gallop search algorithm
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Preconditions: Invariants [1, 2, and 3 hold.

Changing Variables: f[l], W[l], M][l], Step][l], es, and ®.

Procedure Gallop(leaf 1);
begin

i := index(I, 1, A[l]);
if i <length(w(l)) and p(w(l)[length(w(l))]) < e then
Stepll] := length(w(l)) —i + 1;
else
Stepll] := Stepll] x 2;
J =1+ Step[l] — 1,
if j > length(w(l)) or p(w(l)[j]) > e then

if p(A]l]) > e then

ji=1—1;
else

Use Binary search to determine the biggest &£ such that
i < k < min(j,length(w(l))) and p(w(l)[k]) < e and set
= k;

(1] = w(O)[j + 1);

if [ is in N(Q) then M| := p(f[l]);

if u(A[l]) = e then W[I| := fi[l]; else W[I] := BEG;
if [ is a speedy leaf then

=30 (s1Q),i,5);
es = p(w(l)[5])+; oo

end

Block 5

Block 7

Postconditions: 1. Invariants 1, 2, and 3| hold.

2. W[l] and M[l]are well-valued.
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Every time that the algorithm visits [, it performs one step of the first phase of the
gallop search. When the first phase is completed, the whole of the second phase is executed
in the same visit. In every visit, the algorithm considers the biggest object o found to have
a value less than e and sets fi[l] to be the object following o so that after this setting, all
objects that are known to have values less than e have become scanned.

Figure 5.2 shows the procedure. The procedure has two local variables ¢ and j which
are defined to store indices of the first and the last waiting objects that are going to become
scanned in this visiting. When there is no waiting object of value at least e and hence no
waiting object is going to become scanned, j will be set equal to ¢ — 1; otherwise the value
of j will be at least ¢ and the first j — ¢+ 1 waiting objects will become scanned. Since the
first waiting object by Lemma [5.1is £i[l], the variable i is assigned the index of fi[l] in w(l)
(line [1T)). Lines 12 and 13 perform a step of the first phase by doubling the integer stored
in Step[l] and then assigning the index of the Step[l|th waiting object, that is ¢+ Step[l] — 1,
to j.

The “if” block of line 14 is responsible for doing the second phase, if the first phase
is over. The algorithm in line 14/ checks if the first phase is completed by checking if the
value assigned to j is the index of a waiting object with a value less than e. If the result
of this checking is negative, then the first phase is completed since there are fewer than
Step[l] waiting objects with values less than e in w(l). In such situations, the algorithm,
then, accomplishes the second phase (the binary search) in Block 5. First, in line [15] it is
checked that if [ is already satiated by checking if u(A[l]) > e (Lemmal5.4). If [ is satiated,
by definition [ does not have any waiting object of value at least e and so j is assigned the
integer ¢ — 1; otherwise in line 17, using a binary search in the sequence of waiting objects
of [, the index of the biggest waiting object with a value less than e in w(l) is found and
is assigned to j. Then, the procedure resets Stepl[l] to 1 to restart the first phase the next
time that Gallop(l) is called (line [18)).

Now let us first explain a property of the variable Step[l] and then we discuss the binary
search further. There will be an initialization procedure which initialize Stepll] to 1. After
that, Step|l] only is modified by Gallop(/) and as we now explain Gallop(l) keeps Step|l]
positive: if the condition checked on line 12 is true the “if” block of line 12! sets Step[l] :=
length(w(l)) — i+ 1 while due to the condition checked on line 12 length(w(l)) —i+1 > 1;
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otherwise the “if” block of line 12 doubles Step[l]. Also, if line [18 is executed, it sets
Stepll] := 1. Hence, every line that modifies Step[l] keeps Step|[l] greater than zero.

Observation 5.30 At any time after initializing Stepll] to 1, Step[l] > 1.

We now explain the binary search in more detail. As mentioned, the binary search of
line 17 assigns to j the index k of the biggest waiting object with a value less than e. So, as
k is going to be the index of a waiting object, it should be at least i as i is the index of f[l]
and by Lemma 5.1 i[l] is the first waiting object of [. Also, line 17 belongs to Block 5 and
this block is executed if the first phase is completed, that is, if j is more than the index of
the last waiting object with a value less than e. As a result, the index k will be at most j
because, as mentioned, k is going to be the index of a waiting object with a value less than
e. Hence, as can be seen in the figure, the binary search looks for the biggest k satisfying
w(l)[k] < e in the interval [¢, min(j,length(w(l)))]. In the next lemma we prove that such
an index k exists in this range. Then in Lemma 5.32 we will prove that when executing
the binary search, i > 1 and hence the index k£ will be in the range [1,length(w(l))]. This
will yield the fact that k£ will be the index of an object of [.

Lemma 5.31 Consider an execution of Gallop(l), for a leaf I, during which the procedure
executes line [17. Then, just before executing line [17 there is an integer k satisfying i <
k < min(j,length(w(1))) and p(w(l)[k]) < e.

Proof. We prove that k = 1 satisfies both inequalities stated in the lemma, first proving the
second inequality. Due to line 11}, ¢ = index(I,, fi[l]) and so by Definition 2.8 w(1)[i] = f[l].
Also, since line 17 is executed, the condition of line [15 is false and hence u(f[l]) < e. So,
p(w(l)[i]) < e and thus the second inequality holds for k = i.

Now we prove the first inequality for k = i. The inequality ¢ < k follows by equation
k = i. We now prove the inequality & < min(j, length(w(l))) for & = ¢ by showing the
correctness of inequalities ¢ < length(w(l)) and @ < j, in order. Since, as we proved,
p([l]) < e, p(f[l]) # oo and hence fi[l] # END. So, by Definition 5.1 fi[l] is an object
of [ and thus fi[l] = w(l)[m], for some m, m < length(w(l)). Therefore, since we showed
Gl] = w()[i], i« = m and hence i < length(w(l)). Also, as by Observation [5.30/ always
Stepl[l] > 1, after executing line 13, j = i + Step[l] — 1 > i. Therefore, just before running
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line 17 ¢ < j. Hence, as we proved above that when executing line 174 < length(w(l)), we
may conclude that the inequality i < min(j,length(w(l))) holds just before execution of
line [17. Consequently, i < k < min(j, length(w(l))) holds for k = i just before executing
line [17. U

Lemma 5.32 When executing Gallop(l), right after executing line 11, 1 <.

Proof. We first prove that after executing line11w({)[i] = fi[/] and then using the definition
of fi we prove the lemma. Since line [11 assigns index(1,[, fi[l]) to i, after executing this
line by Definition 2.8/ w(l)[i] = £[l]. Hence by Definition 5.1l w(l)[i] will be either END or
an object in w(l). Also, by Definition 2.7 w(l)[¢{] = END only if i = length(w(l)) + 1 and
w(l)[z] is an object only if 1 < i < length(w(l)). So, in either case the lemma is true. O

Using the next lemma we will prove that whenever Block [7/is executed, all objects with
indexes at most j have values less than e and hence the algorithm can change f so that

they become scanned, without violating Invariant 2.

Lemma 5.33 When during the execution of Gallop(l), for a leaf l, the procedure reaches
line19, if j > i then j <length(w(l)) and u(w(l)[j]) < e.

Proof. 'We consider two cases bases on Block 5/ being executed or not. Due to the condition
checked on line [14, Block 5 is not executed only if j < length(w(l)) and p(w(l)[j]) < e.
Hence when this block is not run the lemma is true. So suppose Block 5lis executed. Then,
the value of j is determined by one of lines 16/ or [17. If line [16 is executed, j is set equal to
¢ — 1 and so the equation 5 > ¢ will not hold. Consequently, the lemma is true in this case.
Now suppose line 17 is executed rather than line [16. Then, as is clear from the figure, the
binary search assigns to j an integer k such that k£ < length(w(l)) and p(w(l)[k]) < e (by
Lemma [5.31/ this is feasible). Thus, after executing this line both inequalities hold. Hence,

in all cases the lemma is correct. O

Recall that, as mentioned after Definition /5.1, for each line modifying the elements of
the array h we must prove that after the modification elements of the array f still satisfy

Definition [5.1. Now, before discussing Block [7, since line 20/ modifies fi[l], we prove this
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claim for the modification applied on this line. Due to the condition checked on line 19,
line 20 is executed only if j > ¢ and hence by Lemmas 5.32/ and 5.33, 1 < i < 7 <
length(w(l)). Thus, when executing line 20, 1 < j + 1 < length(w(l)) + 1 and so by
Definition 2.7 w(l)[j + 1] is either END or an object of . Hence, by modifying fi[l] on
line 20, the condition of Definition [5.1 is not violated by f[l].

Now we discuss the next block, that is, Block 7, which is executed when 7 > i. In
this block, objects w(l)[i],...,w(l)[j] become scanned and other variables change to meet
their definitions of being well-valued. Also, if [ is a speedy leaf, Block 6 is executed. This
block adds to the solution all objects that in this visiting have become scanned and causes
Invariant 3/ to be satisfied, as we will show in Lemma 5.36.

We now prove that providing that the preconditions of the procedure hold before the
execution of the procedure, after its execution the postconditions of the procedure hold. As
Invariant 1/ depends on C, we first discuss how the procedure modifies C. Since throughout
the procedure the value of the variable e does not change, we do not use any time stamp

for this variable in any proof in this section.

Lemma 5.34 Suppose just after the time bef the algorithm calls Gallop(l), for a leaf l,
and at the time bef, the preconditions stated in Figurel5.2 hold. Also, suppose the procedure
modifies C. Then, 1 is a speedy leaf and C*1 = (e b, @Sl(dbeﬂ,u, b)), for some b, ePeh <

b < e, where aft is the time just after finishing execution of the procedure.

Proof.  We first prove that Block 6 is executed and we conclude that | = sl(Q)). Then,

defining ¢ as the time just before executing this block and

b=yt (wD[®)) +. (5.13)

we first show that e”) < b < e and then we prove that Block 6 sets C equal to
(e,b, Dy(CPD 11,b)). The argument for proving the claim that Block 6 is executed is
simple: the only place that C is changed is in Block [6l and by assumption C is changed.

So, the block is executed. As a result, the conditions of lines 19 and 23| are true and thus
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as contents of ¢ and j are not modified in Block 7, the following equations hold.

| = sl(Q) (5.14)
j® > ® (5.15)

As the first step towards proving es’®) < b < e we now show that e < b. By
Lemma [5.33, when reaching lines 20 j < length(w(l)) and p(w(l)[j]) < e. So, as between
lines 20 and 23/ j does not change, the following equations hold.

7® < length(w(l)) (5.16)
po@Y]) < e (5.17)

Due to the precondition, when starting the procedure Invariant 3/holds and so ") [sl(Q)] =
find(I,sl(Q),es>). Therefore, by Equation 5.14 6°0[l] = find(I,l,e*"). Thus, by
executing line (11}, 7 is set equal to index(I,1, find(I,1,e"*D)). As after line 11 the variable
i does not change, i) = index(I, find(I,1,e**))) and hence by Definition 2.8

w()[iD] = find(I,1, esPD). (5.18)

By Lemma 5. 32 right after executing line [11, 1 < 1. Consequently, as after line 11/ 7 is not
modified, 1 < Y. So, by Equations 5.15 and [5.16,

1 <i® < j® < length(w(l)). (5.19)

Therefore, by Definition 2.7 w(1)[i®)] and w(I)[j®] are objects of I. As a result, as u is
ordered and by Equation 5.15 7 > i®  p(w(D)[i®]) > u(w(l)[iV]). So by Equation 5.18

pwD[iY)) > p(find(1,1, &) (5.20)

By Lemma 3.1 find(I, sl(Q), es(?®)) is either END or an object of value at least es**) and
since p(END) = oo, in either case u(find(I,sl(Q),es?*?)) > eP*. Consequently, due to
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Equations 5.13 and 5.20),

b= pu(w®)jN)+ > u(w?)[7V) > p(find(1,s(Q), &) > &0,

Therefore, the claim b > eP*) is proved.

Next we complete the proof of the claim es(?® < b < e by showing that b < e. It follows
from Equation 5.17 that (u(w(1)[i®P])+) = p(w(D)[j?¥]) < e and hence e £ (u(w(l)[5])+)-
Therefore, according to Observation 2.30, e ¢ u(w(l)[j])+ and so p(w()[jP])+ < e
Consequently, due to Equation 5.13/ b < e. Thus, as we proved earlier that es**) < b,
esbed) < p <e.

Due to the definition of ®y(C, p,b) (Definition 3.9), in order to prove that line 24/ sets
P = O 4(CPN 11 b), we first show that i) = pos(I,sl(Q), esP*?) and then prove that j® +
1 = pos(I, sl(Q),b). By Equation 5.18 w(1)[iV] = find(I, 1, es>*D). Therefore, due to Equa-
tion 5.14, w(sl(Q))[iV] = find(I, sl(Q), es**D). Moreover, w(sl(Q))[pos(Z, sl(Q), es?*D)] =
find(I,sl(Q), es®D), according to Definition B.4.  Hence, w(sl(Q))[i®)] is equal to

w(sl(Q))[pos(I, sl(Q), es**D)]. This results in the following equation.

i) = pos(I,sl(Q), esP) (5.21)

To prove that j® +1 = pos(, sl(@),b), we consider two cases based on j ) equaling the
length of w(l) or not. If they are equal, w({)[j] is the last object of [ and hence all objects
of I have values at most pu(w(1)[7®]) < u(w(1)[j])+ = b (Equation 5.13). Therefore, values
of all objects of [ are less than b. So, by Definition 3.4 pos(I,l,b) is one more than the
length of w(l), that is, j® + 1. Hence, in this case, pos(I, sl(Q), b) = pos(I,1,b) = j® + 1.

Now consider the other case, in which the length of w(l) is not j®. We prove that
the smallest integer k, satisfying 1 < k < length(w(l)) and p(w(l)[k]) > bis j® +1. A
consequence of this result will be the fact that w(l)[j® + 1] is an object of I of value at
least b and thus [ has an object of value at least b. Then, it follows from Definition 3.4
that pos(I,1,b) = 7® + 1. To prove the aforementioned claim we prove the following
three sub-claims. First we show that 1 < j® + 1 < length(w(/)). Then we prove that
p(w(D)[j® +1]) > b and finally, we will argue that p(w(l)[k]) # b, for every k, 1 < k <
7O+ 1.
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We now present proofs for the above sub-claims. Let us first prove the sub-claim
1 < j® 41 <length(w(l)). It follows from Equation 5.19 and the fact that by assumption
length(w(l)) # j® that 1 < j® < length(w(l)). Hence, as j is an integer variable the
inequality 1 < j® + 1 < length(w(l)) is correct. Now we prove the inequality u(w(l)[® +
1]) > b. It follows from Equation [5.19 that 1 < j® < length(w(l)) and thus w(l)[j¥)] is
an object of [. Furthermore, as we proved above 1 < j® 4 1 < length(w(l)) and hence
w(l)[j® 1] is also an object of . Therefore, as y is ordered, p(w(l)[j® +1]) > p(w()[FP]),
and so by Observation 2.29] u(w()[1® + 1]) > u(w()[j®]))+ = b (Equation 5.13). So the
second sub-claim is proved.

Next we prove the last Sub claim by considering an integer k, 1 < k < j® + 1,
and by proving that pu(w(l)[k]) # b. Since 1 < k < j® +1, 1 < k < j®. So,
1 <k < j® < length(w(l)) (Equation 5.19) and thus w(l)[k] and w(l)[j®] are objects
of [. Hence as k § j(t), pwDk]) < pww®[iP]) < ww@)[iP])+ = b (Equation 5.13).
Consequently, p(w(l)[k]) # b. Thus, the smallest integer k, satisfying 1 < k < length(w(l))
and p(w(l)[k]) > bis j®+1. Hence, by Definition[3.4 pos(I, sl(Q), b) = pos(I,1,b) = j®+1.
So, in both cases, j® = length(w(l)) and j® # length(w(l)), we have proved that

pos(1,s1(Q),b) = j + 1. (5.22)

As a result,

y(CFD, b)) =MD & (sl(Q). pos(T. si(@), e?),

pos(I, SI(Q) b) — 1) by Definition 3.9
=oth o (sl(Q),i®, pos(I,sl(Q),b) — 1) by Equation 5.21
= ot o (s(Q),i®,;®) by Equation 5.22.

Now we can prove that the procedure modifies C in the same way that is claimed
by the lemma. Since we proved Block 0] is executed, lines 24 and 25 set ® equal to
dteh & (s1(Q),i®, j ) = &4(CPeD |, b) and es equal to u(w(l)[jP])+ = b (Equation 5.13),
respectively. Hence C is set equal to (e, b, ®4(CP), 1, b)) while we showed that e(P*) <
b<e. 0

We next use the previous lemma to prove that after a legal call to the procedure Gallop
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Invariant [1! holds. Once again we emphasize that since e does not change throughout the

procedure, in our proofs we do not use time stamps for the variable e.

Lemma 5.35 Suppose before calling Gallop(l), for a leaf I, preconditions stated in Fig-
ure 5.2 hold. Then, after executing Gallop(l), Invariant 1 holds.

Proof. Defining bef and aft as times before and after running Gallop({), respectively, we
consider the two cases CP*) = C#®) and C(Peh #* C@®  geparately. In the first case since
by the precondition at the time bef Invariant [1l holds and thus C*¢? is valid, C*% is also
valid and hence the invariant holds. So suppose C?¢) £ C(@®)  Then, by Lemma [5.34

I = sl(Q) (5.23)

and C* = (e, b, dy(CPD 11, b)), for some b,

elbe) <p<e. (5.24)

Hence the following equations hold.
e = p (5.25)
o) — @y (CPD ) (5.26)

We first prove that C®% is an eliminating configuration and then we show that this

@ft) — h < e and so as by

eliminating configuration is valid. By Equations [5.25/ and 15.24] e
Lemma [5.34 Q has a speedy leaf, by Definition 3.2 C‘*% is an eliminating configuration.
Now we prove that C% is valid by showing that the conditions defined in Definition 3.5

) one by one, starting from the third one. Then we prove the first and the

are met by C!
second conditions, in order.

The proof of the third condition is simple. As by Equation 5.23/ [ = sl(Q), @ has a
speedy leaf. Also, as by the precondition at the time bef Invariant 1] holds, CbeD g valid.
So, since &P*) < b (Equation 5.24), by Lemma [3.16 ®4(C**) 1, b) is a partial solution
to I. Hence, as by Equation [5.26 ®@% = &4(C*D 1 p), ®@1 is a partial solution to I

and thus the third condition is true.
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Now we prove the first condition by proving the following two statements. First, the

aft aft

) is less than es*® . Second, for every member

(aft)

value of every object in the expansion of ®(
a of the value set of the root satisfying a < &'*"), there is an object of value a in the
expansion of @ Once we have proved these two statements, we may conclude that for

(@ft) if and only if there is an object of

every member a of the value set of the root, a < es
value a in the expansion of ®@® and so the first condition is proved.

We now prove the two above statements, starting from the first one. As explained, C**?
is valid and by Equation 5.24 e(**) < b < e. Hence, by Lemma 3.18| the value of every
object in the expansion of ®gy(u, C(beﬂ,b) is less than b. So, since ®@) = & (u, C(bef),b)
(Equation 55.26) and b = e (Equation 5.25), the value of every object in the expansion
of ®(") ig less than es®®. Therefore, the first statement is correct. To prove the second
statement, we consider a member a of the value set of the root satisfying a < e*® and
we prove that there is an object of value a in the expansion of ®@%) . As by Equation [5.25
b = e ¢ is a member of the value set of the root less than b. Hence, as C**) is valid
and b < e (Equation 5.24), by Lemma 3.19 there is an object of value a in the expansion
of ®g(u, C(beh b). So, due to Equation [5.26, an object of value a exists in @), Hence the
second statement defined above is also correct. Thus, the first condition of Definition 3.5
is true, as explained.

Finally, we consider the second condition of Definition [3.5. We first prove that for
every value a in the value set of the root in N(I) such that a < e, a < e®" and then
we use this result to show that the second condition of Definition 3.5 is equivalent to the
first condition of that definition. So consider a value @ in the value set of the root in N(I)
satisfying a < e. Since, as explained, C®) is valid and by assumption a < e, by the second
condition of Definition 3.5 for C**? there is an object of value a in the expansion of ®(Pef.
Also, as a is in the value set of the root in N(I) and by Observation 2.32] the value set of
the root in N(I) is a subset of the value set of the root in I, a is in the value set of the
root in /. Hence, as we proved an object of value a is in the expansion of ®*) we may
conclude that a < e®) due to the first condition of Definition 3.5 for C**. So every
member of the value set of the root in N(I) less than e is less than el(P*) < b = e (aft)
(Equations [5.24' and 5.25). Moreover, every member of the value set of the root in N(I)

less than e®) is also less than e because &™) = b < e (Equations 5.25 and [5.24). Hence,
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an object of the value set of the root in N(I) is less than e if and only if it is less than
es) . Also, since by Observation 2.32 a value in the value set of the root in N(I) is in the
value set of the root in I, by the first condition of Definition [3.5 for C*) (proved above),

aft) aft) - Combining

there is an object of value a in the expansion of ®@% if and only if a < es
these two results, we can conclude that there is an object of value a in the expansion of
®@) for an @ in the value set of the root in N (1), if and only if a < e, proving the second
condition of Definition 3.5.

Having proved that C% satisfies all the three conditions of Definition 3.5, we now
have completed the proof of the claim that C*" is valid (Definition [3.5) and so Invariant 1

holds when the procedure exits. O

We now show the correctness of Invariant 3 after the execution of the procedure.

Lemma 5.36 Suppose before calling Gallop(l), for a leaf I, the preconditions stated in
Figure 5.2 hold. Then, after executing the procedure, Invariant!3 holds.

Proof.  Considering the fact that, by its definition, Invariant 3 depends only on es and
G[sl(Q)], we first prove that if Block [7/is not executed or [ is not a speedy leaf then neither
es nor fisl(Q))] change and so after executing the procedure Invariant 13 holds as by the
precondition before running it this invariant holds. After that, we prove the lemma in
other cases. Variables es and fi[sl(Q))] only may change in lines 20 and 25 respectively,
and both of these lines are in Block 7. So when Block 7 is not executed nothing happens
to the aforementioned variables and so the lemma is true, as explained. Thus, suppose
Block 7 is run. Then, if [ is not a speedy leaf line 20 does not change fi[sl(@))] and due to
the conditions checked on line 23, line 25 is not executed to change es. Hence again the
lemma is true since es and fi[sl(Q)] are not changed.

Now in the case that Block (7 is run and [ = sl(Q)) we prove that after executing the
procedure Invariant 3 holds. Defining ¢ and aft as times just before executing line 19 and

just after exiting the procedure and
o=w()"], (5.27)

we take the following steps. We first prove that o is an object and then we show that
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w(D[i® 4+ 1] = find(I, sl(Q), pu(0)+). After that, we prove that Block 6 is executed and es
is modified so that Invariant 3 is satisfied, completing the proof of the lemma.

To show that o = w(1)[j"] is an object of I, we prove that 1 < i® < j® < length(w(l)).
By Lemma [5.32, right after executing line 11, ¢ > 1. Hence, as after line 11/ ¢ does not
change, 1 < i), Also, since by assumption Block7/is executed, it follows from the condition
checked on line 19 that i® < j®. So, 1 < j® and by Lemma 5.33 j® < length(w(l)).
Hence 1 < j® < length(w(l)) and so o = w(l)[j®] is an object.

Next we prove that w(l)[j® + 1] = find(I,sl(Q), u(0)+). Since as we proved o is an
object of [ and so [ has an object of value u(0), by Lemma [3.2/ find(I, [, u(0)) is an object
of value p(o). Therefore, as find(I,l, (o)) and o are objects of [ with the same value
and thus o = find(I,l, u(0)). Also, as u(find(1,1,1(0))) = u(o), applying Lemma 5.26
for b = u(o) and considering the equation o = find(I,1, (o)), we may conclude that
find(I,1, u(0)+) = END if o is the last object and find(I,[, u(0)+) is the object following
o, otherwise. If o is the last object, as by Equation 5.27 o = w(I)[j®], by definition
w(D[i® + 1] = END. Also if o0 is not the last object since o = w(l)[j?], by definition
w(l)[§® + 1] is the object after o. Hence, in both cases find(I, 1, u(0)+) = w(l)[j® + 1].

Now we complete the proof by showing that Block 6 changes es so that the equation
fi[sl(Q)] = find(I,sl(Q), es*") and hence Invariant (3 holds. By assumption Block [7 is run.
Also, as by assumption [ = sl(Q), the condition of the “if” statement of line 23| is true
and hence Block 6l is executed. Thus, because of line 25 e = y(w(I)[j®])+. So, as by
Equation 5.27 0 = w(l)[j¥],

e = 1(0)+. (5.28)

Also due to line 20, R[] = w(l)[j® + 1] and hence as by assumption | = sl(Q),
eMs1(Q)] = w()[j +1]. So, as we proved find(, 1, u(0)+) = w(l)[j¥ + 1], £ [s1(Q )} =
find(I,s(Q), n(0)+). As a result, due to Equation 5.28, 6™ [sl(Q)] = find(I, sl(Q), es*™).

U

Therefore, after executing the algorithm Invariant 3 holds.

Since there is no line in the procedure Gallop directly modifying a variable other than
changing variables and local variables ¢ and j and there is no procedure call line, the
correctness of the next Observation is trivial. We now in Lemma 5.38 prove that if before

executing the procedure Gallop its preconditions hold, after executing the procedure, its
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postconditions hold.

Observation 5.37 By executing Gallop(l), for a leaf | of Q, no variable other than local

variables and changing variables of the procedure, listed in Figure 5.2, change.

Lemma 5.38 Suppose before calling Gallop(l), for a leaf I, the preconditions stated in
Figure!5.2 hold. Then, after executing the procedure, its postconditions hold.

Proof.  We first prove that after existing the procedure Invariant 2 holds and then we
show that changing variables will be well-valued. Also, by Lemmas [5.35 and 5.36/ after
executing the procedure Invariants [1' and 3 hold. So, after proving the above claims all
postconditions of the procedure will have been proved to hold after the execution of the
procedure. Consider the times bef, aft, and t just before and just after executing the
procedure and just before executing line 19, respectively.

We now prove that Invariant 2 holds after the execution of the procedure. To do this,
we consider an aft-scanned object o of a leaf v and we prove that (o) < e. We first prove
the claim in the case in which Block [7 is not executed or v # [ and then we consider other
cases. As the array fi is modified only in line 20/ of Block [7/ and only the element £i[l] of the
array fi is modified, when Block [7/is not executed or v # [ the variable fi[v] is not changed.
So, in such cases, 6 [v] = A**D[y]. Consequently, as by assumption o is aft-scanned,
by Definition 5.1 pu(0) < @ [1] = A®D[]] and hence by Definition 5.1 0 is bef-scanned.
Therefore, as by precondition Invariant 2/ holds at the time bef, u(0) < e.

Now we consider the situation in which Block 7 is executed and v = [. Then, in
line 20/ f[l] is set equal to w(I)[i® + 1]. Hence, as by assumption o is aft-scanned, by
Definition 5.1/ its value is less than u(w(I)[i® + 1]). So, as o is an object of I, u(o) <
w(w()[j®]). Moreover, by Lemma [5.33 when executing line 19 u(w(l)[j]) < e. Hence,
w(o) < u(w()[j®¥]) < e. So, in any case u(o) < e where o was selected as an arbitrary
aft-scanned object. As a result, at the time aft Invariant 2/ holds.

To complete the proof, we now show that after executing the procedure W([l] and M[]
(in the case in which [ is in N(Q)) are well-valued. As [ is a leaf, definitions of these two
variables being well-valued (Definition 5.8 and 5.6) depend only on variables fi[{], W[I], M[l],
e, and E and values of these variables only may change in Block [7. Hence if this block is not

executed values of these variables remain well-valued as before executing the procedure by
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precondition values of these variables were well-valued. So we suppose Block (7 is executed.
We first prove that M[l] becomes well-valued and then we show that W[l] will be well-valued
when the procedure exits. So first consider the variable M[l]. When [ is in N(Q), since by
executing line 21, M([l] is set equal to p(fi[l]) and after running this line values of M[l] and
fi[l] do no change, after executing the procedure M[l] = p(£i[l]) and thus by Definition 5.6
M[l] is well-valued.

Now we show that the variable W[l] becomes well-valued if Block [7/is executed. As when
e € {—00,00}, by Definition 5.8 W[v] is always well-valued, we suppose e ¢ {—o00,0}.
Since after executing line 22/ values of fi[l], W[l], e, and E do not change and Definition 5.8
only depends on these variables, it suffices to prove that right after executing line 22,
W] satisfies the four conditions of Definition 5.8 and hence is well values. To prove the
first and second conditions of Definition 5.8 we discuss the two cases u(fi[l]) = e and
w([l]) # e separately. If p(fi[l]) = e, line 22 sets W[l] := f[l]. Therefore, after this
line u(WJl]) = p(h[l]) = e and so the first and the second conditions of Definition 5.8
are satisfied. When p(fi[l]) # e, line 22 sets W[l] := BEG and hence as we supposed
e ¢ {—o00, 00}, after this setting we will have e < —oco = p(BEG) = u(W[l]). Thus again
the first and the second conditions of Definition 5.8 will be satisfied. The third and the
fourth conditions of Definition 5.8 are satisfied as [ is a leaf. So, after executing line 22/ W/v]
is well-valued. Consequently after exiting the procedure Wv] is well-valued, as explained.

Now we have proved that after executing the procedure all of its postconditions hold

and so the lemma is correct. O

As the last result of this section, we prove that every sub-intersection tree that was an
eyewitness before calling the procedure Gallop remains an eyewitness after executing the
procedure Gallop. This result will be used to determine that which changes to contents of

the array W are needed to ensure that its elements remain well-valued after calling Gallop.

Lemma 5.39 Suppose before calling Gallop(l), for a leaf I, preconditions of Figure 5.2
hold and T is an eyewitness of a node v of Q. Then after exiting Gallop(l) T is still an

eyewitness of v.

Proof.  Since the definition of T' being an eyewitness (Definition 5.5) only depends on e

and p(fful), for all leaves u of T, it suffices to prove that when T is an eyewitness, during
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execution of procedure Gallop(l) contents of variables e and fi[u], for leaves u of T, do not
change. By Observation 5.37 only changing and local variables ¢ and j of the procedure
are altered. The variable e is not a changing variable and for every leaf u of T, fiju] is a
changing variable only if u = [. Thus, to prove the lemma it suffices to show that if [ is
a leaf of T, fi[l] does not change. Since f[l] is only modified in Block [7, we suppose this
block is executed as otherwise, fi[l] remains unchanged and hence the lemma is true, as
explained. Defining bef, aft, and ¢ as times just before and just after executing Gallop(l)
and the time just before executing line 19, we first prove that p(60[1]) > p(A®*P[1]) and
then we show that pu(A®®[1]) > u(6*D[1]) is not possible. In this way it is proved that
(AP0 = p(6%0[1)) and hence, as explained, the lemma is true because fi[l] is not
modified.

To prove p(A*M[1]) > p(6P°[1]) we first discuss how 6 [[] is evaluated. The variable
¢ is initialized in line 11/ and is never modified after that. Therefore by assignment on
line 11/ i) = mdex(] 1,6%°D[1]) and so by Definition 2.8 w(l)[i)] = 6PV[l]. Line 20
assigns w(1)[j® + 1] to A[l] and after line 20] the procedure does not change f[l]. Hence,
A0 = w(l )[ i 4+ 1]. So, as we showed that w())[i®®] = G*O[]], in order to prove

w(G@)) > p(EPD[1]) it suffices to show that p(w(l)[j® + 1]) > u(w()[i®]).

To prove p(w(1)[j® +1]) > p(w()[i")]), we first prove that u(w(?)[j]) > uw(@)[i")])
and then we show that pu(w (l)[j(t) +1]) > pww)[j®]). Since after line 11 i does not
change by Lemma 5.32 1 < i®. Also as by assumption Block [7 is executed, by condition
check on line 19 when reaching line 19 j > 4 and hence j® > i®. As a result by
Lemma 5. 33 j(t < length(w(l)). Thus, as we proved earlier that 1 < i) and j® > i®),
1 <i® <40 < length( (). So, w(l)[i"V] and w(l)[j?] are objects of I and hence as j is
ordered and i) < j® the inequality p(w(l)[j®]) > u(w(1)[i®]) is correct.

In order to show the correctness of the inequality pu(w(l)[1® + 1]) > u(w(l)[jP]), we

)[Y] is not the
last object of [, w(l)[j® + 1] is an object of [ and thus since p is ordered, p(w(l)[j® +1]) >
p(w(D[FM]) is true. If w(l)[j®] is the last object of [ then by definition w(1)[® + 1] = END
and hence p(w()[j® + 1]) = p(END) = oo > u(w(l)[j®]). Therefore, in both cases
pw@[Y +1]) = pw@)[7P]). So, as we proved eatlier that p(w(l)[j"]) = u(w (D)),
(D[P + 1)) > p(w(D)[i®]). Hence, the inequality p(6#M[1]) > u(AP°D[1]) is correct, as

consider two cases based on w(I)[j®] being the last object or not. If w(!
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explained before.

Now we show that p(A“M[1]) ¥ w(AV[l]). Assume to the contrary that p(A@Y[1]) >
1(60[1]). Then, by Definition 5.1 6**0[1] is an aft-scanned object. Also, by Definition 5.5
1(6P0[1]) = e since at the time bef by assumption [ is a leaf of the eyewitness 7. Therefore,
at the time aft Invariant 2 does not hold because the value of the aft-scanned object f*°)[[]
is not less than e. So after executing Gallop(l) postconditions of this procedure do not hold.
This contradicts Lemma 5.38. Hence the assumption p(A“Y[1]) > p(6*°D[1]) is wrong.

Now as we proved p(A@0[1]) # pu(6P[1]) and p(A@M[1]) > p(BPD[1]), we may conclude
that pu(6@[1)) = p(6PD[1]). Hence, 84V [1] = AP*°D[]] as distinct objects of the same leaf

have different values. So, the lemma is true. 0

5.4.2 Visiting Internal Nodes

In this part we discuss the negative and positive visit procedures. We explain how they
differ, how each of them selects the sequence of children to be visited, and how they update
the arrays W and M.

Figures 5.3/ and 5.4/ show the negative and positive visit procedures. As can be seen,
when a node v is being negative-visited (positive-visited), depending on v being a leaf,
an intersection node, or a union node, one of the three “case” parts of the “switch” block
starting at line 26! (line 45 respectively) is executed. If v is a leaf, Visit~(v) or Visit™(v),
whichever is being executed, just calls Gallop(v). If v is an internal node, as explained
before, for a number of times, each time a child of v is selected and is recursively visited.

Now we explain how the visit algorithms select an appropriate subset of children of a
node v, when visiting v, to be visited. Each of our visiting algorithms has its own policy.
To match the difficulty function, the negative visit algorithm is designed such that when
a node v is being negative-visited, the algorithm spends roughly at most L~ (v) time. If
v is an intersection node, in the loop starting at line 28 the algorithm visits every child
u of v once. Then, as we will prove in the next chapter, assuming every child u of v has
spent at most its own L~ (u) quota in time, the whole visit to v does not take more than
> w L7 (u) = L™ (v) time. If v is a union node, this L~ (v) quota is first saved in a variable

Credit[v] (line 36), and after visiting every child u of v the algorithm decreases Credit[v] as
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much as L~ (u) (line 40). The algorithm stops visiting children of v when Credit[v] is not
big enough to visit the next node w that it selects, that is, Credit[v] < L™ (u) (line 38). In
this situation, Credit[v] is not reset. This value is kept as “savings” for v to be used in the
next negative-visiting of v.

The positive-visiting of nodes is similar. The positive visit algorithm spends at most
L*(v) when visiting a node v. So, similar to what the negative visit algorithm does, when
positive-visiting a union node v, the algorithm visits every child of v in the loop starting
at line 47. When positive-visiting an intersection node v, the visit algorithm increases
Credit[v] as much as L*(v) (line 52) and after visiting every child u of v, it decreases
Credit[v] as much as L™ (u) (line 57).

The other issue is how to select the next child of a node to be visited. Suppose elements
of the arrays W and M are well-valued. As we mentioned, while visiting an intersection
node in the negative visit algorithm or visiting a union node in the positive visit algorithm,
all children are visited. In these cases the algorithm visits the children in an arbitrary
order. When visiting a union node in the negative visit algorithm, each time the algorithm
selects a child w of v minimizing M[u| and visits u. The reason is that the negative-
visit procedure is optimized for when e is not in the value set of the root in N(I) and
in such cases the algorithm tends to use Observation 5.8 to increase e. According to
Observation 5.8, the bigger the result of the expression maxmin(root) is, the bigger the
value that can be assigned to e. Also, as by assumption elements of the array M are well-
valued, maxmin(root) = M[root] (Lemma5.14). Therefore, the algorithm tries to maximize
M[root|. Consequently, as by Definition 5.14! the value of Mroot] is evaluated recursively,
the algorithm secks to maximize M[u], for all descendants u of v. When visiting v, in
order to maximize M[v], the algorithm needs to maximizes min, M[u] where the minimum
is taken over all children u of v (Definition 5.6). Hence, the negative visit algorithm selects
the child v minimizing M[u] and visits it in hope of increasing M[u].

The story when visiting an intersection node in the positive visit algorithm is similar.
In such situations, each time the algorithm selects a child u minimizing W/[u] and visits w.
The reason is that the positive visit algorithm is optimized for when e is in the value set of
the root in I and in such cases the algorithm tends to use Lemma 5.9/ to increase e. Hence,

due to Lemma 5.9, the positive visit algorithm wishes to set W[v] to an object of value e
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and for this purpose, because of Definition 5.8, first for every child u of v, W[u] should be
an object of value e. So the algorithm selects a child u such that p(W[u]) # e. As by the
first condition of Definition 5.8 u(Wlu]) < e, for every child u, to select a child u satisfying
pu(W(u]) # e it suffices to select a child v minimizing p(Wlu]).

Now we explain how the next child to be visited is selected in an efficient manner. For
every node v, we create a heap H[v] that stores all children u of v in N(Q) with the key M[u]
if v is a union node, and stores all children u of v with the key W[u] if v is an intersection
node. Also, for the sake of efficiency of updating M[v], we create a heap G[v], for every
intersection node v, storing all children u of v with the key —M[u]. When negative-visiting
(positive-visiting) a union (an intersection) node v the algorithm easily can select a node
u minimizing M[u] (minimizing W/[u]) by looking at the top of the heap H[v] (lines 37, 44,
53, and [64)).

Now we describe the method of updating elements of the arrays H, G, M, and W.
We explain the key points of the algorithm in this part and we leave more details to be
explained in the proofs. Some time after visiting children of v, the algorithm must update
H[v] and in the case in which v is an intersection node, G[v] and Counter[v], and then using
these variables, it should update W[v] and M[v]. After that the negative (positive) visit
algorithm visits a child u of a union node (an intersection node) v, it updates H[v] and if
v is an intersection node, it updates G[v] also (lines 42 and ?7), immediately. But, when
negative-visiting (positive-visiting) an intersection (a union) node v, since all children are
visited in an arbitrary order, while visiting children, contents of H[v], G[v], W[v], and M[v]
are not used for selecting the next child. So, instead of updating heaps after visiting each
child, the algorithm rebuilds H[v] and in the case of intersection node Glv] from scratch
after visiting all children of v (lines 34/ and 50).

After updating the heaps, the algorithm uses the heaps for updating M[v], for every
internal node v. If v is a union node, by Definition /5.6 the algorithm has to set M[v] equal
to the minimum of M[u], for all children u of v in N(Q). The algorithm evaluates this
minimum by looking at the top the heap H[v] (lines 43 and 51). If v is an intersection
node, due to Definition 5.6 the algorithm sets M[v] equal to the maximum value of Mlu],
for all children u of v by looking at the top of the heap G[v] (lines 35 and [63).

Definition 5.10 Given a union node v, Hv] is well-valued if it is a heap storing all
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Figure 5.3: The outline of the negative algorithm
Preconditions: 1. Invariants (1, 2, and [3 hold.
2. Feature variables of nodes in Q[v] are well-valued.
Changing Variables: Feature variables of nodes in Q[v], ®, and es.
Procedure Visit; (node v);
26 switch type of v do
27 case leaf node: Gallop(v);
case intersection node:
28 for all children u of v do Visit™ (u);
__________________________________________________________ \
29 Counter[v] := 0;
30 for all children u of v do Block 8
31 ‘ if u(Wu]) = E then Counter[v] = Counter[v] + 1;
___________________________________________________________ J
__________________________________________________________ \
32 if Counter[v] = d(v) and E = e /* d(v)is the number of children of v.*/ then
Wiv] := Wul; Block 9
33 else W[v] := BEG;
___________________________________________________________ J
34 Rebuild H[v] and G[v] with keys u(W[u]) and —M[u] for children u of v;
35 M[v] = M[G[v].top];
case union node:
36 Credit[v] := Credit[v] + L~ (v);
37 Find child u of v with the minimum key in H[v];
38 while L™ (u) > Creditjv] do
TTTTTOTIIIIIIIIITIIIIIIIIIIIIIIIIIIIT T ST \
39 Visit (u);
40 Credit[v] := Credit[v] — L™ (u); Block 10
41 if u(Wu]) = E= e then W] := Wlu]; Block 11
42 if w is in N(Q) and KeyOf(H[v],u) # M[u] then
Update the key of w in H[v] as MJu];
43 M{[v] := M[H[v].top];
44 Find child u of v with the minimum key in H[v];

Postconditions: Conditions listed in “Precondition” part hold.
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Figure 5.4: The outline of the positive algorithm

Preconditions and Changing Variables: The same as those in Figure 5.3.

Procedure Visit} (node v);

a5 switch type of v do
46 case leaf node: Gallop(v);

case union node:
a7 for all children v of v.do VisitT(u); .
48 W/[v] := BEG;

for all children u of v do Block 12

49 ‘ if u(Wlu]) = E = e then Wlv] := W[u];
50 Rebuild H[v] with keys M[u] for children u of v;
51 M[v] := M[H[v].top];

case intersection node:
52 Credit[v] := Credit[v] + LT (v);
53 Find child u of v with the minimum key in H[v];
4 while L7(u) 2 Creditildo ..

\
5 if (W]u]) = £ then Counter|v] = Counterlv] - 1;
56 Visit ] (u);
57 Credit[v] := Credit[v] — LT (u); Block 13
& if (W]u]) = £ then Counter(v] = Counterfv] + 1;
59 if Counter[v] = d(v) and E = e then
60 ‘ W(v] := W[u]; Block 14 Bk 15
else W(v] := BEG; o
61 if KeyOf(H[v],u) is not up-to-date then
Update the key of u in H[v] as u(W([v]);
62 if u is in N(Q) and KeyOf(G[v],u) # —M]u] then
Update the key of u in Glv] as —M[ul;
63 M[v] = M[G[v].top];
64 Find child u of v with the minimum key in H[v];
________________________________________________________ J

Postconditions: The same as those in Figure 5.3.
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children of v in N(Q) and the key of every child u in H[v] is M[u].

Definition 5.11 Given a child u of an intersection node v, the key of u in H|v] is up-to-
date if e £ E, e € {—00, 00}, or the following condition holds: if u(Wlu]) = e the key of
w in Hv] is e; otherwise the key of u in H[v] is a value less than e. Given an intersection
node v, H[v| is well-valued if H is a heap storing all children of v and the key of every child
w of v in Hlv] is up-to-date.

Definition 5.12 Given an intersection node v, Glv] is well-valued if it is a heap storing
all children v and the key of every child u in Glv] is —M]ul].

For easier reference in the future, we define all variables defined for a node v so far as

feature variables of v in the next definition.

Definition 5.13 Given a node v of ), feature variables of v are MJv] (if v is in N(Q)),
W[v], Counter[v] (if v is an intersection node), Step[v] (if v is a leaf), Hv] (if v is an
internal node), G[v] (if v is an intersection node), Credit[v] (if v is an internal node), and
Av] (if v is a leaf).

We now define the concept of being well-valued for variables for which this concept is

not defined so far, as follows.

Definition 5.14 Aside from elements of the arrays M, W, Counter, H, and G and the

variable E, all variables of the algorithm are always well-valued.

Before proving that after visiting a node the postconditions stated in Figure [5.3 hold,
we explain what kind of changes to contents of variables may cause feature variables of a
node not to be well-valued anymore. In Table 5.1, for each array or variable v we have
listed the arrays and variables whose change may stop v (or the elements of v in the case

of arrays) stop being well-valued.

Lemma 5.40 Given a node v of ), the definition of being well-valued for every feature
value of a node v depends only on contents of feature variables of v, on contents of feature

variables of children of v, on e, and on E.
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The variable or array | Being well-valued depends on
these variables and arrays

M M and A

W W, fi, e, and E

Counter W, Counter, and E

H M, W, H, e, and E

G M and G

E eand E

The rest Always well-valued

Table 5.1: Dependency list of definitions of elements of arrays and variables.

Proof.  The correctness of the lemma for variables M[v], W[v], Counter[v], Step[v], H[v],
G[v], Credit[v], and f[v] follows immediately from Definitions 5.6, 5.8, 5.9, 5.14, [5.10
and 5.11, 15.12, 5.14, and |5.14) respectively. O

The next observation follows immediately from the previous lemma.

Observation 5.41 Consider a node v and a part of the algorithm that does not change
any feature variable of v or any child of v and also does not change any of variables e or
E. Fvery feature variable of v that before executing this part was well-valued is well-valued
after the execution of this part.

The next observation, following immediately from the definitions of Invariants [1/ and 3

and Observation 5.2, provides a result similar to Lemma [5.40) for the three invariants.

Observation 5.42 The correctness of Invariants!1, 2, and 5 only depends on elements of
the array A and on C.

In the rest of the section we show that changing variables and postconditions of the
procedures Visit™ and Visit™ are chosen wisely. We first prove that the procedures Visit™
and Visit™ do not modify any variable but their changing variables. After that we show

that after a legal call to one of these two procedures, the postconditions listed in Figure 5.3
hold.
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Lemma 5.43 Given a node v, by calling Visit(v) or Visit" (v) the algorithm does not
change any variable other than the changing variables of these procedures listed in Fig-

ure 9. 5.

Proof. We use induction on the height of v to prove the lemma. First we prove the lemma
for the base case in which v is a leaf. When v is a leaf, each of the procedures Visit™ (v)
and Visit™ (v) calls Gallop(v) (lines 27 and 46) and then exits. By Observation 5.37 during
the execution of Gallop(v), no variable other than fi[v], W[v], M[v] (when v is not a speedy
leaf), Step[v], es, and ® changes. Hence, as v is a node of Q[v] and all variables listed above
except es and ® are feature variables of v, no variable other than feature variables of nodes
in Q[v] and es and ® change. Thus, as feature variables of nodes in Q[v] and es and ® are
changing variables, the lemma is true in this case.

Now we suppose v is an internal node and the lemma is true for children of v and
we prove the lemma for v. No line in the procedure Visit™ or Visit™ exists that directly
modifies a variable other than feature variables of v. Also, as v is in Q[v], feature variables
of v are changing variables. Moreover, as can be seen, every procedure executed directly
by Visit™ (v) or Visit™(v) is of the form Visit™(u) or Visit™ (u), where u is a child of v and
so by induction during the execution of this procedure call no variable other than feature
variables of nodes in Qu|, es, and ® are modified. As u is a child of v, nodes of Q[u] are

in Q[v]. Thus all variables modified are changing variables of the procedure. O

Now we prove the properties listed in the next definition for every node v of Q).

Definition 5.15 A node v of Q) is well-behaved if whenever the algorithm makes a legal
call to Visit—(v) or Visit™(v) the following properties hold:

1. After executing the procedure postconditions described in Figure 5.3 hold.

2. Every procedure call made during the execution of Visit—(v) or Visit*(v), whichever

that is called, s legal.

One reason that the second property has been added to the above definition is that
we need to make sure that every call to the procedure Gallop is legal so that we can use

Lemma 5.39. We will use induction on heights of the nodes of ) to show that every node
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of @ is well-behaved. We first provide a proof for the base case of this induction. Since E
and e are not changing variables of the two procedures and so by Lemma 5.43 their values
throughout the running of the procedures do not change, we do not use time stamps for

these variables in our arguments.
Lemma 5.44 FEvery leaf of Q) is well-behaved.

Proof. Given a leaf | of ) we need to prove that if before calling Visit~ (1) or Visit*(l) the
preconditions described in Figure 5.3 hold, the two properties explained in Definition 5.15
are met. We prove these two properties in order, starting from the first one. As can
be seen, Visit~(l) (Visit™(v), respectively) calls Gallop(l) in line 27 (in line 46) and then
exits. Since by precondition 1 before starting the execution of the procedure, Invariants 1,
2, and [3/ hold, when calling Gallop(v) this condition sill holds and hence the precondition
of Gallop(v), before calling it, is satisfied. Therefore, by Lemma 5.38 after executing
Gallop(v) Invariants [1, 2, and [3/ hold and W[v] and M[v] are well-valued. Furthermore,
W[v], M[v], Step[v], and fi[v] are all feature variables of v. So as after exiting Gallop the
algorithm exits Visit~(v) (Visit™(v), respectively), after exiting Visit™(v) (Visit™(v)) the
three invariants hold and feature variables of the only node of Q[v] are well-valued.

Now we prove the second property of Definition 5.39. Visit~(v) (Visit*(v), respectively)
calls directly just one procedure, that is Gallop(v), and inside the procedure Gallop there
is no procedure call. Also we proved above that when calling Gallop(v) in Visit~(v) (in
Visit™(v)), preconditions of the procedure Gallop hold. Thus every procedure call made
during the execution of Visit™(v) (Visit™(v), respectively) is legal. So, v is well-behaved

as both conditions of Definition [5.15/ are proved to hold for v. OJ

Next we prove that if all children of an internal node v of () are well-behaved then v
is also behaved. We present the proof in a few steps. We first prove that after a legal call
to Visit™(l) or Visit™(v), Invariants 1, 2, and [3/ hold and feature variables of all nodes of
Q[v] except perhaps v are well-valued (Lemma [5.45). Then we prove the correctness of
the second condition of Definition [5.15 for v (Lemma [5.46). Finally we complete the proof
of the first condition of Definition 5.15 for v by showing that feature variables of v also

become well-valued when exiting the procedure (Lemmas 5.48 5.49, 5.51, and 5.52)).
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Lemma 5.45 Suppose v is an internal node of Q) such that all children of v are well-
behaved and suppose the algorithm makes a legal call to Visit— (1) (Visit™ (v), respectively).
Then after executing each line of the procedure, Invariants!l, |2, and |3 hold and all feature

variables of all nodes of Q[v] except perhaps v are well-valued.

Proof.  'We consider a line ¢ of Visit™(v) (Visit™(v), respectively) and we suppose before
executing line ¢ Invariants [I, 2, and 3 hold and feature variables of nodes of Q[v] except
perhaps v are well-valued. We prove that after executing line ¢ these properties still hold.
We consider two cases based on line ¢ being a procedure call or not.

First consider the case in which ¢ is a procedure call. As can be seen in Figure 5.3 (in
Figure 5.4)), every procedure calling executed directly by Visit~(v) (by Visit*(u)) is of the
form Visit™(u) (from Visit*(u)), where u is a child of v. Since nodes of Q[u] are in Q[v]
and are not equal to v, when executing line ¢, by assumption feature variables of nodes
of Qlu] ar well-valued. Also, by assumption Invariants [1, 2, and [3| hold. Hence, when
calling Visit~(u) (Visit™(u), respectively) in line ¢, all its preconditions hold and thus the
procedure call is legal. So, as u is a child of v and hence by assumption u is well-behaved,
by Definition 5.15] after executing line ¢, postconditions of Visit™(u) (of Visit™(u)) hold.
Therefore, after line ¢, Invariants 1, 2, and 3| hold.

Now we consider a node w of Q[v] other than v and we prove that feature variables of
w are well-valued after exiting Visit™(u) (Visit™ (u), respectively). We consider two cases
based on w being in Q[u] or not. First suppose w is not in Q[u]. Then, no child of w is
in Q[u]. So, as according to Lemma 5.43 by executing Visit™ (u) (Visit™(u), respectively)
only feature variables of nodes of Q[u], ®, and es change, feature variables of w, feature
variables of children of w, E, and e remain unchanged. Also, before executing Visit™ (u)
(Visit*(u), respectively), feature variables of w are well-valued, as w is in Q[v] and w # v.
So, after executing Visit™(u) (Visit*(u), respectively) by Observation [5.41! feature variables
of w remain well-valued. Now, consider the other case, in which w is in Q[u]. We proved
above that after exiting Visit™(u) (Visit*(u), respectively) all postconditions of Visit™ (u)
(Visit*(u), respectively) hold. Therefore, as w is in Q[u], by the second postcondition of
Visit™(u) (of Visit™(u)), feature variables of w are well-valued after executing line £. So,
after the execution of line ¢ feature variables of all nodes of Q[v] except perhaps v are

well-valued. Hence, when line ¢ is a procedure call, after executing line ¢ both claims are
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proved.

Now we consider the case in which £ is not a procedure call. As can be seen in Figure/5.3
(in Figure 5.4) non-procedure call lines do not change C nor elements of the array fi. Thus,
since by Observation [5.42/ the correctness of Invariants 1, 2, and 3 depend only on variables
C and fi, after executing line ¢ the three invariants hold as by assumption before executing
line ¢ they hold. Also, every variable changed by a non-procedure call line of Figure 5.3
(of Figure 5.4)) is a feature variable of v. So, given a node w of Q[v] other than v, feature
variables of w and children of w, C, and E remain unchanged. Hence by Observation 5.41
after executing this line feature variables of w remain well-valued as by assumption before

executing this line they were well-valued. Thus, in both cases the lemma is true. O

Next we prove the second condition of Definition 5.15 for an internal node all of whose

children are well-behaved.

Lemma 5.46 Consider an internal node v such that every child of v is well-behaved.
Then, every procedure call made during the execution of a legal procedure call Visit—(v) or
Visit* (v) is legal.

Proof. We first prove that every procedure call made directly by Visit™(v) or Visit™(v)
is legal and then we use the induction hypothesis to prove the lemma. As can be seen in
Figures [5.3 and 5.4, every procedure called directly by Visit™(v) or Visit™(v) is Visit™ (u)
or Visit*(u), for a child u of v. It follows from Lemma [5.45 that before executing every
line Invariants 1, 2, and 3 hold and all feature variables of nodes of Q[v] except perhaps v
are well-valued. Thus, before every procedure call Visit™(u) or Visit™ (u), for a child u of v,
the preconditions of these procedure calls hold and so the procedure call is legal. Also, as
by assumption all children of v are well-behaved, by Definition 5.15 during the execution
of a legal call to Visit™(u) or Visit™(u), for a child u of v, all procedure calls are legal.

Hence, all procedure calls during the execution of Visit~(v) or Visit*(v) are legal. U

Now it remains to prove that after a legal call to Visit™(v) or Visit™(v) all feature
variables of v are well-valued. Since Block 9 of Figure 5.3 is the same as Block [14' of
Figure 5.4, we first prove that this block, in whichever procedure that appears, causes the

variable W[v], for an intersection node v, to become well-valued.
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Lemma 5.47 If Block |9 of Figure 5.5 appears in any part of the algorithm and before
executing that instance of the block, v is an intersection node and Counter|v] is well-valued,

after executing this block Wlv] is well-valued.

Proof. 'We prove the lemma by considering two cases depending on whether the condition
checked on line 32 is true or false. Also, we will suppose e = E and e ¢ {—o00, 00} as
otherwise W([v] is well-valued, whatever its value is. First suppose the condition checked
on line 32 is true. Then, Counter[v] equals the number of children u of v. Also, as by
assumption Counter|[v] is well-valued, by Definition 5.9, Counter[v] is the number of children
u of v with u(WJ[u]) = E. Hence for all children u of v, u(W[u]) = E = e. Moreover, since
by assumption the condition of the “if” statement is true, the statement W[v] := W/u], for
a child u of v is executed. So as u is a child of v, u(W[u]) = e. Consequently, W[v] is
set equal to an object of value e. Therefore, after running this line W[v] and W[w], for all
children w of v, are objects of value e and thus W]v] satisfies all four conditions listed in
Definition 5.8, Hence, W[v] got well-valued.

Now, consider the other case, in which the condition checked on line 32| is not true.
Then, line 33 is executed and so W]v] is set equal to BEG. After running this line
u(Wv]) = u(BEG) = —oo < e (as by assumption e # —oo) and hence the first condi-
tion of Definition [5.8/is satisfied. Also since by assumption the condition of line 32 is false
and we suppose e = E, the statement Counter[v] = d(v) is false. Therefore, since as ex-
plained Counter[v] shows the number of children w of v with u(W[w]) = E, there is a child
w of v with u(Wlu]) # E = e. Hence as after executing this line u(W[v]) = u(BEG) < e
(proved above), the fourth condition of Definition [5.8 is satisfied by W[v]. Furthermore,
the second and the third conditions of Definition 5.8 are met because by assumption v is

an intersection node. Thus W[v] becomes well-valued. O

We now consider four cases based on v being a union node or an intersection node and
also on the call being to Visit™(v) or to Visit™(v) and in each case we prove that after

visiting v all feature variables of v are well-valued.

Lemma 5.48 Suppose v is an intersection node of Q such that all children of v are well-
behaved and suppose the algorithm makes a legal call to Visit~(v). Then after executing

the procedure all feature variables of v are well-valued.
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Proof. We first prove that after executing the loop block of line 30), Counter[v] is well-
valued, then we show that lines 32 to 35/ cause the rest of feature variables of v become well-
valued. As Figure /5.3 shows, in the “for” block of line 28 Visit ™ (u) is called sequentially, for
all children u of v. Then in Block [§ the number of children u of v satisfying p(W[u]) = E is
evaluated and saved in the variable Counter[v]. As a result, by Definition [5.9 when reaching
Block 9 Counter[v] is well-valued. Consequently, by Lemma [5.47 after executing this Block,
Wi/v] becomes well-values. After that, by executing line 34/ the two heaps H and G are
created from scratch and become well-valued. So, after running this line, by Definition 5.12
the top element of the heap Gv] is a child w of v such that —M[w] = min, —M[u] =
— max,, M[u] ad thus M[w]| = max, M[u] where the minimum and the maximum are taken
over all children u of v in N(Q). Therefore, by executing line 35 M[v] is set to the maximum
of M[u] over all children w of v in N(Q) and hence by Definition [5.6 it becomes well-valued.
So, as by Definition [5.14/ the feature variables of v that we have not discussed here are

always well-valued, all feature variables of v are well-valued when the procedure exits. [

Lemma 5.49 Suppose v is a union node of Q) such that all children of v are well-behaved
and suppose the algorithm makes a legal call to Visit—(v). Then after each execution of

Block 11 of Visit™ (v), all feature variables of v are well-valued.

Proof. According to Figure 5.3, when v is a union node, repeatedly, each time a child u of
v is selected (lines 37 and [44)), Block [11]is executed. The only line executed by Visit™(v)
before starting Block [11 only changes Credit[v]. Also, by assumption the call to Visit™(v)
is legal and so before starting the procedure by assumption all feature variables of v are
well-valued. Hence, as the definition of being well-valued for no variable depends on the
value of Credit[v], when starting the while loop all feature variables of v are well-valued.
We now prove that after each execution of the body of the “while” loop, all feature variables
of v remain well-valued. The first line of Block 11} line 39, executes Visit~(u) where u is a
child of v. Suppose bef and aft are the times just before and just after executing line 39.
We first prove that W[v] becomes well-valued and then we discuss other feature variables
of v. We consider several cases based on contents of W**)[y] and E. If E # e or e €
{—00, 0}, by Definition 5.8, W[v] is always well-valued. So suppose E = e and e ¢

{—00,00}. Then, since, as explained, before executing line 39 feature values of v were
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well-valued, by Definition 5.8 (W [v]) = e if and only if there is a child w of v with
(WD) = e. Now we consider the three following cases: First, when p(W®*[y]) =
p(WPD[y]) = e. Second, when p(WPDw]) = (WP [w]) = e, for a child w of v other
than u. Third, when neither of the above cases occurs and thus (WP [u]) # e.

Case 1: p(WPI[]) = (WP [y]) = e.
In this case we first prove that before executing Visit~(u), u has an eyewitness 7. Then we
prove that after the execution of Visit™(u) T is still an eyewitness for u and we conclude
that W [u] = e. Finally we show that the condition checked on line 41l is true and thus
line 41 causes W[v] to become well-valued.

Now we present the first part of the argument. Since u is a node of Q[v] and u # v,
by Lemma [5.45/ before execution line 39, W[u] was well-valued. Also, as by assumption
p(WPD[y]) = e, e = E, and e & {—00, 00}, by Lemma [5.15 before calling Visit~(u) there

was an eyewitness 1" for u.
Claim 5.50 After executing Visit (u) (linel39), T is still an eyewitness for u.

Proof.  We suppose the claim is not true and we consider the sequence of lines of the
algorithm executed when calling Visit™(u) and the first line ¢ in this sequence such that
after executing line ¢, T is not an eyewitness of v. We consider two cases based on which
procedure line ¢ belongs to. The only procedures called directly by Visit™ are Visit™ and
Gallop and Gallop does not call any procedure. Thus /¢ is in Visit™ or Gallop. Also,
the definition of being an eyewitness (Definition [5.5) depends only on variables e and
the array f and there is no line in the procedure Visit™ changing i or e. Hence ¢ is
a line of the procedure Gallop. So, once during the execution of Visit™(u) the procedure
Gallop is called (not necessarily directly by Visit~(u)) and before running Gallop, 7" was an
eyewitness while after running it 7" stopped being an eyewitness. Thus, due to Lemma 5.39,
before executing Gallop, its preconditions did not hold and hence calling Gallop was not
legal. So during executing a legal call to Visit~(u) a non-legal call occurred and thus by

Definition [5.15, u is not well-behaved. This contradicts the assumption of the lemma. [
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Now we prove that u(W®[u]) = e and we conclude that in line 41/ v becomes well-
valued. Since u is in Q[v] and u # v, by Lemma 5.45/ after executing line 39 feature
variables of the node u are well-valued. Thus, as by assumption E = e and e € {—00, 00}
and we proved that T is still an eyewitness for u, by Lemma [5.15 (W@ [u]) = e. So,
since by assumption E = e, the condition checked on line 41] is true and thus W[v] is set
equal to W [u]. As we proved pu(W@[u]) = e, after executing this line, (W@ [p]) =
p(WEy)) = e and thus W[v] satisfies all four conditions of Definition 5.8. Hence by

Definition 5.8 after executing this assignment W[v] becomes well-valued.

Case 2: u(WP[y]) = (WD []) = e, for a child w of v other than u.

As w and v are not in Q[u] and so by Lemma 5.43 Visit™(u) does not modify W[v]| nor
W[w], p(We[u]) = u(WEP[w]) = e. Also, if the condition checked on line 41 is true,
p(W@[y]) = e and W[v] is set equal to an object of value e. So, whether the condition
of line 41/ is true or false, after line 41l W[v] is an object of value e. So, as we proved
p(WEPw]) = e, by Definition 5.8 after line 41/ W[v] is well-valued because it satisfies all

four conditions of Definition 5.8

Case 3: pu(WPI[y]) #£ e.
We consider two cases based on the condition checked on line 41/ being true or false. If
that condition is true, u(W®[u]) = e and W[v] is set equal to an object of value e. Hence,
after this assignment, W[v] and W[u] are both objects of value e and thus W[v] meets all
conditions of Definition 5.8l

Now consider the case in which the condition checked on line 41/ is false. Since
by assumption pu(W®[v]) # e and before executing Visit™(u) W[v] was well-valued,
(WD [1p)) £ e, for every child w of v. As other than u, no child of v is in Q[u], Visit™ (u)
does not modify W[w], for every child w of v, w # u. Hence, (W@ [w]) # e, for every
child w of v other than u. Similarly, as v is not in Q[u], p(W®[v]) = w(WPD[v]) # e.
Also as by assumption the condition checked on line 41 is false, W) [u] is not an object
of value e. Hence, (W@ [w]) # e, for every child w of u. Furthermore as the assign-
ment on line 41! is not executed, W[v] is not modified and so after this line still we have
p(Wo]) = p(WER[]) = (WPD[0]) # e. Also, as by assumption at the time bef W[u]
was well-valued and the inequalities (WD [v]) #£ e, E = e, and e ¢ {—o00, 00} held, by
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Definition 5.8 (W) [0]) < e. Consequently, after line 41 u(W[v]) < e. Thus, after line 41
WI/v] satisfies the four conditions of Definition 5.8 and so W[v] is well-valued. Hence in

both cases after line 41 W[v] is well-valued.

Next, we prove that H[v] becomes well valued and then we conclude that M[v] also
becomes well-valued. For every child w of v in N(Q) other than u, as w is not in Qlul,
by Lemma [5.43 M[w] is not modified by Visit™(u) and thus M®[w] = M@ [y]. Also,
since by assumption before executing Block 11! feature variables of v were well-valued, by
Definition [5.10) before executing Visit™(u) the key of w in H[v] was M®**P[w] and Visit™ (u)
does not change H[v] as v is not in Q[u]. Therefore, after executing Visit™(u) the key
of w in Hv] is M [w] = M@ [y]. Furthermore, by executing line 42/ if v is in N(Q),
the key of u in H[v] is set to M®[y]. Hence, after line 42 the key of every child w of v
in N(Q) in H[v] is M®®[w] and thus by Definition 5.10 H[v] becomes well-valued. So by
definition the top element of H[v] is the child w of v in N(Q) minimizing M[w]. Therefore,
line [43] sets M[v] equal to minimum of M[w] over all children of w. So by Definition 5.6,
M[v] becomes well-valued. Now we have proved that M[v], W([v], and H[v] become well-
valued after executing Block 11 and since v is a union node, Counter[v] and G[v] are not
defined. Also, other feature variables of v are well-valued by Definition 5.14. So the lemma

is correct. L]

Lemma 5.51 Suppose v is a union node of Q) such that all children of v are well-behaved
and suppose the algorithm makes a legal call to Visit™ (v). Then after executing the proce-

dure all feature variables of v are well-valued.

Proof. We first prove that by executing the loop block of line 47, W[v] becomes well-valued
and then we show that the next lines cause the rest of feature variables of v to become
well-valued. To prove that W[v] becomes well-valued we suppose e = E and e & {—o00, 0}
as otherwise W[v] is always well-valued. As Figure 5.4 shows, in the “for” block of line 47
for all children u of v, Visit™(u) is called sequentially. Then in Block [12 first W[v] is set
equal to BEG, then if there is any child u of v satisfying u(W[u]) = E = e the statement
Wlv] := W][u] is executed. Hence, as by assumption e = E, after executing this block, if
pu(Wlu]) = e, for a child u of v, then W[v] is an object of value e; otherwise W[v] = BEG
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and so pu(Wlv]) = —oo < e as by assumption e # —oo. As a result, all conditions of
Definition 5.8 are satisfied and thus W[v] becomes well-valued. Also by executing line50 the
heap H is created from scratch and so it becomes well-valued. Therefore, by Definition 5.10
the top element of the heap H[v] is the minimum of M[u] over all children w of v in
N(Q). Thus, after executing line 51 by Definition 5.6/ M[v] is well-valued. Therefore, as
by Definition [5.14! feature variables of v other than Mv], W[v] and H[v] (and Counter[v]
and G[v] as they are not defined) are always well-valued, all feature variables of v become

well-valued. m

Lemma 5.52 Suppose v is an intersection node of Q) such that all children of v are well-
behaved and suppose the algorithm makes a legal call to Visit™(v). Then after each execution

of Block 15 of Visit™(v), all feature variables of v are well-valued.

Proof. According to Figure 5.4, in the “while” block of line 54 each time a child u
of v is selected (lines 53 and 64), Block 15l is executed. Before starting the while loop
by assumption all feature variables of v are well-valued. We now prove that after each
execution of Block [15, all feature variables of v remain well-valued. We first prove our
claim for Counter[v] and W[v]. Then we consider variables H[v], G[v], and M[v], and finally
we show the correctness of the lemma for the rest of feature variables of v.

Now we first discuss variables Counter[v] and W[v]. Since by precondition 2 before
executing line 55 Counter[v] is well-valued, by Definition [5.9/it was the number of children
w of v including u with pu(W[w]) = E. Line 55 checks if W[u] is an object of value E, and
if so, it decreases Counter[v]. After executing this line Counter[v] will store the number
of children w of v other than u with u(W[w]) = E. Line 56 executes Visit™(u) where u
is a child of v. After executing this line Counter[v] still shows the number of children w
of v other than u with u(W[w]) = E because, for every child w of v other than u, w and
v are not in Q[u] and so by Lemma [5.43 by executing Visit™ (u), W[w]| and Counter[v] do
not change. Line 58 increases Counter[v] in the case pu(W[u]) = E. Hence, after executing
line 58 Counter[v] is the number of children w of v including u with p(W[w]) = E and thus
Counter[v] becomes well-valued, by Definition 5.8. So, since Block [14/is a copy of Block 9,

by Lemma 5.47 after its execution W[v] becomes well-valued.
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Next we prove that H[v] and G[v] are well valued and then we conclude that M[v] also
becomes well-valued. Before executing Visit™ (u), H[v] and Glv] were well-valued and so by
Definition 5.11] the key of w in H[v] was up-do-date and by Definition [5.12/ the key of w in
G[v] was —MJw], for every child w of v. Moreover, Visit*(u) does not change H[v], G[v],
M[w], nor W[w], for any child w of v other than w. Hence, before executing line 61, for
every child w of v other than u, by Definition [5.11 the key of w in H[v] is still up-do-date
(because W[w], e, and E are not modified) and the key of w in G[v] is —M[w]. By executing
line (61} if the key of u in H[v] is not up-do-date, it is set to u(W][v]) and hence becomes
up-do-date. Also, by executing line 61 the key of u in G[v] is set to —MJu|. Thus, after
line [62] the key of every child w of v in H[v] (in G[v]) is up-to-date (is —MJw]) and thus by
Definitions 5.11 and 5.12/ H[v] and G[v] are well-valued. So by definition the top element of
H[v] is the child w of v with the minimizing —M]w]. Thus, line 43 sets M[v] equal to M[u]
where v is a node minimizing —M[w], that is the maximizing of M[w], over all children of
v. So by Definition 5.6, M[v] becomes well-valued.

Now we have proved that M[v], Wv], Counter[v], H[v], and G[v] become well-valued.
Also by Definition 5.14/ other feature variables of v are always well-valued. Hence, the

lemma is proved. O

In the next lemma we summarize the previous results and we show that all nodes are

well-behaved.
Lemma 5.53 All nodes of QQ are well-behaved.

Proof. We use induction on height of nodes v of () to prove that v is well-behaved. The
base case is when v is a leaf. In this case the induction claim is true by Lemma 5.44. Now
we consider an internal node v whose all children are well-behaved and we show that v is
also well-behaved. The correctness of the second condition of Definition 5.15 for v follows
immediately from Lemma [5.46. To prove the first condition, we suppose the algorithm
makes a legal call to Visit™(v) or Visit™ (v) and we prove that after completing the execution
of these procedures the postconditions of the procedures hold, that is, the three invariants
hold and feature variables of nodes of Q[v] are well-valued. It follows by Lemma 5.45
that since the call is legal, after execution the last line of Visit™(v) or Visit™(v), the three

invariants hold and feature variables of nodes of Q[v] except perhaps v are well-valued.
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Moreover, if v is an intersection (a union) node and the procedure call is a negative-
visiting (a positive-visiting), by Lemma 5.48 (Lemma [5.51) respectively), after finishing
the execution of the procedure feature variables of v are well-valued. Also, if v is a union
(an intersection) node and the procedure call is a negative-visiting (a positive-visiting), by
Lemma [5.49 (Lemma 5.52, respectively), after last time execution of Block 11 (Block 15,
respectively) feature variables of v are well-valued. Furthermore, after this last execution
of Block [11] (Block 15, respectively), as is clear from Figure 5.3 (Figure 5.4, respectively),
the execution of the procedure is ended. So, when the algorithm finishes visiting v, feature
variables of v are also well-valued. Hence, the first condition of Definition |5.15 holds for v

and thus v is well-behaved. Consequently, all nodes are well-behaved. 0

5.4.3 Updating E

Recall from Definition /5.8 that contents of the array W are meaningful to the algorithm
only if E = e. Because of this, we do not know any way to determine if there is any
eyewitness for the root in constant time when E # e. We have designed a procedure named
UpdateE, shown in Figure 5.5, which sets E equal to e and makes necessary changes to
other variables so that all variables become well-valued. We run UpdateE every once in a
while so that if e changes, after a short delay, again W/[root| can be used to know if there is
an eyewitness for the root. The scheduling for executing this procedure will be such that
at any time t, asymptotically the overall amount of the time taken by all executions of
this procedure before time ¢ will be the same as the overall amount of the time taken by
other parts of the algorithm before time ¢. This will cause running UpdateE to increase the
running time of the algorithm just by a constant factor and for UpdateE to be executed
frequently enough so that whenever e is increased, after a short delay UpdateE is executed
and E is set equal to e.

The procedure UpdateE is a recursive procedure with one parameter which is a node
of the query tree. When UpdateE(v) is executed, for a node v, the procedure sets E := e
and modifies the feature variables of nodes in Q[v] so that they become well-valued. After
setting E := e, the procedure calls itself recursively for all children of v, if v has any

children. Next, if v is an intersection node, the procedure evaluates Counter[v] by counting
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Figure 5.5: Updating E.
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Preconditions: Invariants 1, 2, and [3 hold and all feature variables
of nodes of Q[v] except perhaps elements of the
array W are well-valued.

Changing Variables: 1. The variable E and W[u], for all nodes u in Q]v].

2. For intersection nodes u of Q[v]: Counter[u] and

Hlu].

Procedure UpdateE(node v);

begin
E:=e¢
for every child u; of v do UpdateE(u;);
switch type of v do
case leaf
‘ if pu(A]l]) = e then W[I| := f[l]; else W[] := BEG;
case _intersection node . ______ \
Counter[v] := 0;
for all children u of v do Block 16
‘ if u(Wu]) = E then Counter[v] = Counter[v] + 1;
____________________________________________________ Vs
___________________________________________________ \
if Counterlv] = d(v) and E = e then
Wil = Wl
> Block 17
else
‘ W/v] := BEG;
____________________________________________________ Vs
Rebuild H[v];
case _union node_ . __________________________
W/[v] := BEG;
for all children u of v do Block 18
‘ if u(Wlu]) = E = e then W] := W[u];
end

Postconditions: 1. E=e.

2. Invariants/1, 2, and 3 hold and all feature variables
of nodes in Q[v] are well-valued.
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the number of children u of v with u(Wu]) = E. Afterward, depending on v being a leaf,
an intersection node, or a union node, line 68, Blocks [16/ and 17, or Block 18 is executed
and, as we show in the next lemma, W|v] is evaluated so that it satisfies the four conditions
of Definition 5.8. When v is an intersection node, since the definition of H[v] being well-
valued depends on W(u], for children u of v, the algorithm rebuilds the heap H[v] from
scratch (line [70) as well.

We now prove that UpdateE may modify only its changing variables and also that if
the algorithm makes a legal call to UpdateE, after the execution of this procedure, its

postconditions hold.

Lemma 5.54 Given a node v of Q, UpdateE(v) does not modify any variable other than

changing variables listed in Figure 5.5.

Proof. We use induction on the height of v to prove the lemma. Suppose if v has
any children then the lemma is true for all children of v. It is clear from the figure that
when UpdateE(v) is called, the procedure directly changes only E, W[v], Counter[v] (if
v is an intersection node) and H[v] (if v is an intersection node). The procedure also
calls UpdateE(u), for children u of v, and hence in this recursion, by the assumption of
the lemma only changing variables of UpdateE(u) may change. But, as the definition of
changing variables of the procedure shows (Figure[5.5), given a child u of v, as nodes of Q[u]
are in @[v], changing variables of UpdateE(u) are also changing variables of UpdateE(v).
So, by executing UpdateE(v) only changing variables of UpdateE(v) are modified. OJ

Lemma 5.55 If before calling UpdateE(v), for a node v, the precondition of Figure 5.5
holds, after running it, the postconditions of the procedure listed in the figure hold.

Proof. We use induction on the height of the node v to prove the lemma. First we prove
the lemma for the base case, that is when v is a leaf, and next we discuss the induction
step.

For the case of leaves, we first discuss how W[v] becomes well-valued and then we
explain why the other postconditions hold after the execution of the procedure. When v

is a leaf, first in line (65 E is set equal to e and then line 68 determines the content to
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be assigned to W([v] exactly in the same way that line 22/ does. Then, exactly the same
argument that shows when Block [7 is executed line 22/ causes the variable W[I] to become
well-valued (the two paragraphs prior to the last paragraph in the proof of Lemma 5.38)
proves that after executing line 65 W[v] becomes well-valued.

Now we prove the other claims of the postconditions when v is a leaf. Due to what
we explained, the procedure just modifies W[v] and E. Also, by the precondition, before
executing the procedure all feature variables of v except perhaps W[v] are well-valued.
Hence, as the definition of being well-valued for feature variables of v except W[v] do
not depend on W[v| and E, after executing the procedure the other feature variables of
v are still well-valued. Furthermore, since the definitions of the three invariants do not
depend on E and W[v] (Observation 5.42) and since by the precondition before executing
the procedure these three hold, after the execution of the procedure they still hold. So the
second postcondition holds. The correctness of the first postcondition follows immediately
from the assignment on line 65.

Now we consider an internal node v and we suppose the lemma is true for every child
of v. We first prove that when reaching line 67 certain properties hold. Then we consider
two cases based on the type of the node v and we discuss the behavior of the procedure
after line 67.

We now prove that right after calling UpdateE recursively for ¢ children of v by line 66,
for 0 < ¢ < k, the following properties hold. In the following, w; is the ith child of v

considered in line 66, for every i, 1 < < k.
1. The three invariants hold.
2. E=e.

3. All feature variables of nodes in Q[u;] are well-valued,

for every 5,1 < j <.

4. All feature variables of nodes in Q[u;| except perhaps the elements of the array W

are well-valued, for every j, 1 < j <k.

5. All feature variables of v except perhaps the following variables are well-valued: the

variable W[v] and if v is an intersection node, the variables H[v] and Counter|[v].
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We use induction on ¢ to prove the above claims. To prove the base case we prove that
right after the execution of line 65/ the above claims hold for ¢« = 0. Line 65 just modifies E
and since the correctness of no invariant or definition of being well-valued for any variable
except elements of the array W depends on E, after executing this line the precondition
still holds. Thus, claims 1, 3, 4, and 5 are true. The correctness of the second claim also
follows immediately from the assignment executed in this line. So the five above claims
are true for ¢ = 0.

Next we suppose the claims are correct for ¢ — 1 and we prove that after the execution
of UpdateE(u;) the claims are true for i, 1 < i < k. By the first and the third above
claims for ¢ — 1, when calling UpdateE(u;) its precondition holds and hence as by induction
the lemma is correct for the children of v, after executing UpdateE(u;) the postcondi-
tions of UpdateE(u;) hold. Thus by the first postcondition of UpdateE(u;) after calling
UpdateE(u;), E = e and since by induction before calling UpdateE(u;) the equality E = e
held, E is not modified by UpdateE(u;). Also all changing variables of UpdateE(u;) ex-
cept E are feature variables of nodes in Q[u;]. So by executing UpdateE(u;) only feature
variables of nodes in Q[u;] are modified.

Now we consider the five claims one by one and we prove them for i. The first two
claims follow from the postconditions of UpdateE(u;). Now consider the third claim. As
mentioned, UpdateE(u;) has modified only feature variables of nodes in Q[u;]. Also, by the
third condition for ¢ — 1 feature variables of nodes of Q[u;] are well-valued before calling
UpdateE(u;), for every j, 1 < j < i — 1. Hence they are will-valued still after calling
UpdateE(u;), according to Observation 5.41. Feature variables of nodes of Q[u;] are also
well-valued by the postconditions of UpdateE(w;). Thus, the third claim is true. The proof
of the fourth claim is similar. By the fourth claim for ¢ — 1, apart from the elements of
the array W, feature variables of nodes of Q[u,], i —1 < j < k, were well-valued before
calling UpdateE(u;). Also, UpdateE(u;) has not modified feature variables of nodes of
Qlu,] for j, i < j < k. So, by Observation 5.41, after calling UpdateE(u;), except perhaps
elements of the array W, feature variables of nodes of Q[u,], i —1 < j < k, are well-valued.
Finally, consider the fifth claim. By the induction hypothesis, before calling UpdateE(u;),
feature variables of v except perhaps variables excluded in the statement of the fifth claim

are well-valued. Moreover, and except W[v] and when v is an intersection node H[v] and
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Counter|[v], the definition of being well-valued for no feature variable of v depends on the
changing variables of UpdateE(u;). Therefore, after the execution of UpdateE(u;) feature
variables of v except perhaps those excluded in the claim five are well-valued. Hence, all
five claims are correct for .

Now let us explain which parts of postconditions are derived from the correctness of the
above five claims for i = k. After executing line 66, UpdateE(v) does not call any procedure
and only modifies feature variables of v. Hence, the correctness of the first postcondition
follows from the second claim proved above for ¢ = k. Moreover since by Observation 5.42
the correctness of no invariant depends on a feature variable of an internal node, due to
the first above claim for ¢ = k, when exiting the procedure Invariants [1, 2, and 3 hold.
Furthermore, after executing line 66, due to the third claim for k& = 4, all feature variables
of all nodes in Q[v] except perhaps v are well-valued. So, by Observation 5.41 when exiting
the procedure all these variables still are well-valued as the next lines of the procedure may
modify only the feature variables of v. Consequently, it remains to prove that when exiting
the procedure, feature variables of v are also well-valued. We consider two cases depending
on whether v is a union node or an intersection node.

First suppose v is a union node. Then, similar to Block [12), in Block [18 first W([v] is set
equal to END, then if there is any child u of v satisfying u(W[u]) = E = e the statement
Wlv] := W(u] is executed. Hence, the same argument used in the proof of Lemma 5.51
shows that after the execution of Block [18 W[v] is well-valued. Other feature variables
of v were well-valued before executing the procedure and their definition of being well-
valued depends on the elements of arrays M, fi, and feature variables of v other than W/[uv].
Thus, since these variables are not changing variables, after exiting the procedure they are
well-valued. So the lemma is true in the case of union nodes.

Finally, consider the case in which v is an intersection node. In this case, in Block [16
the number of children u of v satisfying u(W[u]) = E is evaluated and saved in the variable
Counter[v]. As a result, by Definition 5.7 when reaching Block [17/ Counter[v] is well-valued.
So, as Block [17/is a copy of Block 9, by Lemma [5.47 after the execution of this block W/v]
becomes well-valued. Then, by executing line [70/ the heap H is created from scratch and
becomes well-valued. The same argument as the union case shows that the other feature

variables remain well-valued since their definition of being well-valued does not depend on
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changing variables of the procedure. Thus, the lemma is true in the case of intersection

nodes, as well. 0

5.5 The Main Algorithm

In this section we describe how different procedures we described before are combined.
There are three procedures that the algorithm alternates between calling: the negative
and the positive visit procedures and the procedure UpdateE. Figure 5.6 shows the detail.
In the “while” loop starting at line 72 the algorithm each time selects one of these three
procedures and executes it. The algorithm has two policies, explained in Sections 5.4.2
and 5.4.3, being applied simultaneously to select one of the three procedures and to execute
it.

The first policy is that the same amount of time consumed for executing UpdateE(root)
is consumed for the execution of the two visit procedures. For this purpose, the algo-
rithm uses a variable CBalance to decide whether UpdateE or the two visit procedures
have taken more time so far. As we will prove in the next chapter, the cost of ex-
ecuting UpdateE(root) is €(|leaves(Q))|) and costs of Visit™(root) and Visit™(root) are
about L~ (root) and L™ (root), respectively. So after each execution of Visit~(root) and
Visit*(root), the algorithm increases CBalance by L~ (root) and L™ (root), respectively,
and after each execution of UpdateE(root) the algorithm decreases CBalance by |leaves(Q)|.
Then, in line 77, based on CBalance being positive or not, the algorithm decides to call
UpdateE or to call one of the two visit procedures.

The next policy is that the same amounts of the time are consumed for the execution of
Visit~ (root) and for the execution of Visit™ (root). Hence, the algorithm considers another
variable VBalance to decide which of the two visit procedures has taken less time so far and
so should be selected. Thus, after each execution of Visit™ (root) the algorithm increases
VBalance by L~ (root) and after each execution of Visit™(root) the algorithm decreases
VBalance by L*(root). Then, when the algorithm decides not to execute UpdateE and
instead run one of the two visit procedures, in line [79 based on VBalance being positive or
not, the algorithm decides to call Visit*(root) or to call Visit™ (root).

We now explain the heading part of the “while” loop, before line [77. As can be seen, in
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Figure 5.6: The main algorithm
begin
71 Initialize();
VBalance := CBalance := 0;
72 | whilee<oodo __________________________________________
73 if u(Wiroot]) = E = e and there is a speedy leaf then
74 while p(A]sl(Q)]) < e do Block 19
75 ‘ Gallop(sl(Q));
76 UpdateC;
7 if CBalance>0then ___________________________________
78 UpdateE(root);
CBalance := CBalance — |leaves(Q)|; Block 20
else

79 if VBalance > 0 then
80 Visit; (root);

VBalance := VBalance — L (root);

CBalance := CBalance + L (root);

else

81 Visit; (root);

VBalance := VBalance + L~ (root);

CBalance := CBalance + L™ (root);
82 while there is a speedy leaf and A[sl(Q))] # END do
83

| Gallop(sl(Q));

end
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the “while” loop starting at line[72) the algorithm calls the procedure UpdateC once (line 76)
to increase e if possible, before selecting one of the aforementioned three procedures. But
due to the third precondition of UpdateC, when p(W[root]) = e the algorithm needs
to satiate the speedy leaf (if it exists) before calling UpdateC. Hence, in this situation
repeatedly the algorithm calls Gallop(sl(@)) (line [75) until the speedy leaf is satiated.
Each time that Gallop(sl(®)) is executed, more objects of the speedy leaf with values less
than e become scanned and thus, as we will prove more formally in the next chapter,
ultimately at some point the speedy leaf becomes satiated.

The last point about the algorithm is how to initialize the variables so that they become
well-valued. As can be seen, as the first command, the algorithm calls the procedure
Initialize on line [71. The procedure Initialize is shown in Figure 5.7. In the next lemma

we explain how every variable is initialized and why variables become well-valued.

Lemma 5.56 After the execution of the procedure Initialize all variables are well-valued

and Invariants'1, 12, and '3 hold.

Proof. We first consider the variables and the arrays of the algorithm one by one and then
we discuss the correctness of the three invariants, one after another. By Definition 5.14
variables e, es, ®, and f[l], for leaves [ of @), are always well-valued. Also, E and e both
are set equal to —oo (line 85) and hence E becomes well-valued (Definition [5.7). Then, for
every node v, W[v] is set equal to BEG (line 87). So, as e = —oo by Definition 5.8 elements
of the array W are well-valued, as well.

We now prove that after executing the loop of line 89 M[v] becomes well-valued, for
every node v of N(Q). For every leaf [ in N(Q), M[] is set equal to p(fi[l]) (line 91) and
hence by Definition 5.6/ it becomes well-valued. For an internal node v, depending on v
being a union or an intersection node, M[v] is set equal to the minimum or the maximum
of M[u], for children u of v in N(Q), (lines 92 and 93) and so it becomes well-valued
(Definition 5.6). Also, since the loop of line 89 considers nodes of ) in order of height,
when executing the “switch” of line 90, this switch has already been run for children of v
and hence after initializing M[v], M[u], for children u of v, is not going to change in this
loop. Hence after executing the loop, depending on v being a union or an intersection
node, M[v] is still equal to the minimum or the maximum of M[u], for all children u of v
in N(Q), and so by definition it is well-valued.
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Figure 5.7: Initializing variables
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Procedure Initialize;
begin

for every leaf | of @ do Step[l] := 1;

E:=e:=6:= —x;

® := the empty sequence;

for every node v of Q do W[v] := BEG;

for every leaf | of @ do A[l] := the first object of [;

for every internal node v of N(Q), starting from nodes with lower heights do

switch type of the node v do
case leaf node

M[v] := p(A[l]);

case union node

M |v] := min, M (u) over all children u of v in N(Q);
case intersection node

M v] := max, M (u) over all children u of v in N(Q);
for every intersection node v of (Q do
Counter|[v] := the number of children of v;
for every internal node v of @ do Build H[v];
for every intersection node v of @ do Build G[v];

for internal node v do Credit|v]:=0;
end
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We now prove the rest of variables becomes well-valued. For every intersection node v,
in the loop of line 94 Counter[v] is set equal to the degree of v and since for every child u
of v, u(Wlu]) = p(BEG) = —oo = E, after this assignment Counter[v] shows the number
of children u of v satisfying u(W[u]) = E. Hence, by Definition 5.9 elements of the array
Counter becomes well-valued. Next, the heap H[v], for internal nodes v of N(Q), and the
heap G[u], for intersection nodes u of @, are build from scratch at the end of the procedure
and so they becomes well-valued. Consequently, all variables are well-valued at the end.

Now we prove that when exiting the procedure Invariant 1/ is true by showing that at
the end of the procedure C is an eliminating configuration satisfying the three conditions
of Definition 3.5. As e and e are set to —oo (line 85), the inequality es < e holds and thus
by Definition 3.2 C is an eliminating configuration. Furthermore, for every value a which
is in the value set of the root in I or is in the value set of the root in N(I), a £ —oc0 = e,
a £ —o0 = e, and a is not the value of any object in the expansion of ® as ® is set equal
to the empty sequence (line [86). Hence, the first two conditions of Definition 3.5 are met.
Also, since by Definition [3.1 the empty sequence is a partial solution, the third condition
is also satisfied. Therefore, C is valid and so Invariant [1/is satisfied.

Finally we prove the correctness of the other two invariants at the end. The correctness
of Invariant 2! follows from the fact that for every leaf [ fi[l] is set equal to the first object
of [ (line 88) and hence by Definition [5.1] after this assignment there is no scanned object.
Now we show that Invariant 3 also holds. At the end of the execution of the procedure,
es = —oo and thus if there is a speedy leaf, the first object of sl(Q) is the smallest object
of sI(Q)) with a value at least es. So, by Lemma 3.1), find(I, sl(Q), es) equals the first object
of sl(Q). Therefore, as fi[sl(Q)] is set equal to the first object of sl(Q), the invariant is

satisfied when the procedure exits. O

To show the correctness of the algorithm, we prove that after initializing the variables,
and before executing the “while” loop of line 82, after executing every single line of Fig-
ure 5.6/ all variables remain well-valued and the three invariants hold. We first prove this
claim for lines 75 and [76. Then using these results we prove the claim for other lines in
Lemma 5.59.

Lemma 5.57 Suppose before executing the “while” loop of line |7/ all variables are well-



5.5. THE MAIN ALGORITHM 205

valued and the three invariants hold. Then, after each execution of line 75 all variables are

still well-valued and the three invariants still hold.

Proof. We first prove that if before executing line 75 the three invariants hold and all
variables are well-valued, after executing line [75 all feature variables of the speedy leaf are
well-valued and the three invariants will hold. Then we discuss the variables other than
feature variables of the speedy leaf.

Now we present the first part of the proof, as explained. Since by assumption before
executing line [75 the three invariants hold, when executing line 75 the precondition of
Gallop(sl(®)) (Figure 5.2) is met. So, by Lemma [5.38 after executing Gallop(sl/(Q))) on
line (75 its postconditions hold, that is, the three invariants are correct and W([sl(Q)]
and MI[sl(Q)] are well-valued. Also, f[sl(Q)] and Step[sl(Q)] are always well-valued by
Definition [5.14. So, by Definition 5.13 all feature variables of the speedy leaf are well-
valued.

We first prove that after the execution of line 75 feature variables of all nodes except
perhaps the root and the speedy leaf are well-valued. Next we discuss feature variables
of the root and finally we prove the claim for the variable E. By Observation 5.37 by
executing Gallop(/) only changing variables of Gallop(sl(Q)), that is feature variables of
sl(Q) and es and ®, may be modified. Hence, given a node v of ) other than the root and
the speedy leaf, since sl(Q)) is not v nor a child of v, by executing line [75| feature variables
of v nor any child of v change. So, as before executing line [75 all feature variables of v are
well-valued, by Lemma 5.40/ after the execution of this line all feature variables of v are
still well-valued.

Now we show that by executing line 75/ feature variables of the root also becomes well-
valued. Since there is a speedy leaf, by Definition 2.23| the root is a union node. Also, a
speedy leaf by definition is not in N(Q). Hence, definitions of M[root] and H|root] being
well-valued (Definitions 5.6/ and [5.10) do not depend on any feature variable of the speedy
leaf. So, the only feature variable of the root whose definition of being well-value depends
on a variable of the speedy leaf is W(root].

We now prove that Wiroot] also remains well-valued. After checking the condition
on line 73| and before entering the “while” loop of line [74, by the condition checked on

line [73] u(W[root]) = e and so as the root is a union node and Wiroot| is well-valued,
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by Definition 5.8 one of the following three conditions hold: E # e, e € {—o00, 0}, or
u(Wlu]) = e, for a child u of v. If one of the first two conditions hold, then as e and E
are not changing variables of the procedure Gallop, after each execution of line 75 these
conditions still hold and hence W[root| remains well-valued, by definition. So we suppose
these two conditions are false and thus the third one is true, that is, e = E, e & {—00, o0},
and p(Wl[u]) = e, for a child u of the root. We now show that u is not the speedy leaf.
Since line (75! is executed, by the condition check on line [74] before entering the “while”
loop of line [74] p(A[sl(@Q)]) # e. Thus, as before entering the “while” loop of line [74 by
assumption W[sl(Q)] was well-valued and by assumption e = E and e ¢ {—o00,00}, by
Definition 5.8 u(W[sl(Q)]) # e. Hence, u # sl(Q) and thus W[u|, as well as W]root], is
not a changing variable of Gallop(sl(Q)). Therefore, after each execution of Gallop(sl(Q)),
pu(Wroot]) = p(W[u|) = e and so Wiroot] is well-valued.

Since by Definition 5.14, variables other than feature variables of the nodes of @) and
E are always well-valued, it just remains to prove that E is well-valued when exiting the
procedure Gallop. The correctness of this claim follows from the facts that the definition
of E being well-valued just depends on E and e and by Observation [5.37 these two variables

are not modified by the procedure Gallop. Hence, the lemma is correct. O]

Lemma 5.58 Suppose before executing line 76 all variables are well-valued and the three
invariants hold. Then, after executing this line all variables are still well-valued and the

three invariants still hold.

Proof. We first prove that when line 76 calls UpdateC, the preconditions of UpdateC
hold and then using the postconditions of UpdateC we show that after executing the
procedure UpdateC, the three invariants holds and all variables are well-valued. The first
two preconditions of UpdateC hold by assumption. So let us prove the third precondition,
that is, if u(W[root]) = E = e and a speedy leaf exists, the speedy leaf is satiated. As it is
clear from the algorithm, before executing line [76, Block [19 is executed. We consider two
cases based on the condition checked on line 73/ being true or false when executing Block [19.
First suppose that condition is false and so either there is no speedy leaf or the statement
u(Wiroot]) = E = e is false. Then, after this condition check, line [76 is immediately

executed and so when executing line 76 the third precondition is satisfied. Now consider
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the other case, in which when executing line 73/ its condition was true and so the “while”
loop inside Block 19 is executed. Therefore, due to the condition checked on line [74, when
finishing executing this “while” loop and starting executing line [76, p(f[sl(Q)]) > e . Also,
by assumption just before executing line 76 the three invariants hold. Thus, by Lemma 5.4
the speedy leaf is satiated at that time. Hence, the third precondition of UpdateC holds
in this case, as well.

Now we prove that after executing UpdateC the three invariants hold and all vari-
ables are well-valued. Since we proved before calling UpdateC its preconditions hold, by
Lemma 5.29, after the execution of UpdateC its postconditions hold and thus the three
invariants are true. Also, by the Lemma 5.29 only changing variables of UpdateC, that is
C and £[sl(Q)], are modified by UpdateC. Except the variable E and elements of the arrays
W and H, the definition of of being well-valued for no variable depends on C, that is on e,
es, or & (Table5.1). Also, definitions of being well-valued for E and elements of the arrays
W and H do not depend on e nor ®. Thus, it suffices to discuss the situations in which e
or fi[sl(@)] is modified.

We first prove it suffices to prove that if e changes then elements of the arrays W and H
and the variable E remain well-valued. To prove this, let us first discuss the possible changes
to ffsl(@)]. As Table 5.1l shows, the definition of being well-valued for only elements of M
and W depend on the elements of the array fi. Also, by Definition [5.6, given two nodes
v and u, the definition of M[v] being well-valued depends on fiju] only if v = v and v is
in N(Q). So, as the speedy leaf is not N(Q), the definition of being well-valued for no
element of the array M depends on fi[sl(Q)]. Furthermore the only place in the procedure
UpdateC that modifies fi[sl(Q)] is in Block 4/ and when this block is executed, due to line 6
e is also modified. Hence it suffices to show that if e changes then the elements of the
arrays W and H and the variable E remain well-valued.

We now discuss elements of the arrays W and H, in that order. We first show that if e is
modified, its value is increased. Having proved this fact, as before executing the procedure
by Definition [5.7 the inequality E < e holds and E is not a changing variable of UpdateC, if
e is increased then after executing the procedure e > E and thus by Definition 5.8 elements
of the array W are well-valued. We then discuss the array H. To prove that UpdateC may

only increase e, we consider the only two lines of UpdateC that may modify e. The first
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line is line 2/ which is executed only if M[root] > e (by the condition checked on line [1)) and
then it sets e := M[root]. So by executing this line e is increased. The other one is line |6
which sets e := e+ and hence increases e. So, as explained, after exiting the procedure
elements of the array W are well-valued. Now consider the array H. Given an internal
node v, if v is a union node, the definition of H[v] being well-valued (Definition 5.10) does
not depend on e. So suppose v is an intersection node. We proved if e is modified the
inequality E # e will hold. Thus, in this case by Definition 5.11/ the keys of all children of
v in H[v] are up-to-date and hence H|v] is well-valued. So, by changing e the elements of
the array H do not stop being well-valued.

Finally, we now prove that after exiting UpdateC, E is well-valued, that is, E < e. The
correctness of this claim follows form the facts by Definition 5.7 before executing UpdateC
E < e, UpdateC does not change E, and, as we proved, if e is modified then its value is

increased. O

Lemma 5.59 After initializing the variables in line 71 and before executing the “while”
loop of line 82, after executing every line in Figure 5.6 all variables are well-valued and
Invariants 1, 2, and '3 hold.

Proof.  Since by Lemma 5.56/ after executing line 71/ the three invariants hold and all
variables are well-valued, it suffices to show that for every line ¢ of Figure 5.6/ executed
after line 71/ and before line 82, if before executing line ¢ the three invariants hold and
all variables are well-valued, after executing line ¢, these conditions still hold. Since a
non-procedure call line in Figure 5.6 does not modify any variable except local variables,
we prove the aforementioned property just for procedure call lines.

We now consider procedure call lines of Figure 5.6, except lines 71 and 83, one by one.
The aforementioned properties for lines 75 and 76/ are proved in Lemmas [5.57 and 5.58,
respectively. Now consider line [78. It follows from Lemma 5.55 that after executing
UpdateE(root) on this line, the postconditions of UpdateE(root) hold. So, by the second
postcondition of UpdateE(root), all feature variables of all nodes are well-valued and the
three invariants hold. Moreover, by the first postcondition of UpdateE(root), E = e and
so by Definition 5.7/ E is also well-valued. Hence, it follows from Definition 5.14/ that all

variables are well-valued.



5.5. THE MAIN ALGORITHM 209

We now prove these properties for lines 80/ and 81. Since we are considering the situa-
tions in which before executing these lines, which are calls to Visit~(root) and Visit™(root),
Invariants 1, 2, and 3/ hold and all variables are well-valued, the procedure calls are legal.
Thus, as by Lemma [5.53| the root is well-behaved, by the first condition of Definition 5.15
after executing these lines the postconditions stated in Figures 5.3 hold. Hence, after the
execution of these lines the three invariants hold and feature variables of all nodes are
well-valued. Also, the definition of E being well-valued just depends on E and e and as
these two variables are not changing variables of Visit™(root) and Visit™(root), they are
not modified by these procedures, as proved in Lemma [5.43. Hence, after executing each
of these procedures, E remains well-valued. In addition, the variables of the algorithm
other than the feature variables of the nodes and E are always well-valued, according to

Definition [5.14. So, all variables are well-valued after executing lines 80 and [81. 0

Now we prove that the algorithm works correctly.

Theorem 5.60 If the algorithm stops executing, the expansion of ® is a solution to the

mstance.

Proof. We prove that when the algorithm exits C is valid and all objects are C-eliminated.
Then, the correctness of the theorem follows from Lemma [3.9. To prove these facts we
first prove that when the procedure exits the three invariants are true.

We now prove that after the “while” loop of line 82, the three invariants hold and then
we conclude that at that time C is valid. By Lemma 5.59 after executing the last line in
Figure 5.6 before the ‘while” loop of line 82, the three invariants hold and all variables
are well-valued. Hence, the postconditions of Gallop(sl(Q)) are true. Also, if before exe-
cuting line 83 the postconditions of Gallop(sl(Q)) hold, since the set of preconditions of
Gallop(sl(Q)) is a subset of the set of its postconditions, all preconditions of Gallop hold.
Therefore, by Lemma [5.38 after the execution of Gallop(sl(Q))) its postconditions still hold.
Hence, after each execution of Gallop(sl(@®)), its postconditions remain satisfied. There-
fore, when the algorithm exits, the postconditions of Gallop(sl(Q)) are true and thus the
three invariants are correct. Now, the correctness of the claim that C is valid when the

algorithm finishes its execution follows from the correctness of Invariant [1! at that time.
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Now we prove that when the procedure exits all objects are C-eliminated. By the
condition checked on line [72, when the algorithm stops the execution of the “while” loop
of line 72, e = co. Consequently, as e is not a changing variable of the procedure Gallop
and so line 83/ does not modify e, when the algorithm exits, e = co and hence values of
all objects are less than e. Thus, as non-speedy leaves are in N(Q), by Definition 3.3 all
objects of non-speedy leaves are eliminated. So, it remains to prove that if there is a speedy
leaf, all of its objects are eliminated. As we proved, when exiting the algorithm Invariant 3
holds and so A[sl(Q)] = find(I,sl(Q),es). Moreover, by the condition checked on line 82,
when the algorithm stops, if there is a speedy leaf then fi[sl(Q)] = END. As a result, if
there is any speedy leaf, when the algorithm exits, find(I,sl(Q),es) = END. Therefore, if
there is a speedy leaf, by Lemma 3.1/ values of all of its objects are less than es and thus by
Definition 3.3 all objects of the speedy leaf are eliminated. Hence, at the end all objects

are C-eliminated and C is valid. So, by Lemma 3.9 the theorem is correct. O

Now we have proved that if the algorithm finishes its execution, the expansion of ®
is a solution to the instance and thus the algorithm has correctly solved the problem
for the given instance. In the next chapter we show that the algorithm stops executing
after the elapsing of at most an amount of the time that is close to the difficulty of the

instance.



Chapter 6

The Scaled Running Time

In this chapter, given an instance I = (Q,w, ) in which @ is a normalized query tree with
at most one speedy leaf, we analyze the running time of the algorithm on /. We first in
Section 6.1/ show how we can approximate the running time of the algorithm using the
number of times that the procedure Gallop is called. Then in Section 6.2l we compare the
number of times that the procedure Gallop is called with the difficulty of the instance. In

the expressions, we will use “root” to denote the root of Q).

6.1 Calls to Gallop

As the first step towards analyzing the running time of the algorithm, in this section we
reduce the problem of evaluating the running time to the problem of counting the number of
times that the procedure Gallop is called. We first discuss the time consumed by executing
visit procedures and then we study the total time taken by the algorithm.

The number of times that the procedure Gallop is called during an execution of one of
the visit procedures depends on, and in fact is controlled by, the contents of the elements
of the array Credit. It is possible that during one execution of Visit™(v), for a union node
v, after increasing Credit[v], because of the smallness of the value stored in Credit[v], the
algorithm does not visit any child of v and exits immediately. On the other hand, it is
also possible that during another execution of Visit™(v), for the same node v, due to the

large value stored in Credit[v] the algorithm has the chance to call the procedure Gallop

211
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for a large number of times. So, to study the number of times that Gallop is called, when
considering an execution of Visit™, in addition to the number of times that the procedure
Gallop is called during that execution, the amounts by which integers stored in elements of
the array Credit are increased (or decreased) are our concerns, as well. At any time during
the execution of the algorithm, we define the credit of an internal node v as the value of
the variable Credit[v]. We define the leaf-cost of an execution of Visit™ (v) or Visit™ (v), for
a node v of (), as the number of times that Gallop is called during that execution plus the
amount by which the sum of the credits of intersection and union nodes is increased (the
amount can be negative). To present an equivalent definition, suppose at any time during
the execution of the algorithm LeafCost denotes the number of times that the procedure
Gallop is called up to that time plus >
algorithm, let us use LeafCost'®) to denote the value of LeafCost at a specific time t. Then,

venodes(@) Credit[v]. Just like regular variables of the
if bef and aft are the times just before and just after an execution of one of the two visit
procedures, the leaf-cost of that execution is evaluated as LeafCost'®® — LeafCost"".
Now we define a number of definitions and notation. Given a leaf [, Gallop(/) only may
be called directly by Visit™ (1), Visit™(l), and the main algorithm. We denote the number
of times that Gallop(l), for a leaf [, is called by Visit™({), Visit*(l), and the main algorithm

by g5, g5, and ¢!, respectively. Also we define g~ = Z,Ue]eaves(@ gy, 9" = Zve]eaves(Q) 9u s

sl __

g = ZUE]eaVQS(Q) gl and g = g~ + g™ + ¢®. Then, g is the total number of times that the
procedure Gallop is called. Also, an execution of Visit™(root) or Visit*(root) is called a
round. Thus, as the concept of the leaf-cost is already defined for executions of the visit
procedures, we can talk about the leaf-cost of a round. Finally, given a node v of @), we
define d(v), U,, and Z, as the number of children of v, the set of proper ancestors of v
that are union nodes, and the set of proper ancestors of v that are intersection nodes,
respectively.

As the first step, as explained, we study the number of times that Gallop is called by
the two visit algorithms. Since after initialization the credits of the nodes are only modified
by the visit procedures, it can be proved that the sum of leaf-costs of all rounds of the
algorithm is the number of calls to the procedure Gallop by the visit procedures plus the
amount by which the sum of credits of all nodes is increased throughout the algorithm. In

the next lemma we prove that the sum of credits of all nodes is increased by a value only
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depending on () and then we discuss how to evaluate the sum of leaf-costs of all rounds of
the algorithm. In this way, we will be able to evaluate the number of calls to the Gallop
procedure by the two visit procedures. Our upper bound on the integer by which the credit
of a node is increased is defined as follows. Suppose v is an internal node with m children
Uy, .., Upy. Then, we define L, (v) and L}, (v) as follows. Recall the definition of

max max

workload functions (Definition 2.27).

Lypax(v) = max L™ (u,)
+ _ - +(,,.
Lmax (U) - 12113“;51 L (ul)

In the next lemma we prove that the two functions L, and L{ _ _ evaluate an upper bound

on credits of the union nodes and the intersection nodes, respectively.

Lemma 6.1 If v is a node of Q not being visited, the credit of v is at most L. (v) if v

max

is a union node, and it is at most L (v), otherwise.

Proof.  We present the proof for union nodes. The proof for intersection nodes will be
similar: It suffices to exchange all occurrences of “union”, “Visit™”, “L~" , and “L,,, .~ with
“Intersection”, “Visit*?”, “L*” and “L{ ", respectively. At the beginning of the algorithm,
all credits are set equal to zero (line 95). After that, Credit[v] is only modified directly by
Visit~(v) and Visit™ (v). Also, Visit*(v) modifies the credit of v only if v is an intersection
node. So we just consider calls to Visit~(v). As v is a union node, because of the condition
checked on line [38, Visit™(v) does not exit unless the credit of v is less than L~ (u), for a

child u of v. Also, by definition L~ (w) < L,

max

(v), for every child w of v. Hence, after each

execution of Visit™(v) the credit of v is at most L, (v). So, the lemma is correct. O

max

Now we can give an upper bound on the sum of credits of all nodes. The next obser-

vation follows immediately from Lemma 6.1.

Observation 6.2 If no node is being visited, the sum of credits of all nodes is at most Ly,

where Ly, is defined as follows.

Ly = Z LI:]&X(U) + Z Lr—gax(u)

v€unions(Q) vEintersections(Q)
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Next we explain how the leaf-cost of a round is evaluated.
Lemma 6.3 For every node v the leaf-cost of a call to Visit(v) is L™ (v).

Proof. 'We use induction on the height of v to prove the lemma. If v is a leaf, the procedure
calls Gallop once (line 27) and does not change the credit of any node. Thus, the leaf-cost
of the call is one. Also, as v is a leaf, by Definition 2.27 L~ (v) equals one and so the lemma
is correct in this case. Now suppose v is an internal node and the lemma is true for all
children of v.

First suppose v is an intersection node. Then, in the loop of line 28, for every child «
of v the procedure Visit™(u) is called once. Suppose uy, ..., u, are children of v in the
order considered in this loop and for every i, 1 < ¢ < m, bef; and aft; are the times just
before and just after executing Visit~(u;). Also, suppose befy and aft,,; are the times
just before and just after executing Visit~(v). When v is a union node, Visit~(v) does not
change the array Credit or call the procedure Gallop directly. Hence, while running the
procedure, before time bef;, or after time aft,,, or between the times aft;_; and bef;, for
any i, 2 < i < m the array Credit is not modified and the procedure Gallop is not called.
Therefore, LeafCost"*) = LeafCost"*™ | LeafCost'®®™) = LeafCost'®+!) and for every i,
2 < i < m, LeafCost"®® = LeafCost®®~1). Also, by induction the leaf-cost of the call
Visit ™ (u;) is L™ (u;) and thus LeafCost ™) — eafCost ") = L~ (u;), for every i, 1 < i < m.

Hence,

LeafCost®tm+1) _ | eafCost(Pel0)
LeafCost @) _ | eafCost(P*)
(
(

LeafCost®) _ | eafCost(Pef) + S i LeafCost®) _ eafCost (®ti-1)
—  LeafCost®®) _ LeafCost®h) 1 ZQSiSm LeafCost @) _ | eafCost(Peh)
5 oo LeafCost ™)  LeafCost 0

= Dicicm L (w).

In addition, as v is an intersection node, the sum of L~ (u;), for all children u; of v, equals
L~ (v) (Definition 2.27). Therefore, LeafCost®®+) — |eafCost*®® = L=(v) and so the
leaf-cost of the call to Visit™(v) is L™ (v).
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Now suppose v is a union node and consider the times bef and aft just before and
just after calling the procedure. At the beginning, the credit of v is increased by L~ (v)
(line 36) and thus after this setting LeafCost = LeafCost*®? + L=(v). Then, for a number of
iterations, a child u is selected and Block [11/is executed. We claim that after each execution
of this block, still LeafCost = LeafCost**) + L~ (v). So, suppose the algorithm has chosen
a child u of v and is going to execute Block 11/ while LeafCost = LeafCost*® + L~ (v).
Then, in line 39 first Visit~(u) is executed and so as by induction the leaf-cost of this
call is L™ (u), after the execution of Visit™(u) LeafCost = LeafCost™™ + L=(v) 4+ L~ (u).
Then, the assignment on line 40) decreases the credit of v by L~ (u) and hence after this line
again LeafCost = LeafCost"™ + L~ (v). Thus as the next lines of the block do not call any
procedure or modify the credit of any node, after the execution of the block LeafCost =
LeafCost'” + L= (v). So, when the procedure exits LeafCost = LeafCost*™ + L~(v) and
thus the leaf-cost equals L~ (v). O

By exchanging all occurrences of the terms “union”, “Visit™”, and “L~" with the terms
“Intersection”, “Visit™”, and “L*”, respectively, replacing line numbers 27, 28, 36, 139, and 40
with line numbers 46, 47, 52, 56, and 57, respectively, and replacing the block number 11
with [15/in the proof of the previous lemma, the following lemma is proved.

Lemma 6.4 For every node v the leaf-cost of a call to Visit™ (v) is LT (v). O

Now to express the running time of the algorithm in terms of g, we first express the
number of times that the visit procedures are called in terms of g and then we consider
the cost of each call to the visit procedures. We first consider the negative visit procedure
and first we count the number of times that the procedure is called for union nodes. At
any time during the execution of the algorithm, we use UnionCall to denote the number
of calls to the procedure Visit™(v) such that v is a union node, up to that time.

We now explain how we estimate the value of UnionCall. While executing the procedure
Visit~, Gallop is called directly only by Visit™ (1), for leaves [ of the query tree. Thus, we
try to estimate the value of UnionCall in terms of the number of times that leaves are
negative-visited. Whenever a union node is negative-visited, the credit of v is increased
by L~ (v), intuitively meaning that L~(v) times leaves of the subtree Q[v] can be visited.

Thus, given a leaf [ of Q[v], every visit to the leaf [ corresponds to L%(v) visits to the node
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v. Hence, given a leaf [ of (), as by definition U is the set of all proper ancestors of [ that

1@). So, given a node v, we define

are union nodes, one negative-visit to [ costs Zveu(l) =

Ci(v):Zueu(v) L*l(U) (6.1)

Due to the above explanations, intuitively, in order to have an upper bound on UnionCall,
it suffices to evaluate the number of times that leaves are visited and then multiply this
number by the maximum of C~(I), over all leaves [ of ). Now we use the following tech-
nique to prove this fact formally. For every node u we consider a variable x; (u) which is
initially zero. Whenever the algorithm attempts to call Visit™ (u), for a node u other than
the root, we increase x; (u) by L™ (u)C~ (u) and we decrease x; (v) by L™ (u)C™~ (v), where
v is the parent of w. In this way, as the next lemma shows, the sum of x; (v), for nodes v
of (), can be used to evaluate the number of times that Visit™ is called for union nodes.
Also, as our approach for updating the variables x;,” shows, as the algorithm proceeds, we
decrease x; (v), for nodes v with greater heights, and we increase x; (v), for nodes v with
smaller heights and so ultimately x; (v), for internal nodes, becomes almost zero. Hence,
at the end of the algorithm we can use the sum of x; ({), for leaves [ to estimate UnionCall.
Also, given a leaf [, as our method for updating x; (/) shows, the value of x; ({) is the
number of times that [ is negative-visited multiplied by C~(v). Thus, intuitively, in this
way it is proved that in order to evaluate an upper bound on UnionCall, it suffices to
evaluate the number of times that leaves are visited and then multiply this number by the
maximum value of C™ (1), over all leaves [ of (). Recall the definition of the function unions

from Section 2.2.1.

Lemma 6.5 At the end of the execution of the algorithm, the following equality holds.

, _ Credit[v]
UnionCall = Z x; (v) + Z )
vEnodes(Q) v€unions(Q)
Proof. ~ We first discuss how the variables UnionCall and x, are changed and then we
show that by changing these variables, the credit of nodes are also modified so that the

equality remains satisfied. The credits of union nodes, after initialization in the procedure
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Initialize, are only modified by the procedure Visit™, as explained before. The value of
each of the variables UnionCall and x; (v), for nodes v of @), is only changed when the
algorithm attempts to call the procedure Visit™. Hence, while considering each of the
above variables, we explain how that variables is modified for each call to the procedure
Visit™.

We start from the variables x; (w), for nodes w of (), and we investigate the changes to
the result of the expression ) x; (w) by each attempt to call Visit™(u), for a node u of
(). Suppose that Visit~(u), for a node u of @, is being called. We consider several cases for
w. If u is the root no change happens to variables y; (w), for any node w of Q). If u is not
root, and v is the parent of w, x; (u) is increased by L~ (u)C™(u) and yx; (v) is decreased
by L™ (u)C~(v). Therefore, >  x; (w) is increased by L™ (u)(C~(u) — C~(v)). Now first
consider the case in which v is a union node. Then, every proper ancestor of u except v is
also a proper ancestor of v and so it follows from the definition that U4, = U, U{v}. Thus,

by Equation 6.1

Next suppose v is an intersection node. Then the sets of proper ancestors of v and
u that are union nodes are the same and thus U, = U,. Hence, due to Equation 6.1,
C~(u) = C(v) and so the result of > x, (w) remains unchanged. Consequently the
result of the expression > X, (w) is modified only when Visit™(u), for a node u of @
other than the root, is called and the parent v of u is a union node.

Now let us study the situation when Visit™(u), for a node u of @, is called and the
parent v of u is a union node. The procedure Visit™ is only called in lines 28, 39, and
line 81 When line 28 calls Visit™(u), the parent v of u is an intersection node. Also,
line 81 only calls Visit~(root). But when line 39 is executed and Visit~(u) is called, the

parent v of u is a union node. Thus the only procedure call that causes the result of the
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expression » . X, (w) to change is the procedure call Visit™(u) of line 39 that increases

> ow X (w) by i:(fg, where v is the parent of u, as explained.

Next we explore the changes to UnionCall. UnionCall by its definition is increased
only when Visit™(v), for a union node v is called. When Visit~(v), for a union node v, is
called line 36 is executed once. Also, line 36! is executed only after the algorithm starts to
execute Visit~ (v), for a union node v. Hence, at the end of the execution of the algorithm
UnionCall is the number of times that line 36 is executed.

Having explored changes to the expressions ) |, x; (w) and UnionCall, we now introduce
a new variable Changes, which is initially zero, to record the changes to the expression
UnionCall — ) x; (w). Recall that, as we proved, the only possible change to the result
of the expression ) x; (w) is due to the execution of line39. After every time that line 39

is executed and so, as we showed, ) X, (w) is increased by i:gﬁ; , we decrease Changes

by E:Ezi . Also, every time that line 36/ is executed and so UnionCall is increased by one
we also increase Changes by one. Therefore, at the end of the algorithm, the value of
Changes shows the result of the expression UnionCall — " x; (w). Thus, to prove the

lemma, it suffices to show that at the end of the algorithm Changes stores the value of

Credit[w]
Zweunions(Q) L= (w) * .
We now prove that at the end of the algorithm Changes = ¢ ins0) Cf_d—&[};’]. The

avriable Credit[v], for a union node v, is only modified by Visit~(v) on lines 36/ and 40.

Line 36 increases Credit[v] by L™ (v), that is, increases >, nions(0) Ciefjéizf]

the same time we are increasing Changes by one, as well. Also, line 40 decreases Credit[v]
by L~ (u), for a child u of v, that is decreases > Creditlu] 1y, i:g”g, and just before

wé€unions(Q) L~ (w) v

by one and at

executing line 39, we have decreased Changes by i:gzg . So, Changes and 3, c ,ions(0) Cie_dztl[ﬁ]
are always increased by the same amount. Also, both of these two are initially zero.
Consequently, at the end of the execution of the algorithm,
Credit
UnionCall — g X; (w) = Changes = Z %IB)U]

we€unions(Q)
and thus

UnionCall = Z x; (w) + Z C;JLEZE@)U].

weEunions(Q)
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Hence, the lemma is correct. O

Now we evaluate the value of x; (v), for nodes v of @), at the end of the algorithm. We

first discuss the case of union nodes v and then we consider intersection nodes wv.

Lemma 6.6 Given a union node v, the equality x; (v) = Credit[v]C~ (v) holds at the end
of the algorithm.

Proof. Let us track all possible changes to Credit[v] and x; (v) and see why the equation
holds. Due to line 95, after initialization of the variables, Creditfv] = 0 and thus the
equation x; (v) = Credit[v] = 0 holds. Also, after initialization, the credits of the nodes
only are modified by visit procedures and, as Figure 5.4/ shows, Visit™ only modifies credit
of intersection nodes. Hence, since v is union node, a change to Credit[v] may only happen
in the procedure Visit™ by one of lines 40 or [36, that is right after Visit™(v) starts its
execution or or right after Visit™(u), for a child u of v, finishes its execution. In addition,
a change to x; (v) only happens when Visit~(v) or Visit™ (u), for a child u of v, is called.
Due to these facts we only consider effects of calls to Visit™(v) and Visit™ (u), for children
u of v, on these two variables.

We first consider the effect of a call to Visit™(v) in each of the two cases that v is the
root and v is not the root, separately, and then we consider the effect of a call to Visit™ (u),
for children u of v. If v is the root, U, = () and thus by definition C~(v) = 0. Hence,
as X; (v) always increases by a factor of C~(v), both sides of the equality claimed in the
lemma always remain zero. If v is not root, by executing Visit™(v) the variable y; (v) is
increased by L~ (v)C~(v) and after starting the execution of Visit™ (v), line 36l increases
Credit[v] by L~ (v). Hence, both of the two sides of the equality are increased by the same
value. Now we consider the effect of a call to Visit™ (u), for a child u of v. When calling
Visit™ (u), for a child u of v, we decrease x; (v) by L~ (u)C~(v) and after the execution of
Visit™ (u), line 40 decreases Credit[v] by L~ (u). So, again the two sides of the equality are
decreased by the same amount. Hence, at the end of the algorithm the equality holds. [

Lemma 6.7 Ewvery time that the negative algorithm exits Visit™ (v), where v is an inter-

section node, x; (v) is equal to zero.
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Proof.  We consider two cases v = root and v # root. If v is the root x; (v) is always
changed by a factor of C~(v) which is zero and so always x; (v) = 0. Now suppose v is
not the root and has m children wy, ..., u,,. After calling Visit~(v), x; (v) is increased by
L~ (v)C~(v). Then, in the loop of line 28 each child u; of v is visited once and when visiting
u;, X; (v) is decreased by L~ (u;)C~(v). Furthermore, since v is an intersection node, by
Definition 2.27/ L~ (v) = >_" | L™ (u;). So x; (v) is changed by

L™ (0)C(v) = Y L™ (w)C™ (v) = C~(v) (L@) -Y'L (uz)> =0

O

Now we count the number of calls to the procedure Visit™. In the rest of the chapter,

we will use h and k to denote the height of ) and the number of leaves of @), respectively.
Lemma 6.8 The number of times that the procedure Visit~ is called is O(g~h + hLy).

Proof. We show the number of times that the procedure Visit™ is called for union nodes
and leaves is O(¢~h + hLy). Then, we will argue that the number of times that this
procedure is called for non-intersection nodes is at least the number of times that Visit™ is
called for intersection nodes. So, the total number of times that nodes are negative-visited
is O(g~h + hLy).

Now we count the number of calls to Visit™ for union nodes using the equation proved
in Lemma 6.5l First we prove an upper bound on x; (v) for nodes v of ). Given a leaf
[, x; (1) is increased only when Visit™(!) is called. Also, each time that Visit~(l) is called,
we increase x; (I) by L=(1)C~(I) and by Definition 2.27 L~(I) = 1. Therefore, at the
end of the algorithm x; (I) is the number of times that Visit™ (/) is called multiplied by
L=(1)C~(I) = C~ (). Moreover, the number of times that Visit~(l) is called is at most g,
because Visit~(!) calls Gallop(l). Consequently, at the end the algorithm x; (1) < g, C~ (1),
for every leaf [. Furthermore, by Lemmas 6.7 and 6.6, at the end of the execution of

the algorithm, for every intersection node v, x; (v) = 0 and for every union node v,
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X; (v) = Credit[v]C~ (v). Hence,

Yoox) = Y v+ Y o+ > W

vEnodes(Q) leleaves(Q) l€unions(Q) leintersections(Q)

< Y g C M+ D) Credtfr]C(v).

leleaves(Q) vEunions(Q)

Now we can use Lemma 6.5/to conclude that at the end of the execution of the algorithm

' B Credit[v]
UnionCall = Z x; (v) + Z ()
vEnodes(Q) vEunions(Q)
< Y g+ Y cedple @+ Y el
= l , : L=(v)
leleaves(Q) v€unions(Q) v€unions(Q)
e : _ 1
— Z g, C (l) + Z Credlt[v] (C (U) + L—(U)> .
l€leaves(Q) v€unions(Q)

Now if we consider the fact that, for every node v, L~(v) by definition is at least 1, it
follows from the definition of the function C~ (Equation [6.1 on page 216) that for every
node v, C~(v) < |U,| < h. Also, by Definition 2.27| L~ (v) > 1, for every union node v.
Therefore, C~ (1) < h, for every leaf [, and C~(v) + L,;(v) < h + 1, for every union node v.
So, we can rewrite the previous inequality as follows.

UnionCall < h Z g +(h+1) Z Credit[v]

l€leaves(Q) vEunions(Q)

=hg +(h+1) Z Credit[v]

v€unions(Q)

Thus, since by Observation 6.2/ the sum of credits of all nodes at the end of the algorithm
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is at most Ly,
UnionCall < g"h+ (h+ 1)Ls.

Now we consider the number of calls to Visit~(v), for non-union nodes v. Given a leaf [,
since Visit™ (/) calls Gallop(/), the number of calls to Visit™ (/) is at most g, . Consequently,
the total number of calls to Visit™(l) for all leaves [ is at most ;¢ .0y 9 = 9~ - Hence,
the number of calls to union nodes and leaves, that is non-intersection nodes, is at most
UnionCall+ g~ < g (h+ 1)+ (h+1)Ly. Now consider an intersection node v. The node
v has at least one child u and as v is an intersection node, u is a non-intersection node.
Also, every time that Visit~(v) is called, it directly calls Visit™(u) (line 28). Therefore,
the number of calls to Visit™ for intersection nodes is not more than the number of calls
to Visit™ for non-intersection ones. Hence, the total number of calls to Visit™ is at most
29 (h+1)+ (h+1)Ly) = O(g~h + hLy). O

— = W)

By exchanging all occurrences of “x; ™, “g~7”, “g, ", “union”, “Visit=”, “L~", and “negative-

A “g;“”, “Intersection”, “Visit™”, “L™”, and “positive-visit”, respectively

visit” with “x;77, “g
and also by replacing line numbers 28, 136, 39, 40, and 81/ with line numbers 47, 52, 56, 57,
and 80, respectively, in the previous definitions, lemmas, and arguments, the next lemma

is proved.
Lemma 6.9 The number of times that procedure Visit™ is called is O(g™h + hLy). U

To evaluate the time consumed by the algorithm we consider the time consumed by
an execution of a single line of the algorithm as the cost of that execution and then the
sum of costs of all executions of all lines of the algorithm will be the total time taken
by the algorithm. Note that in this definition we consider an O(1) cost for an execution
of a procedure call line because the costs of executions of the lines inside that procedure
are considered separately. Also, the cost of an execution of a block is the total cost of
all executions of lines of that block occurred during that execution of that block. In the
following argument, whenever we talk about lines, blocks, or commands executed directly
by an execution of a procedure, we are considering the lines, blocks, or commands that are
executed during the execution of that procedure and are not executed due to a procedure

call in that procedure, that is, we are considering each procedure call line ¢ in that procedure
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as a black-box and we are ignoring lines executed during the execution of the procedure call
line ¢. Similarly, by a direct execution of a line, a block, or a command by a procedure we
mean an execution of that line, block, or command that is happened during the execution
of that procedure but is not occurred during the execution of lines of a procedure called
inside that procedure.

We now evaluate the total cost of all executions of all lines of the visit procedures.
We first evaluate this total cost for all lines of the visit procedures except lines of the “if”
blocks of lines 42, 61, and 62 and then we consider the total cost of all executions of these

“if” blocks, separately.

Lemma 6.10 Consider an execution of Visit™ (v) during which the number of times that
the procedure selects a child u of v and executes Visit™ (u) is m, for an integer m. The cost
of the executions of lines executed directly by the procedure Visit™ (v) during that execution
of Visit—(v), except the “if” block of line 42, is O(m + 1).

Proof. We consider three cases based on v being a leaf, an intersection node, or a union
node. If v is a leaf, m = 0 because v has no child. Moreover, the cost of executions of
lines executed directly by Visit~(v) (during that single execution of Visit~(v)) is O(1) since
Visit~ (v) directly executes just one line, which is a procedure call. Therefore, the lemma
is correct in this case.

Next suppose v is an intersection node. Then, the procedure calls Visit™(u), for every
child u of v, and thus m = d(v). Also, the procedure builds the two heaps H[v] and
G[v], each containing d(v) elements, from scratch which is a well-known standard heap
operation and takes O(d(v) + 1) time |[CSRLO1|. So, the cost of executions of all lines
directly executed by Visit~(v) is O(d(v) + 1) = O(m + 1).

Finally, suppose v is a union node. Then the procedure each time selects a child u of
v, calls Visit™(u), and updates some variables. Thus, ignoring the “if” block of line 42|
selecting the child v and and updating the variables are all done in O(1) time. So, ignoring
the “if” block of line 42|, corresponding to each of these m selections of a child u of v and
calling Visit™(u) the procedure consumes O(1) time. Hence, the cost of all executions
of lines executed directly by Visit™(v) (during that single execution of Visit™(v)) except
line 42/is O(m + 1). Therefore, the lemma in all cases is true. O
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By replacing occurrences of “Visit™” with “Visit™ and occurrences of “the ‘if” block of
line 42" with “the ‘if” blocks of lines |61 and 162" in the proof of Lema 6.10/ the following

lemma is proved.

Lemma 6.11 Consider an execution of Visitt(v) during which the number of times that
the procedure selects a child u of v and executes Visit™ (u) is m, for an integer m. The cost
of the executions of lines executed directly by the procedure Visit™ (v), except the “if” blocks
of lines 01 and 62, is O(m + 1). O

Lemma 6.12 The sum of costs of all executions of all lines of the visit procedures except
the “if” blocks of lines 42, 161, and |62 is O(gh + hLy).

Proof. We claim that the sum of costs of all executions of all lines of the visit procedures
except the “if” blocks of lines42, |61, and 62 is proportional to the number of calls to the visit
procedures. Having proved this claim, since by Lemmas 6.8 and 6.9 that the number of calls
to the visit procedures Visit™ and Visit™ is O((¢-h+hLs)+ (9 h+hLs)) = O(gh+ hLsy),
we may conclude that the lemma is correct.

We now prove the above claim. We assign a unique ID to each execution of Visit™ or
Visit~ and we consider the set S of all these IDs. Then, we create a sequence I' of members
of the set § x § as follows. Initially we set I'" equal to the empty sequence. Each time that
an execution of Visit™(v) or Visit™(v) with an ID ¢ starts, for a node v, we add the pair
(i,4) to the end of I". Also, each time that in an execution of Visit™(v) or Visit™(v) with an
ID i, for a node v, the algorithm attempts to start an execution of Visit™(u) or Visit™ (u)
with an ID 7, for a child u of v, we add the pair (7, j) to the end of I". In this, way, given
an execution of Visit™(v) (or Visit™(v)) with an ID 4, if n is the number of times that
that execution of Visit™(v) (Visit™(v), respectively) has attempted to visit its children, we
have added n + 1 items of the form (i, 7), for integers j, to the sequence I'. Thus, due to
Lemmas 6.10/ and [6.11/ the sum of costs of all executions of all lines of the visit procedures
except the “if” blocks of lines 42, 61, and 62 is within a constant factor of the number of
items added to the sequence I'. Now one can observe that for each execution of Visit™(v)
(or Visit~(v)) with an ID j, the number of pairs of the form (i, j), for integers 4, in I' is
at most two: one of the form (i, j), for some 4, which is added when another execution of
the procedure Visit™(w) (or Visit~(w)) with the ID ¢ has attempted to call Visit*(v) (or
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Visit~(v)), where w is the parent of v, and one of the form (7, j) which is added when the
execution with the ID j has been started. Therefore, the number of items added to I' is
at most two times the total number of executions of the two visit procedures. Hence, the
sum of costs of all executions of all lines of the visit procedures except the “if” blocks of
lines 42, 61, and 62 is within a constant factor the total number of executions of the two

visit procedures. So, the lemma is correct, as argued before. O

We now evaluate the cost of executions of the “if” blocks of lines/42, 161, and 62. Consider
the time right after finishing a direct execution of line 39 (line 56) by Visit~(v) (Visit™ (v),
respectively), for a node v. In such a situation the algorithm has just finished an execution
of Visit™(u) (Visit™ (u), respectively) for a child u of v and will execute the “if” block of
line 42/ (the “if” blocks of lines 61 and 62) to update the key of u in H[v] (the keys of
w in Hlv] and G[v]), if necessary. We prove that, in such situations, when executing the
“if” block of line 42/ (the “if” blocks of lines [61/ and 62) the algorithm performs a heap
operation only if during the execution of Visit™(u) (Visit™(u), respectively) at least one
time the procedure Gallop has been called. To prove this fact in Lemma 6.14/ we show that
if Gallop has not been called then M[u| remains unchanged and then in Lemma 6.15 we
prove that if v is an intersection node and Gallop has not been called, the key of u of H[v]
remains up-to-date. Then we conclude that, due to the conditions checked before updating
the heaps in the aforementioned three “if” blocks, no heap operation is performed. Before
proving these two lemmas, we first need to prove that the calls to Visit™ (u) and Visit™ (u)
are legal so that we can use the correctness of preconditions and postconditions of these

procedures before and after their executions.

Lemma 6.13 FEvery time that the algorithm calls one of the two wvisit procedures, before

calling that visit procedure all of its preconditions hold.

Proof. We first prove that every execution of the visit procedures is during an execution of
one of the lines 80 and 81. Then we show that every procedure called during an execution
of these lines is legal and so the lemma is correct.

The main algorithm only calls Initialize, Visit~(root), Visit™(root), Gallop(sl(@)) (if
there is a speedy leaf), UpdateE, and UpdateC. Also, the procedures Initialize, Gallop,
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UpdateE, and UpdateC do not call any of the two visit procedures, directly nor indi-
rectly. So, every call to the visit procedures is during executions of one of the commands
Visit~ (root) or Visit™(root) on lines 80/ and 81. By Lemma [5.59, every time that one of
these two lines is executed, all variables are well-valued and Invariants 1, 2, and 3/ hold.
Hence, every time that the main algorithm calls Visit~(root) or Visit*(root) on lines 80
and 81, all preconditions of these procedures hold. Thus, as by Lemma 5.53 the root is
well-behaved, it follows from Definition [5.15/ that every procedure call that occurred during
the executions of lines 80 and 81! is legal. Therefore, as we proved that all calls to the visit
procedures are during executions of lines 80 and 81, every call to one of the visit procedures

is legal and so always before the execution of one of the visit procedures, its preconditions

hold. O

Lemma 6.14 Given an internal node v, if during an execution of Visit™(v) or Visit™ (v)

no leaf is visited, then Mlv] is not modified by that execution.

Proof. ~ We first prove that during the visit to v maxmin(v) is not modified and then
we show that this means that M[v] is not modified neither. There is no line in the visit
procedures directly modifying the array f, and the visit procedures only call the visit
procedures and the procedure Gallop. Also, the procedure Gallop is called only when a
leaf is being visited and hence as by assumption no leaf is visited, Gallop is not called.
Thus, elements of the array A are not modified. Therefore, given a sub-union tree T', as
the definition of min-wait(T") depends only on elements of the array fi (Definition 5.3),
min-wait(T") remains unchanged. Hence, it follows from Definition 5.4 that maxmin(v)
does not change.

Now we prove that M[v] is not modified. Since by Lemma [6.13 before visiting v the
preconditions of the visit procedures held, before visiting v, all feature variables of nodes
in Q[v] were valid and so by Lemma 5.14/ the equation M[v] = maxmin(v) held. Also, since
before visiting v the preconditions of the visit procedures held, the call to Visit~(v) or
Visit*(v) was legal and thus as by Lemma [5.53 v is well-behaved, by Definition 5.15! after
visiting v the postconditions of the visit procedures hold. Consequently, after visiting v

all feature variables of nodes in Q[v] are well-valued and so by Lemma 5.14 the equation
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M[v] = maxmin(v) still holds. Hence, as we proved by visiting v maxmin(v) is not changed

and before visiting v the equation M[v] = maxmin(v) held, M[v] is not modified. O

Given an intersection node v, to prove that if during a visit to a child u of v no leaf is
visited then the key of u in H[v] remains up-to-date, due to Definition [5.11, we show that
when e = E and e ¢ {—00, 0}, after the visit to u the equality u(W|u]) = e holds if and
only if before visiting u this equation holds. Then, will argue that since before executing
u, as we will show, the key of u in H[v] was up-to-date, after visiting v the key of u in H[v]
is still up-to-date. Since e and E are not changing variables of the visit procedures and
thus they are not modified by the visit procedures (Lemma [5.43)), we do not use any time

stamp for these variables in the next lemma.

Lemma 6.15 Consider the times bef and aft just before and just after an execution of
Visit(v) or Visit™(v) during which no leaf is visited. Also, suppose during the visit to
v, the statements e = E and e ¢ {—00, 00} hold. Then, (W™ [v]) = e if and only if
p(WD]) = e.

Proof. We prove the correctness of the following three statements in order. First, there is
an eyewitness for v at time befif and only there is one at time aft. Second, u(W®*)[v]) = e
if and only if there is an eyewitness for v at time bef. Third, M(W(a&) [v]) = e if and only if
there is an eyewitness for v at time aft. Having proved these three claims, the correctness
of the lemma follows trivially.

Now we first prove the first claim. Since during the visit to v no leaf is visited, an
argument the same as that used in the proof of Lemma 6.14 shows that elements of the
array fi are not modified. Also, as mentioned, e is not modified. Hence, as the definition of
eyewitnesses depends only on e and the elements of fi (Definition[5.5), there is an eyewitness
for v at time bef if and only there is one at time aft. So, the first claim is true.

Now we prove the second and the third claims. An argument the same as that used in
the proof of Lemma 6.14] shows that just before and just after visiting v all feature variables
of v are well-valued. Thus, at the times bef and aft W[u] is well-valued, for every node u
in Q[v]. Also, by assumption, at both times bef and aft, e = E and e ¢ {—o00,00}. Hence,
due to Lemma 5.15, at time bef (at time aft), u(W[v]) = e if and only if at time bef (at
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time aft), there is an eyewitness for v. So, the second and the third claims are true. Hence,

the lemma is correct. O

We now explain how the total time taken by all executions of lines 42, (61, and 62 is
evaluated. Given a leaf [, after visiting [, it is possible that f[l] is modified and so, W][v]
and M[v] are changed, for ancestors v of . Then, due to these changes, the algorithm
might perform heap operations to update keys of v in the heaps of the parent of v, for
ancestors v of [. Also, as we will see, the time consumed for updating the key of a child of
a node w in one of the heaps H[w] or G[w] is roughly proportional to log d(w). Motivated
by these facts, we define the heap-cost of a leaf | as the sum of log(d(w)) over all ancestors
w of I, that is, Y 1,7 l0gd(w). Also, we define the maximum heap-cost of all leaves as
the heap-factor of @), denoted by H. As by assumption @ is normalized, w has at least two
children and so logd(w) > 1, for every ancestor w of every leaf. Consequently, it follows
from the definition of the heap-cost that, given a leaf [, the heap-cost of [ is at least the
number of ancestors of [, that is the height of [. Hence, as by definition H is the maximum

of heap-costs of leaves, the following observation is correct.
Observation 6.16 The inequality H > h holds.
We now give an upper bound on the total time taken by lines 42, 61, and 62.

Lemma 6.17 The cost of all executions of “if” blocks of lines 42, (61, and 62 is O(gH +
hLsy).

Proof. We first prove a number of facts showing that specific feature variables of nodes
before or after executing lines 39 and 56 are well-valued. Then, we prove that, given a
node v, when the “if” block of lines 42 is (the “if” blocks of lines 61 and [62] are) executed
directly by Visit~(v) (Visit™(v), respectively), a heap operation is performed only if during
the last direct execution of Visit™(u) on line 39/ by Visit™(v) (execution of Visit™(u) on
line 56 by Visit*(v)), at least one leaf is visited. Next, using this fact we show that the
cost of all executions of the three aforementioned “if” blocks is roughly at most the number
of times that leaves are visited multiplied by H. Then we prove that this result yields the

correctness of the lemma.
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Now, we show that before and after visiting « in line 39/ (executing Visit™ (u) in line 56),
M[u] (if w is in N(Q)) and W[u| are well-valued and also that before executing Block 11
(Block 15) H[v] and G[v] (if v is an intersection node) are well-valued. By Lemma 6.13
before visiting u the preconditions of the visit procedures hold and hence W|u] and M[u]
(if u is in N(Q)) are well-valued. As a result, since by Lemma 5.53 u is well-behaved,
by Definition 5.15/ after visiting u the postconditions of the visit procedures hold and so
Wi(u] and M[u] (if w is in N(Q)) are well-valued. Moreover, by precondition 1 of the visit
procedures, before visiting v feature variables of v are well-valued and by Lemma 5.49
(Lemma [5.52)) after each execution of Block [11/ (Block [15) feature variables of v are well-
valued. Hence, before each execution of Block 11 (Block [15) feature variables of v are
well-valued. Thus since before visiting u in Block [11] (Block [15) only elements of the array
Credit and Counter may change, just before visiting u, H{v] and G[v] (if it is defined) are
still well-valued.

Now let us consider an execution of Visit™(v) (of Visit™(v)), for a node v, and prove
that after a direct execution of line 39 (line 56) during which no leaf is visited, the ‘if”
block of line [42] does not (the “if” blocks of lines 61 and 62 do not) perform any heap
operation. We consider two cases based on v being a union node or v is an intersection
node. First suppose v is a union node. In this case, we only discuss the “if” block of line 42
as the “if” blocks of lines 61 and |62/ are in the “case intersection node: ” block and so they
are executed only when v is an intersection node. Also we suppose when executing this
“if” block the variable u of the procedure Visit™(v) is a node in N(Q) as otherwise by the
condition checked on line 42 no heap operation is performed. Since before the execution
of Visit™(u) on line 39 H[v] is well-valued, by Definition [5.10/ the key of w in H[v] is M[u]
and since by assumption while visiting « on line 39 no leaf is visited, by Lemma 6.14 by
executing Visit~ (u) M[u] is not modified. Also, H[v] is not a changing variables of Visit™ (u)
and so by Lemma 5.43 H[v] is not modified. Hence, when reaching line 42 the key of u in
Hv] is still M[u]. Therefore, due to the condition checked on line 42, no heap operation is
performed.

Next we consider the case in which v is an intersection node. Then, the “if” block of
line 42| is not executed as that line is in the “case union node: ” block. Also, the same

argument as above shows that when reaching line 62 no heap operation is performed: it
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suffices to replace occurrences of “union”, “M[u]”, and “H[v]” with “intersection” , “—M]Jul],
and “G[v]”, respectively. Now prove that the “if” block of line [61] also dose not execute any
heap operation. We suppose e = E and e ¢ {—00, 00} as otherwise by Definition 5.11! the
key of u in H[v] is up-to-date and so due to the condition checked on line [61 the proof is
trivial. Since, as we proved, before the execution of Visit*(u) on line 56 H[v] was well-
valued, the key of u in H[v] was up-to-date and so the key of u in H[v] was e if u(Wlu|) = e;
otherwise the key of w in H[v] was less than e (Definition 5.11). Also, by Lemma 6.15
after execution of Visit™(u) pu(W[u]) = e if and only if before the execution of Visit™ (u)
u(Wlu]) = e . Furthermore, by the same argument as in the previous case, by visiting u
on line 56/ H[v] is not modified. Hence, after the execution of Visit™(u), the key of u in
Hlv] still is e if u(W[u]) = e; otherwise the key of u in H[v] is less than e. So, the key of u
in H[v] is up-to-date (Definition [5.11). Thus, by the condition checked on line 61/ no heap
operation is performed.

Now we evaluate the total cost of all executions of the above three “if” blocks. For
every node v we consider a variable ChildCost[v] and for every leaf [ we consider a variable
LeafCost[l] and we initialize all these variables to zero. Consider an execution of Visit™ (v)
or Visit*(v), for a node v, in which after executing Visit~(u) or Visit™ (u), for a child u of
v, the algorithm is going to execute one of the three aforementioned “if” blocks. If during
that execution of Visit™(u) or Visit*(u) no leaf is visited, the cost of the execution of the
“if” block is constant since no heap operation is performed. In this situation, we increase
ChildCost[u] by 1. Otherwise at least one leaf [ is visited and so because of the probable
heap operations where each one is updating (deleting and reinserting) the key of an element
in a heap with at most d(v) elements, the cost of executing the aforementioned “if” blocks
of Visit™(v) or Visit™(v) is O(1 +log d(v)). So, in addition to increasing ChildCost[u] by 1,
we increase LeafCost[l] by logd(v). In this way, at the end of the algorithm the result of

the expression

Z ChildCost[w] + Z LeafCost|w] (6.2)

wéenodes(Q) weleaves(Q)
is proportional to the total cost of all executions of the three “if” blocks.

Now let us evaluate the result of the expression of Equation 6.2, After executing

Visit~(u) or Visit ™ (u), for a node u which has a parent, we are increasing ChildCost[u] by 1.



6.1. CALLS TO GALLOP 231

Hence, 3, c,odes(q) ChildCost[w] is at most the number of times that the visit procedures are
executed, that is, O((¢g~h+hLs)+ (g h+hLs)) = O(gh+hLy) (Lemmas/6.8 and 6.9). Also,
after exiting Visit™(I) or Visit™(l), for a leaf [, when returning to Visit™(v) or Visit™(v),
for every ancestor v of [, we might increase LeafCost[l] by O(logd(v)). So, because of
this execution of Visit™ (1) or Visit* (1), >
sum of log(d(v)) over all ancestors v of [, that is, the heap-cost of [ and by definition the

weleaves(@) L€afCost[w] is increased by at most the
heap-cost of [ is at most H. Moreover during every visit to every leaf the procedure Gallop
is called and thus the number of times that leaves are visited is at most g. Therefore,
at the end of the algorithm 3, .. . o) LeafCost[w] is at most gH. Thus, at the end of
the algorithm the result of the expression of Equation 6.2 is O(gh + hLs + gH) which
equals O(gH + hLys) as by Observation [6.16/ H > h. Hence, as we proved the total cost
of all executions of the “if” blocks of lines 42, 61, and 62 is the result of the expression of

Equation 6.2, the lemma is correct. O]
As by Observation 6.16 H > h, the following lemma follows from Lemmas|6.12 and [6.17.

Lemma 6.18 The sum of costs of all executions of all lines of the wisit procedures is

O(gH + hLy). O

We next investigate the total time taken by all executions of the procedure Gallop.
Since, aside from line (17 of the procedure Gallop, an execution of the rest of the procedure
takes O(1) time, we first evaluate the sum of costs of all executions of line 17. Given a
leaf [, we call an execution of Gallop(l) an [-gallop. Also, if during an [-gallop, for a leaf
[, line 17 is executed, that [ gallop is slow; otherwise it is a fast [-gallop. Given a leaf [,
to analyze the total time taken by Il-gallops, we divide the time taken by the execution of
line 17 in a slow [-gallop among the fast [-gallops executed just before that slow [-gallop.
For this purpose, given a leaf [, we consider the sequence of all [-gallops in order of the
starting time and we define every fast [-gallop to be associated with its next slow [-gallop
(if any exists).

We now give a sketch of the proof. Consider a slow [-gallop executed at time ¢. In
Lemma 6.21 we will prove that when the first [-gallop associated with this [-gallop starts,
Stepll] equals 1. Also, we prove that in each [-gallop associated with a slow [-gallop Stepll]

is increased by a factor of at most two. Then, we conclude that when executing the binary



232 CHAPTER 6. THE SCALED RUNNING TIME

search of the [-gallop of time ¢, Step[l] is at most 2™+41 where m is the number of the
[-gallops associated with the [-gallop of time ¢. This yields the fact that the binary search
takes at most O(m + 1) time, as we will see. To prove that each fast [-gallop associated
with a slow [-gallop increases Stepll] by at most a factor of two, we must prove that in such
a fast [-gallop, the condition checked on line 12 is false as otherwise the “if” block of line 12
may increase Step[l] much more than a factor of two. Hence, in the next lemma we prove
that if the condition checked on line [12] is true then the l-gallop sets fi[l] equal to END,
then we show that the index of fi[l] never is decreased and so after fi[l] is set equal to END,
fi[l] remains equal to END, and finally in Lemma 6.21] we show that if when starting an
l-gallop fi[l] = END, the [-gallop is fast. We then conclude that after an Il-gallop in which
the condition checked on line 12 is true there is no slow [-gallop and so that [-gallop is not

associated with any slow [-gallop.

Lemma 6.19 Consider an l-gallop in which when executing line 12, the condition checked
on this line is true. Then, the l-gallop is fast and sets A[l] = END.

Proof. 'We prove the lemma by investigating how variables Step[l], i, and j, are modified.
As by assumption the condition checked on line 12 is true, the “if” block of line 12! sets
Stepll] equal to length(w(l))—i+1. Then line13 sets j equal to i+ Step[l]—1 = length(w(l))
and hence since by the condition checked on line 12/ p(w(1)[j]) = p(w(l)[length(w(l))]) < e,
by the condition checked on line 14’ Block /5 is not executed. So, the binary search is not
executed and thus the [-gallop is fast. After that, since by the condition checked on line 12
i < length(w(l)) and we proved that j is set equal to length(w(l)), the condition checked on
line [19/is true and hence line 20 sets fi[l] equal to w(l)[j + 1] = w(l)[length(w(l))+ 1] = END.

Consequently, the lemma is correct. O

Lemma 6.20 Consider the times bef and aft just before and just after executing a line of
the algorithm modifying f[l], for a leaf 1. Then, u(APO1]) < p(G*[1]).

Proof. We consider the only three lines of the algorithm modifying the array fi, one by
one. The first one is line 20. This line sets A[l] := w(l)[j + 1] where j > i (the condition
checked on line 19). Also, due to the assignment on line 11, i = index(I,1, A**?[]]) and
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hence by Definition 2.8 ") [I] = w(l)[i]. Therefore, as we showed j >4, j 4+ 1 > i and so
(BN = p(wD)]F +1]) > ww@)[i]) = p(6PP[l]). Hence, the lemma is correct in this
case. Now, we consider the other two lines modifying an element of the array fi, that is,
lines of Block 3| of Figure [5.1. This block either sets fi[sl(Q)] equal to END or sets f[sl(Q)]
equal to the object after f[sl(Q)]. In the first case, p(A®*®[l]) = w(END) = oo > u(APD[1])
and in the second case, trivially (6@ [1]) > u(6*V[l]) as p is ordered. So, the lemma is

correct in all cases. O

Lemma 6.21 The total time taken by all executions of line 17 is O(g).

Proof. By investigating the changes to the variable Step[l], we prove that before starting
a slow [-gallop with m associated fast [-gallops Stepll] is at most 2" and then we conclude
that the binary search executed during that slow [-gallop takes O(m + 1) time. Finally, we
argue that this result yields the correctness of the lemma.

Let us first see how each of the fast and the slow [-gallops modify Step[l]. Suppose
at time t the algorithm starts a slow [-gallop and the number of fast [-gallops associated
with this slow [-gallop is m. Also, consider time bef just before executing the first fast
[-gallop associated with the slow [-gallop being talked about. We prove that Step(b °f) =1
and then we show that Step® [[] < 2™. First suppose there is no [-gallop before time bef.
Then, since the only line outside Gallop(/) modifying Step[/] is in the procedure Initialize
and after executing Initialize, due to line 84 Step[l] = 1, Step(Peh [[] = 1. Now consider
the other case, in which there is an [-gallop before time bef. Then the last [-gallop before
time bef is slow because otherwise that [-gallop was associated with the [-gallop of time
t. Hence, because of line [18 executed in that slow [-gallop just after executing line [17/ the
equality Step(®) []] =1 holds.

We now prove that Step® [[] < 2™ and then we conclude that the cost of the execution
of line [17in the I-gallop of time ¢ is O(m +1). To prove this fact we first show that in any
[-gallop before time ¢, when executing line 12, the condition checked on this line is false.
Suppose in an [-gallop, when executing line 12/ the condition checked on this line is true.
Then, by Lemma 6.19 that [-gallop sets fi[l] equal to END and since p(END) = oo is the
maximum possible, it follows from Lemma [6.20 that after this setting u(f[l]) remains equal

to 0o and thus fi[l] remains equal to END. Hence, when executing the [-gallop of time ¢
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i[l] = END. As a result, if Block 5 is executed, when checking the condition on line [15] this
condition is true and so the binary search is not executed, contradicting the fact that the
[-gallop of time t is slow. So, we proved that in all [-gallops associated with the [-gallop of
time ¢, when checking the condition checked on line 12} this condition is false.

Now we complete the proof of the claim Step(t) [[] < 2™ In every l-gallop associated
with the [-gallop of time ¢ the “if” block of line 12/ doubles Step[l] (because we proved the
condition checked on line [12 is false) and then possibly line [18 sets Step|[/] := 1. Hence, in
each [-gallop associated with the [-gallop of time ¢, Stepll] is set equal to 1 or is doubled.
Consequently, as we proved that just before the first [-gallop associated with the [-gallop
of time ¢, Step[l] = 1, after executing the mth fast [-gallop associated with the l-gallop
of time ¢, Step[l] < 2™. So, since by definition after the last [-gallop associated with the
[-gallop of time ¢ and before time ¢ there is no I-gallop, at time ¢ the inequality Step[l] < 2™
holds.

Next we prove that the binary search of the [-gallop of time ¢ takes at most O(m +
1) time. It follows from Lemma [6.19 that in this [-gallop, when executing line 12, the
condition checked on this line is false and so the “if” block of this line doubles Step[l]. So,
after executing this “if” block Step[l] < 2™*!. Hence, when executing line 17, due to the
assignment on line 13, j—i+1 = Step[l] < 2™*! and thus since the binary search on line 17
seeks a k between ¢ and min(j, length(w(l))), the binary search is a search among at most
2™+ members. Consequently, it takes at most O(m + 1) time.

Now we can prove the claim of the lemma. Suppose there are ny fast I-gallops and n,
slow [-gallops and m; is number of the fast [-gallops associated with the ith slow [-gallop,
for every i, 1 < ¢ < ng. Then, since each slow [-gallop is associated with most one fast
l-gallop, > 7, m; < ns. Also, we proved the cost of an execution of line 17 in a slow
l-gallop with m; associated fast l-gallops is O(m; + 1), for every i, 1 < i < ng. Thus,
the total cost of all executions of line 17 is within a constant factor of "1 (1 +m;) =

ne + Y oy m; < ng+ny = g. So, the lemma is correct. O

We now can evaluate the total cost of all executions of all lines of the procedure Gallop.
This procedure is executed g times, in each execution every line of the procedure is executed
at most once, and the cost of each execution of each line of the procedure except line 17

is O(1). Hence, the total cost of all executions of all lines of the procedure Gallop except
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line 17 is O(g). Also, by Lemma 6.21 the total cost of all executions of line 17 is O(g).

Hence, the following lemma is obtained.

Lemma 6.22 The total cost of all executions of all lines of the procedure Gallop is equal
to O(g). O

We now present an upper bound on the total time taken by all executions of the
procedure UpdateE. We first give a sketch of the proof of the upper bound. In Lemma 6.26
we will prove that at the end of the execution of the algorithm CBalance will store the
difference between a constant factor of the time taken by all executions of the procedure
UpdateE and the sum of leaf-costs of all rounds. Also, in Lemma 6.25 we show that after
every execution of the body of the loop of line 72, |CBalance| is not more than k where, as
we defined before, k = |leaves(@)|. In this way, it is proved that the total time taken by all
executions of the procedure UpdateE is within a constant factor of the sum of leaf-costs of
all rounds and k. Finally, in Lemma 6.27 we give an upper bound on the sum of leaf-costs
of all rounds in terms of g. Before proving that after every execution of the body of the
“while” loop of line 72, |CBalance| < k, since the body of the “while” loop may decrease
CBalance by L~ (root) or L*(root), we first prove that neither L~ (root) nor L (root) is

more than k.
Lemma 6.23 Given a node v of Q, L™ (v) < |leaves(Q[v])|.

Proof. We prove the lemma using induction on the height of v. If v is a leaf, the
lemma is true as Q[v] has one leaf and by Definition 2.27 L~ (v) = 1. Now suppose v
is an internal node with m children wy, ..., u,, and the lemma is true for every child u;
of v. By Definition 2.27 if v is an intersection node then Y ", L™ (u;) = L~ (v); other-
wise Y .*, L™ (u;) > L~ (v). Hence, in either ) ", L™ (u;) > L~ (v). Also, by induction
|leaves(Qu;])| > L~ (u;), for every child u; of v. Thus,

|leaves(Q[v])| = Z |leaves(Q[w;])| > Z L™ (u;) > L™ (v).

=1
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By exchanging all occurrences of the terms “union” and “L~" with the terms “intersec-
tion” and “L™”, respectively, in the proof of the previous lemma, the following lemma is

also proved.
Lemma 6.24 Given a node v of Q, Lt (v) < |leaves(Q[v])]. O

Lemma 6.25 After and before each execution of the body of the “while” loop of line |72,
|CBalance| < k.

Proof.  We first prove that before the first execution of the body of this “while” loop
|CBalance| < k and then we prove that after each execution of this body the above inequal-
ity remains satisfied. Before starting the “while” loop of line 72 due to initialization of the
variable CBalance just before line [72, |CBalance| = 0 < k.

Now we consider the times bef and aft just before and just after an execution of the body
of this “while” loop, we suppose |CBa|ance(bef)| < k, and we prove that |CBa|ance(aﬁ)| < k.
We consider two cases CBalance®® > 0 and CBalance!®™ < 0. In the first case, by the con-
dition checked on line [77 UpdateE(root) is executed and after this execution the algorithm
decreases CBalance by |leaves(Q))| = k. Hence, as by assumption 0 < CBalance™® < &,
—k < CBalance'™ < 0 and so |CBa|ance(aﬁ)| < k. Now consider the case CBalance® < 0.
Then, one of the two visit procedures is executed and then the algorithm increases CBalance
by LT (root) or L™ (root). Also, by Lemmas 6.23 and 16.24/ both L~ (root) and L™ (root) are
at most |leaves(Q[root])| = k. Therefore, CBalance” < CBalance™® < CBalance™ + k.
Hence, as by assumption —k < CBalance™™ < 0, -k < CBalance®™ < k and so
|CBalance™™| < k. O

Lemma 6.26 The cost of all executions of all lines of the procedure UpdateE is propor-

tional to the sum of leaf-costs of all rounds plus k.

Proof. We first evaluate the time taken by one execution of UpdateE and then we consider
the total time consumed by all executions of this procedure.

Considering an execution of UpdateE(v), for a node v, we now prove that that the cost
of all lines executed directly by UpdateE(v) is O(1 4 d(v)). To prove this, one can observe
that in addition to the lines executed just once directly by UpdateE(v), the procedure
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might execute two “for” loops, one for calling UpdateE(u), for all children u of v, and one
for updating Counter|[v] (the first loop is always executed). Since the cost of one time
execution of the body of each of these loops is O(1), the cost of execution of each of these
two “for” loops is O(d(v) + 1). Also, the procedure might build a heap (the heap H[v] on
line [70) from scratch and since each of these two heaps has at most d(v) elements, the cost
of each execution of these lines is also O(1 + d(v)). The cost each execution of the other
lines of the procedure is also O(1). Hence, the overall cost of all executions of all lines
executed directly by UpdateE(v) during one execution of this procedure is O(1 + d(v)).

Now we evaluate the cost of all executions of all lines executed during one time execution
of UpdateE(root). When UpdateE(v), for a node v is called, it recursively calls UpdateE(u)
once, for each child u of v. Hence, by one execution of UpdateE(root), UpdateE(u) is
executed once, for every node u of (). Therefore, as we proved the total cost of execution
of all lines executed directly by UpdateE(v), for a node v, is O(1 + d(v)), the overall cost
is O(Y senmauion 1 + dw)) = O(|nodes(@Q)]) = O|leaves(Q)]) = .

Finally we evaluate the total cost of all executions of all lines of UpdateE. As Fig-
ure 5.6/ shows, after each execution of Visit™ (root) (of Visit™(root)), the algorithm increases
CBalance by L~ (v) (by L*(v)) and by Lemma 6.3 (by Lemma 6.4) we know the leaf-cost
of a round started by calling Visit™ (root) (by calling Visit™(root)) is L™ (v) (by LT (v)).
Also, after each execution of UpdateE(root) the algorithm decreases CBalance by k. There-
fore, at the end of the execution of the algorithm, |CBalance| is the difference between the
number of calls to UpdateE(root) multiplied by k& and the total leaf cost of all rounds. In
addition, we proved that the total cost of all lines executed, directly or indirectly, by one
time execution of UpdateE(root) is O(k). Hence, at the end of the algorithm, the total
cost of all executions of all lines of the procedure UpdateE is within a constant factor of
the sum of |CBalance| and the total leaf-cost of all rounds. So, as by Lemma [6.25 at the
end the algorithm |CBalance| < k, the lemma is proved. O

Now we prove an upper bound on the total leaf-cost of all rounds. It follows from the
definition of the leaf-cost that the total leaf-costs of all rounds is the amount by which the
sum of credits of all nodes are increased by rounds of the algorithm plus the number of
times of the procedure Gallop is called by rounds. The number of times that the procedure

Gallop is called by rounds is at most g. Also, since right after initializing the variables
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credits of all nodes are zero and after initialization credits of nodes are only modified during
the executions of rounds, the amount by which credits of all nodes is increased by all rounds
equals the sum of credits of all nodes at the end of the execution of the algorithm. The sum
of credits of all nodes at the end of the execution of the algorithm is by Observation 6.2

at most Ly,. Hence, the correctness of the next lemma is proved.
Lemma 6.27 The total leaf-cost of all rounds is at most g + Ls,. 0

Now we evaluate the time taken by the Initialize procedure and then we compute the

time consumed by the whole algorithm.
Lemma 6.28 The procedure Initialize is executed in O(k?*) time.

Proof.  We consider lines of the procedure one by one. It is clear from the code of the
procedure that each line before line 89 is executed in O(k) time. Although this is not the
most efficient way, to execute the “for” loop of line 89 the algorithm can simply find the
heights of nodes in O(k?) (each node in O(k)) time, sort nodes in the order of their heights
in O(klogk) time, and then execute the body of the loop for every node. Each execution
of the body of the loop takes at most O(|nodes(Q)|) = O(k) time. Hence, the total time
taken by this loop is O(k?). After the “for” loop of line 89 there are four “for” loops where
cach execution of the body of each “for” loop takes O(|nodes(Q)|) = O(k) time. So, the
execution of each of these “for” loops take O(k?) time. Consequently, the total time taken
by the procedure is O(k?). O

Lemma 6.29 The algorithm is executed in O(gH + hk?) time.

Proof. We discuss the total cost of all executions of all lines of every procedure and also
the cost of all lines of the main algorithm, separately. The procedure Initialize is executed
once and by Lemma 6.28 it takes O(k?) time to be executed. So, the total cost of all
executions of all lines of this procedure is O(k?).

Next we consider the total cost of all executions of lines of the “while” loop of line [72.
Suppose the body of the “while” loop is executed m times. Since line [75 executes the

procedure Gallop, this line is executed at most ¢ times and hence the total cost of all



6.1. CALLS TO GALLOP 239

executions of this line is O(g). As a result, as Block 19/is executed once in each execution
of the body of the “while” loop of line [72, the total cost of all executions of this block is
O(g + m). Also, except lines of Block [19, by each execution of the body of the “while”
loop of line 72 each line of this body is executed at most once and so the total cost of all
executions of all these lines is O(m). Therefore, the total cost of all executions of all lines
of the “while” loop of line [72/is O(g + m).

Now we consider the total cost of all executions of other procedures. Since the procedure
UpdateC is executed exactly m times and each time this procedure takes O(1) time, the
total cost of all executions of lines of this procedure is O(m). Also, by Lemma [6.18 the
total cost of all executions of all lines of the two visit procedures is O(¢H + hLy) and
it follows from Lemmas 6.26 and 6.27 that the total cost of all executions of lines of
the procedure UpdateE is O(g + Ly + k). Furthermore by Lemma 6.22 the total cost
of all executions of all lines of the procedure Gallop is O(g). So, the total cost of all
executions of lines of the procedures UpdateC, Gallop, Visit™, Visit™, and UpdateE is
Om+g+ (gH+hLs)+ (g+ Ls + k) =O0O(m+ gH + hLy + k).

Finally we consider the “while” loop of line [82. The body of this loop calls Gallop and
so it is executed at most g times. Therefore, the total cost of all executions of lines of this
loop is O(1 + g).

Now we give an upper bound on m and summarize the results. Since in each execution
of the body of the “while” loop of line 72 one of procedures Visit™—, Visit™, or UpdateE is
executed, m is within a constant factor of the total cost of all executions of all lines of
these procedures, that is O((¢H + hLls) + (9+ Ly + k)) = O(¢gH + hLs + k). So, the total
time taken by the algorithm is O(k* + (g9 + m) + (m + gH + hLs + k) + (1 + g)) where
m = O(gH+hLs+k). So, the total time is O(k*+gH+hLsy). Also, given an internal node
v, L. (v) = L™ (u), for a child u of v and by Lemma 6.23/ L~ (u) < |leaves(Q[u])| < k.

max

So, L. (v) <k, for every internal node v. Similarly it can be proved that L  (v) <k,

max max

for every internal node v, and so it follows from the definition of Ly, that Ly < k2.

Consequently, the algorithm is executed in O(hk? + gH) time. O
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6.2 The Running Time

In this part we compare the sum of leaf-costs of all rounds with the difficulty of the
instance and then we use Lemma 6.29 to give an upper bound on the running time of
the algorithm in terms of the difficulty of the instance. Since the difficulty of an instance
by definition is the minimum L-gap cost of all of its proofs (defined in Equation 2.4), we
consider a proof P of I and we compare the sum of leaf-costs all rounds with the L-gap
cost of P. For this purpose, we consider an eliminating proof Il = 7,...,m, for I such
that Visited(I,IT) C Visited(P) (Theorem [4.28). Since by Definition 3.13 II is valid, the

following observation follows from Lemma '3.22.
Observation 6.30 1% is valid, for any i, 0 < i < n.

We now establish some connections between the execution of the algorithm and the
steps of II. At any moment, we say a prefix II®) of II, 0 < i < n, is incomplete if e is
less than the e-value of the result of IIY) on I; otherwise II() is complete. If there is an

cur) i the shortest incomplete

incomplete prefix of IT, we define cur as an integer such that II(
prefix of IT; otherwise we define cur = n+ 1. Note that as 19 is empty, by Definition 3.13
the e-value of its result is —oo < e and hence I1(?) is always complete. Thus, at any moment
cur > 1. Also, by definition, if cur = n+ 1 then all prefixes of II are complete; otherwise a
prefix 11 of II is complete if i < cur. Hence, in either case, a prefix II®) of IT is complete

if © < cur.
Observation 6.31 At any moment, cur > 1 and a prefiz 119 of I1 is complete if i < cur.

The main idea is that, when cur # n + 1, we prove an upper bound on the number of

(eur) hecomes complete. Once all steps

times that the procedure Gallop is called before IT
of IT are complete, as we will prove, e = co and the algorithm finishes its execution. When
cur # n+ 1, defining egoa1 as the e-value of the result of [1(c") on I, the inequality e < €goal
holds as otherwise IT1(°*") is complete. Also, when cur # n+ 1, defining eqq as the e-value of
the result of II€®*=1) on I, by Observation 6.31 II°~1 is complete and so by the definition

of a prefix of II being complete e,q < e. Therefore, the following observation is true.

Observation 6.32 At any moment that cur #n + 1, eqq < € < €goal-
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We now distinguish several categories of rounds and we evaluate the total leaf-cost of
rounds in each category, separately. Let us first explain the main idea of defining these
categories. Suppose cur # n + 1. It can be proved that when 7, is of the first type,
every value at least e and less than ey, is not in the value set of the root in N(I) and
when 7., is of the second type the value e is in the value set of the root in I. Also, as
explained in Section /5.1, the procedures Visit™ and Visit™ are optimized for when e is not
in the value set of the root in N(I) and for when e is in the value set of the root in I,
respectively. Hence, when 7, is of the first (second) type, we only rely on the effect of
the procedure Visit™ (the procedure Visit™) on e and we consider the time consumed by
the procedure Visit™ (the procedure Visit ™) as overhead. Also, when 7., is of the second
type but E # e it is not guaranteed that Wroot] shows the existence of an eyewitness for
the root correctly and so in such situations we will not be able to give an upper bound on
the number of times that Gallop should be called before e is increased. So, when when
Teur 18 Of the second type but E # e, every visit is considered as a “wasted” visit.

We now define the categories of rounds, formally. As the definition of a prefix of II
being complete is based on e and e is not modified during a round (because e is not a
changing variable of the visit procedures), cur is not modified during a round. If during
a round r cur # n + 1, me, is defined as the active step of the round r. Also, as we will
prove in Lemma 6.35, if when starting a round r cur = n + 1, the round is the last round.
Now, to define the categories that we talked about, we first define the state of a round
as follows. Consider a round r such that during r, cur # n + 1 and thus r has an active
step. Then, r has a negative state if the active step of r is of the first type; otherwise, if
the active step of r is of the second type then r has a positive state. A negative round is
a round with the negative state that is started by calling Visit™ (root). A round r with
the positive state that is started by calling Visit*(root) is a positive round if E = e when
r starts; otherwise r is a wasted round. A round that is not placed in any of categories
negative, positive, and wasted, is a null round. As explained above, we will only rely on
the effect of negative and positive rounds and the time taken by wasted and null rounds is
considered as an overhead. Due to our definitions, when the state of a round starting by
calling Visit™*(root) (by calling Visit™(root)) is positive (negative), the round is either a

positive or a wasted round (is a negative round) and thus it is not null. Also, a round with
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a positive (negative) state that is started by calling Visit~ (root) (by calling Visit*(root)) is
not negative, wasted, or positive, and so it is null. In addition, Visit~(root) (Visit™(root))

is called only by line 81! (by line 80). So, the following observation is true.

Observation 6.33 A round with a positive (negative) state is a null round only if and

only if it is started by an execution of line 81 (of line 80).

We now prove before the last round cur # n + 1 and 7, is of the first or of the second
type. To prove this result, we prove that every time that the algorithm reaches line 77, if
cur =n + 1 or m.y,, is of the third type, e = co. Then, we conclude that on the next time
that the algorithm checks the condition of line 72, the algorithm exits the “while” loop of

line [72] and so no more rounds will occur.

Lemma 6.34 After an execution of line 76, if cur = n+1 or mwey, is of the third type then

€ = Q.

Proof. We prove the lemma in the case cur = n+1 and in the case in which cur # n+1 but
Teur 18 Of the third type, separately. First suppose cur = n+ 1. Then, by Observation 6.31
1™ is complete and hence e is at least as large as the e-value of the result of II™ = II on
I. But as Il is an eliminating proof, by Definition 3.13/ the e-value of the result of II on 7
is 00. So, e > oo and thus e = oo.

Now suppose cur # n + 1 but 7., is of the third type and so 7, = 7. Then, since
by Lemma [3.22 I1¢"™ is valid, by Definition [3.13 7ey (i1, C) = 7 (p, C) is defined where C
is the result of I~V on I. So, by Definition [3.11/ the e-value of C' = result(I, IT¢""=V) is
oo, that is, eqq = 0o. Hence, as by Observation 6.32/ e > e;q, € = 00. Thus, in both cases

e = 00. O

Now we can prove that if a round r is not the last round, during r cur # n 4+ 1 and
Teur 18 Of the first or of the second type. Since a round is started by one of lines [80) or 81,
just before starting r line 76 is executed. If during r cur # n + 1 or mey, is of the third
type, by Lemma 6.34 after the execution of line [76 and just before starting the round r
e = 0o. Hence, as e does not change during the rounds, e remains oo and so before the

next execution of the body of the “while” loop of line 72, the condition checked on this line
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is false. Consequently, the algorithm exists the “while” loop and hence there is no round
after r. So, if there is a round after r, cur # n + 1 and 7y, is of the first type or of the

second type.

Lemma 6.35 If a round r is not the last round, during v cur # n + 1 and Teur 1S of the

first type or of the second type. O

We now discuss the leaf-costs of rounds of each category, separately. First, we explain
the idea of the proof of the upper bound on the sum of leaf-costs of all null rounds. Consid-
ering a maximal sequence I' of consecutive rounds of the same state, by Observation 6.33
either all null rounds in I' are started by calling Visit~(root) or all are started by calling
Visit™(root). So, as we will prove, the amount by which VBalance is increased during
the execution all rounds in I' is the difference between the total leaf-cost of null rounds
and the total leaf-cost of other rounds of I'. We first show that the value of e is never
decreased and we conclude that the value of cur is not decreased. Then, prove an upper
bound on the number of different values that can be assigned to cur, that is, the number
of steps of II that might become active. These results will be used to estimate the number
of maximal sequences that we talked about. Then, in Lemma 6.38 we prove an upper
bound on |VBalance| after each round and we obtain an upper bound on the amount by
which VBalance is increased during the execution of rounds in each of the aforementioned

maximal sequences.
Lemma 6.36 After initializing the variables, neither e nor cur is ever decreased.

Proof. We first prove that e is not decreased and then we conclude that cur is not
decreased either. Since after initialization e is modified only by lines 2/ and 6, we prove
that by executing each of these two lines e is not decreased. First we consider line 2. Just
before an execution of this line, by the condition checked on line Il M[root] > e and this line
sets e := M[root]. Hence, line 2 increases e. Also, line (6l sets e := e+ and thus it increases
e, as well. So, both lines increase e. Therefore, e is never decreased and thus a complete
prefix of II does not become incomplete. Hence every time that cur changes, it accepts a
bigger value until all prefixes of I are complete and cur is set equal to its maximum value
n+ 1. 0
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Lemma 6.37 The number of different integers less than n + 1 assigned to cur throughout
the execution of the algorithm is at most 2| Visited(P)| + 2.

Proof.  Defining start(xy), ..., start(x,,) to be the sequence of all distinct integers less
than n+ 1 assigned to cur in increasing order and e; to be the e-value of the result of I1(*+)
on I, for every 1 < i < m, we prove that the e;’s are distinct. Then, we use Lemma 3.26
to prove that there are not more than 2| Visited(P)| + 2 possible values for the e;’s and
in this way the lemma is proved. We define t; as the first time such that cur®) = z;, for
(ts)

conl = €& and so

every 1 < i < m. Since e; is the result of II®) on I and cur® = x;, e
by Observation [6.32 e) < e;, for every i, 1 < i < m. Also, as cur®) = z;, at time ¢
1) is the shortest incomplete prefix of II, for every 4, 1 < i < m. Consequently, as by
assumption z; 1 < x;, at time ¢; -1 is complete, for every i, 1 <+ < m. Hence, as e;_;
is the result of II®-1) on I, e;_; < e*) for every i, 1 < i < m. So, e;_; < el < ¢, for
every i, 1 < i < m. Therefore, e; < e3 < ... < e, and thus the e;’s are distinct. Since
e; is the e-value of the result of II*) on I, by Lemma [3.26 e; is in the set {—o0o, 00} or
there is an object of value (e;) in Visited(I,II), for every i, 1 < i < m. Hence, € is in
the set S = {—o00,00} U {0 € Visited(I,11) | (o), u(o)+}, for every i, 1 <i < m. As a
result, since the e;’s are distinct, m < |S| = 2| Visited(I,II)| + 2 and so as by choice of II
Visited(I,11) C Visited(P), m < 2|Visited(P)| + 2. O

Before proving our upper bound on |VBalance|, we remind the reader that k& was defined

as the number of leaves of ().
Lemma 6.38 Before and after each round, |VBalance| < k.

Proof.  The proof is similar to the proof of Lemma 6.25. Since in each execution of the
body of the “while” loop of line [72 at most one round is executed and VBalance is only
modified after that round, it suffices to prove that before and after each execution of the
body of this “while” loop, |[VBalance| < k. We first prove that before the first execution of
the body of this “while” loop |VBalance| < k and then we prove that after each execution of
this body the above inequality remains satisfied. Before starting the “while” loop of line [72
due to initialization of the variable VBalance just before line [72, |VBalance| =0 < k.

Now we consider the times bef and aft just before and just after an execution of the body
of the “while” loop, we suppose |VBa|ance(bef)| < k, and we prove that |VBa|ance(aft)] < k.
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We consider two cases VBalance®™ > 0 and VBalance®™ < 0. In the first (second) case, by
the condition checked on line [79 Visit ™ (root) (Visit™(root)) is executed and after this exe-
cution the algorithm decreases (increases) VBalance by L (root) (L~ (root), respectively).
Hence, as by assumption 0 < VBalance™™ < k (—k < VBalance™ < 0, respectively)
and by Lemmas 6.23 and 6.24' L~ (root) and L™ (root) are at most |leaves(Q[root])| = k,
—k < VBalance®® < k and so |VBa|ance(a&)| < k. Therefore, the lemma is correct. O

Before evaluating the total leaf-cost of null rounds, we note that by Lemma 6.35, every
round except the last round has an active step of the first or of the second type and thus

every round except the last round has a negative or a positive state.

Lemma 6.39 The total leaf-cost of null rounds except the last round is at most the total
leaf-cost of non-null rounds plus 4k(| Visited(P)| + 1).

Proof.  We consider the sequence of all rounds except the last round and we put all
consecutive rounds with the same state in one group so that the state of rounds in each
group differs from the state of rounds in its next group. Then, we evaluate the total leaf-
cost of null rounds in each group and finally we find the sum of these totals. Suppose
Ry, ..., R, is the sequence of these groups and z; and y; are the total leaf-cost of all null
rounds and the total leaf-cost of all non-null rounds of the group R;, respectively, for every
i, 1 <i<m.

Given an i, 1 < ¢ < m, we now prove that z; < y; + k. We consider two cases
depending on whether all rounds in R; have a negative state or they all have a positive
state. First we consider the case in which all rounds of R; have a negative state. Then, by
Observation 6.33 null rounds (non-null rounds) of the group R; are those run by line 80
(line 81)) of the algorithm. After every execution of line 80/ the algorithm decreases VBalance
by L*(v), that is, by the leaf-cost of the round started by line 80 (Lemma 6.4). Also,
after every execution of line 81/ the algorithm increases VBalance by L~(v), that is, by
the leaf-cost of the round started by line 81/ (Lemma 6.3). Hence, defining bef and aft
as the time just before the first round of R; and the time just after the last round of
R;, VBalance®™® — VBalance®® is the difference between the total leaf-cost of rounds of R;
started by executions of line 81/ and the total leaf-cost of rounds of R; started by executions

of line 80, that is, the difference between total leaf-costs of null and non-null rounds of R;.
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Therefore, x; — y; < |VBalance™ — VBalance!®™|. So, as by Lemma [6.38 |VBalance™"|
and |VBa|ance(bef)| both are at most k, z; — y; < 2k and thus z; < y; + 2k.

Now we evaluate the total leaf-cost of all null-rounds except the last round. According to
what we proved, the total leaf-cost of all null rounds of all R;’sis > " x; < > (y;+2k) =
2km 4+ 3" y;. Also, D" y; is the total leaf-cost of all non-null rounds. Hence, if we
prove that m < 2(|Visited(P)| + 1) the lemma is proved. Consider the first round r; in
R; and suppose a; is the value of cur during r;, for every i, 1 < ¢ < m. Since we are
considering the rounds before the last round, by Lemma 6.35 a; # n + 1 and 7, is either
of the first type or of the second type. As a result, 7,, is the active step of r;, for every i,
1 <7 < m. Also, by assumption the state of r; differs from the state of r;;1 and hence the
state of one of the rounds r; and r;,; is positive and the state of the other one is negative,
for every i, 1 <1i < m. So, one of m,, and 7, is of the first type and the other one is of
the second type and thus a; # a;,1, for every i, 1 < i < m. Moreover, as by Lemma 6.36
cur is never decreased, a; < a;;1 and hence as we proved a; # a;.1, a; < a;41, for every
1, 1 < i < m. So, the a;’s are distinct integers. But during r;, a; = cur, for every i,
1 < i < m. Therefore, as the a;’s are distinct, by Lemma 6.37 they number is at most
2| Visited(P)| + 2. So, m < 2|Visited(P)| + 2 and hence the lemma is correct, as explained.

O

Next we evaluate the total leaf-cost of all wasted rounds. We first in the next lemma
discuss the situation in which the state of a round is positive and then we discuss the

situation in which a non-null round with a positive state is wasted.

Lemma 6.40 If cur # n + 1 and 7oy, is of the second type, then e  {—o00, 0}, e = eyq,

and €goal = €+.

Proof. We first prove that egoa = eqq+, then we show that e = eg1q, and finally we prove
that e ¢ {—o00, 00}. Since ey, is of the second type, ey = 74, for a sub-intersection tree
T of Q. Also, as by Observation [6.30 I1¢™) is valid and 7.y, is the last step of I1(®) by
Definition 3.13 meu(p1, C) is defined where C' is the result of I1¢*=1 on I. Moreover, by
Definition 3.13/ the result of I1(™) on I equals 7. (i1, C) = 75 (p, C) and o egoq is the

cur—1

e-value of w4 (i1, C'). Furthermore, since C is the result of II( ) on I, by definition egyq is

the e-value of C. Consequently, by Definition [3.10/ 4001 = €o1a+. Since by Observation (6.32,
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e < €goal = €ola+, by Observation 2.30 e < (eyq+) = eqa. Hence, since by Observation 6.32
e > e, € = egq. Also, since we proved 7o, (1, C) = m7(p, C') is defined, by Definition [3.10
every leaf of T has an object of value e, = e. So, by Definition 2.5 e ¢ {—o00, 00}. O

Now we prove that if 7., is of the second type, once UpdateE is executed and E is
assigned the value e, E remains equal e until cur changes and so there is no wasted round
until cur changes. In this way we will be able to evaluate an upper bound on the total

leaf-cost of a number of wasted rounds with the same active step.

Lemma 6.41 Consider two times t; and to, to > t1, such that at time t, cur # n + 1
and Teur 1S of the second type. Also, we suppose ts is not during an execution of line 78,
curl® = cur™, and e") = E"). Then, el*?) = "),

Proof. 'We consider the first time aft after time ¢; such that e(®® £ e® (or oo if such a
time does not exist). First we prove that to < aft and then we show the correctness of the
lemma.

We now prove that at time aft and after time aft cur # cur®™) and so t, < aft. At time
t1, by Lemma(6.40 ey, = e+. Also, after this time if e changes e is increased (Lemma(6.30).
Hence, el > e(t) > (e(t)) = (elt) 1) and so e@®) £ (el)4). Consequently, by Observa-
tion 2.30 e(a®) £ e(t) | = eéi)lgl and so e(a®) > egjgl. Therefore, since eéolgl is the e-value of
the result of IT®“") on T, at time aft I ™) is complete. Hence as by definition cur(®®
is such that at time aft T1€@™™) is incomplete, cur®® £ cur®™. So, as by Lemma 6.36

(@ft) > cur®™) and after time aft cur always remains greater than

cur is never decreased, cur
cur™ . Hence, t, < aft because by assumption cur®) = cur(*?).

We now prove that e(t2) = E®™). Since ty < aft, at any time between the times t; and
ty (inclusive), e = e1). So, as t, is not during an execution of line 78, it suffices to show
that E is only modified during executions of line 78 and after each execution of line [78 the
equality E = e holds. The variable E is modified only by the procedure UpdateE and every
execution of UpdateE is during an execution of line [78. Also, every time that line [78 is
executed, by Lemma [5.59 all invariants are true and all variables are well-valued. Hence,
before each execution of line 78 the preconditions of UpdateE hold. Therefore, after each

execution of line 78, by Lemma 5.55 the postconditions of UpdateE hold and thus e = E.
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Hence, except the times during executions of line 78, at any moment between t; and %,

(inclusive) e = E. So, as t; is not during an execution of line 78, e(2) = E(*2), U

Lemma 6.42 The total leaf-cost of all wasted rounds except the last round is at most
4k (| Visited(P)| + 1).

Proof. For every integer ¢ less than n + 1 assigned to cur before the last round, we give an
upper bound on the total leaf-cost of wasted rounds during which cur = i. Then, we use
Lemma 6.37 to prove the upper bound claimed by the lemma. For every integer ¢ assigned
to cur, we define x; as the sum of leaf-costs of wasted rounds before the last round during
which cur = 1.

We consider an integer i less than n + 1 assigned to cur before the last round such that
x; > 0 and we prove x; < 2k. As x; > 0, there is at least one round before the last round
during which cur = 7. Consider time ¢ just before starting the first round during which
cur = i. We first prove that m; is of the second type. Then, we show that the sum of
leaf-costs of rounds after time ¢ and before the first execution of line 78 after time ¢ is at
most 2k. Finally we use Lemma 6.41] to complete the proof of the lemma.

Now let us prove that m; is of the second type. Since by choice of i there is at least one
round other than the last round of the algorithm during which cur = ¢ and the round of
time ¢ is the first such round, the round of time ¢ (meaning the round starting just after
time t) is not the last round. Hence, as during the round of time ¢ cur = ¢, by Lemma 6.35
m; is of the first or the second type. Also, if 7; is of the first type, by definition there is no
wasted round during which cur = ¢ and hence x; = 0. So, as by assumption z; > 0, 7; is
not of the first type and thus 7; is of the second type.

Now we give an upper bound on the total leaf-cost of rounds after time ¢ and before
the first execution of line [78 after ¢t and then we prove that z; < 2k. By Lemma 6.25
CBalance” > —k. Also, after every negative-visit (positive-visit) to the root in line 81
(line 80), CBalance is increased by L~ (root) (by L*(root)) and by Lemma 6.3 (Lemma 6.4)
the leaf-cost of a negative-visit (positive-visit) to the root is L™ (root) (is L*(root)). Hence,
after every round the algorithm increases CBalance by the leaf-cost of that round. Also, the
algorithm does not decrease CBalance unless UpdateE is executed by line[78. Consequently,

if the leaf-cost of rounds after time ¢ and before the first execution of line 78 after ¢ is greater
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than 2k, after an execution of line 81 or line 80 CBalance becomes greater than k. But by
Lemma 6.25/this is not possible. So, if there is no execution of line [78 after time ¢, x; < 2k.
Now suppose this is not the case and consider time aft just after the first execution of
line [78 after time t¢.

aft

We now consider two cases i = cur®® and i # cur®®® and in each case we prove that

there is no wasted round with the active step m after time aft. Then, we conclude that

cur(®)
x; < 2k. Recall that by choice of t cur® =i. If i # cur®®, as by Lemma 6.36 cur is never
decreased, after time aft cur never becomes equal to i again. Hence, there is no round with

the active step 7 after time aft. Now consider the other case, in which i = cur®®. In

cur(®)
this case, since by the postcondition of UpdateE at time aft e = E, by Lemma 6.41/ there
is no round after time aft during which cur = cur® and e # E. Hence, there is no wasted

round with the active step after time aft. So, in either case we proved there is no

cur(t)

wasted round with the active step m after time aft. Hence, as by choice of ¢ the round

cur(®)

starting just after time ¢ is the first round with the active step m; = 7 x; is at most

cur(®)
the sum of leaf-costs of rounds between the times ¢t and aft and we proved this sum is at
most 2k. So, x; < 2k.

Defining i1, ..., 7,, as all distinct integers assigned to cur before the last round, to find
the sum of leaf-costs of all wasted rounds, we evaluate Z;":l xy;. If z;; > 0, by definition
there is a round before the last round during which cur = i; and so by Lemma 6.35
i; <n+1, for every j, 1 < j < m. Thus, if z;, > 0, as we proved, z;; < 2k, for every j,
1 < j < m. In addition, it follows from Lemma 6.37 that the number of the i;’s less than
n+ 1 is at most 2| Visited(P)| + 2. So, the total leaf-cost of all wasted rounds is at most

2k(2| Visited(P)| + 2) = 4k(| Visited(P)| + 1). O

Now we evaluate the sum of the leaf-costs of negative and positive rounds. We use
an idea similar to the idea of defining the variables x; (v) and x; (v), for nodes v in
Section [6.1. For every node v we define three variables x.;.(v), x&.(v), and x.(v). Given a
node v, x,;.(v) and x. (v) are called the xyis-variables of v, and x.(v) is the x.-variable of
v. Also, for every P-visited object o we define a variable x,;j(0), called the x,n;-variable of
o. All these new variables are called charging variables and all are initially zero. We will
change these variables such that when a negative (a positive) round r other the last round

starts, x,;.(root) (x&,(root), respectively) is increased by the leaf-cost of that round. After
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this, we change values of charging variables so that their sum does not change. Hence,
at the end of the execution of the algorithm the sum of charging variables is the sum of
leaf-costs of all positive and negative rounds except the last round.

Similar to what we did for updating variables x; (v) and x; (v), for nodes v, while
visiting nodes v, we decrease Y,is-variables of v and we increase Y.is-variables of children

cur) hecomes

of v. Here we want to know how many times leaves should be visited before II(
complete. We now explain how we modify charging variables so that we can find this
number of times in each of the two cases in which 7, is of the first type and 7., is of the
second type.

First consider the case in which 7, is of the form 7y, for some 7. If M[root] > eyoal,
as we will show in Lemma [6.43] the procedure UpdateC sets e equal to M[root] and hence
I1(eu) hecomes complete. So, we give an upper bound on the number of times that leaves
should be visited before M[root] becomes at least as large as eg,. It can be proved that
if M[l] > egoa1, for every leaf [ of T', then M[v] > egoq1, for every node v of T', and hence
M[root] > ezoa. Motivated by this fact, whenever m,, = 75, for some 7', T is called the
active tree and we say a node v of Q) is an active node if v is in T" and M[v] < egoa1; Otherwise
v is inactive. For each visit to an active node v, we hope that the algorithm increases M[v]
and in this way MJu], for all ancestors u of v, is increased and ultimately M[root] becomes
as large as egoa1. In any negative round before the last round, if the algorithm starts visiting
an active child u of v when visiting a node v, we decrease x,;(v) by an amount and we
increase X (u) by the same amount and in this way ultimately almost all amounts stored
in yyis-variables of internal nodes are moved to x.i-variables of active leaves of T'. Also we
will give an upper bound on the number of times that an active leaf might be visited before
it becomes inactive. In this way, we will have an upper bound on the sum of leaf-costs of
all rounds except the last round.

The approach for the case in which 7., = 7, for some T, is similar. In such cases,
the states of all rounds are positive and so by definition there are no negative rounds.
Hence we are considering just positive rounds as we are evaluating the total leaf-cost
of just negative and positive rounds. So, by the definition of positive rounds, we may
suppose E = e. If u(Wlroot]) = (ega1), as we will show in Lemma 6.44, the procedure

UpdateC updates e so that I1(°™ becomes complete. Also, one can prove that if for every
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leaf [ of T', (W[l]) = (egoa) then for every node v of T, u(W[v]) = (egom) and hence
p(W(root]) = (egoa1). S0, as in the case of the negative steps, whenever 7, = 77, for some
T, T is called the active tree and we say a node v of () is an active node if v is in T" and
p(W[v]) # (egoal); otherwise v is inactive. Then, whenever in a positive round before the
last round, while visiting a node v, the algorithm starts visiting an active child u of v,
we decrease £, (v) by an amount and we increase x (u) by the same amount. We now

explain more precisely our method for changing values of charging variables.

Definition 6.1 A visit modification is applied when in a negative (a positive) round other
than the last round an active node starts being wvisited. In this modification, we increase
Xois(V) by W, (v)L~(v) (increase x5 (v) by Wi (v)LT(v)) and if v is not the root we de-
crease X, (w) by Wi (v)L™(v) (we decrease x & (u) by Wi (v)L1(v)), where u is the parent
of v.

Now we formally prove that if we apply all visit modifications to yis-variables of nodes,
we can use the sum of charging variables to evaluate the sum of leaf-costs of positive and
negative rounds. We will also introduce some other changes to values of charging variables
that do not change their sum and hence at the end of the algorithm the sum of these
variables is the sum of leaf-costs of negative and positive rounds. A modification of a
number of charging variables that does not modify the sum of integers stored in charging
variables is called a sum-preserving modification. As is clear from the definition of visit
modifications, the only modifications that increase yis-variables of an internal node v, are
those that are applied at the times just after starting a visit to v. After that, during a visit
to v, other visit modifications only may decrease Yyyis-variables of v.

We now prove that when a negative or a positive round other than the last round starts,
the root is active and then using this fact we will prove that when the algorithm starts a
negative or a positive round other than the last round, a visit modification is applied and

the sum of charging variables is increased by the leaf-cost of the round being started.
Lemma 6.43 When starting a negative round the root is active.

Proof. We first prove that a negative round r has an active tree containing the root and

after that we show that when r starts M[root] < egoa. Then, by definition it is proved that
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the root is active. As r is a negative round, by definition when r starts cur # n + 1 and
Teur 18 Of the first type, that is, 7., = 77, for a sub-union tree 7" of N(Q). Then T is the
active tree and thus as by Definition 2.18 T" contains the root, the root is in the active tree.

Assume to the contrary that M[root] > egon. Then, as by Observation 6.32 e < egoal,
e < M[root]. So, as Mroot| is not a changing variable of UpdateC and by Lemma 6.36
e is not decreased, before executing UpdateC on line [76/ the inequality e < M[root] held.
So, due to the condition checked on line [1, the assignment on line 2/ is executed and e is
set equal to MJroot] and after that e is not decreased. Consequently, as M{root] > egoal
after executing UpdateC e > eyo, and this contradicts Observation 6.32. So, the lemma is

correct. ]

Lemma 6.44 When starting a positive round before the last round, the root is active.

Proof. Using an argument similar to that used in the previous lemma we prove the lemma
by showing that a positive round r other than the last round has an active tree containing
the root and that when r starts u(Wroot]) # (egoa1). By definition of the positive rounds,
when r starts cur # n + 1 and 7., = 75, for a sub-intersection tree T' of ). Then, by
Definition 2.18/ 7" contains the root and by definition 7" is the active tree.

Now we prove that p(W(root]) # (egoa1). Assume to the contrary that p(Wiroot]) =
(egoa1). Then, as by Lemma 6.40 e += egoa1, p(W(root]) = e. We now discuss the situation
while executing UpdateC before starting the round. Since e = eyn,), € is a main value.
Hence, Block 4 is not executed as otherwise line (6 would set e equal to a skirted value.
Thus, while executing line 4/ the condition checked on this line was false and so at that
time one of the statements u(W[root]) = E = e or e ¢ {—00, 00} was false. Since Block 4
is not executed, after checking the condition checked on line 4 UpdateC has not changed
any variable. Thus, before starting the round one of the statements p(W[root]) = E = e
or e € {—o0,00} is false. We now show that both these statements are true and obtain
a contradiction: As the round is positive, the equality E = e holds. Also, by assumption
p(Wiroot]) = e and by Lemma 6.40 e ¢ {—00, 00}. Hence, both statements are true and so
the assumption that p(Wroot]) = (egoa) was false. Therefore, as the root is in the active

tree, the root is active. O
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In the next lemma we formally prove that the sum of charging variables at the end of

the algorithm can be used to evaluate the sum of leaf-costs of negative and positive rounds.

Lemma 6.45 Suppose we apply all visit modifications that we have defined and also sup-
pose except these changes every change that we make to values of charging variables is
sum-preserving. Then, at the end of the algorithm, the total leaf-cost of all negative rounds

and positive rounds except the last round is the sum of the charging variables.

Proof. We first consider the effect of visit modifications and then we discuss other mod-
ifications. By definition, every visit modification is during a negative or during a positive
round. At the beginning of every negative round before the last round by Lemma 6.43/ the
root is active and hence we increase y, (root) by W, (root)L~(root). So, as by Defini-
tion 2.28 W (root) = 1, at the beginning of every negative round before the last round we
increase x,(root) by L~ (root). Also, a negative round is started by calling Visit™ (root)
and so by Lemma 6.3 its leaf-cost is L~ (root). Therefore, just after starting a nega-
tive round other than the last round we are increasing the sum of charging variables by
the leaf-cost of that round. A similar argument, by replacing the occurrences of “nega-
tive”, “Lemma 6.43", “x_; (root)”, “W (root)”, “Lemma 6.3, and “L~(root)” with “posi-
tive”, “Lemma [6.44", “x . (root)”, “W; (root)”, “Lemma [6.4", and “L*(root)”, respectively,
proves that just after starting a positive round before the last round we increase the sum
of charging variables by the leaf-cost of that round. After these changes, during a round,
every time that an active node v is visited, v is not the root and so v has a parent wu.
Then, we might increase x_;,(v) (or x&,(v)) by an amount and decrease x_;.(u) (or x& (u))
by the same amount. So, overall, by applying all visit modifications the sum of charging
variables is increased by the sum of leaf-costs of all negative and positive rounds except
the last round. Moreover, aside from visit modifications, all other modifications are sum-
preserving and so they do not change the sum of charging variables. Hence, the lemma is

correct. ]

Now we define a set of sum-preserving modifications that helps us to evaluate the sum
of xyis-variables of the leaves. Given a leaf [, an object o of [ is called a P-touched object
if 0 is not the last object of [ and the object after o in w(l) is P-visited. Given a leaf [, a

waiting object o of [ with a value less than e is chargeable if o is P-visited or P-touched. By
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applying the following sum-preserving modifications we will keep y.is-variables of leaves

non-positive, as we will prove.

Definition 6.2 A leaf modification is applied when in a negative (a positive) round other
than the last round an active leaf | is visited and has a chargeable object. Then, we increase
Xobj(0) by Wi (1) (by W (1)), where o is the smallest chargeable object of I, and we decrease
Xoiw(l) (decrease x & (1)) by the same amount.

The next lemma proves an upper bound on the number of times that x,u;(0), for a node

o, is increased.

Lemma 6.46 For every P-visited or P-touched object o of a leaf I, the number of times
that Gallop(l) is called and o is the first chargeable object of I is at most 1+1log len(o) where
len(o) s the length of the P-gap containing o.

Proof.  In the first step of the proof, we show that once o becomes scanned o is non-
chargeable until the end of the algorithm. In the second step, defining bef as the time
at which o becomes the first chargeable object of [, we prove in the one of the first (1 +
log len(0)) [-gallops starting after bef one of these three events occurs: First, Block 5 is
executed. Second, when executing line (12, the condition checked on this line is true. Third,
when starting the [-gallop, Step[l] > len(o0). Finally, in the third step, we show that when
each of these three events occurs, o becomes scanned. In this way the lemma is proved.

We first prove that after o becomes scanned o is non-chargeable until the end of the
algorithm. Once o becomes scanned, by Definition 5.1/ the inequality p(f[l]) > w(o) is
satisfied and so it follows from Lemma 6.20/ that the inequality p(f[l]) > p(o) remains
satisfied until the end of the algorithm. Hence, once o becomes scanned, by Definition /5.1
o remains scanned and thus since by definition o being waiting is a necessary condition for
o being chargeable, o does not become chargeable again.

Next we take the second step, as explained at the beginning of the proof. Suppose in
each of the first log len(o) I-gallops starting after bef when executing line 12) the condition
checked on this line is false and also Block |5 is not executed. Hence, in each of these
[-gallops, in the “if” block of line 12 Step[l] is doubled and then as Block |5l is not executed
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Step[l] is not set equal to 1. Consequently, when executing the (1 + log len(o))th I-gallop
starting after bef, Step[l] > len(0), that is, the third event occurs.

Finally, as the last step, we show that if when starting an I-gallop after time bef o is not
scanned and in the [-gallop one of the three events stated above occurs, o becomes scanned.
Since after time bef by Lemma [6.36/ e has been not decreased, the inequality u(o) < e still
holds and thus o is still chargeable. We consider the three events, one by one. First we
suppose the first event occurs, that is, Block 5l is executed. We first prove that line [17 is
executed. Then, we prove that line [17 assigns the index of the biggest object of [ with a
value at most e to j, and finally we conclude that when exiting the procedure o is scanned.
As o is chargeable, u(o) < e and o is waiting, that is, u(o) > u(f[l]) (Definition 5.1)).
Hence, e > p(£i[l]) and so the condition checked on line 15 is false. Therefore, the binary
search of line [17 is executed.

Now we show that after line 17, j is the index m of the biggest object of [ with a
value less than e. We first prove that ¢+ < m and m < j. By the condition checked on
line [14] either j > length(w(l)) or u(w(l)[j]) > e. In the first case [ has no object with
an index more than 5 and in the second case as p is ordered, every object of [ with an
index more than j has value greater than e. Therefore, in either case, as m is the index
of an object less than e, m < j. Also, since i is the index of f[l] (line 11) and we proved
e > u(fi[l]), it follows from the definition of m that m is not less than i. Now, it follows
from the definition of m that m is the biggest integer such that 1 < m < length(w(l))
and p(w(l)[m]) < e and we proved m < j and ¢ < m. So, m is the biggest integer such
that max(1,7) < m < min(j,length(w(l))) and p(w(l)[m]) < e. Also, since after line 11
¢ does not change, by Lemma 5.321 1 < 7. Hence, m is the biggest integer such that
i < m < min(j,length(w(l))) and p(w(l)[m]) < e. So, as the code of line 17 shows, the
binary search of line 17/ finds m correctly and assigns it to j.

Now we can prove that o becomes scanned. As u(0) < e and we proved line [17 assigns
to 7 the index of the biggest object of [ with a value less than e, after line 17 j is at least
the index of o in w(l) and thus p(w(l)[j]) > p(o). Also, as we proved m > i, the value
assigned to j is at least 7. So, the condition checked on line[19/is true and hence line 20 sets
i[l] equal to w(l)[j + 1]. Hence, after line 20/ u(G[l]) = pu(w(l)[j + 1]) > p(w(l)]j]) = u(o).

So, after executing line 200 by Definition /5.1 o is scanned.
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Now consider the second event, that is, when executing line 12, the condition checked
on this line is true. Then by Lemma 6.19 after this [-gallop fi[l] = END and hence p(f[l]) =
oo > u(0). So, by Definition 5.1/ 0 becomes scanned during the execution of the [-gallop.

Finally we suppose the third event occurs and so when starting the [-gallop, Stepll] >
len(o). If when executing line [12] the condition checked on this line is true then the second
event occurs and as we proved o becomes scanned. So suppose this is not the case and so
the “if” block of line [12/ doubles Stepll] and sets Step|l] equal to an integer at least 2len(o).
Now we first prove that line [13] sets j equal to an integer at least Index(I,l,0) and then
using this fact we prove that o becomes scanned.

Now let use prove that after line13/j > Index(I,[,0). Suppose I is the P-gap containing
0. Then, it follows from Definition 2.26 that if I' is the first P-gap of [ there is no object
before I'; otherwise, the object of [ just before I is visited by P. Also, since o is chargeable,
its value is less than e and hence the value of every object before o in [ is less than e. So, by
definition every P-visited waiting object before o in w(l) is chargeable. Therefore, as o is
the first chargeable object of [, every P-visited object before o in w(l) is scanned. Thus, as
we proved the biggest object of w(l) before the first object of I' (if there is any) is P-visited,
the biggest object of [ before I' (if there is any) is scanned. Hence, the number of waiting
objects of [ before o is at most the number of objects of I' before o, that is, len(o) — 1.
Also, due to the assignment on line 11, every object with an index at least ¢ has value of
at least p(f[l]). Consequently, by Definition [5.1 every object with an index at least i is
waiting. Moreover, every object p with an index m, i < m < Index(I,l,0) has an index at
least i and is before o. Therefore, any object with an index m, ¢ < m < Index(I,l,0) is
waiting and is before o. Thus, there are at least Index([, [, 0) —i waiting objects before o in
w(l). So, as we proved the number of waiting objects of [ before o is at most len(o) — 1 and
Stepl] is set equal to an integer at least 2len(o), Index(I,1,0) —i < len(o) — 1 < Step[l] — 1.
Hence, as line 13/ sets j := i + Step[l] — 1, after this line j = ¢ + Step[l] — 1 > Index(I,,0).

Now, having proved after line 13 j > Index(I,l,0), we consider two cases based on
Block 5/ being executed or not. If this block is executed, the first event occurs and thus,
as we proved, o becomes scanned. So, suppose this is not true and thus j is not modified
until line 19. Now again we consider two possibilities depending on whether Block [7 is

executed or not. First suppose this block is not executed. Then, by the condition checked
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on line 19, j < 7 and so as we proved j > Index(I,l,0), Index(I,l,0) < i. But, due to
line 11, ¢ = Index(I,l,([l]). So, Index(I,l,0) < Index(I,l,A[l]) and thus u(o) < wp(h[l]).
Hence, by Definition 5.1 0 is scanned. Now consider the other possibility, that is, Block [7
is executed. Then, line 20 sets fi[l] := w(l)[j + 1]. So, after this line Index([,l, f[l]) =
j+1>j > Index(I,l,0) and hence p(o) < p(A[l]). Therefore, by Definition 5.1 o has
become scanned.

Now, we have proved that if in an [-gallop after time bef o is not scanned and one of
the three events occurs then o becomes scanned. Also, we proved that once o becomes
scanned o remains scanned and so o will be not chargeable. Thus, as we proved in one of
the first 1 + log len(o) l-gallops after time bef one of the three events occurs, the lemma is
true. 0]

We now prove that when visiting an active leaf [, [ has a chargeable object and so a
leaf modification is applied and yy;s-variables of [ become zero. To prove this fact, we first
show that when m.,, is of the first type, every object of [ with a value of at least e,q has
value of at least eg,. Then, using this fact we prove that if [ has no chargeable object

((£[l]) > egoar and this will contradict the fact that [ is active, as we will see.

Lemma 6.47 Suppose Teyr = 7y, for a sub-union tree T of N(Q), and | is a leaf of T

Then, the value of every object of | with a value of at least eyq is at least egoar.

Proof.  To prove the lemma it suffices to suppose that [ has an object with a value of
at least e,q and to prove that the value of the smallest object o of [ with a value of at
least eyq is at least egoa. We first show that hmin(u, C,T) < p(o) and then we prove that
egoal = hmin(p, C,T). As [ has an object of value at least ey,q and o is the smallest of
such objects, by Lemma 3.1 find(I,1,e,q) = 0 # END. The leaf [ is in N(Q) because [ is
in 7" and T is a sub-union tree of N(Q). Also, by the definition of o, p(0) > eqq and by
definition e,q is the e-value of the result C of 11~ on I. Therefore, by Definition 3.3 o
is C-remaining and so by Definition 3.7 hmin(u, C, T') is the minimum of p(find(I, v, eqq))
over all leaves v of T with find(1,v, e,q) # END. Hence, as we proved find(/, [, e,q) 7# END,
hmin(p, C,T) < p(find(I,1,eqq)) = (o).

Now we prove that ez, = hmin(u, C,T') and we conclude the correctness of the lemma.
AS Tew = 75 is the last step of 1™ by Definition [3.13 result(I,11¢")) = 7. (u, C)
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and thus ey, is the e-value of 7, (u,C). So, by Definition 3.8 egony = hmin(u, C,T).
Consequently, egoa < 11(0). O

Lemma 6.48 Suppose mqy 1S of the first type. Then, just before visiting an active leaf [,
[ has a chargeable object.

Proof. We assume to the contrary that [ does not have a chargeable object and we prove
that [ is not active. We first prove that [ does not have any object of value eyq. Next,
we show that all objects of [ with values less than e,q are scanned. Afterward, we prove
that the inequality p(£i[l]) > egoa holds and then we conclude that [ is not active. In the
following C' is the result of I~ on I and hence its e-value is eyq. Also, as meyr is of
the first type, mewr = 7, for a sub-union tree 7' of N(Q) and thus 7T is the active tree.
Furthermore, since 7, = 77 is the last step of 1) by Definition [3.13/the result of I1(c%)
on I is mp (i, C') and 80 egoq is the e-value of m (u, C).

We now prove that | does not have any object of value e,q. If [ has an object o of value
€od, 0 is the smallest object of [ with a value of at least e,q and hence by Lemma 6.47,
its value is at least egon. Thus, as by assumption (o) = egd, €goal < €o1a, contradicting
Observation 6.32 which says egoa > €o1q. S0, [ does not have any object of value eqq.

We next prove that all objects of [ with values less than e,q are scanned. We suppose
[ has an object of value less than ey,q as otherwise the claim is trivially correct. We
first prove that the biggest object o of [ with a value at most (eyq) is P-visited. By
Definition [3.15, the boundary-set of (I,1, (eqq)) is a subset of Visited., (I, II) and so it is a
subset of Visited([,II) as by Definition [3.15| Visited(1,II) = |, ,-,, Visited;(I,1I). Also, as
we supposed [ has an object p with a value less than eyq, by Observation 2.30 1(p) < (eoa)
and so by Definition 13.14 the biggest object o of | with a value at most (e,q) is in the
boundary-set of (1,1, (eq,q)). Hence, o is in Visited(I,IT) and thus as by the choice of II
Visited(1,11) C Visited(P), o € Visited(P).

Now we prove that all objects of [ with values less than eyq are scanned. Every object
with a value at most (eqq) has value at most eyq as eqq > (€q1q). Also, given an object p of
[ such that u(p) < eqq, as we proved there is no object of value eqq in w(l), u(p) < eqq and
thus by Observation 2.30 u(p) < (eqqa). So, the sets of objects of I with values at most e,q

and with values at most (e.q) are the same. Therefore, as o is the biggest object of | with
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a value at most (e,q), o is the biggest object of [ with a value at most e,q. In addition,
1(0) < eqq because we proved [ does not have an object of value eyq. Furthermore, as we
proved, o is P-visited. Consequently, o is a P-object of value less than e, 4. So, as there is
no chargeable object in [, o0 is not waiting and thus by Definition 5.1 u(0) < p(f[l]). As a
result, as o is the biggest object of [ with a value at most e.q, all objects of [ with values
less than e,q have values less than p(fi[l]) and hence they are are scanned.

Next we show that p(£[l]) > egoa by considering two cases based on [ having an object
with a value of at least e, q or not. Since we proved all objects of [ with values less than e.q
are scanned, if [ does not have any object with a value of at least eyq, there is no waiting
object in w(l). Consequently, fi[l] is not an object of [ as otherwise by Definition /5.1 fi[l]
is waiting. So, by Definition 5.1 fi[l] = END and hence in this case, p(f[l]) = 0o > egoal-
Now suppose [ has an object of value at least e,q and consider the smallest such an object
0. Then, by Lemma [6.47) egon1 < 1(0) and so as by Observation 6.32] egon > €, p(0) > e.
Also, by Lemma 6.13 before visiting [ the precondition of the visit procedures, including
Invariant 2, hold. So, as u(0) > e, by Invariant 2! o is waiting. Moreover, as we proved all
objects with values less than e,q are scanned and o is the smallest object with a value of
at least eyq, all objects smaller than o are scanned. Hence o is the smallest waiting object
and thus by Lemma 5.1 fi[l] = o. Therefore, pu(f[l]) = p(0) > egoar-

We now can observe the following contradiction. Since by precondition 2 of the visit
procedures M[l] is well-valued, by Definition 5.6/ M[l] = pu(£]l]) and thus as we proved
p(A[l]) > egoal, M[l] > egoa1, contradicting the fact that [ is active. Hence, the assumption

that [ does not have a chargeable object is wrong and so the lemma is correct. 0

Before proving that when visiting an active leaf [ in a positive round [ has a chargeable
object, to avoid repetitive arguments, we first prove that whenever the algorithm executes
line [75), the speedy leaf has a chargeable object and thus we can use Lemma 6.46 to obtain
an upper bound on the number of times that this line is executed. The proof will consider
several possibilities and in one of them it is proved that find(I,sl(Q),e) is a P-visited
object. In the next lemma, we show that in such situations if the speedy leaf does not
have any chargeable object, the condition checked on line 74/ is false and so line [75/ is not

executed.
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Lemma 6.49 Given a leaf | without any chargeable object, if find(I,l, e) is a P-visited
object then u(A[l]) > e.

Proof.  Defining o = find(I,l,e), after stating some basic facts, we consider two cases
based on o being the first object of [ or not. As by assumption find(I,[,e) is an object,
find(I,l,e) # END and hence by Lemma3.1lo = find(1, [, e) is the smallest object of [ with a
value of at least e. So, (o) > e. Also, we suppose fi[l] # END as otherwise p(fifl]) = 0o > e
and thus the lemma is trivial. Hence, by Definition [5.1 fi[l] is an object of [.

Now we discuss the two cases listed above. First consider the case in which o is the
first object. Then, as fi[l] is an object of I, by Definition 5.1/ u(6[l]) > (o) > e and so the
claim is true. Now consider the other case, in which o is not the first object. Consider the
object p prior to o in w(l). Since, as we proved, o is the smallest object of [ with a value of
at least e, the value of p is less than e. Hence, since p is the object prior to the P-visited
object o = find(I,l,e), p is P-touched and thus as u(p) < e, p is chargeable unless p is
scanned. So, as by assumption there is no chargeable object, p in scanned and hence by
Definition 5.1 u(6[l]) > u(p). Therefore, as by assumption f[l] is an object and o is the
first object after p, p(f[l]) > w(o) > e. Thus, the claim of the lemma is correct in this

case, as well. O

Lemma 6.50 Just before an execution of line75 sl(Q) has a chargeable object.

Proof. We first prove that when executing line 75 cur # n + 1 and 7., is not of the third
type. Then we show that 7., is not also of the first type and so 7., is of the second type.
After that we assume to the contrary that sl()) has no chargeable object and we prove
that the condition checked on line [74/is not true. This contradiction will prove the lemma.

First we prove that cur # n+1 and 7, is not of the third type. Since by the condition
checked on line [74] p(A[sl(Q)]) < e, e # —oo and so e has been changed after initialization.
Thus, as after initialization e only is changed by UpdateC, called only by line 76, at least
one time line 76 was executed and after its last execution e was not modified. Hence, as
cur is only changed by modifying e, after the last execution of line 76/ cur was not changed.
Now, assume to the contrary that cur = n + 1 or 7, is of the third type. Then, by

Lemma 6.34/ just after the last execution of line 76/ e = co. So, as e only changes by line 76,
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after that execution e has remained equal to oo and hence due to the condition checked on
line 72 the procedure should exit the “while” loop. This contradicts the fact that after the
last execution of line [76 the algorithm has reached line [75. So, cur # n 4+ 1 and 7., is not
of the third type.

We now prove some basic facts and then we show that 7., is not of the first type.
Since the procedure Gallop does not modify e, by the condition checked on lines 72 and 74
p(A[sl(Q)]) < e < oo and so e € {—o00,00}. Also, by the condition checked on line 73
u(Wiroot]) = e = E. Hence, as by Lemma [5.59 all feature variables of all nodes are well-
valued, by Lemma 5.15/ there is an eyewitness U for v. Therefore by Definition 5.5 p(f[l]) =
e, for every leaf [ of U. So, since by the condition checked on line 74 u(£i[sl(@)]) < e, the
speedy leaf is not a leaf of U. Thus, U is a sub-intersection tree of N(Q), as well. We now
assume to the contrary that 7., is of the first type and so, 7, = 77, for a sub-union tree
T of N(Q). Then, by Lemma 2.19 |leaves(U)Nleaves(T)| = 1. So, consider the member [ of
leaves(U) N leaves(T'). Then, as [ is a leaf of U, u(fi[l]) = e. Thus, as by Observation [6.32
€g0al > € > €4, | has an object with a value of at least eyq and less than eg,. This
contradicts Lemma 6.47. So, 7, is not of the first type and hence it is of the second type.

Now we assume to the contrary that the speedy leaf does not have a chargeable ob-
ject and we obtain a contradiction to the condition checked on line 74/ by showing that
p(f[sl(@)]) > e. Considering the facts that by Definition [3.15 the boundary-set of (1,1, eqq)
is a subset of Visited.,,(I, 1), by Definition 3.15| Visited., (I, 1) C Visited(1,II), by choice
of IT Visited(I,11) C Visited(P), and by Lemma [6.40 e = e,jq, we may conclude that the
boundary-set of (I, sl(Q),e) is a subset of Visited(P).

Now, we consider two cases based on sl(Q)) having an object with value of at least e or
not and in each case we prove the claim p(fi[sl(Q)]) > e. First suppose there is such an
object. Then by Definition [3.14] the smallest object o of sI(Q) with a value of at least e
is in the boundary-set of (1, sl(Q),e) and hence o is in Visited(P). But by Lemma 3.1 o
equals find(1,sl(@Q),e). So, find(1,sl(Q),e) is P-visited and thus by Lemma 6.49/ the claim
wu(A[sl(@Q)]) > e is true. Now consider the other case, in which sl(@Q)) does not have any
object with a value of at least e. So, all objects of the speedy leaf have values less than
e. Therefore, the biggest object p of sl(Q)) is the biggest object of sl(Q)) with a value at
most e and so by Definition [3.14 p is in the boundary-set of (I,sl(Q),e). Hence p is in
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Visited(P). So, as u(p) < e (because all objects of sl(Q)) have values less than e) and there
is no chargeable object, p is scanned. Therefore, by Definition 5.1 p(6[sl(Q)]) > p(p) while
p is the biggest object of sI(Q). Hence, fi[sl(Q)] is not an object of the speedy leaf and so
by Definition 5.1/ fi[sl(@Q)] equals END. Thus, p(f[sl(@)]) = oo > e. Hence in both cases
p(G]sl(@Q)]) > e which is a contradiction to the condition checked on line [74. Therefore,
the assumption that sl(Q)) does not have a chargeable object is false. O

We now prove that when visiting an active leaf [ in a positive round, [ has a chargeable

object and hence a leaf modification is applied and decreases x,(1).

Lemma 6.51 Just before visiting an active leaf | in a positive round, | has a chargeable

object.

Proof. We assume to the contrary that [ does not have any chargeable object and after
proving some basic facts, we show that p(fi[l]) = e. Then, we conclude that [ is not active
and in this way we obtain a contradiction. In the following C is the result of II€*"~1 on
I. Hence, by assumption e,q is the e-value of C'. Since the round is positive, cur # n + 1
and 7., = 77, for a sub-intersection tree 1" of (), and thus 7" is the active tree.

Now we prove that u(fi[l]) = e. Since 1™ is valid (Observation 6.30) and 7oy = 77
is the last step of I1¢") by Definition 3.13 75 (u, C) is defined. Also, since [ is active [ is
a leaf of T'. Therefore, by Definition [3.10 [ has an object o of value e,q. Hence, o is in
the smallest object of value at least eyq in w(l) and thus by Lemma 3.1/ find(1,[,eqq) =
o. Consequently, by Definition 3.15 o is in Visited.,.(I,1I). So, as by Definition [3.15
Visited(1,11) = |J,«,-,, Visited;(I,II) and by assumption Visited(I,II) C Visited(P), o is
in Visited(P). Also,_w_e proved (o) = eqq and thus since by Lemma 6.40 e q = €, p1(0) = e.
Moreover, by Lemma 6.13/ when visiting [ the preconditions of the visit procedures hold
and so Invariant 2l is true. Hence, as p(o) £ e, by Invariant 2, o is waiting. So by
Definition 5.1/ p(0) > p(6[l]). Also, since o = find(I,l,eqq) = find(1,l,e) and o is P-
visited, by Lemma 6.49 pu(f[l]) > e = eqq = p(0). Therefore as we proved p(o) > p(f[l]),
p(fll]) = plo) =e.

Now we complete the proof by showing that [ is not active. Considering the facts that by
the definition of positive rounds e = E, by Lemma 6.40/ e ¢ {—00, o0}, by precondition 2 of

the visit procedure W[l] is well-valued, and we proved that p(6[l]) = e, we can conclude from
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Definition 5.8 that p(W[l]) = e. So, as by Lemma [6.40) ez0a = e+, u(W[l]) = e = (egoa1) and
thus [ is not active, contradicting the assumption of the lemma. Therefore, the assumption

that [ does not have any chargeable object is false. 0

Now, let us explain how we evaluate the sum of y,i-variables after finishing the execu-
tion of the algorithm. Using the lemmas we proved above, we will show that y.i-variables
of leaves remain non-positive. Now we introduce a number of sum-preserving modifications
to values of charging variables so that we can evaluate the sum of yi-variables of internal
nodes at the end of the execution of the algorithm. Given an internal node v, by discharging
v we mean to make both of the following two changes to values of the charging variables:
First, if x_,,(v) > 0, to increase x.(v) by X, (v) and then to set y . (v) := 0. Second, if
& (v) > 0, to increase x.(v) by x{i,(v) and then to set & (v) := 0. By applying these
modifications once in a while, we always will have an upper bound on the values stored in
Xvis-variables of internal nodes. Also, it is clear that discharging a node is a sum-preserving
modification. When we discharge a node v we say we have performed a useful discharging
or we have discharged v usefully if just before discharging v, one of x_; (v) or x. (v) were

positive. Now let us explain when we discharge a node of Q.

Definition 6.3 Internal modifications are defined to be applied in the following way.
1. Before the last round we apply the following modifications.

(a) Just before finishing an execution of Visit™ (v), Visit™ (v), for an internal node
v, if before this execution v was active and now v is not active any more, we

discharge v.

(b) Just before finishing an execution of Block!20, for every internal node v, if before

this execution v was active and now v is not active any more, we discharge v.

(¢) Every time that cur changes, just before changing cur we discharge all internal

nodes.
2. Just after starting the last round we discharge all internal nodes.

Let us first explain how a y,is-variable can be increased and then we prove some upper-

bounds on values of these variables. Among the modifications we defined so far, it follows
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from their definitions that leaf modifications and internal modifications always reduce yyis-
variables. Also, the only visit modifications that may increase y.i-variables of a node v
are those that are applied just after starting a visit to v. Hence, the next observation is

true.

Observation 6.52 The only modifications increasing Xvis-variables of a node v are the

wisit modifications that are applied just after starting a visit to v.

We now prove that whenever a node v becomes inactive as soon as the algorithm is not
executing Block 20 or visiting v, yyis-variables of v become zero. To prove this fact, we

first discuss the situations in which a node can become inactive.

Lemma 6.53 An active node v may become inactive only when cur changes or during an

execution of one of Visit™ (v), Visitt(v), or linel78.

Proof. The definition of a node v being active only depends on the active tree, on the value
of egoa1, 0N cur, and on variables W[v] and M[v] (if v is in N(Q)). Also, the active tree and
the value of ey, are determined by the value of cur. Hence, v may become inactive only
when one of cur, W[v], or M[v] are modified. Moreover, W[v] and M[v] are only modified
during an execution of Visit~(v), Visit™(v), or UpdateE and UpdateE is called only during
an execution of line [78. Consequently, v can become inactive only when cur changes or the

algorithm is executing Visit~(v), Visit*(v), or line [78. O

Now we discuss the situation in which y,;-variables of nodes become non-positive.
According to Lemma 6.53, an active node v can become inactive only when cur changes or
the algorithm is visiting v or executing line 78 where line 78 is a part of Block 20. Also,
before the last round, whenever cur changes, just before changing cur all internal nodes
are discharged and hence y,is-variables of all nodes become non-positive. In addition,
every time that the algorithm finishes an execution of Visit~(v), Visit™(v), or Block 20,
just before finishing that execution if v has become inactive we discharge v and thus yyis-
variables of v become non-positive. So, once v becomes inactive before the last round, as
soon as the algorithm is not visiting v or executing Block 20, x;s-variables of v become non-

positive. Moreover, by Observation [6.52/ the only modification increasing y.is-variables of a
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node v is the visit modification that is applied when v starts being visited and by definition
that modification is applied only if v is active. Thus, at any moment before the last round
that Block 20is not being executed, x.;s-variables of every inactive internal node that is not
being visited are non-positive. Also, whenever a new step becomes active, cur changes and,
just before changing cur, we discharge all nodes. Then, if 7, is not of the first type (second
type) the visit modifications do not increase x: (v) (x,;(v), respectively), for nodes v, and
hence due to Observation [6.52 . (v) (x5 (v), respectively) remains non-negative. So, the

next lemma is proved.

Lemma 6.54 Suppose we apply all visit modifications, leaf modifications, and internal
modifications that we introduced before. Also suppose aside from these modifications, no
change is applied to charging variables. Then, at any moment before the last round that the
algorithm is not executing Block 20, for every internal node v that is not being visited and
is not active, X(v) <0 and x5, (v) < 0. Moreover, at any moment before the last round

if Teur 15 of the first type x5 (v) < 0; otherwise, xo,(v) <0, for every internal node v. O

To prove an upper bound on Y (v) and x& (v), for internal nodes v, in the cases in
which an upper bound is not inferred from Lemma 6.54, we will need to show that if at
some point during a round r, a node v is active, v has been active from the beginning of r
and then we can conclude that during a visit to a child of v a visit modification has reduced
a Yyis-variable of v. Since the definition of a node being active in a negative round depends
on whether M[v] < egou Or not, we prove that Mv] is not decreased by the algorithm
and then we conclude that an inactive node does not become active unless the active step
changes. Likewise, as the definition of a node being active in a positive round depends on
whether 1(W[v]) = (egoar) Or not and by Lemma 6.40 in positive rounds e = (egoa1), We
prove that once W[v] is set equal to an object of value e, it remains an object of value e

unless the active step changes.

Lemma 6.55 Given a node v, if at some time bef after initialization the variable Mlu]
is well-valued, for every node u of N(Q)[v], and at some time aft after time bef Mu] is
well-valued again, for every node u of N(Q)[v], then MPD[y] < MED[y].

Proof. We first prove that after initialization maxmin(v) is not decreased and then we use

Lemma 5.14] to prove the lemma. Given a leaf [, by Lemma 6.20, after initialization the
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result of the expression p(fi[l]) is never decreased. So, given a sub-union tree 7', as by Defini-
tion 5.3/ min-wait(1") = minejeaves(r) p(f[l]), min-wait(T) is never decreased. Consequently,
since by Definition [5.4, maxmin(v) is the maximum of min-wait(7") over all sub-union trees
T of N(Q)[v], maxmin(v) is not decreased. As a result maxmin®®?(v) < maxmin®® (v).
Also, as by assumption at the times bef and aft M[u| is well-valued, for any node u of
N(Q)[v], by Lemma 5.14 M*)[y] = maxmin®*?(v) and M@ [y] = maxmin®® (v). So,
MPeD[y] < M@0 [y), O

Lemma 6.56 Consider a round r during which e = E and e ¢ {—o00,00} and a node v,
such that at some time bef during r Wlu] is well-valued, for every node u of Q[v], and at a
time aft, during r and after time bef, W{u| is well-valued again, for every node u of Q[v].

Also, suppose at neither of times aft or bef the procedure Gallop is being evecuted. Then,
if n(MEO[v]) £ e, u(MPD[]) # e,

Proof.  We first prove that if at time bef there is an eyewitness 7" for v, at time aft T is
still an eyewitness for v and then using Lemma [5.15 we conclude that if z(M®*D[v]) = e
then (M@ [0]) = e.

Considering an eyewitness T for v at time bef, we now prove that at time aft T is an
eyewitness for v. The definition of 7" being an eyewitness depends only on elements of the
array fi and the variable e. Also, e is not modified during r. Moreover, the elements of
fi only may be modified during r by the Gallop procedure. Hence, since aft and bef are
not during an execution of Gallop, it suffices to prove that every time that Gallop is called
between the times bef and aft, if before that call T" is an eyewitness, after that call T is
still an eyewitness. We now prove this fact. Since the round r starts by executing one
of lines 80 and 81, by Lemma [5.59 before the round r the three invariants are satisfied
and all variables are well-valued. Hence, before r the preconditions of the visit procedures
hold and so the round is started by a legal call. Thus, as the root is well-behaved, by
Definition 5.15 every call to Gallop during r is legal. Therefore by Lemma [5.39 if before a
call to Gallop T is an eyewitness after that call T is still an eyewitness.

Now we suppose u(M®PD[y]) = e and we prove that (M@ [y]) = e. Since at both
times bef and aft Wu| is well valued, for all nodes u of Q[v] and during r e = E and

e & {—00,00}, by Lemma 5.15] in each of these two times, pu(W[v]) = e if and only if there
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is an eyewitness for 7. Thus as we supposed pu(M®V[v]) = e, there is an eyewitness T for
v at time bef. So, as we proved above, T' is an eyewitness for v at time aft. Consequently,

n(ME[]) = e. Hence, the lemma is correct. O

We will prove that y,is-variables of internal nodes are bounded by a factor of credits of
nodes. To prove this fact, we first show that the credits of nodes are non-negative. Then
using this result and Lemma 6.54/ we can prove that our upper bound holds for inactive

nodes.
Lemma 6.57 After initialization, the credit of an internal node v never becomes negative.

Proof.  Since right after initialization the credits of nodes are zero and the only lines
decreasing credits of nodes are lines 40 and 57, it suffices to prove that after that one of
these two lines modifies the credit of a node v, the credit of v remains non-negative. Due
to the condition checked on line [38 (on line 54), Block 10/ (Block 13) is executed only if
the credit of v is at least L™ (u) (is L™ (u)), where u is the local variable of the procedure,
storing a child of v. Block 10 first visits u and hence as Credit[v] is not a changing variable
of Visit™(u) (of Visit*(u),), after this call still the credit of v is at least L™ (u) (at least
L*(u)). Thus, after executing line 40 (line 57) the credit of v remains non-negative. So,

the lemma is correct. O

Lemma 6.58 At any time before the last round, given an internal node v that is not being

visited, Xi(v) < 0 if v is an intersection node and x ;(v) < Credit[v]W (v), otherwise.

Proof.  We first prove that it suffices to prove the lemma only for the times right after
the executions of Visit™(v). After that, we prove that it suffices to discuss executions of
Visit~(v) that occur in the negative rounds before the last round and then we show the
correctness of the lemma for such executions of Visit™(v). In the proof we will use the fact
that as Definition 2.28 shows, W (v) > 0, for every node v.

Now let us first prove that it suffices to prove the lemma for the times right after
executions of Visit™(v). Since both x_;,(v) and the credit of v are initialized to zero, before
starting the first round the lemma is true. Also, the credit of v changes only when visiting

v and Yyyis-variables are increased only during visits to v (Observation [6.52). Hence, it
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suffices to prove that, if before visiting v the inequality claimed in the lemma is true, after
finishing visiting v the inequality still holds.

We now prove that it suffices to prove the lemma for the visits to v that occur in
the negative rounds before the last round. Since we are considering the times before the
last round, by Lemma 6.35 the active step exists and is of the first type or of the second
type. If the active step is of the second type, by Lemma [6.54 x_..(v) < 0 and thus as by
Lemma 6.57 Credit[v] > 0, the lemma is true. So we suppose the active step is of the first
type. Therefore, the round is either a null round or a negative round. If the current round
is null, by definition it is a positive-visit. A positive-visit only changes credits of nodes
in the “case intersection node: ” block of Figure 5.4 and hence if v is a union node, a
positive-visit does not change the credit of v. Also, by Definition 6.1 a visit modification
may increase x,;(v) only in negative rounds and so in a null round x,;,(v) is not increased.
Consequently, if the current round is null, the inequality claimed in the lemma remains
satisfied. Therefore, we will suppose the round is a negative round.

Before proving the lemma for times after negative-visits to v in negative rounds, we
prove that we can suppose v is active before and after visiting v. If before visiting v, v
is not active then right after starting the visit to v the visit modification increasing yis-
variables of v is not applied and so, due to Observation 6.52, .-variables of v are not
increased. Also, in that situation by Lemma 6.54 just before visiting v y,is-variables of
v are non-positive. Thus, after visiting v x.is-variables of v are non-positive and so the
lemma is true. So we suppose before visiting v, v is active. Then, if after visiting v, v is
not active, just before leaving Visit~(v), v is discharged and so x_;,(v) will be at most 0.
Thus in these situations also the lemma is true. Hence we suppose before and after visiting
v, v is active.

Now we consider a negative-visiting of v in a negative round and we suppose just before
visiting v the inequality claimed in the lemma holds for v and before and after visiting v,
v is active. In such situations since before visiting v, by Lemma 6.13), the preconditions of
Visit™(v) hold, the call is legal and so as all nodes are well-behaved, after visiting v the
postconditions of the visit procedures hold. Thus, due to the preconditions (postconditions)
of Visit~(v), before (after) visiting v all feature variables of all nodes in Q[v] are well-valued.

Also, as by assumption before and after visiting v, v is active, at both times M[v] < egoal.
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We now consider two cases based on v being an intersection node or a union node.

Case 1: v is an intersection node.
We first prove that there is a child w of v visited during the execution of Visit™ (v) such that
when visiting w, w is active and then we investigate the changes to x,(v) when starting
the visit to v and when starting the visit to w. Since T" by definition is a sub-union tree
and it contains the internal node v, T contains a child w of T'. Also, as we proved when
starting the visit to v all feature variables of nodes in Q[v], including M[v], are well-valued,
by Definition [5.6 M[v] is the maximum of M[vg] over all children vy of v. Thus, as w is a
child of v, when starting the visit to v, M[w] < M[v] and hence as we proved when starting
the visit to v, M[v] < ey, at that time M{w] < egoa. Now the algorithm starts visiting
children of v one by one (line 28). Since w is not a descendant of any child of v other
than w, by visiting other children of v M[w]| is not modified and so when visiting w still
Ml[w] < egoa. SO, as w is selected as a node of the active tree, by definition just before
visiting w, w is active.

Now we discuss the changes to x,;,(v). Since by assumption when starting the visit to
v, v is active, at the beginning of Visit™ (v) the variable x . (v) is increased by L~ (v)W; (v)
and after that, during the visit to v, by Observation 6.52 no modification increases x ;. (v).
Also, when starting the visit to w (during the visit to v), as we proved w is active and
SO Xui(v) is decreased by L~ (w)W; (w). By Definition 2.28, W, (w) = W,—:(v)f__((zj))

L~ (v)
L= (w)

L= (v)W; (v). So, overall, x,,,(v) is increased by at most L~ (v)W; (v) — L™ (w)W, (w) =
L= (v)W, (v) — L~ (v)W (v) = 0. Thus, as by assumption before visiting v the inequality

Hence, right after starting the visit to w, x,(v) is decreased by L~ (w) (WE (v)

Xvis(v) < 0 held, after visiting v still this inequality holds.

Case 2: v is a union node.

First, for each direct execution of Block [11] by Visit~(v), we first prove that the child u of
v selected before that execution of Block [11/is active. Since we proved before visiting v the
preconditions of the procedure hold, before each execution of Block 11 by Lemmas [5.45
and [5.49/ the three invariants hold and feature variables all nodes in Q[v] are well-valued.

Now consider a time bef right before starting a direct execution of Block [11 by Visit™(v).
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Since we proved at both time bef and right after visiting v feature variables of nodes of Q[v]
are well-valued, M®**)[y] is at most the value of M[v] at the end of visiting v (Lemma 6.55)
and so since at the end of visiting v, as argued, M[v] < egal, M (bed) [v] < egoar. Therefore,
as at time bef M[uv] is well-valued, by Definition 5.6 M®V[y] = M®D[w] where w is a
child of v in N(Q) minimizing M®*Y[w]. Also before entering Block 11/ at time bef, u is a
selected by looking at the top of H[v] and since at time bef H[v] is well-valued, it follows
from Definition 5.10 that u is a child of v in N(Q) minimizing M®**[u] over all children
of v in N(Q). Thus, M [y] = MPD ] = MPD[y] < e,0. Also, since by definition the
active tree is a sub-union tree of N(Q) and v is in the active tree (because v is active),
by definition every child of v in N(Q) is in the active tree. So, w is in the active tree.
Consequently, u satisfies both conditions of the definition of a node being active and hence
u is active. Therefore, every time that Block [11]is executed, u is an active child.

Now we investigate the changes to Credit[v] and x_(v). At the beginning of Visit™ (v)
the variable x_ (v) is increased by L~ (v)W; (v) and Credit[v] is increased by L~ (v) and
hence X, (v) and Credit[v]W, (v) are increased by the same amount. Now each time a
child u of v is selected and then Block [11] is executed. We now prove that if before an
execution of Block 11! the inequality x; (v) < Credit[v]W, (v) holds, after this execution
still this inequality holds and in this way the lemma is proved. Visit~(u) does not change
Credit[v] and after executing Visit~(u) in Block 11/ Credit[v] is decreased by L~ (u) (line 40).
Thus, by an execution of Block 11/ Credit[v|W (v) is decreased by L~ (u)W, (v). We now
prove that during Visit™(u) x,;(v) is decreased by at least L™ (u)W ™~ (v) and so after these
changes the inequality still holds. As we proved above, the child u selected by the algorithm
is active. Therefore just after starting the visit to u, x,,(v) is decreased by L~ (u)W (u).
Hence, as by Observation [6.52 while visiting v no modification increasing x;,(v) is applied,
by executing line 39 ;. (v) is decreased by at least L™ (u)W, (u). Moreover, since v is a
union node, by Definition 2.28 W, (u) = W, (v). So, x,i(v) is decreased by at least
L= (u)W, (v). So, after the execution of Block 11l the inequality x,(v) < Credit[v]W (v)
holds. O

Before proving a result similar to Lemma [6.58 for the variable x{ (v), for nodes v, we

prove an upper bound on x{; (v) for the situation in which E # e.
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Lemma 6.59 Consider a time t before the last round such that at time t line 78 is not

being executed, cur® # n + 1, 7. is of the second type, and e # E. Then, at time t,
Xuis(v) < 0.

Proof. We first prove that every round started before ¢t with the active step 7., is a
null or a wasted round and then we conclude the correctness of the lemma.

We now assume there is round r, starting at a time bef before ¢, with the active step
T that is not wasted nor null and we obtain a contradiction. Since the active step of
the round r is of the second type, r is not a negative round. Hence r is a positive round

and so at time bef, E = e. Also, as the active step of r is m_ .« and r starts at time bef,

cur(t
cur® = cur®. So, applying Lemma [6.41 for t; = bef and t, = t, we can conclude that
e = E®_ This contradicts the assumption of the lemma. Hence, every round started

before ¢ with the active step 7 is a null or a wasted round.

cur(t)

We now prove that at time ¢, x% (v) < 0. Defining ¢, as the time at which cur has
been set equal to cur®, just before time ¢, all internal nodes are discharged and so at time
to xE(v) < 0. So, it suffices to prove that between the times ¢y and ¢, inclusive, x 7 (v) is
not increased. The time ?; is not during a round as during a round cur is not modified.
Also, we proved that every round started after ¢, and before ¢ is wasted or null. Thus by
definition no visit modification is applied between the times t; and ¢, inclusive. Hence,
by Observation 6.52 between ¢y and ¢, inclusive, x&: (v) is not increased. Consequently at

time ¢, x5, (v) <0. O

Lemma 6.60 At any time before the last round, given an internal node v that is not being

visited, x5, (v) < 0 if v is a union node and x % (v) < Credit[v]W; (v), otherwise.

Proof.  As in the proof of the Lemma 6.58, we first show that it suffices to discuss the
situations just after visiting v. Then we prove the claim in the cases in which the visit is
not in a positive round and finally we consider the times just after visits to v in positive
rounds. Since both x& (v) and the credit of v are initialized to zero, before starting the
first round the claim is true. Hence, as the credit of v only may change when visiting v and

by Observation 6.52 y.(v) is increased only during visits to v, it suffices to prove that, if
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before visiting v the inequality claimed in the lemma is true, after finishing visiting v the
inequality still holds.

We now consider a visit to v and the round r during which that visiting is occurred, we
suppose before the visit to v the inequality of the lemma holds, and we discuss the cases in
which 7 is negative, null, wasted, and positive, one by one. If the active step is of the first
type, by Lemma [6.54 x& (v) < 0 and hence as by Lemma 6.57 Credit[v] > 0 the lemma
is true. So we suppose the active step is of the second type and hence r is not a negative
round. If r is null, it is a negative-visiting and so if v is an intersection node, the credit
of v does not change. Also, visit modifications are not applied in null rounds and thus
by Observation [6.52 x . (v) is not increased. Hence, if 7 is null the inequality claimed in
the lemma remains satisfied. Also, if r is wasted, E # e and so due to Lemma [6.59/ when
exiting the visit procedure x 1. (v) < 0. Hence, the lemma is correct for wasted rounds also.

Now we consider a visiting of v in a positive round. Then, a similar argument same
as that used in the proof of Lemma 6.58 (the fourth paragraph of the proof) shows that
if before or after visiting v, v is not active then the correctness of the lemma is trivial:
it suffices to replace “x5,,” and “Visit™” with “xF.” and “Visit™, respectively. Hence, we
suppose that before and after visiting v, v is active. So, defining aft as the time just after
visiting v, when starting the visit to v and at the times aft, by the definition of v being
active, u(W[v]) # (egoa). Therefore, as by Lemma [6.40) e = (ego), when starting the
visit to v and at time aft, u(W[v]) # e. Also, since before visiting v, by Lemma 6.13|
the preconditions of Visit*(v) hold, the call is legal and so as all nodes are well-behaved
after visiting v its postconditions hold. Thus, by the precondition (the postcondition) of
Visit*(v) before (after) visiting v all feature variables of all nodes in Q[v] are well-valued.

We now consider two cases based on v being an intersection node or a union node.

Case 1: v is a union node.

We first prove that there is a child w of v visited by Visit™(v) such that when visiting
w, w is active and then we investigate the changes to xf (v). Since T by definition is
a sub-intersection tree and it contains the internal node v, T contains a child w of T.
Also, as we proved, when starting the visit to v all feature variables of nodes in Q[v],

including W{v], are well-valued. Hence, considering the facts that by the definition of
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positive rounds e = E, by Lemma 6.40 e ¢ {—00, 00}, and we proved when starting the
visit to v p(W]v]) # e, by Definition 5.8 we can conclude that p(Ww]) # e = (egoa1). Now
the algorithm starts visiting children of v one by one (line 47). Since w is not a descendant
of any child of v other than w, by visiting other children of v W[w] is not modified and
hence when starting the visit to w still p(W[w]) # (egoa1). S0, as w is selected as a node of
the active tree, by definition just before visiting w, w is active. Now the rest of the proof
is the same as the second paragraph of Case 1 in the proof of Lemma 6.58: it suffices to
replace occurrences of “Visit™, “L™7 “W,”, “x...”, and “union” with “Visit™, “ L7 “W ",

+ : : :
“Yuis» and “intersection”, respectively.

Case 2: v is an intersection node.

First, for each direct execution of Block [15/ by Visit™(v), we prove that the child u of v
selected before that execution of Block [15/is active and then we prove that before and after
the execution of the block the inequality of the lemma holds.

We now first prove that before a direct execution of Block [15 by Visit™(v) there is a
child w of v such that u(W[w]) # e and then we conclude that just before the child u visited
in the block is visited, u is active. Since we proved before visiting v the preconditions of
the procedure hold, before each execution of Block 15 by Lemmas 5.45/ and [5.52 the three
invariants hold and feature variables all nodes in Q[v] are well-valued. Now consider a time
bef when starting a direct execution of Block 11 by Visit*(v). We have proved feature
variables of nodes in Q[v] at both times bef and aft are well-valued where aft was defined
as the time just after visiting v. Hence, considering the facts that (W@ [v]) # e, by the
definition of positive rounds e = E, and by Lemma [6.40/ e ¢ {—o0, o0}, by Lemma 6.56/ we
can conclude that (W®P[v]) # e. So, as at time bef W[v] is well-valued, by Definition /5.6
there is a child w of v such that (WD [w)]) £ e.

Now we prove that at the time bef the child u of v is active where u is the local variable
of Visit™(v). Before entering Block 15 at time bef u is a selected by looking at the top of
H[v]. We first prove that zu(W®*[u]) # ey and then we show that w is in the active tree.
Since at time bef H[v] is well-valued, by Definition 5.11 the key of every child of v in H[v] is
up-to-date and so since, as we proved, e = E and e ¢ {—00, 00}, the key of every child v in

w is at most e. So, if the key of w in H{v] is e, as u is the top element of the heap and so has
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the minimum key, the key of every child of v, including w, in H[v] is also e. Therefore, as
we proved the key of w in H[v] is up-to-date and the statements e = E and e ¢ {—o00, 00}
are true, by Definition 5.11 u(W®)[w]) = e while we proved pu(W®[w]) # e. Hence,
the key of u in H[v] is less than e and thus as this key is up-to-date by Definition 5.11
p(WPD [1]) # e = (egou). Also, since by definition the active tree is a sub-intersection tree
of @ and v is in the active tree (because v is active), by definition every child of v in @
is in the active tree. So, w is in the active tree. Hence, u satisfies both conditions of the
definition of a node being active and so u is active. Therefore, every time that Block [15 is
executed, u is an active child.

Now the rest of the proof is the same as the second paragraph of Case 2 in the proof of

Lemma 6.58: it suffices to exchange occurrences of “Visit ™", “L~=7, “W 7, “x_.”, “Block 11",
“lines 39 and 407", and “union” with “Visit™”, “ L7 “W 7 “xt 7 “Block 15", “lines 56/ and 577,
and “intersection”, respectively. O]

We now use Lemmas 6.58 and [6.60] to give new upper bounds on y,-variables. Given
an internal node v, at any time before the last round at which v is not being visited,
by Lemma 6.58, depending on v being a union node or an intersection node, x ,(v) < 0
or xus(v) < Credit[v]W, (v). Also, whenever a node starts being visited, possibly x.(v)
is increased by L~ (v)W (v) and after that by Observation 6.52 y;,(v) is not increased.
Thus, at any time before the last round x . (v) < Credit[v]W, (v) + L~ (v)W (v). Hence,
since Creditfv] < L

max

(v) (Lemma 6.1), at any time before the last round y (v) <
W, (v)(L™(v) + Ly (v)). Also, as during the last round no visit modification applies,
in the last round xyis-variables are not modified and so in the last round also x (v) <
W, (v)(L~(v) + L,.(v)). So, at any time after initialization the inequality y  (v) <
W, (v)(L™(v) + L..(v)) holds. Similarly, by replacing all occurrences of “x...”, “W,”,
“L77 “Lo,.”, and “Lemma [6.58” with “x£.7, “W/ “L™ “LE 7 and “Lemma 6.60”, it is

max ? max

proved that x& (v) < 2L7(0)W, (v)(LT(v) + L}

+x(®)). So, the next lemma is correct.

Lemma 6.61 At any time after initialization, x;(v) < W, (v)(L™(v) + L (v)) and
X (v) S W (0) (LT (v) + L

Fax(V)), for every internal node v. O

Now we evaluate the sum of all charging variables at the end of the execution of the

algorithm. We evaluate the sum of xpj-variables, y.is-variables, and x.-variables, in order.
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Lemma 6.62 Given a P-visited or P-touched object o of a leaf l, at the end of the execu-
tion of the algorithm xon;(0) < cost(o) where cost(o) = W(1)(1 + loglen(o)) and len(o) is
the length of the P-gap containing o.

Proof. We given an upper bound on the number of times that y,bj(0) is increased and
the amount by which xp;(0) is increased each time. Every time that the value of xop;(0) is
increased, ! is being visited and o is the first chargeable object of I. Also, each time y,b;(0)
is increased by one of values W; (I) or W (I). Furthermore, every time that a leaf [ is
being visited, an [-gallop is executed. Moreover, by Lemma 6.46/ the number of times that
an [-gallop is executed and o is the smallest chargeable object of [ is at most 1+ log len(o).
Hence, xobj(0) is increased at most 1 + loglen(o) times and each time it is increased by
at most max(W, (1), W; (1)) < Wr(l). Consequently, at the end of the execution of the
algorithm, xob;(0) < Wi (1)(1 + log len(o)) = cost(o). O

Lemma 6.63 The sum of cost(o) over all P-visited and P-touched objects o is at most

2D (P).

Proof. ~ We first prove that this sum is at most twice the sum of cost(o) over all P-
visited objects o and then we evaluate }_ cy;eqep) COSt(0). By definition, a P-touched
object is an object o of a leaf [ such that the object p after o is P-visited. So, if o is
not P-visited, due to Definition 2.26, o belongs to the same gap that contains p. Hence,
given a P-touched object o of a leaf | that is not P-visited, len(o) = len(p) and hence
cost(0) = Wr(1)(1 + loglen(o)) = Wy(l)(1 + loglen(p)) = cost(p) where p is a P-visited
object and is just after o in w(l). Consequently, the sum of cost(o) over all objects o that
are P-touched but are not P-visited is at most the sum of cost(p) over all P-visited objects
p. Hence, the sum of cost(o) over all P-visited and P-touched objects is at most twice the
sum of cost(p) over all P-visited objects p.

Now, we prove that the sum of cost(o) over all P-visited objects o is at most D (P),
thereby proving the correctness of the lemma. Given a leaf [, defining o0;1,. .., 0., as the
sequence of P-visited objects of [, by Definition 2.26 [ has m; P-gaps and the ith P-gap
of [ is the P-gap containing o ;, for every 7, 1 < ¢ < my;. Hence, the length of ith P-gap
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of [ is len(oy;), for every leaf [ and integer i, 1 < i < m;. Therefore, D1 (P), as defined in
Equation 2.3, equals

DL(P) = Z WL(Z> < Z 1+ logleH(Ou))

leleaves(Q) 1<i<my

_ Z Z WL(1)(1 + loglen(o;))

l€leaves(Q) 1<i<my

= Z Z cost(oy;)

leleaves(Q) 1<i<my

= Z cost(p).

p€ Visited(P)

The next lemma follows immediately from Lemmas 6.62 and [6.63.

Lemma 6.64 The sum of xobj-variables at the end of the execution of the algorithm is at
most 2D (P). O

We next evaluate the sum of y.-variables at the end of the execution of the algorithm.

We first give an upper bound on the number of times that a node is usefully discharged.

Lemma 6.65 Before starting the last round, during the time period in which cur =i, for

an i, 1 <i < n+1, each internal node is discharged usefully at most twice.

Proof. ~ We assume to the contrary that a node v is discharged usefully at least three
times. We first prove that ¢ # n + 1 and 7; is of the first or of the second type. Then, we
consider the two first times that v is discharged usefully and we discuss the properties of
these two times. Then, we consider two cases based on m; being of the first type or of the

second type and in each case we show that a contradiction exists.
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Let us first prove that ¢ # n 4+ 1 and 7; is not of the third type. Since before each
change to cur we discharge all nodes, at the beginning of the period in which cur = i yyis-
variables of all nodes are non-positive. Also, visit modifications are applied only during
rounds before the last round and in such rounds by Lemma [6.35 cur # n + 1 and 7, is
of the first or of the second type. Hence, if : =n + 1 or 7; is of the third type, during the
time period in which cur = ¢ no visit modification is applied and thus by Observation 6.52
Xvis-variables are not increased are remain non-positive. So, i # n 4+ 1 and 7; is not of the
third type as otherwise there is no useful discharging, contradicting the assumption that
in this time period three discharges are applied.

Now let us discuss the first two times that v is discharged usefully. Defining 7 as the
time period in which cur = i, if after setting cur equal to ¢ and before the last round cur
changes, the last time that v is discharged in 7 is right before cur is set equal to a new
integer other than i. Thus, as we suppose v is discharged usefully at least three times in
T before the last round, the first two useful times that v is discharged in 7 are before
that last discharging and also are before the last round. Also, by the definition of internal
modifications, except the discharging of v that happens right before changing cur or the
discharging that happens right after starting the last round, every other discharging of
v in 7T is right before finishing an execution &€ of Visit™(v), Visit*(v), or Block 20 such
that just before £ v is active and right after £ v is not active. Hence, the first (the
second) discharging of v in 7 is right before finishing an execution &£ (an execution &) of
Visit™ (v), Visit*(v), or Block 20. Now, we define bef; and aft; (bef; and afty) as the times
just before and right after that execution & (the execution &) of Block 20, Visit™ (v), or
Visit*(v). Therefore, at time bef; (at time befy) v is active and at time aft; (at time afty)
v is inactive. Also, since e is only modified by UpdateC and hence cur is only modified
during an execution of this procedure, during executions & and & of Visit™(v), Visit™ (v),
or Block 20 cur is not modified. Hence, as we considered the first two times that v is
discharged usefully in the time period in which cur = ¢ and we proved these two times are

aftl) beﬁ) aftg) (befg) —

during & and &, curl = curf = ¢ and curf = cur 1.

We now first prove that aft; < bef, and then we show that at both times aft; and
bef, feature variables of all nodes in @Q[v] are well-valued. Finally we use Lemmas 6.55

and 6.56/ to obtain a contradiction. During a visit to v only children of v are visited
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and v does not visit its self or its parents. Also, during a visit to v Block 20/ is not
executed and during an execution of Block 20/ only UpdateE is executed. Hence, each of
the times interval (befi, aft,) and (befs, afty) are disjoint as otherwise during an execution
of Visit~(v), Visit*(v), or Block 20, another execution of Visit™(v), Visit™(v), or Block 20
happens. Furthermore, aft; and afty are times just after the first useful discharging and
the second useful discharging of v happen, respectively, and thus aft; < afts. So, bef; <
aft; < befy < aft,. Consequently, aft; < befs.

Next we prove that at both times aft; and bef, feature variables of all nodes in Q[v]
are well-valued. Each of aft; and bef; are just before starting or right after finishing an
execution of Block 20, Visit™ (v), or Visit™(v). Since by Lemma [6.13 each visit to v is legal
and v is well-behaved, before visiting v the preconditions of the visit procedures holds and
thus when finishing visiting v the postconditions of the visit procedures holds. Hence before
and after each visit to v all feature variables of all nodes in Q[v] are well-valued. Also, by
Lemma 5.59 before and after each execution of Block 20) all variables are well-valued. So,
at both times aft; and bef, all feature variables of all nodes in Q[v] are well-valued.

Now we consider two cases depending on 7., at times aft; and bef; is of the first type

or of the second type and in each case we obtain a contradiction. Since we proved cur has
(aftl) _ (befg

soal . = €goal ). Now, first suppose 7, is of the

the same value 7 at the times aft; and befs, e
first type and so 7y, = 77, for a sub-union tree 7" of N(Q). Then, since at the times bef;
and bef, v is active, v is in 7" and thus v is in N(Q). Therefore, as we proved at the times
aft; and bef, feature variables of nodes in Q[v] are well-valued, it follows from Lemma [6.55
that M@ [y] < M®*)[y]. On the other hand, since time aft; v is inactive and befy v is
active, by definition the inequalities M®)[y] > eéi{:f) and M°R)[y) < eg;:%) = eg;tll) hold
and thus M*°2)[y] < M@ [y] Hence, there is a contradiction in this case.

Next we consider the case in which m.,, is of the second type. We first prove that at
both times aft; and bef; the equality E = e holds. Since just before time aft; we had a
useful discharging, before the discharging of this time one of x ; (v) or x{:.(v) was positive.
As by assumption the current step is of the second type, by Lemma 6.54 y . (v) < 0.
Hence, before the discharging of time aft; x&,(v) > 0. Therefore, as the discharging that
happened just before time aft; is not during an execution of line 78 (it can be just before

finishing an execution of Block 20), by Lemma [6.59 at time aft; e = E. So, as aft; < befy
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and bef, is not during an execution of line 78 (it can be just before an execution of
line [78), by Lemma 6.41 for t; = aft; and t, = befy at time bef, also e = E. Moreover
since 7., at these two times is of the second type, by Lemma 6.40 at these two times
e & {—00,00} and e = (eyoa1). Furthermore, as we proved, at each of these two times
all feature variables of nodes in Q[v] are well-valued. Consequently, as bef, > aft;, by
Lemma 6.56 for bef = aft, and aft = befy, if p(WP?[v]) # e then p(W@[0]) # e.
Hence, as e = (egou), if t(WP)[0]) # (eg0m) then (W) [v]) # (e,0a). Now we obtain
a contradiction by showing that (WP [v]) # (egou) but p(WE[p]) = (ey0m). Since we
proved at time befy v is active, (WP [v]) # (egm) and at time befy v is in the active
tree. Also, since cur has the same values at the times aft; and befs, the active trees of these
two times are the same and so at time aft; v is in the active tree, as well. Therefore, since
we proved at time aft; v is not active, (W@ []) = (egu). So, in both cases we obtained
a contradiction. Hence, the assumption that v is discharged usefully at least three times

during 7 before the last round is false. O

The upper bound that we prove for the sum of all y.-variables at the end of the execution
of the algorithm is as follows. Given a subtree T of @, we define K~ (T) and K+ (T) as
follows.

K ()= Y Wy)L (0) + Lyu(v)

venodes(T)

KX (T)= ) W{@)L(0)+ Ly (v)
venodes(T)
Now the maximum of integers K~ (T'), for all sub-union trees T' of N(Q), and K*(T), for

all sub-intersections trees T of @), is defined as K ax.

Lemma 6.66 The sum of all x.-variables at the end of the execution of the algorithm is
at most 6K yax (| Visited(P)| + 1).

Proof. We consider every value ¢ assigned to cur and we evaluate the amount m; by which
the sum of y.-variables is increased in the period in which cur = 4. Then we find the sum
of this amount over all possibilities for 7.

Given an integer ¢ assigned to cur, we prove that m; < K... First we consider the

case in which i # n + 1 and m; = mp (m; = 7}), for some T'. Then, during the time that
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cur = i, by Lemma [6.65 before the last round each node is discharged usefully at most
twice. Also, in the last round, by the definition of internal modifications, every node is
discharged exactly once. Hence, during the time that cur = i, every node is discharged
usefully at most three times. We now prove that each time that a node v is discharged
Xe(v) is increased only if v is in 7" and it is increased by at most W, (v)(L™(v) + Ly, (v))
(at most W (v)(LT(v) + L,

max

(v))). Since the active step is of the first (second) type, by
Lemma [6.54 x £, (v) <0 (x5 (v) < 0) and so x.(v) is increased by at most y;,(v) (at most
X (v)). Also, before cur is set equal to i all internal nodes are discharged and after that a
visit modification is applied to the y,is-variables of v only if v has been active. Moreover,
if v is not in 7', during the time period in which cur = 7, by the definition of v being active,
v has not become active. Therefore, if v is not in T x_,(v) (xE,(v)) is not increased and
so it remains non-positive. Furthermore, by Lemma 6.61 at any time after initialization
Nn(0) € WE W)L (0) + Lo (0) (n(0) < W7 (0)(LF (0) + L (1)) Hence, each time
that v is discharged, y.(v) is not increased if v is not in T'; otherwise x.(v) is increased by
at most W, (v)(L™(v)+ Ly (v)) (at most W, (v) (LT (v)+ L, (v))). So, in the whole time
that cur = i, as each node is discharged usefully at most three times, the sum of y.-variables
is increased by at most 33, ¢ ouesery Wi (W)(L7 (1) + Liax(u) = 3K (T) < 3Kumax (by
at most 3 oy Wi () (L (u) + Ly (w) = 3KH(T) < 3Kpax, respectively). So,
m; < 3K ax.

Next we consider the case in which ¢ = n + 1 or m; = 7. Just before cur is set to

u€nodes

¢ all internal nodes are discharged and hence all y,i-variables have become non-positive.
Also, every round during which cur = ¢ by Lemma 6.35 is the last round and thus no visit
modification is applied in a round in which cur = 7. So, in the whole time that cur = ¢
all yyis-variables remain non-positive and thus internal modifications do not increase .-
variables. Therefore, m; = 0.

Now we can evaluate the the sum of all y.-values. By Lemma 6.37/ cur is assigned at
most 2| Visited(P)| + 2 different values and we proved for every i assigned to cur, in the
time that cur = 7, x.(v) is increased by at most 3K .. Thus, at the end of the algorithm,
the sum of y.-variables is at most 6 K. (| Visited(P)| + 1). So, the lemma is true. O

Now we can evaluate the total leaf-cost of all rounds as follows.
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Lemma 6.67 The sum of leaf-costs of all rounds is
O(DL(P) + (Kmax + k)(| Visited(P)| + 1)).

Proof. We first evaluate the sum of all charging variables at the end of the execu-
tion of the algorithm, then we give an upper bound on the total leaf-cost of all positive
and negative rounds, and finally we evaluate the total leaf-cost of all rounds. By Lem-
mas 6.64 and 6.66, the total value of all y.pj-variables and all x.-variables at the end of
the execution of the algorithm are at most 2D, (P) and 6K yax(| Visited(P)| 4 1), respec-
tively. Also, since at the beginning of the last round all internal nodes are discharged
and during the last round no visit modification is applied, after the last round all y.;s-
variables are at most zero. Hence, the sum of all charging variables at the end of the
execution of the algorithm is at most 2D (P) + 6 Kyax(| Visited(P)| + 1) = O(DL(P) +
Kyax (| Visited(P)| + 1)). Thus, it follows from Lemma 6.45 that the total leaf-cost of all
negative and positive nodes except the last round is O(Dp(P) + Kmax(| Visited(P)| + 1)).
Therefore, by Lemma 6.39 the total leaf-cost of all null rounds except the last round is at
most O(DL(P) + Kmax(| Visited(P)| + 1) + 4k(| Visited(P)| + 1)) = O(DL(P) + (Kmax +
k) (| Visited(P)| + 1)). Additionally by Lemma 6.42l the total leaf-cost of all wasted rounds
except the last round is at most 4k(| Visited(P)|+1). Hence, the total leaf-cost of all rounds
except the last round is O(Dp(P) + (Kmax + k) (| Visited(P)| + 1) + 4k(| Visited(P)| + 1)) =
O(DL(P) + (Kumax + k) (| Visited(P)| + 1)). Furthermore, by Lemmas 6.3/ and 6.4/ the leaf-
cost the last round is at most max(L~(root), LT (root)) which is by Lemmas 6.23 and [6.24
at most max(|leaves(Q[root])|, |leaves(Q[root])|) = |leaves(Q)| = k. Hence, the total leaf
cost of all rounds is O(DL(P) + (Kmax + k) (| Visited(P)| + 1)). O

Now we evaluate the number of times that the procedure Gallop is called by line [75

and then we evaluate the value of g.
Lemma 6.68 Line 75 is executed at most 2D (P) times.

Proof. ~ We first prove that the number of times that line [75/ is executed is at most
m2DL(P) and then we show that m < 1. By Lemma [6.50/ every time that
Gallop is called by line [75, the speedy leaf has a chargeable object. Also, by defini-

tion a chargeable object is a P-visited or a P-touched object. Furthermore, for every
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P-visited or P-touched object o of the speedy leaf, by Lemma 6.46/ the number of times
that Gallop(sl(Q)) is called and o is the first chargeable object of the speedy leaf is at

cost(0)
WL(sl(Q))
number of times that line 75 calls Gallop(sl(@)) is at most the sum of

most 1+ log len(o) = (the function cost is defined in Lemma 6.62). Hence, the

cost(0)
WL(sI(Q))
P-visited and P-touched objects of the speedy leaf. This sum by Lemma 6.63]is at most
1
W@ 2P (P)- 1

Now we complete the proof by showing that Wla) < 1. Since the speedy leaf exists,

the root is a union node. Hence, as by Definition 2.28 W, (root) = 1 and the speedy leaf
is a child of the root, by Definition 2.28 W (sl(Q)) = W, (root) = 1. Therefore, as by

definition W, (sl(Q)) = W (sl(Q))+ W, (sl(Q)), Wr(sl(Q)) > 1 and so WL(;I(Q)) < 1. Thus,

the lemma is correct. 0

over all

Lemma 6.69 The value of g is at most O(Dp(P) 4+ (Kmax + k)(| Visited(P)| + 1)).

Proof. We first evaluate the number of times that the visit procedures have called
Gallop, then we evaluate the number of times that line 83 has called Gallop, and finally
we summarize all results of this section and obtain an upper bound on g.

Let us first evaluate the number of times that the procedure Gallop is called during
executions of the rounds. It follows from the definition of the leaf-cost (on page 212) that
the total leaf-cost of all rounds is the amount by which the sum of credits of all nodes is
increased by rounds of the algorithm plus the number of times that the procedure Gallop is
called by rounds. Now considering the facts that the procedure Initialize sets the credit of
every node equal to zero, at the end of the execution of the algorithm by Lemma 6.57 the
credit of every node is non-negative, and after initialization the credit of nodes is modified
only by visit procedures, we can conclude that the amount by which the sum of credits of
all nodes is increased by rounds of the algorithm is not negative. Hence, the total leaf-cost
of all nodes is at least as large as the number of times of the procedure Gallop is called by
rounds. Thus, it follows from Lemma 6.67 that the number of times that Gallop is called
during executions of lines 80l and 81is O(Dr(P) + (Kmax + k) (| Visited(P)| + 1)).

Next we prove that line 83 is executed at most once. When reaching line 82 by the
condition checked on line 72, e = oo. Consequently, if line 83 is executed, on its first
execution e = oo and also by the condition checked on line 82/ fi[sl(Q))] # END. As a result,
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by Definition 5.1/ f[sl(Q)] is an object of the speedy leaf. So, the index of fi[sl(Q)] in w(sl(Q))
is at most the length of w(sl(@Q)). Therefore, when the algorithm is executing the Gallop
called by the first execution of line 83| as line 11/ sets ¢ equal to the index of f[sl(Q)] in
w(sl(@Q)), when executing line 127 < length(w(sl(Q))) and u(w(sl(Q))[length(w(sl(Q)))]) <
oo = e. Thus, the condition checked on line 12 is true and so by Lemma 6.19, the sl(Q)-
gallop changes the value of fi[sl(Q)] and sets it equal to END. So, as there is only one line
in Gallop changing f[sl(@)] (line 20)), f[sl(Q)] is not modified more than once during the
sl(@)-gallop and hence when exiting Gallop fi[sl(())] = END and so the condition checked
on line 82/ is true. So, line 83| is not executed anymore.

Now we can evaluate g. Every call to ¢ is during an execution of one of lines 80, 81,
75, or 83 We proved above that during executions of lines 80 and 81, Gallop is called
at most O(DL(P) 4+ (Kmax + k)(| Visited(P)| + 1)) times and line 83/ is executed at most
once. Also, by Lemma [6.68 Line [75 is executed at most 2D (P) times. So, the number of
times that Gallop is called is O(DL(P) + (Kmax + k) (| Visited(P)| + 1]) + 2D, (P) + 1) =
O(Dr(P) + (Kmax + k)(| Visited(P)| + 1)). O

Finally since by Lemma6.69 g = O(Dp(P)+(Kmax+k)(| Visited(P)|+1)) and according
to Lemma [6.29 the algorithm is executed takes O(gH + hk?) time, the next theorem is

obtained.
Theorem 6.70 The algorithm takes
O (DL(P)H 4 ((Kmax + k)(| Visited(P)| + 1))H + hk?)
time. U

In this chapter we compared the time taken by the algorithm with the L-gap cost of a

given proof P of the instance.






Chapter 7
Conclusion and Future Work

In this thesis we considered the problem of evaluating a set expression in which operands are
ordered sets and operators are intersection and union. We established our generic difficulty
function based on sets of objects visited by proofs. Then we presented an algorithm that
takes at most O (D (P)H + ((Kmax + k)(| Visited(P)| 4+ 1))H + hk?) time, for any proof P
of the given instance, where H and K., are defined on pages 228 and 279, respectively,
and h and k are the height and the size of the query tree, respectively.

As can be seen, compared to the L-gap cost of a given proof P, the running time
has an additional factor H and an additional additive factor of H(Kpnax + k)| Visited(P)|.
Since for every object o of Visited(P) the term len(o)Wp (1) appears in Dy (P), where [ and
len(o) are the leaf and the length of the P-gap containing o, the additional additive term
of H(Kmax + k)| Visited(P)| can be ignored if the P-gaps have sufficiently big lengths. But
for those instances whose proofs visit big subsets of objects the above property does not
hold and so a new design of the algorithm is required to avoid this much overhead.

Now consider the factor H in the term Dy (P)H. It seems that this factor is not due
to an inefficient design of the algorithm. Consider the instance corresponding to the input
expression ({a; }U{as}U.. . {a,})N({b1}U{ba}U... {b,}). If a; = b;, for every i, 1 <i <mn,
then the value set of the root will be {a ..., a,} and so the problem of evaluating a solution
to this instance will be equivalent to the problem of sorting the sequence a;...,a, and
thus will require Q(nlogn) time. Even if we limit ourselves to the instances with empty

solutions, one can prove that when all a;’s are distinct even numbers and b; = a; + 1, for

285



286 CHAPTER 7. CONCLUSION AND FUTURE WORK

every ¢, 1 <14 < n, the algorithm has to sort a;’s and b;’s to make sure that no a; is equal
to a bj, for the ¢’s and the j’s between 1 and n. Now considering the workload function L
in which L= (v) and L*(v) are the numbers of leaf descendants of v, for every node v, the
L-gap cost of a proof will be O(n) while the best algorithm needs ©2(nlogn) to solve the
problem for the instance. Hence, the definition of the cost of a proof should be changed so
that it includes this additional logarithmic factor.

There are also a few unanswered questions regarding the results in the thesis. The
first group of such questions includes problems regarding how to solve instances with more
than one speedy leaf, which are discussed in Section 2.5. Another problem that should be
considered is how to select an appropriate workload function for a given instance. One can
analyze the effectiveness of the algorithm for the specific choices for the workload function,
like the workload function L defined in the previous paragraph. The other approach
is to determine the workload of every node in terms of the sizes of the given ordered
sets so that the worst case running time is minimized. These solutions require further
discussion. Proving lower bounds on running times of the best algorithms and considering
the complement and difference set operators are also issues that can be discussed in future

work.
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