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Two kinds of orderings are widely used in term rewriting and theorem proving, namely recursive
path ordering (RPO) and Knuth-Bendiz ordering (KBO). They provide powerful tools to prove the
termination of rewriting systems. They are also applied in ordered resolution to prune the search
space without compromising refutational completeness. Solving ordering constraints is therefore
essential to the successful application of ordered rewriting and ordered resolution. Besides the
needs for decision procedures for quantifier-free theories, situations arise in constrained deduction
where the truth value of quantified formulas must be decided. Unfortunately, the full first-order
theory of lexicographic path ordering (LPO), the most popular form of RPO, is undecidable. This
leaves an open question whether the first-order theory of KBO is decidable. In this paper, we give
a positive answer to this question using quantifier elimination.
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1. INTRODUCTION

Two Kkinds of orderings are widely used in term rewriting and theorem proving.
One is recursive path ordering (RPO) which is based on syntactic precedence [Der-
showitz 1982]. The other is Knuth-Bendix ordering (KBO) which is of hybrid nature;
it relies on numerical values assigned to symbols as well as syntactic precedence
[Knuth and Bendix 1970]. In ordered term rewriting, a strategy built on ordering
constraints can dynamically orient an equation, at the time of instantiation, even
if the equation is not uniformly orientable. This provides a powerful tool to prove
the termination of rewriting systems [Comon and Treinen 1994]. In ordered resolu-
tion and paramodulation, ordering constraints are used to select maximal literals
to perform resolution. It also serves as enabling conditions for inference rules
and such conditions can be inherited from previous inferences at each deduction
step. This helps to prune redundancy of the search space without compromising
refutational completeness [Nieuwenhuis and Rubio 1995].

Solving ordering constraints is therefore essential to the successful application of
ordered rewriting and ordered resolution. The decision procedures for quantifier-
free constraints of both types of orderings have been well-studied [Comon 1990;
Jouannaud and Okada 1991; Nieuwenhuis 1993; Narendran et al. 1999; Nieuwen-
huis and Rivero 1999; Korovin and Voronkov 2000; 2001]. However, situations
arise where we need to decide the truth values of quantified formulas on those or-
derings, especially in the V*3* fragment. Examples include checking the soundness
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of simplification rules in constrained deduction. Consider a “total simplification
scheme” given in [Kirchner et al. 1990; Comon and Treinen 1997],

s > t]c
S[vlp = t | (CAC AS|y=u)

u-—-vic),

where s|, denotes the subterm occurring at position p in s and s[v], denotes the
term obtained from s by substituting v for s|,. It states that s — t| ¢ is simplified to
s[vlp = t| (cAC As|p =u) by u — v|c provided for all assignments for variables
in s that satisfy c, there exists an assignment for variables in u that satisfies ¢’ and
slp = u. The soundness of this rule is formally expressed as

TAEVVEIVU)[c > € Ash=u)],

which necessarily involves quantifier alternation. To determine the soundness of
such simplification rules, we need to be able to reason in the V*3* fragment.

Unfortunately, the full first-order theory of lexicographic path ordering (LPO),
the most popular form of RPO, is undecidable [Treinen 1992; Comon and Treinen
1997] except for the special case where the language only has unary functions and
the precedence order is total [Narendran and Rusinowitch 2000]. Until now it has
been an open question whether the first-order theory of Knuth-Bendix order is
decidable (RTA open problem £99). Here we answer this question affirmatively
by showing that an extended theory of term algebras with Knuth-Bendix order
admits quantifier elimination.

The basic framework is the combination of term algebras with Presburger arith-
metic [Zhang et al. 2006]. The extended language has two sorts; the integer sort Z
and the term sort TA. Intuitively, the language is the set-theoretic union of the lan-
guage of term algebras and the language of Presburger arithmetic. Formulas are
formed from term literals and integer literals using logical connectives and quantifi-
cations. The combination presented in this paper is more tightly coupled than TAz
presented in [Zhang et al. 2006]: not only do we have a weight function mapping
terms to integers, but we also have various boundary functions mapping integers to
terms. In addition, the Knuth-Bendix order is expanded in two directions. First,
the order is decomposed into three disjoint suborders depending on which of three
conditions is used in the definition. Secondly, all orders (including the suborders)
are extended to gap orders, which assert the least number of distinct objects be-
tween two terms. Moreover, as Knuth-Bendix order is recursively defined on a
lexicographic extension of itself, gap orders are extended to tuples of terms. Thus
we actually establish the decidability of a richer theory.

The result was first published, without proofs, in [Zhang et al. 2005]. This paper
provides an extended presentation and includes all the proofs.

1.1 Related Work and Comparison.

Presburger arithmetic (PA) was first shown to be decidable in 1929 by the quantifier
elimination method [Enderton 2001]. Efficient algorithms were later discovered
by Cooper [Cooper 1972] and further improved in [Reddy and Loveland 1978].
The decidability of the first-order theory of term algebras was first shown by
Mal’cev using quantifier elimination [Mal’cev 1971]. This result was proved again
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later in different settings [Maher 1988; Comon and Lescanne 1989; Hodges 1993;
Comon and Delor 1994; Backofen 1995; Rybina and Voronkov 2001; Kuncak and
Rinard 2003a; 2003b; Zhang et al. 2004a; 2004b].

Quantifier elimination has been used to obtain decidability results for various
extensions of term algebras. [Maher 1988] shows the decidability of the theory
of infinite and rational trees. [Comon and Delor 1994] presents an elimination
procedure for term algebras with membership predicate in the regular tree lan-
guage. [Backofen 1995] presents an elimination procedure for structures of feature
trees with arity constraints. [Rybina and Voronkov 2001] shows the decidability
of term algebras with queues. [Kuncak and Rinard 2003b] shows the decidability
of term powers, which are term algebras augmented with coordinatewise-defined
predicates. [Zhang et al. 2004a] extends the quantifier elimination procedure in
[Hodges 1993] for term algebras with constant weight function.

The decidability of the theory of RPO has been well-studied. Comon proves the
decidability of the quantifier-free theory of total lexicographic path ordering (LPO,
a variant of RPO) [Comon 1990]. A similar result holds for RPO [Jouannaud and
Okada 1991]. Nieuwenhuis establishes the NP-completeness for the quantifier-free
theory of LPO [Nieuwenhuis 1993]. Narendran, Rusinowitch and Verma obtain a
similar result for RPO [Narendran et al. 1999]. A more efficient algorithm for the
quantifier-free theory of RPO is given by Nieuwenhuis and Rivero [Nieuwenhuis
and Rivero 1999]. Comon and Treinen show the undecidability of the first-order
theory of LPO and the undecidability of the first-order theory of RPO in case of
partial precedence [Treinen 1992; Comon and Treinen 1997]. The decidability of
the first-order theory of RPO (LPO) in case of unary signature and total precedence
is due to Narendran and Rusinowitch [Narendran and Rusinowitch 2000]. The
decidability of the first-order theory of RPO in case of total precedence remains
open.

Recently some partial decidability results for the theory of KBO have been ob-
tained. Korovin and Voronkov show the decidability of the quantifier-free theory
of term algebras with KBO [Korovin and Voronkov 2000]. They later improve the
algorithm and show that the quantifier-free theory of KBO is NP-complete [Ko-
rovin and Voronkov 2001]. Analogous to [Narendran and Rusinowitch 2000], they
also show the decidability of the first-order theory of KBO in the case where all
functions are unary [Korovin and Voronkov 2002].

In this paper, we show the general decidability result for an extended theory
of KBO with arbitrary function symbols and weight functions. Our method com-
bines the extraction of integer constraints from term constraints with a reduction
of quantifiers on term variables to quantifiers on integer variables. The quan-
tifier elimination procedure makes extensive use of Presburger arithmetic in the
reduction.

Reduction of constraints on data structures to constraints on integers has long
been a powerful tool to derive decidability results on different domains. This line
of investigation goes back to Skolem who showed the decidability of the first-order
theory of Boolean algebras by reducing constraints on sets to constraints on the car-
dinality of sets [Skolem 1970]. It readily follows from the reduction technique that
the first order theory of sets with cardinality constraints in Presburger arithmetic

Journal of the ACM, Vol. V, No. N, Month 20YY.



4 . Ting Zhang, Henny B. Sipma, and Zohar Manna

is decidable [Feferman and Vaught 1959]. Recently, Revesz [Revesz 2004], and
Kuncak and Rinard [Kuncak and Rinard 2005] independently presented decision
procedures for this theory. A combination of Presburger arithmetic and term al-
gebras was used by Korovin and Voronkov to show that the quantifier-free theory
of term algebras with Knuth-Bendix order is NP-complete [Korovin and Voronkov
2000; 2001].

1.2 Paper Organization.

Section 3 defines term algebras. Section 4 introduces the theory of term algebras
with Knuth-Bendix ordering and presents the technical machinery for eliminating
qguantifiers. Section 5 presents the main contribution of this paper: it expands the
elimination procedure in [Zhang et al. 2004a] for the extended theory of KBO and
proves its correctness. Section 6 explains how to adapt the elimination procedure
to the special case where the language contains a unary function of weight 0.
Section 7 concludes with some ideas for future work. Most proofs are given
in Appendix A. The proofs are supported by integer predicates and functions
defined in Appendix B and reductions of gap order literals listed in Appendix C.

2. PRELIMINARIES

We assume the first-order syntactic notions of variables, parameters and quanti-
fiers, and semantic notions of structures, satisfiability and validity as in [Enderton
2001].

Syntax

A signature X is a set of function symbols and predicate symbols each of which is
associated with an arity. The function symbols with arity 0 are also called constants.
The set of Z-terms 7 (X, X) is recursively defined by: (i) every constant ¢ € X or
variable x € X'isaterm, and (ii) if f € X is an n-place function symbol and ts, ..., t,
are terms, then f(ty,...,t,) is a term. We write 7 (X) for 7(X,0). Equality = is
always included as a binary predicate symbol. If ¢ is a formula, we use 7 (¢) to
denote the set of terms occurring in ¢, and V(¢) to denote the set of variables in ¢.

An atomic formula is a formula of the form P(t,...,t,) where P is an n-place
predicate symbol and ty,...,t, are terms. A literal is an atomic formula or its
negation. A variable occurs free in a formula if it is not in the scope of a quantifier.
A formula without quantifiers is called quantifier-free. A ground formula is aformula
with no variables. A sentence is a formula in which no variable occurs free. Every
guantifier-free formula can be put into disjunctive normal form, that is, a disjunction
of conjunctions of literals.

We use X to denote a sequence of variables, say, X1, . .., X,, and X (resp. ¥X) as an
abbreviation of Ixy, ..., Ixy (resp. Vxy, ..., ¥xn). We write ¢(X) to indicate X occur
freely in ¢, without exclusion of other free variables that are not of interest in the
context. A formula i(X) can be put into prenex form Q1yi, ..., QnYn @(X Y1, ..., Yn),
where Qi’s are either 3 or V and ¢(X, y1, . . ., Yn) is quantifier-free, called the matrix
of ¢. In case X contain all free variables in ¢(X), (IX)¢(X) and (YX)¢p(X) are called
existential closure and universal closure of ¢(X), respectively. If, in addition, ¢(X) is
quantifier-free, then (IX)¢(X) is called 3; and (¥X)¢(X) is called V1. The quantifier-
free (resp. i, V1) fragment of a language is the subclass of quantifier-free (resp.
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d;, V1) sentences in the language.

An expression E is either a formula or a term. We use E[ey, ..., en] to denote that
e1,...,6en are subexpressions of E.

We use = for syntactic equality. We use interval notation for integer sets. For
example, the closed interval [m,n] means {i | m < i < n}. Similarly for open
intervals (m, n) and half-open intervals [m,n) and (m,n]. We use (Si)ic; to denote
a sequence indexed by I. For example, by (ei)i<n We mean ey, ...,e,. We use the
standard notations for partial orders. Suppose < is a partial order, then by x <y we
mean x = y Vx<y. If <is transitive, by x; <Xz <1+ - - < Xp We mean Agcicn Xi < Xig1.

Semantics

A Z-structure 2 is a tuple (A, I) where A is a non-empty domain and | is a function
that associates each n-place function symbol f (resp. predicate symbol P) with
an n-place function f¥ (resp. relation P¥) on A. We use Gothic letters (like )
for structures and Roman letters (like A) for the underlying domain. We usually
denote A by (A; 2) which is called the signature of A. A variable assignment ¢ (in )
is a function that assigns each variable an element of A. We use [x]Jo to denote the
assigned value of x under ¢ and [¢]o for the truth value of ¢ under o. A E [[pllo
means ¢ is true under ¢. A formula g is satisfiable (in ), denoted by U 3 o, if
A = [[p]lo for some o; is unsatisfiable (in A), denoted by A 3 ¢, if A | [¢]lo for no
o; is valid (in A), denoted by A = ¢, if A = [@]lo for any 0. A formula ¢ is valid if
and only if = ¢ is unsatisfiable.

A is a model of a set T of sentences if every sentence in T is true in 2. A sentence
@ is (logically) implied by T (or T-valid), written T = ¢, if ¢ is true in every model of
T. Similarly, we say that ¢ is T-satisfiable if ¢ is true in some model of T and it is
T-unsatisfiable otherwise. The notions of (T-)validity and (T-)satisfiability naturally
extend to a set of formulas. A theory T is a set of sentences that is closed under
logical implication, that is, if T = ¢, then ¢ € T. The theory of A, written Th(), is
the set of all true sentences in . By a quantifier-free theory of 2, written Thv(?I), we
mean the quantifier-free subclass of Th(2l).

By satisfiability and validity of a quantifier-free formula, we actually mean the
validity of the corresponding 3; and V; formulas, respectively. Similarly, the
satisfiability problem and the validity problem of a quantifier-free theory (or more
precisely, the quantifier-free fragment), respectively, refer to the validity problem
of the corresponding 3; fragment and V; fragment.

Multisorted Logic

All above notions naturally generalize to multi-sorted logic. In a multi-sorted
logic, we have a non-empty set S of sorts. Variables, constants, equality symbols
and quantifiers are indexed by s € S. An n-ary function symbol f is associated
with an n+ 1-tuple{s;, ..., Snh+1), called the type of f. Similarly, the type of an n-ary
predicate symbol p is an n-tuple (s, ..., sn). For 0 < i < n, we say that the i"-place
of f (or p) has sort si. We require the type of the equality symbol of sort s be (s, s).
A term tis of sort s if (i) tis a variable or a constant of sort s, or (ii) t is of the form
f(ty,...,tn) such thatthe typeof fis(s,...,sn,s),andty,..., tyareof sortssy,..., sy,
respectively. A formula is well-formed if in addition it is well-typed in the sense
that (i) a term of sort s only occurs in a place of sort s in a function or predicate
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symbol, and (ii) variables of sort s are only quantified by ¥ and 3.

A multi-sorted structure 2 is a tuple ({A}s, S, |) where S is the set of sorts, {Als
are mutually disjoint sets (domains) indexed by S, and | is an interpretation such
that (i) each n-ary function symbol f with type (ss, ..., Sn+1) is assigned a function
F:A; X XA, = A, (ii) each n-ary predicate symbol p with type (si,...,Sn)
is assigned a relation P € Ag, X --- X As,. A variable assignment assigns a variable
of sort s an element in As. Satisfiability, unsatisfiability and validity are defined as
above with Vs (resp. 3;) being interpreted as “for all (resp. some) elements in the
domain As”.

Quantifier Elimination

A theory T is said to admit quantifier elimination if any formula can be equivalently
(modulo T) and effectively transformed into a quantifier-free formula. If a theory
admits quantifier elimination, then the truth value of any sentence is reducible to
the truth value of a ground formula.

It is well-known that eliminating arbitrary quantifiers reduces to eliminating
existential quantifiers from formulas in the form

@) [ ALK A - A AR ] (1)

where Ai(X,¥) (0 < i < n) are literals [Hodges 1993]. In discussions related to
guantifier elimination, a quantified formula always refers to a formula of the form
(1). We also assume that the literals A; are not of the form x = t when x does not

appear in t. For Ax(x = t A ®(x, ¥)) simplifies to d(t, V).

Nondeterminism

We present algorithms in a nondeterministic manner; whenever we say “guess ¢”,
we mean to add a valid (w.r.t. the context) disjunction \/; ¢; (where ¢ is one of the
disjuncts) to the matrix of (1). When we replace ¢ by \/; ¢; or directly introduce
V; ¢i, it should be understood that an implicit disjunctive splitting is carried out
and we work on each resultant disjunct of the form (1) “simultaneously”. We call
the target formula redex and the resulting formula reduct.

Presburger Arithmetic

Presburger arithmetic is the first-order theory of addition in the arithmetic of
integers. The corresponding structure is denoted by PA = (Z; 0, +, <). We use %%,
to denote the formal language of PA.

3. TERM ALGEBRAS

We present a general language and structure of term algebras. For simplicity, we
do not distinguish syntactic terms in the language from semantic terms in the
corresponding structure. The meaning should be clear from the context.

Definition 3.1 Term Algebras. A term algebra TA : (T;C, A, S, T ) consists of

(1) T: The term domain, which exclusively consists of terms recursively built up
from constants by applying non-nullary constructors. Objects in T are called
TA-terms. The type of aterm t, denoted by type(t), is the outermost constructor
symbol of t. We say that t is a-typed (or is an a-term) if type(t) = a.
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(2) C: Afinite set of constructors: a, 8, v, ... The arity of « is denoted by ar(a).

(3) A: Afinite set of constants: a, b, ¢, ... We require A # @and A C C. Fora € A,
ar(a) = 0 and type(a) = a.

(4) S: A finite set of selectors. For a constructor a with arity k > 0, there are k
selectors Si/ - /Sy inS. We call st (0 <i <Kk the ith g-selector. For a term x,
s{'(x) returns the i component of x if x is an a-term and x itself otherwise.

(5) 7: Afinite set of testers. For each constructor a there is a corresponding tester
Is,. For aterm x, Is,(x) is true if and only if x is an a-term. For a constant a,
Isy(x) is just x = a. In addition there is a special tester Isp such that Isa(X) is true
if and only if x is a constant.

We use £t to denote the language of term algebras.

A term algebra has two essential properties: (i) the domain T is exclusively
generated by recursively applying constructors; (ii) each object in T is uniquely
constructed. Note that the term domain T is the ground Herbrand domain 7 (C) in
the language consisting of only constructors (i. e., X = C). Selectors and testers are
introduced into the formal language for our study.

ExampLE 3.2 LISP Lists. Consider the LISP list structure
List = ( list; {cons, nil}, {nil}, {car,cdr}, {IScons, ISnil, ISa} )

where list denotes the domain, nil denotes the empty list, cons is a binary constructor
(pairing function) and car and cdr are the corresponding left and right selectors (projectors)
respectively. It is not difficult to verify that List is an instance of term algebras.

The theory of term algebras is axiomatizable. Let z, denote z,...,Za(). The
following formula schemes, in which variables are implicitly universally quantified
over T, axiomatize Th(TA).

Al t(x) # x, if tis built solely by constructors and t properly contains x.
A2. alXy, ..., Xar@) # BY1, .-, Yarp) ifa,peCand a £ .

A3. a(X1, ..., Xar(@) = &(Y1, -, Yar@) = NAi<icar@ Xi = Yi-

A4, Is,(X) & Tz,a(z,) = xfor a € C. In particular, Isy(x) < x =aforae A.
A5, 1sa(X) © Vaeq 15a(X) .

AB. si(X) =y & Hia(a(ia) =XAYy= zi)) v (Via(oz(ia) EX)AX= y).

This set of axioms is a variant of the axiomatization given in [Hodges 1993]. In
general, selectors and testers can be defined by constructors and vice versa. One
direction has been shown by (A4), (A5) and (A6), which are purely definitional
axioms. The other direction follows from the equivalence of /\:‘=1 ST(X) = Xi A lsa(X)
and x = a(Xy, ..., Xy).

We write a = (s¢,...,s%) to indicate that « is a non-nullary constructor with
ar(a) = kand s{,...,s; are the corresponding selectors of a. A term t is called a
constructor term if t is a variable or the outermost function symbol of t is a con-
structor. A constructor term not containing selectors is called pure. For example,
constants are pure constructor terms. A term t is called a selector term if either t is
a variable or the outermost function symbol of t is a selector. Note that variables
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are both constructor terms and selector terms. We assume that no constructors
appear immediately inside selectors as simplification can always be done. For

example, si(a(X, ..., %)) simplifies to x; (0 < i < k) and sf(a(xl,...,xk)) simpli-
fies to a(xy,..., %) for &« £ B. As a consequence, a selector term has the form
S1(---(Sn(X)--+)) forn > 0. We use L,F, G, H, ... to denote (possibly empty) selector
sequences. S0 si(-- - (sn(X) - --)) can be abbreviatedas LxforL = sy, ..., Sy. Thedepth
of xin Lx is |L|, the length of L. The depth of x in a formula ¢ is the maximum depth
of x in the selector terms in ¢, denoted by depth”(x). We use Is,(ty, ..., t,) as an
abbreviation for A\, I.(t). We say a selector term s{(t) is proper in a formula ¢ if
Is,(t) is a conjunct of ¢. We can make selector terms proper with type information.

Definition 3.3 Type Completeness. A conjunction of literals @ is type complete if
for any selector term t occurring in @, exactly one type of tester predicate Is,(t)
(@ € C\ AU{A}) is aconjunct of .

For a type complete @ containing a term t, we write type(t) = « to indicate that
Is,(t) is a conjunct of ®. A type complete @ can be simplified so that any selector
term is proper.

ExamprLE 3.4 Tyre ComPLETENESS. Letusconsiderin List the type complete constraint
y # cons(x, car(x)) A Isa(x,car(x)) A IScons(y) - (2)

Thanks to the type information, it can be simplified to
y # cons(x,X) A Isa(X) A IScons(Y) - (3)

We could have defined the notion of type completeness only for terms that
occur inside selectors. In this way, a type complete formula may contain terms of
unspecified types; they are either variables or selector terms that are not embedded
inside selectors. This will lead to more efficient algorithms in practice. We choose
the above definition, however, because it simplifies descriptions of algorithms
presented in the following sections, and in addition, it does not affect the worst-
case complexity for those algorithms.

Given a quantifier-free formula ¢, we can obtain a type complete ¢’ from ¢ by
adding exactly one tester predicate Is,(t) (@ € C) for each term t occurring in . We
call ¢’ so obtained a type completion of ¢.

ExamprLE 3.5 Tyre CompLETION. Let us revisit Example 3.4. It is easily seen that (2)
is a type completion of y # cons(x, car(x)).

ExampLE 3.6 TyPE COMPLETION AND SIMPLIFICATION. Let o, € C, o # fand o =
(s{)- A possible type completion for y = s{(x) is

y =s7(¥) A lsg(x,s7(x),y) , (4)

which, by Axioms (A4) and (A6), simplifies to y = x A Isg(X, y). Another type completion
is

y =587 A Isa(X) A 18(s7(x), ) . Q)
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in which the selector term sf(x) is proper and no simplification is possible. As a third
possibility, we can have the type completion

y =87(X) A Isa(X,S7(X)) A Isg(y) , (6)
which simplifies to false because of type conflicts.

As shown by the above example, a type completion of a satisfiable formula may
be contradictory due to type conflicts. A type completion ¢’ of ¢ is compatible with
@ if the satisfiability of ¢ implies the satisfiability of ¢’. Obviously, ¢ is satisfiable
if and only if it has a satisfiable compatible type completion.

In the following sections, we present nondeterministic algorithms that rely on
the successful guess of a satisfiable compatible type completion. Unless stated
otherwise, we assume that any quantifier-free formula is type complete, and all
occurring selector terms are simplified to proper ones. We assume that equalities
(resp. disequalities) between terms with conflicting types are simplified to false
(resp. true). For example, in List the appearance of car(x) # y should be read as
car(X) # Y A Iscons(X). We also assume that formulas do not have conflicting type
literals. For example, we never encounter formulas containing subformulas of the
form

X #a(ty,..., tar(a)) AN X# ‘B(ta, ey t;r(ﬁ))

for a # 8, because at least one conjunct would have been simplified to true. But to
save notation, we omit test literals and treat them as implicit side conditions.

4. TERM ALGEBRAS WITH KNUTH-BENDIX ORDER

In this section we introduce the theory of term algebras with KBO and present the
technical machinery needed in the quantifier elimination procedure.

Let = be a finite signature in the constructor language (i. e., X = C in Definition
3.1)and w : ¥ — IN a weight function. We expand dom(w) to the ground term
domain T by recursively defining w(a(ty, ..., %)) = w(a) + Zle w(t;). Let <* be
a linear precedence order on symbols in £. We enumerate all symbols in the
decreasing <*-order such that a; >* a; >* --- >* 5.

Definition 4.1 Knuth-Bendix Order [Knuth and Bendix 1970]. A Knuth-Bendix or-
der (KBO) <*® (parameterized with a weight function w and a precedence order
<% is defined recursively on T such that for u,v € T, u <*° v if and only if one of
the following conditions holds:

(1) w(u) <w(v);
(2) w(u) = w(v) and type(u) <* type(v);
(3) w(u) =w(v),u=a(u,...,u), v=alv,..., v and

@)o<i<k A u<®v AVj0<j<iou=v)]. ©)
The KBO <X* is a well-founded total order on T [Knuth and Bendix 1970; Baader

and Nipkow 1999]. To guarantee well-foundedness, two compatibility conditions for
w and <* are required:

(i) w(a) > 0 for any constant a, and
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(i) a unary function of weight 0, if present, should be the maximum in <=,

Let us denote by L the smallest term with respect to <k°. It follows from (i) and (ii)
that L must be a constant and so it can be determined when w and <* are given.
By (ii) if a unary function of weight 0 exists, it must be unique. For presentation
simplicity, we assume that w(a;) > 0. However, the existence of such function in
fact considerably simplifies our decision procedure. We defer the discussion to
Section 6.

Definition 4.2 Term Algebras with Knuth-Bendix Order. The structure of term alge-
bras with KBO is TAy, = (TA; <KP). Let %, denote the language of TAyy.

In the rest of this paper we assume our formal language does not have construc-
tors (except constants). This does not compromise expressiveness as constructors
can be defined by selectors and testers. Moreover, this simplification reduces
chances of confusion by separating semantic objects (ground constructor terms) in
T from syntactic objects (selector terms) in .

4.1 Proof Plan

We shall show the decidability of Th(TAx,) by quantifier elimination. The proce-
dure relies on the following two ideas: solved form and depth reduction.

(1) Solved Form. A quantifier-free formula ¢(x, y) is solved in x if it is in the form

/\ui <Koy A /\x<kb Vi A Q'(Y) , (8)

i<m j<n

where x does not appear in uj, vi and ¢’. It is not hard to argue that (3x) (X, )
where ¢(x, ) is solved in x simplifies to

/\ Ui <sPvi A @'(Y) , 9)

i<m,j<n

where <KP, called gap order, is an extension of <® such that x <® y states
there is an increasing chain from x to y with at least n — 1 elements in between
[Enderton 2001, page 196]. It is clear that the elimination of dx, that is, the
transformation from (8) to (9), becomes straightforward once the matrix ¢(x, ¥)
is solved in x, or equivalently, depth?(x) = 0. This leads us to the notion of
depth reduction.

(2) Depth Reduction. Let us first consider the simple case where x is a-typed for a
proper constructor « and all occurrences of x have depth greater than 0. By
introducing new variables Xy, . . ., Xar(s) (called the descendants of x) to represent
X, we can rewrite Ix¢(X, ) to

3X:|.I cety 3XE:II‘(OL) (P,(Xl/ cety Xar(a)/ V) ’ (10)

where @’(X1, ..., Xar), Y) is obtained from ¢(x,y) by substituting x; for sfx
(0 < i < ar(w). Itis clear that depth® (xj) < depth?(x). If all occurrences
of x have the same depth, then by repeating the process we can generate a
formula solved in X where X are descendants of x. A difficulty arises when
not all occurrences of x have equal depth. So eventually we meet the situation
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where some occurrences of x have depth 0 and some do not. Here we have
to represent all occurrences of x of depth 0 in terms of s{(x), ..., sgr(a)(x). This

amounts to reducing literals of the form x <k? tand literals of the form t <k x to
quantifier-free formulas using s7(x), .. .,sg‘r(a)(x). After that we can introduce
new variables and do quantifier manipulation just as in the simple case to
bring Ix¢(x, ) into the form of (10). Therefore by the depth reduction of x, we
actually mean reducing the depths of the descendants of x, and this essentially
depends on the reduction of x <k t and t <k x. To carry out the reduction we
need to extend the language as follows.

(a) We decompose <" into three disjoint suborders <%, <P and <!, each of
which is also extended to gap orders.

(b) We introduce Presburger arithmetic explicitly in order to define counting
constraints to count how many distinct terms there are at certain weight,
and define boundary functions to delineate gap orders.

(c) The reduction of literals like x <k° t or t <k x eventually comes down to
resolving relations between two terms of the same weight and of the same
type. So we need to extend all aforementioned notions to tuples of terms
of the same total weight.

In the rest of this section we define these extensions.

4.2 Decomposition of Knuth-Bendix Order

Definition 4.3 Decomposition of KBO. A Knuth-Bendix order < can be decom-
posed into three disjoint orders, a weight order <", a precedence order <P, and a
lexicographic order <', as follows:

u<¥v o wu) <wy) ,
u<Pv e wu)=w(v) A type(u) <* type(v) ,
u<'v e w) =wv) A type(u) = type(v) A u<v .

It is clear that u <k v is equivalent to u <" vV u <P v v u <' v. We write u <P' v for
u<Pvvu<'vandu<fvforu<*vvu=v(e(kb,w,p,lpl}). Wesay that w has
the highest priority, followed by p and I, and define the maximum and minimum
of a set of suborders accordingly. For example, max{w, p, I} = wand min{w, p, I} = I.

4.3 Gap Orders

To express formulas of the form Ix(u <* x <# v) ( € {kb,w, p, 1, pl}), in a quantifier-
free language we need to extend all aforementioned orders to gap orders.

Definition 4.4 Gap Orders. Define <K° (n > 0) such that <{” is = and for n > 0

kb ... _kb <kb

u<®v o (Hul,...,ﬂun)[u <0y < <Ky, < v] )
Let§ € {w, p,|, pl}. Define two orders <ﬂ and §ﬂ (n = 0) such that <g is <f and §g is

=,andforn>0

u<tv o u <X

uéﬁv<—> u <ﬁV/\—|(u<

bvaAu<iv,

#

n+1 V) :
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Note that <§ is just <#, and for n > 0, we have

: # #
U<pV & u<i VVUZHV.

A gap order u <ﬁ v (n > 0) states that “u is less than v w.r.t. <# and there are at
least n — 1 elements in between.” Similarly, u éﬂ v (n > 0) states that “u is less than
v w.rt. <# and there are exactly n — 1 elements in between”. We call <ft1 and §ﬂ
stretchable gap orders and rigid gap orders, respectively. Accordingly, u <ﬁ v are
stretchable gap order literals and u ;ﬁ v are rigid gap order literals.

ExaMPLE 4.5 ELIMINATION IN LINEAR ORDER. The formula Ix(u <' x <' v) reduces
tou <}, v if u, v do not contain x.

4.4 Boundary Functions

Consider the formula u =I' v. Intuitively it states “w(u) < w(v) and there are no

terms z such that u <® z <® v, that is, u is the largest term of weight w(u) and v is
the smallest term of weight w(v)”. To express this we introduce boundary functions.

Definition 4.6 Boundary Functions. Let n,p > 0. The following functions are
called boundary functions:
(1) 0¥:IN — T such that 0%(n) is the smallest term (w.r.t. <®) of weight n,
(2) OP:IN? — T such that OP(n, p) is the smallest term (w.r.t. <k°) of weight n and
(3) 1W:IN — T such that 1*(n) is the largest term (w.r.t. <k) of weight n,
(4) 1P:IN? — T such that 1P(n, p) is the largest term (w.r.t. <k°) of weight n and

type ap,

where, for all of the above, f(n) = L and f(n,p) = L, if no such term exists.

We write 0?_'_) for 0%(...) and 1?_'_) for 1%(...). We call 0?...) lower boundary functions

and 1?_‘_) upper boundary functions. TA-terms having one of these functions as root
symbol are called boundary terms, distinguishing them from ordinary TA-terms.
Correspondingly, we have lower boundary terms and upper boundary terms. A literal
of the form u x v, where x is either a term equality or a gap order, is open if both
u and v are ordinary TA-terms, closed if both u and v are boundary terms, and
half-open otherwise. Although by definition boundary terms are syntactic objects,
with little chance of confusion, we also call the corresponding semantic terms in T
(ground) boundary terms.

4.5 Integer Extension of Term Algebras

To be able to express the boundary terms in the formal language, we extend term
algebras with Presburger arithmetic.

Definition 4.7. The structure of term algebras with integers is
TAz =(TAPA; ()") ,

where PA is Presburger arithmetic and (-)"¥ denotes the weight function. We use
ZZ to denote the language of TAz.
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We use subscripts T, Z (or prefixes TA-, PA-) to denote notions related to term
sort and integer sort, respectively. For example, @1 denotes a formula in Zr,
the language of pure term algebras, ®z denotes a formula in .z, the language of
Presburger arithmetic, V1 denotes the collection of variables in -#r and V4 denotes
the collection of variables in 4. Although XTZ contains two equality predicates:
term equality = in £ and integer equality =z in .¢%, we use = in both cases unless
there is a chance of confusion. Recall that we do not distinguish syntactic TA-terms
in % and semantic TA-terms in T. We also use “term” for “TA-" when there is
no confusion. For example, by term variables we mean TA-variables and by term
quantifiers we mean quantifiers on term variables.

A TA-term can occur inside the weight function. Such occurrence is called an
integer occurrence to be distinguished from the normal term occurrence. From now
on, we freely use integer terms t¥ to form Presburger formulas. For example,
car(x) is a TA-term and (car(x))" is a PA-term. The first occurrence of car(x) is a
term occurrence and the second one is an integer occurrence.

4.6 Extension of Knuth-Bendix Order

Definition 4.8 Extension of Knuth-Bendix Order. The structure oftermalgebraswith
KBO, extended with gap orders, boundary functions and Presburger arithmetic, is
TAG,. = (TAw; TAz; <h, =k, € (w,p,Lpll,n20; 0,17 ), * € {w,p}) .
We denote by %+ the language extending %, with gap orders and boundary
terms. The complete language is denoted by f@.

ExaMmpPLE 4.9 ExTENnsION oF KNUTH-BENDIX ORDER. The formula

. % pl pl 1w

@x:T) [ O(XW) <TXA X <P Ly

states that there exists a term x € T such that there are at least three elements with the

same weight as x (including x itself). Note that the first and the third occurrences of x are
integral while the second one is an ordinary term.

The truth value of the formula in Example 4.9 relies on the number of distinct
TA-terms of a certain weight. This is the essential use of Presburger arithmetic.

Definition 4.10 Counting Constraint. A counting constraint is a predicate CNT}(z)
that states there are at least n+1 different a-terms of weight z. CNT,(z) is similarly
defined with a-terms replaced by TA-terms. We write Tree® (resp. Tree) for CNT}
(resp. CNT,).

Counting constraints play a central role in our elimination procedure; they help
reduce term quantifiers to integer quantifiers. It is easily seen that the formula
from Example 4.9 is reduced to (dz:Z) CNT,(z). It was proved in [Korovin and
Voronkov 2000; Zhang et al. 2004a] that counting constraints can be expressed in
PA.

ExamprLe 4.11. Consider Listz = (List; PA; (.)") where List is as in Example 3.2, and
()Y is a constant weight function equal to 1. We showed in [Zhang et al. 2004b] that

CNT™(x) is x > 2m —1 A2 ¥ m where m is the least number such that the m-th Catalan
number C,, = %(Zr;”_‘f) is greater than n. This is not surprising as Cp, gives the number
of binary trees with m leaves (that tree has 2m — 1 nodes).
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4.7 Tuples of Terms
The extensions for tuples of terms are defined as follows:
Definition 4.12 KBO on Tuples. Let 0 = (uy,...,u),V = (vi,...,Vv) such that

YK, w(ui) = ¥, w(vj). The lexicographic extension <kkb (k > 1) of < on k-tuples
of the same weight is defined such that 0’ <<° Vif and only if (7) holds.

Definition 4.13 Suborders on Tuples. Let @ = (Uy,...,u), V = (vi,...,v) € T
# € {w,p,|, pl}. We define those composite orders on tuples as follows.

T<V o up<Fvy vV (Ui=vi A Uy, ..., u) <K vy, v)

We say that <*# is a tuple order of length k. We identify tuple orders of length 1
with term orders. We say that i <k# V' is proper if u; <* v, and we have

<OV & 0 <W v T <P vya<dv.,

We write 0 <kP! v for 0 <P Vv i <K Vand @ <K Vfor @ = Vv T < V(4 €
{kb,w, p, 1, pl}).

Definition 4.14 Tuple Gap Orders. We define <§° (k > 0;n > 0) such that <§*” is
=and forn >0

F<KV o @dy,..., 3y T [ 0 <K @y <KL kb g <Ko ]

Let € {w,p, |, pl}. Define two orders <& and =¥ (k > 1;n > 0) such that < is <X#,
ég:ﬁ is=,and forn >0

T<V o 0 <K 7 A g <4y,
TV o 0 < VA @< ).

n+1

Similar as term gap orders, <'fti is just <<# and we have
<V o 0 <% vv o,

As before we call <'fjti and éﬁﬁ stretchable tuple gap orders and rigid tuple gap orders,

respectively. Accordingly, u <'f{ti v are stretchable tuple gap order literalsand u éﬁﬁ v

are rigid tuple gap order literals.

Definition 4.15 Tuple Boundary Functions. Let k,n,m,p > 0. Define partial func-
tions:

(1) OkKb - IN — T* (k > 1) such that 0KkP(n) is the smallest k-tuple (w.r.t. <kkb) of
weight n.

(2) 0K" : IN?2 — T¥ (k > 1) such that 0%%(n, m) is the smallest k-tuple (w.r.t. <k*b) of
weight n and its first component has weight m.

(3) OKP : IN® — T* (k > 1) such that 0%P(n, m, p) is the smallest k-tuple (w.r.t. <kkb)
of weight n and its first component has weight m and type a;.

(4) 1kKb . N — T* (k > 1) such that 0¥KP(n) is the largest k-tuple (w.r.t. <¥kb) of
weight n.
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(5) 1% : IN?2 — T* (k > 1) such that 0K¥(n, m) is the largest k-tuple (w.r.t. <kkb) of
weight n and its first component has weight m.

(6) 1%P : IN® — T* (k > 1) such that 0P(n, m, p) is the largest k-tuple (w.r.t. <¥kb) of
weight n and its first component has weight m and type ap.

As before these functions are made total by assigning (L, ...L1) to undefined
values. We write 6';”) for O%#(...) and I'(‘ﬁ) for 1%%(...). We call 6';”) lower tuple

boundary functions and I'((”) upper tuple boundary functions. Terms having one of
these functions as root symbol are called boundary tuples. Correspondingly, we
have lower boundary tuples and upper boundary tuples. As before we call a tuple literal
U % V open if both i and V are ordinary tuples, closed if both & and v are boundary
tuples, and half-open otherwise.

To avoid unnecessary complications, we choose to treat tuples (including bound-
ary tuples) as “syntactic sugar”; they are only used in the intermediate steps of
the reduction. Lemma 4.27 shows that literals containing tuples can be reduced to

formulas in £Z..

4.8 Delineated Gap Order Completion

Revisiting the transformation from (8) to (9), we see that the number of gap ordersin
(9) is quadratic in the number of gap orders in (8). This complicates the termination
proof for the elimination procedure. Nevertheless, we can avoid this difficulty by
postulating the relative positions of parameters. This leads to the notion of order
completion.

Definition 4.16 Gap Order Completion. A gap order completion (GOC) of a set of
terms {t;, ..., t,} is the chain

i <1 Lty L2 -+ dna i)

where f is a permutation function on {1,...,n} and <; (0 < i < n) stands for =, §ﬁn

or <fn (# € {w,p, I, pl}, m > 0). By a GOC of a formula ¢, we mean a GOC of 7 (¢),
the set of terms in ¢.

ExamrLE 4.17 Gap OrpER CoMPLETION. A possible GOC of

pxy,z): x<¢y Ax<PzAaz <My
pl
5

However, gap order completions are not sufficient. Clearly (Ix : T)[u <% x <P v]
implies u <J v. But for the converse to hold, v # O‘(A\’,W) is required. As another

example, (x : T)[u <P x <P v] implies u <g v, but not vice versa, because there
may exist only two p-intervals at weight w(u) while (Ix : T)[u <P x <P v] requires
that u, x and v all be in different p-intervals. In order to preserve equivalence,
intuitively, we need to “delineate” a GOC to make sure ordinary terms in different
intervals (a notion to be defined precisely below) are not related in any gap orders.

isx<g z<}y.

ExamprLE 4.18 ORDER ARRANGEMENT. Figure 1 shows an order arrangement of the
linear order

w p |

X1 <nl X2 <n2 X3 <n3 X4 .
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1 X1 X2 X3 X4
= p-intvl = < p-intvl = f<— p-intvl —>f
| w—intvl > | w—intl ———>

Fig. 1. Anorder arrangement of x; <% Xz <, X3 <h, Xa.

The weight of x; is strictly lower than that of x,, X3, and x4. The weight of X2, X3, and x4
is the same, but the precedence of x; is lower than that of x3 and x4. Finally, x3 is smaller
than x4 in the lexicographic order. We call a maximal list of elements with the same weight
aw-interval, and similarly a maximal list of elements with the same weight and precedence
order a p-interval. Thus, the second w-interval above has two inner p-intervals.

We want to avoid relating ordinary elements at different levels in different in-
tervals. Therefore we augment the gap order completion with boundary terms,
called a delineated gap order completion.

Definition 4.19 Delineated Gap Order Completion. A delineated gap order comple-
tion (DGOC) of aset of terms S is a GOC of S in which if there occurs the following
pattern v; ﬂ,ﬁh u 51512 vy, where ng, np > 0, < stands for either < or £, 4,5 € {w,p, |, pl},
and u is an ordinary term in %y, then eitherf == plor = =1. le, ordinary
terms do not delineate two intervals unless they are asserted equal to boundary
terms. By a DGOC of a formula ¢, we mean a DGOC of 7 (¢), the set of terms in ¢.

We assume in a DGOC that both the smallest element and the largest element are
boundary terms.

ExamrLe 4.20 DELINEATED GaP OrRDER COMPLETION. Revisit Example 4.17. A pos-
sible DGOC of p(x, Y, z) is

P'(%Y,2) O <Py <Pz Phawo<wor, <Py Py

(x¥) ") 1 =y -
w-interval w-interval
We have
. pl pl pl pl
(HZ T) QO,(X/ y/Z) < 0‘(A>I(W) <1 X <7 l\(A>I(W) <‘Z|l.v 0\(A;/W) <l y <l l\(,\)llw) :

49 Lemmas

In this section we state a sequence of lemmas that justify the elimination procedure
given in the next section. These lemmas share the following common features.

(1) They state the soundness of symbolic transformations for formulas in prim-
itive form, a special prenex form where the prefix only consists of existential
guantifiers and the matrix is a conjunction of literals;

(2) A formula ¢ is transformed into a finite disjunction \/; @i where for any i, @;
is in primitive form and the matrix of ¢;, a conjunction of literals, contains no
more open gap order literals than that of ¢ does. In the following whenever
we say that a reduction does not introduce more open gap order literals, we
always mean that it does not introduce more in each resulting conjunction of
literals.
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To save space, however, we omit these conditions in the description of each lemma.
The following lemma allows us to assume that a formula in %+ only contains
positive order literals, positive tester literals and term equality literals.

LEmma 4.21 ELimiNaTION OF NEGATIVE LITERALS. Assume formulas are type com-
plete.

(1) Any negative tester literal is equivalent to a disjunction of positive tester literals.

(2) Any negative term equality literal (i. e., disequality between TA-terms) is equivalent
to a disjunction of positive order literals.

(3) Any negative order literal is equivalent to a disjunction of integer literals, tester literals
and positive order literals.

The following lemma allows us to assume that the matrix in a primitive formula
is a delineated gap order completion.

LEmma 4.22 DeLiNEaTED GaP OrDER CoMPLETION. ANy conjunction of positive or-
der literals in Zp+ can be effectively transformed to an equivalent finite disjunction of
delineated gap order completions.

In principle, boundary terms can appear in the weight function or in selectors,
selector terms can occur in the weight function, and the weight function can be used
to construct boundary terms. Repeating this process we can build more and more
complex terms. The following lemma eliminates this superficial complication.

Lemma 4.23 No EMBEDDING OF BouNDARY TERMS. Any formula in ‘iﬂkzw can be ef-
fectively reduced to an equivalent formula in which no boundary terms appear inside
selectors or the weight function.

From now on, we assume that boundary terms are not properly embedded in
other terms. The following lemma states that term gap order literals between a
variable x of non-constant type a,, and another TA-term can be expressed using x’s
immediate descendants si“"x.

LEmMA 4.24 REpucTioN OF TERM GAP ORDER LITERALS. Let

kb _w I _pl kb w | <Pl
*€{<n /<n/<gr<n/<n/§n /én/éﬁ/én/én } (n>0) .

If x is a TA-variable of type ap with ap = (s;",...,s,") and t is an arbitrary TA-term,
then x % t (t % X) can be effectively reduced to an equivalent quantifier-free formula
P(sy°X, ..., 5,."X) (in Z£Z ) where x only occurs in s;°x (0 < i <K).

By this lemma we can always assume that all term occurrences of a TA-variable
have the same depth, and hence we are able to reduce them all together to depth 0.
As we mentioned before, this is the main battlefield of quantifier elimination. To
streamline the proof, we introduce the following three lemmas. The first one takes
care of closed term literals generated during the reduction.

LemMA 4.25 REpucTiON OF CLOSED TERM LITERALS. Let

— kb _w | pl kb —w | pl
*e{_l<n /<n/<ﬁl<nl<n/én /én/éﬁ/én/én } (n>0) .

If u % v is closed, i. e., both u and v are boundary terms, then it can be effectively reduced
to an equivalent Presburger formula.
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The second one solves the case where no term occurrence of x appears in the
other side of the gap order literal.

LemMA 4.26 REpucTiOoN OF NON-CLOSED TERM GaP ORDER LITERALS. Let

kb _w I _pl kb w | <Pl
*€{<n /<n/<gr<n/<n/§n /én/éﬁ/én/én } (n>0) .

If x is a TA-variable of type a, with a, = (s;°,...,s,”) and t is either a boundary term
or an ordinary TA-term not containing X, then x x t (t x X) can be effectively reduced
to an equivalent quantifier-free formula go(sf"x, . .,s‘;"x) where x only occurs in s?"x
0 <i<Kk).

This lemma in fact deals with the most sophisticated part of the reduction that
eventually comes down to the success of reducing relations between tuples of the
same weight, as is stated by the third lemma.

LemMma 4.27 RepuctioN of TupLk LiTeraLs. Let U,V be k-tuples of the same weight,
and
kkb _kw _k; kI _kpl _kkb _kw _Kk; kI _kpl
*x€f=<n <0 < <0 <nEn 3 En 3 5 b (k>0,n>0) .

(1) IfU = (uy,...,u) isan ordinary tuple, then U x V (V % U) can be effectively reduced
to an equivalent quantifier-free formula @(ug, . . ., uk) (in szw) inwhichu; (0 < i <K)
does not occur inside selectors.

(2) IfUxV (V% U)isaclosed tuple, i. e., both U and V are boundary tuples, then it can
be effectively reduced to an equivalent Presburger formula.

We never need to reduce open or half-open term equality literals, because, as
shown below, we can carry out elimination on (Ix)[x = t A @(x)] even if t contains
X.

LemMa 4.28 ELIMINATION OF TERM QUANTIFIERS. Let x be a term variable, g+ (X) @
conjunction of literals in L+ with depth?* (x) = 0, and ¢ z(x) a Presburger formula in
which x occurs inside the weight function. Then

@) | o) A 29 |
can be effectively reduced to ¢, . A¢@?, in which x does not occur and ¢, . is quantifier-free.

In fact term quantifiers are reduced to integer quantifiers that can be eliminated
according to the following lemma.

Lemma 4.29 ELIMINATION OF INTEGER QUANTIFIERS. Letzbean integer variable, gyp+ (z)
a conjunction of literals in Z,+ where z occurs inside boundary terms, and ¢z(z) a Pres-
burger formula. Then
z:2) | 9 (@) A 9z(2) |

can be effectively reduced to ¢, . A @7, where no z occurs and ¢y, is quantifier-free.

5. QUANTIFIER ELIMINATION FOR TH(TA%BJ
z

In this section we present a quantifier elimination procedure for Th(TA,;.) which
is an extension of the elimination procedure for Th(TAz) [Zhang et al. 2006]. We
first recall the following notation conventions.
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(1) Primitive Form. All transformations are carried out on formulas of the form
(1). Each step of the transformations manipulates (1) to produce a version of
the same form (or multiple versions of the same form in case disjunctions are
introduced).

(2) Positive Literals. All order literals have positive occurrence. This is guaranteed
by Lemma 4.21.

(3) Nondeterminism. Whenever we say “guess ¢, we mean split on a finite dis-
junction V/; @i, which is valid in the context and contains i as a disjunct.

(4) Type Completeness. All formulas are type-complete. But we omit listing tester
literals unless they are needed for the correctness proof.

5.1 The Elimination Procedure
The elimination procedure consists of the following two algorithms:

ALGORITHM 5.1 ELIMINATION OF INTEGER QUANTIFIERS IN TA%N. We assume that for-
mulas with quantifiers on integer variables are in the form

(32:2)[ 92X YD A par(XY,D ], (11)

where ¥, 7 are integer variables, X are term variables. Note that X may occur inside the
weight function in ¢z (X, ¥, Z) and ¥, Z may appear inside boundary terms in @+ (X, Y, 2).
Repeatedly apply the following steps (1) and (2) to (11) until Z = 0.

(1) If none of Z appears inside any boundary terms, then @yp+ (X, ¥, 2) is just @wp+(X, ),
which can be moved out of 3Z. We then obtain

(32:2) [pzX V. D) | A P (%) -

Since (3Z: Z)[pz(X, ¥,2)] is in Zz, we can proceed to remove the block of existential
quantifiers using Cooper’s method [Cooper 1972; Reddy and Loveland 1978]. Similar
to the elimination of integer quantifiers in TAz [Zhang et al. 2006], we can defer
the actual elimination on (37 : Z)[¢z(X, ¥, 2)] until all term quantifiers have been
eliminated. The reason is the same: the elimination of term quantifiers does not require
the integer constraint in (12) to be quantifier-free.

(2) If for some z € Z, z occurs inside some boundary terms, we set

P7z(X Y, Z\2) A 9. (XY, Z\2) 1=
ELIMINATE-INT ( 3z:27) [(pz()?, V,2) A pro-(X Y, Z))] ) ,
(A7:2) [ pz(XY,2) A g (XY,2)] =
(32\2): 2) [ 1R V,2\2) A ¢l XV, 2\2) | .
The existence of ELIMINATE-INT iS guaranteed by Lemma 4.29.

ALGORITHM 5.2 ELIMINATION OF TERM QUANTIFIERS IN TA%W. We assume that for-
mulas with quantifiers on term variables are in the form

@%:T) [ 9o (X V.2 A 92X ¥.D ], (12)
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where X, ¥ are term variables, Zare integer variables. Note that Zmay occur inside boundary
terms in g+ (X, ¥, Z), and X, ¥ may occur inside the weight function in ¢z (X, ¥, 2).
Repeatedly apply the following steps (1) and (2) to (12) until X = 0.

(1) Depth Reduction. If (Vx € X) depth?* (x) > 0.
(@) VariasLE SELECTION. Selectan a-typed variablex € Xforsomea = (s, ..,sgr(a)).

This selection is always possible as depth?* (x) > 0. We require that in the next
run of (1a) we choose one of the variables generated by this run of (1b). l.e., the
variable selection is done in depth-first manner. This is crucial to guarantee that
a run eventually leaves (1). Let X’ = X\ x.

(b) DecomrosiTioN. Rewrite (12) to:

(3)?’,x1,...,xa,(a),x : T) [Isa(x) A /\ S{'(X) = Xi

O<i<ar(a)
A oY, D A 9z(X V2] . (13)

(c) Smmrrrrication. Exhaustively apply the following simplification rules to ¢+
and ¢z in (13):
i. replace s{'(x) by xi (0 < i < ar(a));
.. ar(a) .
ii. replace x" by w(a) + Y. 777 x
iii. replace x <ﬁ t by DEPTH-REDUCTION ( X <ﬁ t); similar for t <ﬁ X, X éﬁ tand
t g,‘i X.
The existence of peprH-rREDUCTION follows from Lemma 4.24. Let the resulting
formula be

(3)?’,x1,...,xa,(a),x:T)[Isa(x) A /\ sf(x) = X

O<i<ar(a)
P (XS5 (X), -, S5y 00, T,D) A @K', S5(X), ., 55,00, 7D | . (1)

It is now clear that if x occurs in @ . and @7, it occurs inside some of s:*(x)
(i € [1..ar(a)]. Since

(\/xl,...,xar(a) : T) (Hx : T) [ Is,(X) A /\ si(X) = xi]
O<i<ar(a)

is valid in TA, we can replace in (14), s‘l*(x),...,sgr(a)(x), respectively, by
X1, ..., Xar(a), and hence remove /\0<isar(a) s{(X) = Xi, Isa(x) together with 3x,
obtaining

(3)?’,x1, v Xar() - T)
[ (P:([yr ()?’/ VSYRRRY Xar(a)r )7/ Z) A (P,Z()?,/ X1yeees Xal’(a)/ 7/ Z) ] . (15)

(2) Elimination. If (Ix € X) depth®®* (x) = 0.
Take the x as in the guard condition, guess a DGOC for all terms related with x in gap
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Input: (X T) [ pro+ (X, Y, D) A 9z(X ¥, D) .
while X # 0 do
if (Vx € X) depth?* (x) > 0 then
(1) Depth Reduction
(1a) VARIABLE SELECTION
(1b) DEecomrosITION
(1c) SiMPLIFICATION
else {(Ix € X) depth®kb* (x) = 0}
(2) Elimination
end if
end while

- g - - - - Z
Fig. 2. Quantifier Elimination in TA} ..

order literals (by Lemma 4.22) and then eliminate x by Lemma 4.28. Formally we set

Phe K\X,Y,2) A 95K\, ¥,2) :=
ELIMINATE-TERM ( A@x: 1) [(Pkb+ Xy A (PZ(Y/ v, Z)] ) ,

(3:T) [ oo X 9.2) A 92(39,8) ] =
(FE\X) : T) [ @je- R\X, 7,2 A 95 (X\x,¥,2) | -

For the ease of understanding Algorithm 5.2, we show its high-level control-flow
in Figure 2. It is now easily seen that Algorithm 5.2 is a greedy algorithm in the
sense that it tries to do Elimination (step (2)) as soon as the elimination condition
holds, that is, all term occurrences of this variable are of depth 0. Otherwise, the
algorithm tries to create the elimination condition using Depth Reduction (step (1))
which includes three sequential sub-procedures: VariasLE SELECTION (Step (1a)),
Decomrosition (step (1b)) and SimpriricaTion (Step (1c¢)). We require that VARIABLE
SeLECcTION be done in depth-first manner. As all depths are finite, this guarantees
that a run eventually leaves Depth Reduction and enter Elimination.

LemMma 5.3 Sounpness. Each transformation step in Algorithms 5.1 and 5.2 preserves
equivalence.

Proor. Equivalence preservation has been assured by the lemmas in Section 4.9.
More precisely, Lemma 4.29 justifies the soundness of Algorithm 5.1. For Algo-
rithm 5.2, Axioms (1)-(6) in Section 3 justify step (1b); Lemma 4.24, with the help
of Lemmas 4.25, 4.26 and 4.27, justifies step (1c); Lemma 4.28 justifies step (2). O

LemMma 5.4 TErminaTION. Both Algorithm 5.1 and Algorithm 5.2 terminate.
THEOREM 5.5 DECIDABILITY. Th(TAﬁﬁ) is decidable, and hence so is Th(TAkp).

Proor. By Lemmas 5.3and 5.4. O

5.2 An Example

ExampPLE 5.6 QUANTIFIER ELIMINATION IN Listfw. Let us go through an example with
emphasis on the depth reduction. We only show one simple trace of the reduction. Consider
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X y
. \ .
X11 X12 X21 X22
X121 X122
XIX, yiy,
Xz :car(x) , Xo @ cdr(x) ,
Xz : car(car(x)) , Xp2 @ cdr(cdr(x)) ,
Xy : car(car(x)) , Xp2 : cdr(car(x)) ,

X121 @ car(cdr(car(x))) ,  Xi22 : cdr(cdr(car(x))) .

Fig. 3. Quantifier Elimination on (3x) [car(x) <'2 cdr(cdr(x)) A cdr(cdr(car(x))) <'3 yl.

in Listg,. the following formula
(Ax) [ car(x) <b cdr(cdr(x)) A cdr(cdr(car(x))) <4 y] , (16)

where depth®®(x) = 3. Figure 3 shows the tree representation of (16) which is sibling
complete, that is, sibling nodes coexist. Formula (16) states that there exists a tree X
whose descendants X, X22, X122 and a parameter y satisfy certain order relations.

At the first run of step (1), we introduce fresh variables x; and x, to replace car(x) and
cdr(x), respectively. By a standard quantifier manipulation we obtain

(Fxax) [ X1 <} cdr(xz) A edr(cdr(xi)) <4 y | (17)

where depth®”(x;) = 2 and depth®”(x,) = 1, both less than depth®®(x). In the second
run of step (1), we pick x; and replace x; <'2 cdr(x;) by car(x;) = car(cdr(xz)) Acdr(x;) <'2
cdr(cdr(xz)) (which is one of several choices). We obtain

(Ix X1 Ixs2) [ X1 = car(cdr(xz)) A a2 <p cdr(edr(xz)) A cdr(xiz) <5y ] . (18)

At this point we have depth®®(x;1) = 0 and the run enters step (2). In this case we can
immediately remove dx1;, obtaining

(FxeTx12) | X2 <} cdr(edr(xz)) A cdr(xiz) <5y | (19)

where depth®®(xy,) = 1 and depth®(x,) = 2. At the third run of step (1), we select X2.
The run could give us

(A% a1 Fxaz) | Xa21 = car(cdr(cdr(xz))) A xazs <, cdr(edr(xz)) A xaz2 <y |,
which as before by step (2) simplifies to
(A% Txa22) | X122 <b cdr(edr(xz)) A xazo <5y | - (20)

Still we have depth®(x,2,) = 0 which justifies another run of step (2). Let us take a gap
order completion X312, <'2 cdr(cdr(xz)) <'l y (which again is just one of many choices) and
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rewrite (20) to

(AxzIx1z2) | X122 <p cdr(edr(xz)) <} y | - (21)
With the help of boundary functions, (21) reduces to
(3x2) [ Otcgriearcpy <2 Cdr(cdr(x2)) <, y | - (22)

The fourth and the fifth runs of step (1) (with the same trick of quantifier manipulation)
give us

(Ix222) [ O\g%z) <) Xo22 <} y] . (23)

After that the run returns to step (2) as depth(23)(x222) = 0. Here we have to reduce term
quantifiers to integer quantifiers because x,,, also appears in boundary terms. By Lemma
4.28, (23) is equivalent to

(32)[0‘& <5y A Tree°°“5(z)] , (24)

which simplifies to 0., <,y A Tree®™(y"), and in turn to

Ofyy <5 Y (25)
as ng) <}, y implies Tree®™"(y"). Itis not hard to verify that (25) implies (16) as desired.
(We do not have equivalence because this is just one trace of the reduction.) In fact, the
above elimination procedure tells us how to obtain a solution to (16) provided (25) holds.
Let us show the construction in bottom-up fashion. By x;, we refer to labels in Figure 3.
First, we set x12, to 0‘(% to take care of X127 <'3 y. Second, we find X117, X121 and Xz, to

satisfy x; <'2 X22. This can always be done as there are no constraints on xi3, Xi2; and
X22. Third, we set X»1 to an arbitrary value. In this way we obtain a value for x that is the
solution to (16).

We note that the depth reduction of a variable is at the expense of increasing the
depth of a term on the other side of a gap order predicate. This happens when @yp+
contains x x t (or t x x) and depth®** (x) > 0. For example, from (17) to (18), the
depth of x;, increases by 1. Moreover, the depth reduction in general introduces
more existential quantifiers and more equalities in at least one resulting formula
(e.g., this also happens in the reduction from (17) to (18)). In every step of the
transformation, however, the number of open gap order literals in each resulting
primitive formula is no more than that in the original formula. Moreover, the final
elimination procedure removes at least one open gap order literal if the eliminated
variable occurs in such literals (e.g., from (21) to (22) and from (23) to (24)). When
all open gap order literals are gone, the depths of terms will be strictly decreasing.
This forces the run of Algorithm 5.2 to eventually leave step (1) and from then on
to stay in step (2) until all existential quantifiers are removed.

6. PRESENCE OF A 0-WEIGHT UNARY FUNCTION

Up to now we have assumed that the language does not contain a unary function f
of weight 0. However, the presence of such a function considerably simplifies the
reduction procedure. First we note that there exists no maximum ground TA-term
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1‘("’m) of weight m for any m > 0 (when we do not consider the artificial fix using the
sink value L), because otherwise we will have a contradiction as 1‘(“r’n) <kb f(1‘(“r’n))

and w(l‘(’yn)) = W(f(l‘(’rvn))). As a consequence, <} is dense in the sense that if u <} v
(n > 0), there are infinitely many ground TA-terms in between u and v with respect

to <K°. Similarly, there exists no maximum ground TA-term 1?m ) Of weight m

and type a, except when aj is a constant and m = w(ap), and hence <P is dense
except when the left operand is a constant. Moreover, <!, is dense except when the
order is resolved between the corresponding rightmost immediate subterms of its
operands. To make the above statements precise, we present reductions for open
gap order literals involving <Y, <P, <! =W <P and =|, (n > 0).

6.1 Reduction of u <Y vandu=\v
Clearly, u <Y vimplies u <" v and assuming u <" v, we have an infinite chain

u <P ) <P Py <P <P ) <P <y

Therefore u <}y v simplifies to u <" v, which further simplifies to the integer literal
w(u) < w(v). Due to the existence of the infinite chain from u to v, u = v simplifies
to false.

6.2 Reduction ofu<hvandu=fv

Reduction of u <} v.and u =P v when u is not a constant.. Let t be a proper subterm
of u and we denote u by u[t] to emphasize this occurrence of t. Let u[t’] be the
term obtained from u by substituting t’ for t. Assuming u <P v, we have an infinite
increasing chain

uft] <" uff®] < uff?®] < - < u[f"@] <" <Py

Therefore, u <P v simplifies to u <P v, which is just q < p assuming ap = type(u)
and aq = type(v). For the same reason as before, u =F v simplifies to false.

Reduction of u <} v and u =§ v when u is not a constant.. Let type(v) = ag. We
first check if there exists a non-constant ground TA-term t[s] (where s is a proper
subterm) such that w(t[s]) = w(u) and type(t[s]) = ap, and u <* ap <* ag. This
condition can be formally expressed as

v Tree®™ (U") , (26)

q<p<u, apgA

whose truth value can be determined statically given a fixed signature. If (26)
holds, we have an infinite chain

u <P t[s] < t[fs)] < tf2@E)] < - < fE)] < <Py (27)

Therefore u <h v simplifies to true and u =} v simplifies to false. If (26) does not

hold, then all ground TA-terms in between u and O?VW o Must be constants. Let us

assume there are m — 1 constants in between u and O?VW 0 Ifm>n, thenu <h v

simplifies to true while u =} v simplifies to false. If m = n, then both u <} v and

u =P v simplify to true. If m < n, then u <? v simplifies to OE’VW 0 <., v while
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(v, g Sn-m V- We need further consider three subcases under

the assumption that m < n.

@)

@)

®)

p

tw g = Vs and so both u <{ v and u =f v simplify to

v is a constant. Then O
false.

v is of type f. Since (26) does not hold, O?W 0 must be f(c;) where c; is the

smallest constant of weight w(v). Suppose that there are r constants of weight
w(v) and they are ordered as

kb kb kb

Cp <P oy < <P

Then v must be of the form f'(c,-) (0 < r’ < r), where f' denotes | applications
of f. We have the following tight chain

fler) < o < femr) < f(er)
<kb fz(C]_) <kb <kb fz(cr—l) <kb fZ(Cr)
Kb
<kb fI(Cl) <kb <kb fl(cr’—l) <kb fI(Cr/) .

80 Ofy ¢ <n-m Vs true if and only if (I - 1)r + (" — 1) > n — m. The reduct can

be formally expressed as

\/ Is(v) A Isi(sTV) A - A Is¢((SN V) A ¢ = ()P, (28)

1<rs<r

where I(r’) is the minimum integer such that (I(r) — Dr+ (' —1) > n—m.
A similar simplification holds for O?VW’ 0 <l _., v except that we require that
) =r+(r'-1)=n-m.

v is not a constant and not of type f. Let us assume ar(ag) = k > 0. Let
(l3,...,lx) be the smallest k-integer tuple of weight w(v) — w(ag) (with respect
to the lexicographic extension of the integer ordering) such that Tree(l;) holds
for alli € [1, k]. We first assume that for some k’ € [1, K],

NS =AY # e (29)

1<i<k’-1

In fact we must have (sff‘v)‘” > | because(ly, ..., Ix) is the smallest such k-tuple.
Then we have 0‘(Allk/) <W s‘lf,qv, and hence f”(O‘(AI’k/)) <W ss,“vfor any n > 0. Therefore

we have an infinite chain
p | w W W
O(VW, 0 < aq(O(il), ey, O(ik,), e, O(ik))
I
<" aq(Of,, ..., f(OF )),...,O‘(’ivk))

(iw
< aq(Of -+, F20 ), -, OF)
<| ......

<! W, LSOV, S V) =V
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Hence under condition (29), O(VW 0 <! _., v simplifies to true and O(VW 0 <l .V
simplifies to false. Next we assume
N S =a N\ stv=0y) (30)
O<i<k O<i<k
Under this condition, O,, ., = v, and hence both Of,, , <q_m vand 0p,. o Sh_m
v simplify to false. If we assume that for some k’ € [1,k — 1],
N\ S =1AsgvEon (31)
O<i<k

then we must have 0‘(Allk/) <Pl s‘lf,qv. So wve still have an infinite chain

p I W
Owr, g = (O, -+ OG- Oy)

< g0y -, Oy - F(OG)

<" ag(0f, ..., 0 .-, F2(0F))

<| ......

<l ag(s]V, .., sV, s V) = v

Therefore under condition (31), 0° m Vv simplifies to true and O(VW

(v, Q) )} Zn-m
v simplifies to false. The last case is that
27
/\(s“v)""—l./\ A sV=00 A SV EOY, (32)
O<i<k 1<i<k-1
p < a p |
Then O(VW q) <n-m V reduces to Of, < s,'v and O, g Sn-m V reduces to
O‘(’IV) Snem s ‘v. Now we have to reapply the above reduction to O(| ) si‘“v

and to O‘(’IV) ﬁ,ﬁ" m sk v. But since Iy < w(V), this process eventually terminates.

Note that the lower boundary terms we used in the reduction are all defined on
known constant weights, and hence they are fixed ground TA-terms which can be
expressed using selector terms and constants.

6.3 Reductionof u </ vandu =l v

If either u or v is a constant, then both u <! v and u =!, v simplify to false. Now
assume type(u) = type(v) = aq and ar(ag) = k > 0. So

Q, Q, QO (o4
u= aq(slqu,...,sk“u) , V= aq(slqv,...,skqv) .

If we assume that
Aq, 0 <% aq kb ~%q
/\ S, u=5s"v A s /'u<®s/v (33)
1<i<k’-1
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for some k’ € [1, k — 1], then we have an infinite chain

_ g aq aq
U= aq(s, U,...,S, ku)
|

[t 27 47
< ag(s;'y,...,s/u..., (s 'u))
|

u...,s

<" ag(s'u, ..., s, UL, (s 0))

<| ......

th th QO
< azq(sl V..., 8,/ V..., S

CV)=v.
Therefore under condition (33), u <!, v simplifies to true and u =!, v simplifies to

false. The only possibility left is

Y % aq kb o%q
/\ S;u=s"vAsu<vs'v. (34)
1<i<k-1

Under this condition, u <}, v simplifies to s, 'u <k® s*v, and u =}, v simplifies to
s, u =Ko sy,

This concludes all reductions we need to consider. Although we carried out
the reductions at the semantic level by case distinction, all preconditions and the
corresponding reducts are expressible in our formal language, and hence so are
the reductions themselves. For example, The reductions of u <}, vand u =}, v,
respectively, are

Qg kb <% Aq kb <%
u<,v - sku<n SkVV \/siu< SiV,

O<i<k
ushv - s u<Ksiv A /\ s u=s"v .
O<i<k

Note that that we introduced boundary functions to delineate <Y, <h, <% and
<P, and to decompose <!, and =!.. In the above reductions, however, not only are
upper boundary functions undefined, but also the lower boundary functions have
no use in these reductions (except in the intermediate steps). As a result, we do
not need to introduce any boundary functions into f@ at all. Also note that we
introduced tuple gap orders and tuple boundary functions to decompose <!, and
<! - also these, however, are not necessary in the above reductions. Hence we do not
need to introduce tuple gap orders and tuple boundary functions into szw either.
Thus, the presence of a 0-weight unary function significantly simplifies the depth
reduction procedure. In fact, we have already presented the proof for Lemmas 4.24.
All other lemmas related to tuples and boundary functions in Section 4.9 and the
corresponding proofs in Section A are no longer needed. Neither is Section B nor

Section C therefore.

7. CONCLUSION

We showed the decidability of the first-order theory of term algebras with Knuth-
Bendix order by quantifier elimination. Our method combines the extraction of
integer constraints from term constraints with the reduction of quantifiers on term
variables to quantifiers on integer variables. In fact, we established the decidability
of a much more expressive theory.
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Two problems related to practical complexity need further investigation. First,
as a rule of thumb, more expressive power means higher complexity. Even if
the theoretical complexity bound is the same, in practice the efficiency will be
compromised. It is worthwhile to search for the smallest extension of KBO that
admits quantifier elimination. Second, the elimination is intrinsically limited to
processing quantified variables one at a time. We plan to extend the method in
[Zhang et al. 2006] to eliminate a block of quantifiers of the same kind in one step.
We believe this will be a significant improvement in pragmatic terms, since in most
applications the quantifier alternation depth is small.

We also plan to investigate the decidability issue of the first-order theory of
KBO in a non-ground term domain [Knuth and Bendix 1970], or with a partial
precedence order on the signature [Baader and Nipkow 1999].

APPENDIX
A. PROOFS

In this section we present the proofs not included in the main text of this paper.
These proofs rely on definitions about integer predicates and functions defined
in Appendix B and reductions of equalities and gap order literals presented in
Appendix C. In this and the following sections, unless stated otherwise, we
assume that our language does not contain a 0-weight unary function. For ease of
reference we restate the lemmas and theorems.

Lemma4.21 (Elimination of Negative Literals). Assume formulas are type com-
plete.

(1) Any negative tester literal is equivalent to a disjunction of positive tester liter-
als.

(2) Any negative term equality literal (i. e., disequality between TA-terms) is
equivalent to a disjunction of positive order literals.

(3) Any negative order literal is equivalent to a disjunction of integer literals, tester
literals and positive order literals.

Proor. Negative tester literals can be eliminated using the following two equiv-
alences.

= 184,(X) ¢ \/ I54,(X) , —Isa(x) © \/ 1S4, (X) -
aq€C apEayg apeC\A
Term disequalities can be eliminated according to
w p | w p |
uzrv o u<vvu<Pvvu<vvv<"uvv<Puvv<iu.

Now let # € {w,p,l} and n > 0. It is easily seen that the following equivalences
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hold.

#

u<hv #

<
u<.,,vVvuziv,

4
—|(u<ﬁv) o —|(u<ﬁ+1v) A ﬁ(uéﬁv) ,
o #

(u <'f1 V) A = (U<,

ushv v) ,

#

n+lV :

ﬁ(uéﬁv) o ﬁ(u<ﬁv) Vou<
Therefore, for n > 0, we have the following equivalences.
SUu<Vv) o VW<u v \/u <'v,
i<n
Suzlv) o vW<uv v \/ué‘i’vv Vu<y,v,
i<n
SUu<Pv) o uvEVW v ( \/ ISq, (U) & Isap(v)) vv<Puv \/u;fv ,
0<p<|E| i<n

st o iy (s o 15,0)
O<p<lz|

vv<Puv \/ué?v vu<P v,
i<n
—u<lv) o uEW v ( /\ IS4, (U) © ﬁlsap(v)) vv<uv \/ué!v ,
0<p<|E| i<n

—Uuzlv) o U EV YV ( /\ IS4, (U) & - 'S%(V))
0<p<|x|

[ [ [
\/v<uv\/u§iVVU<n+lv.

i<n

Note that - (u <g V)isu#vA-(u<fv)and - (u §g v) is just u # v. Under
the assumption of type completeness, the truth values of tester literals are prede-
termined, and hence no conjunction is introduced in the above reductions. And
obviously, none of the above reductions introduces more open gap order literals
in any of the reducts. O

Lemma 4.22 (Delineated Gap Order Completion). Any conjunction of positive
order literals in %+ can be effectively transformed to an equivalent finite disjunc-
tion of delineated gap order completions.

Proor. Let @iy be a conjunction of positive order literals in %,+. Without loss

of generality we assume that ¢y,+ only contains literals like u gﬂ v and u <ﬂ v

(# € {fw,p,I}) for n > 0. Let 7 (¢wp+) be the set of all TA-terms in @y,+. In the
following we describe a nondeterministic algorithm to compute a disjunction of
DGOCs equivalent to @yp-+.

We view ¢y;,+ as a labeled directed graph Gyp+ in which TA-terms in 7 (pyy+) are

vertex labels and u éﬂ v (or u <f1 V) represents a directed edge from u to v with
number label n and color label #. An edge corresponding to a stretchable gap order
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literal u <ﬁ v (resp. arigid gap order literal u §ﬁ v) is called stretchable (resp. rigid).
A path is rigid if every edge on the path is rigid; it is stretchable otherwise. The
length of a path is the sum of all number labels on the path.

First we guess an equality partition for 7 (puy+). All vertexes in the same equiv-
alence class are merged by consolidating corresponding outgoing and incoming
edges. We choose an arbitrary representative for each equivalence class as the
vertex label.

Second we guess a linear order with respect to éﬁ and <§ for 7 (¢kp+). Itamounts
to adding to Gyy+ a Hamiltonian path: a path between two distinct vertexes of
Gkp+ that visits each vertex exactly once. We call this path the primary path and
the edges on this path primary edges. The primary path corresponds to a gap order
completion and it is a prototype of the delineated gap order completion we are
about to construct. At this phase, a primary edge may be labeled by any color in
{w, p, I}, but all number labels are 1.

Third we insert boundary terms to delineate the primary path if necessary.

Up to now there may exist two types of inconsistency.

(1) Gkp+ contains a loop.

(2) The color of a non-primary edge is incompatible with colors on the corre-
sponding primary path. Let order {w,p,l} be | <¢ p <® w. We say that the
color c of a non-primary edge is incompatible with colors {¢; | 0 < i < k} on the
corresponding primary path if ¢ # max{c; | 0 < i < k} with respect to <®. For
example, u <;, v <p, w is incompatible with neither u <% w nor u <}, w while
it is compatible with u <}, w.

If an inconsistency is detected, the constraint simplifies to false.

To reduce ¢y, to a DGOC, we need to remove all non-primary edges. A non-
primary edge from u to v is called an over-edge (resp. under-edge, para-edge) if its
length is greater than (resp. less than, equal to) the length of the primary path from
u to v. We say that a non-primary edge from u to v covers all primary edges on the
path fromutov.

We remove all redundant edges which either are para-edges or stretchable under-
edges. If there exists a rigid under-edge, then the constraint simplifies to false.
Now we assume that all under-edges are removed.

The existence of an over-edge means the current gap order completion “over-
approximates” ¢yy+. To discharge an over-edge, we distribute the extra length over
the number labels on primary stretchable edges that is covered by this over-edge.
For example consider the following primary path from u to v to w.

u&viw, (35)

where both edges are stretchable. Suppose that there exists an over-edge from u
to w with the number label p > p; + p2. We replace the subgraph (35) by one of the
following.

Pi+ny  p2+n2

u—oVvVv-—o>Ww, (36)

where n;,n, > 0and ny +n, = p —p; — p2. Note that we do not add extra length to
rigid primary edges, and if the corresponding primary path is not stretchable, then
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o+ simplifies to false. After the distribution, we make each stretchable primary
edge rigid if the corresponding over-edge that covers it is rigid. Now the original
over-edge becomes redundant and we remove it. One by one, we can remove all
over-edges and obtain a graph that only has primary edges (false can be viewed
asx <"x). O

The next lemma is used in the proof of Lemma 4.28.

LEMMma A.1 OpreN Gapr ORrRDER LiTERALS IN DGOCs. Formulas of the form

m n
/\ uj ﬂg‘i X A /\ X ﬁijj Vi, (37)
i=1 j=1

where x is an ordinary TA-term, < stands for < or <, #i, 5 € {w,p, 1}, and p;,q; > 0,
can be effectively transformed into an equivalent finite disjunction of DGOCs such that
the number of open gap order literals in each DGOC is no more than that in the original
formula. Moreover, if both the predecessor and the successor of x in a DGOC are boundary
terms, then the DGOC has one fewer open gap order literals than the original formula
provided the original formula contains at least one open gap order literal.

Proor. By Lemma 4.22 it suffices to show that in each DGOC the number of
open gap order literals is no more than that in the original formula. Let us assume
there are m; < m ordinary TA-terms that are less than x and n; < n ordinary
TA-terms that are greater than x. So in the original formula there are my + n; +1
ordinary terms and m; + n; open gap order literals. In each obtained DGOC,
the number of ordinary TA-terms can not exceed m; + n; + 1 as no new ordinary
TA-terms are introduced. It is easily seen that in a linear order containing k > 0
ordinary TA-terms, the number of open gap order literals is at most k — 1. So
there are at most m; + n; open gap order literals at each resulting DGOC. The
introduction of boundary terms (to delineate a gap order) and the merge of two
vertexes (to equalize two terms) can only decrease the number of open gap order
literals. Moreover, suppose the original formula contains at least one open gap
order literal. Without loss of generality, let us assume it is u; <3 x, and so m; > 0.
Since both the predecessor and the successor of x in the DGOC are boundary terms,
x is separated from other ordinary TA-terms, and so there are at most m; — 1 open
gap order literals at the left-hand side of x in the DGOC. Also there are at most n;
open gap order literals at the right-hand side of x. Therefore, the total number of
open gap order literals is m; + n; — 1, one less than that in the original formula. O

Lemma 4.23 (No Embedding of Boundary Terms). Any formula in .i”kzw can be

effectively reduced to an equivalent formula in which no boundary terms appear
inside selectors or the weight function.

Proor. By the following equivalences we can eliminate all integer terms formed
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by applying the weight function to boundary terms.

(Of))" < (WDgw(m) A m) V (= WDgu(m) A w(L)) ,
(0" © (WD (m,p) A m) v (= WDor(m,p) A W(L)),
(L))" < (WDgw(m) A m) V (= WD1u(m) A w(L)) ,
(L))" © (WDze(m,p) A m) V (= WDz(m,p) A W(L)) .

Next we show how to eliminate selectors in front of boundary terms. For a selector
term si“"o‘("r’n) (where ar(ap) = k), we consider four cases.

1) 0W is not well-defined. In this case 0W = 1, and hence S““OW S|mplifies to L.

(2) Of, is well-defined, but Tree™) (m) is false Since Tree®)(m) does not hold, o
can not be of type ap, and so s; ”O( simplifies to O(m)

(3) Tree)(m) holds but there exists p’ such that p < p’ < || and Treel®)(m) holds.

. Y « . e
Since ap <™ ap, Of) can not be of type ap, and hence s, "O‘gn) simplifies to O,

(4) Tree®)(m) is true and for any p’ such that p < p’ < |Z|, Tree®’(m) does not
hold. The condition says that O‘gn) is of type ay, i. €., O‘gn) = a(ty, ..., tary)- Itis
not hard to argue that (ty, . . ., tars,)) should be the smallest k-tuple of weight n.
In Appendix B.2(4) it is shown that the weight of the i"" component of a k-tuple
which is the smallest (with respect to <<°) k-tuple of weight n, denoted by
CWSk(n) can be defined in Presburger arithmetic. Therefore, we can simplify

p0W to O
(m) (CWSK(m-w(ap)))”
The above four preconditions can be respectively expressed as
- WDgw(m) ,
WDgw(m) A = Tree@®(m) ,

Tree@)(m) A \/ Tree)(m) ,
p<p’<[Z

Tree®(m) A /\ - Tree®)(m) .
p<p’<[Z

Similarly we can handle terms of the form s“"lgn)

For a selector term S; QP y (where ar(ap) = k), we consider three cases.

(m,p
(1) 0(m o) is not well-defined. Then s“"op S|mpI|f|es to L.
Ap P
2 O(mp) is well-defined, but p # p’. Then S. 0(m o) simplifies to O(m o)’
3) O(mp) is well-defined, and p = p’. The condition says that 0(m 0= =a(ty, - . -, tar(a,))

and(ty, ..., tarq,)) is the smallestk-tuple of weight n. As case (4) in the reduction

Ap AW AP W
of s, O(m),s O(mp)smpllfles toOCWS ‘o)
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The above three preconditions can be respectively expressed as

= WD (m,p’) ,
WDge(m,p") A p#p",
WDg(m,p’) A p=p" .

Similarly we can handle terms of the form S?" 1fm 0"

Repeating this transformation, eventually all selectors in front of boundary terms
are removed and we obtain a formula in which no boundary terms occur inside
selectors.

We note that the above reduction is purely syntactic as for each case, both the
precondition and the corresponding reduct are expressible in our formal language.
In general, let ¢[t] be a formula in which term t occurs. Suppose there are n disjoint
cases in total for the reduction of t and for each case i (0 < i < n), tis reduced to t;
under the precondition 6;. Then ¢[t] can be equivalently rewritten as

\/ (61 A plti]) - (38)

0<i<n

It is easily seen from (38) that the transformation involves disjunctive splittings
and since 6; are Presburger formulas, the transformation does not increase the
number of open gap order literals in any of the resulting conjunctions of literals. O

Lemma 4.24 (Reduction of Term Gap Order Literals). Let

*e <0, < << <P b <N (n>0).
If x is a TA-variable of type ap with ap = (s}%, ..., s,”) and tis an arbitrary TA-term,
then x x t (t x X) can be effectively reduced to an equivalent quantifier-free formula

P(sy°X, ..., 5,."X) (in ZZ ) where x only occurs in s;°x (0 < i <k).

Proor. It suffices to only consider x € {<W, <P <l <v <P <l VY forn > 0. Ift
is a TA-term not containing x, then the result follows directly from Lemma 4.26.
Suppose otherwise. Then t must be in the form Lx where L is a non-empty block
of selectors. We have two cases depending on whether Lx is at the left-hand side
or the right-hand side of x.

Case 1. x x Lx. Since L is non-empty and constraints are type-complete, Lx is
a proper subterm of x. If x x Lx, then x <K Lx, violating the subterm property of
KBO [Baader and Nipkow 1999]. Therefore, x x Lx simplifies to false.

Case 2. Lx x x. If x is <Y (resp. <P), reduction 201 (resp. 202) (see Appendix C)
puts x and Lx in separate literals, and hence the problem goes away. Similarly if x
is =% or =P. The last two cases are Lx <}, x and Lx =}, x, which are only possible if
the language contains the unary function f of weight 0. To save notation, we use s¢
to denote the corresponding selector of f. Now Lx <!, x and Lx =, x, respectively,

are in the forms
st(x) <}, X and st = x
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where i > 0 and s! denote i applications of ss. Note that both s|(x) <}, x and
st(x) =, x imply Is¢(s}(x)). In the rest of the proof, we view x as a fixed ground
TA-term unless it appears in a formula in the formal language. Let us consider
two subcases.

A. There is a non-constant ground TA-term whose weight is w(x) and type is not
f.
Let g(ty, ..., t;) besuchaterm;i.e, g # f and w(g(ty, ..., tj)) = w(x).
(a) Ifsi(x)is f*(a) (where k > 0 and a is a constant), then x is f"**(a). We have
eithera <P g(ty, ..., t5) or g(ty, ..., t;) <P a, asw(g(ty, ..., t;)) = w(x) = w(a).
i. a<Pg(ty,...,t;). Then we have
@) <' gty ..., ) < - <" R e(f'ty), ..., ) <"+ < F¥G@) .
ii. g(ty,...,t;) <P a. Then we have
@) < F(g(ty, ..., 1)) < - <" FHQ(F(t), ..., 1)) < - < £¥K(a) .

(b) If s‘f(x) is f"(h(tl,...,t,-)) (wherek > 0and h # f), then x is fk”(h(tl,...,t,-)).
Then we have

Yty ..., 1) <" - < TKO(F(), ... ) <" - < @)
In all cases, there are infinitely many terms in between s‘f(x) and x. Hence
st (x) <, x simplifies to Is¢(s}(x)) and s' (x) <}, x simplifies to false.

B. Any term of weight w(x) is either an f-term (f-type term) or a constant. The
condition says that s} (x) must be in the form f¥(c) (for some constant ¢ and

k > 0) and then x is in the form f<*i(c). In this case, f¥(c) =} f<*i(c) where ris
i times the number of constants of weight w(x). More precisely, let us assume
that there are m constants of weight w(x) ordered as follows:

b

oL <KP ... <KD g kb kb

Cm/

where ¢ = ¢;. Then we have i tight chains each of which has length m as follows.

fk(Cj) <kb <kb fk(Cm) <kb fk+1(C1) <kb <kb fk+1(cj) ,

fk+i_l(Cj) <kb <kb fk(Cm) <kb fk+i(C1) <kb <kb fk+i(Cj) )
Therefore, s (x) <, x simplifies to
Is¢(sy(¥)) A CNT,(x") ,

where m = [n/iT—1and CNT(x") is defined in the language with f removed,
and s (x) <}, x simplifies to

Is¢(sk(x)) A CNT,(x*) A =CNT,,(x*) Ailn,

where m = [n/i]— 1 and CNT,(x") is defined the same.
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Finally we note that each precondition can be expressed in Presburger arithmetic.
Condition (A) is

Tree*(x") , (39)
a€C\A\(f}

and condition (B) is just the negation of (39). [
Lemma 4.25 (Reduction of Closed Term Literals). Let

— kb _w | pl kb —w | pl
*e{_l<n /<n/<ﬁl<nl<n/én /én/éﬁ/én/én } (n>0) .

If u x visclosed, i. e., both u and v are boundary terms, then it can be effectively
reduced to an equivalent Presburger formula.

Proor. There are many combinations of closed term literals. Here we only
highlight the key components in the proof and leave the details to Sections C.1, C.2
and C.3.

Counting Constraints.. A closed term literal states that a certain number of ground
TA-terms exist in a continuous segment formed by concatenating adjacent w-
intervals or p-intervals. The idea of the reduction is to count how many ground
TA-terms are in each interval. For example, 1‘(’¥n) = O‘(’Yn, means that m = m’ and
there is exactly one ground TA-term of weight m, which can be formally expressed
as

m=m’ A Tree(m) A = CNT,(m) .

As another example, 1‘(7“) <V Ozfn,) (n > 0) reduces to (by reduction (97) in

Appendix C, copied below)

(n=1-> m<m)

A
m<zy<---<z,<m
A 97)
n>1— (dzy...3z)
O<\r{n /\ CNTni_l(zi)
izy Nj=n—-10<i<r
ny,...,nr>0

We briefly explain the meaning of (97). Since 1‘(“r’n) is the largest TA-term of weight

mand O, is the smallest TA-term of weight of m", 17, <7 OF , means that there

are at least n — 1 TA-terms whose weights are in (m, m’). If n = 1, then 1‘(“r’n) <y 0‘(“r’n,)
obviously reduces to m < m’. In case n > 1, we assume the n — 1 TA-terms in

between 1‘(7“) and 0‘(“r’n,) are distributed in r (0 < r < n) different levels measured by
weights, which is formally represented by

/\ CNT, @) .

Y. ni=n-1 O<i<r
ny,...,.Ny>0

Since r ranges from 1 to n — 1 which is a constant, (97) is an abbreviation for a
first-order formula.
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The reduction of 1‘(’¥n) =V Ozfn,) is similarly obtained as (reduction (145), copied
below)
n=1- (m<m’ A \/z(m<z<m’ - —|Tree(z)))
A
m<zy;<---<z,<m’
A

—.(321...32r+1)(m<zl<-~-<zr+1<m’)
n>1— \/ (dzy...3z)

0<r<n

A

\/ /\ Cﬁ\Tl'ni_l(Zi)

Zirzl ni=n-1 Oo<i<r
ny,...,.Nn>0

Here we need to add two more conjuncts. When n = 1 we need

vz (m <z<m — = Tree(z))

to make sure that there exists no term whose weight is in (m, m’). Whenn > 1, we
need

- (321...32r)(m <2y < <2y < m’)
to guarantee that for a fixed r € (0, n) there are exactly r legitimate weights in
(m, m”).

Well-definedness of Boundary Terms.. The reductions listed in Sections C.1-C.5 im-
plicitly assume well-definedness of boundary terms. The final reduction results
should incorporate well-definedness predicates (in short, WD predicates, see Sec-

tion B). For example, forn > 1, 1¥¥n) <y Ogn,) is equivalent to

(WDyv(m) A WDgw(m') A (97))
V (= WDy (m) A WDgu(m') A L <O )

vV (WDy(m) A = WDgu(m') A 1f¢) < 1)

V (= WD (m) A =~ WDow(m') A L <L) .
However, we do not need to go through this detour if the parameters in boundary

terms come from weights of TA-terms, because WD predicates are valid. For

example, for n > 1, the final reduction result of 1¥¥(W) <V Ozvyw) is just

(n=1 - x¥<y%
A
V<zp <<z <y
A

n>1 - \/ (Fz1...9z)) \/ /\ CNT, 1(z)

0<r<n .
Zirzl ni=n-1 O<i<r
ny,...,.Ny>0
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Note that we use L as the “sink value” to make boundary functions total. In
general, the choice of a sink value affects the truth values of formulas in ,,Sflfﬁ; i.e.,
Th(TAfw) varies with the sink value. However, Th(TAyy,) remains the same thanks

to the incorporation of WD predicates.

Reduction of Relations Involving Constants.. There is no separate list of reductions

involving constants, as constants are just boundary terms. For example, O?W(a ) is
pJ/

ic 1P
another name for a constant a,. So is 1(W(ap),p).

Summary. Appendix C provides a full list of the relevant reductions as follows:

C.1. closed term equalities;
C.2. closed stretchable term gap order literals;
C.3. closed rigid term gap order literals.

O
Lemma 4.26 (Reduction of Non-closed Term Gap Order Literals). Let

kb _w I _pl kb —w I —pl
* € { <P < < <, <n, S b sn )t (n>0).

If x is a TA-variable of type a, with ap = (s’, ..., s,”) and tis either a boundary term
or an ordinary TA-term not containing X, then x x t (t x x) can be effectively reduced

- . g a4 Q H
t(Z an equivalent quantifier-free formula ¢(s,’x, ..., s,’x) where x only occurs in
s, x (0 <i<Kk).

Proor. It suffices to only consider x € {<%, <P <! <w <P <l yforn > 0. As
before, we leave the detailed reductions to Sections C.4-C.7, and only highlight the
key components different from those in the proof of Lemma 4.25.

Gap Order Delineation. The general reduction rule is to delineate a gap order
to “indecomposable” intervals by inserting boundary terms. Let us first consider
open gap order literals. Suppose both uand v are ordinary TA-terms,u <}y v(n > 1)
reduces to

I
u <> v

|
b Ly <t Ofywy <hy V- (40)

()
Nni+nN2+nN3z=n
n,>0
Here is the intuition behind this reduction. u <% v states that u <" v and there
is an increasing chain of length n from u to v. On this chain from u to v we

have to go across two boundaries, %W) first and O‘(’\V,W) second. The two boundaries
delineate the chain into three segments and the sum of the lengths of the three
segments should be greater than or equal to n. Since there are infinitely many such
combinations, a naive representation would require infinitely many disjunctions
of conjunctions of literals. However, we can find a finite cover (an equivalent finite
subset) by requiring that the sum of the lengths of the three segments is just equal
to n, because for any k > 0,

k k
\/nl,...,Vnk( Zni >n — (An] <ng),..., A <ny) Zni’ = n)
i=1 i=1
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is valid in IN, and because for any n,n” € IN, n < n” implies that

Vx,y(x<ﬁy o (x<ﬁy \ x<ﬁ, y)) ,

where f € {w,p, 1}, is valid in .i”kzw
The reduction for rigid gap order literals is similar. For example, u =\ v (n > 1)
reduces to

1W W 0W <p|

(uw) _nz (W) =ng V.

Nni+nN2+nN3=n
n,>0

Recall that x <P' y = x <P y v x <' y. Suppose we choose the branch
u <ﬁ1 1‘("L’JW) <P O(VW) <n3 V. (41)
Assuming u is of type ap, v is of type ag, we can further delineate (41) to

lW

(uw)

OW

I p p
u<. 1 < )

Ny (uv,p) N2

koo, <Py, (42)

(W “Ne
N1=N13+Ng2
N3=N31+N32

In general we delineate u < v by inserting m boundary terms tg,...,tn in
between u and v satisfying

usht <t <t e gy <oy (43)

where ff € {w,p, I} (i < m) and max{#i | i < m} = §. Recall that | <® p <¢ w. For

example, max{w, p} = w and min{p,I} = I. It is not hard to argue that u <ﬁ v is
equivalent to

nml

Vo ou<k u <<k <t <k (44)

No+++Nm=n

In such a delineation, <g can be read as =. This saves unnecessary splittings for <*.
However, it is not essential as the termination of our reductions does not rely on
the decrease of gap counts.

Similarly, u §ﬁ v can be delineated as

\ usbt btk oy 45)

=Nm-1
No++-+Npm=n

The delineation of half open gap order literals is similar.

Termination. The termination of these reductions does not rely on the decrease
of gap counts. Rather, it relies on the fact that a gap order is eventually delineated
to “indecomposable” p-intervals. A closed equality literal or a closed gap order
literal can be reduced to a Presburger formula (Sections C.1- C.3). So eventually
half open gap order literals and open gap order literals only involve TA-terms in
the same p-interval; i. e., they are in the forms x < t, t <! x, x =l tand t =}, x
(n > 0) where x and t are of type aj, for some ap = (s;’, ..., s,").
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Let us first consider literals like x <!, t. Suppose that t is an ordinary term. Then
X = ap(S.*X, ..., 5."X), t = ap(s:"t, ..., s."t), and x <! tis equivalent to
- p 1 YRRV k y - p 1 ey k ) n q

a a k:kb a a
(sl"x,...,sk"x) <n (sl"t,...,sk"t) ,

which, by Lemma 4.27, further reduces to a formula in .,Sfé
st(0<i<Kk.

Now suppose that t is a boundary term, say t = Ozrn). We can rewrite t as

in terms of s;*x and

ap(sfpom), " s“"o‘(’fn)). So x <!, tis equivalent to
ap Qp kikb ap AW ap AW
(8, %X, ..., 8. Xy <y (s, O(m),...,sk O(m)) ,

which, by Lemma 4.27, further reduces to a formula in ,Zszﬁ in terms of s?"x

and s?"ogn) (0 < i < k). Each si“"ogn) must be the smallest (w.r.t. <K°) of weight
(si“"ozrn))w. By Lemma 4.23, sfpogyn),...,sfpogyn) are simplified to boundary terms
not occurring inside selectors, say Ozvfl(m))""'o\(ka(m)) where fy,..., fy are integer
functions definable in Presburger arithmetic (Section B).

We have similar results for t <! x, x =! tand t =|, x.

Summary. Appendix C provides a full list of the relevant reductions as follows:

C.4. half-open stretchable gap order literals;
C.5. half-open rigid gap order literals;

C.6. open stretchable gap literals;

C.7. open rigid gap literals.

O

Lemma 4.27 (Reduction of Tuple Literals). LetU,V bek-tuples of the same weight,
and

kkb _kw _k kI _kpl _kkb _kw _Kk; kI _kpl
*E{:,<n y<n /<np/<n/<n /én /én /énplén/én } (k>0/n>0)-

(1) fU = (uy,...,uy) is an ordinary tuple, then U x V (V % U) can be effectively
reduced to an equivalent quantifier-free formula¢(uy, . . ., uy) (in ,szw) inwhich
u;i (0 < i < k) does not occur inside selectors.

(2) IfUxV (VxU)isaclosed tuple, i. e., both U and V are boundary tuples, then
it can be effectively reduced to an equivalent Presburger formula.

Proor. There are many types of tuple literals, especially the closed tuple literals.
However, as tuples are only used in the intermediate steps in the reduction, we
only encounter a small portion of the combinations. The detailed reductions are
given in Sections C.8-C.15. Here we only highlight the key components of the
proof.

Notations. First recall that we define tuple relations between tuples of the same
weight. So tuple relations are not only parameterized by k, the tuple length, but
are also parameterized by m, the total weight.
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Second recall that we define suborders on tuples (u,...,u) <5 (vi,..., v
(#e{w,p,1})as

up <ty v (ul =vi A (Uy,..., u) <kKB (vz,...,vk>) , (46)
instead of as
O <i<k[u <" vi A Vi <j<iu=vi]. (47)

As we shall see soon, this technical choice gives reducts (reduced formulas) a
uniform appearance.

Third recall that (uy,..., uy) <‘§” {V1,...,Vg) is proper if u; <# vy, We claim that
improper orders can be decomposed to a Boolean combination of proper orders
between k-tuples and proper orders between tuples of shorter length. We first

show that we can always write U <'f{ti V into the form

k;
(Ug, ..., Uk <nti Vi, Vi)

This trivially holds if both U and V are ordinary tuples. Now suppose U is a
boundary tuple. We claim that U = (vq,...,v) where ug,...,ux are boundary
terms. In fact we have

Ig':ﬁq) 1¥VCWL§(sum))’ 1¥VCWL§(sum))’ T 1¥VCWLt(sum» X
_I(<s;\3[m,m) ( 1\(Arlﬂ)’ 1\(NCWL'§’1(sum—m))’ R 1\(NCWLtj(sum—m)) )
Il(ZEm,m,p) ( 1\(7“,9)’ l\(NCWLf’l(sum—m))’ T l\(NCWLtj(sum—m)) )
Ow(silst)n) ( OzVCWSE(sum))’ O?CWSE(sum»’ E Ozvcwst(sum» )
61((s;nvm,m) (O OZEWSE*(sum—m»’ I Ozz:wstzi(sum—m» i
(Tf;ﬁm,m,p) (Olmpy OEVCWSE’l(sum—m»’ T Ozvcwst:i(sum—m» i

where CWLf(n) (resp. CWSf(n)) gives the weight of the i component of the largest
(resp. the smallest) k-tuple (w.r.t. <<k?) of weight n (Appendix B.2(4-5)). The case
that V is a boundary tuple is similar.

Therefore, U <* V/ reduces to

((ul =Vv1) A (Uy,..., Uy <K <v2,...,vk>)
v ((ul <Fv) A (U, U <ﬁﬁ <v1,...,vk>) }

which contains two disjuncts; the first is a tuple order on tuples of a shorter length
and the second is a proper tuple order on tuples of the same length. Iteratively
applying the process, an improper k-tuple order can be decomposed to a Boolean
combination of proper k’-tuple orders for k" < k. Therefore, it suffices to show
proper reductions, the reductions of proper orders on tuples of the same weight,
which are given in Sections C.8-C.15. All reduction rules therefore contain an
implicit side condition u; < vy or u; = v; in the redex (target formula).
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Gap Order Delineation and Tuple Length Reduction. The general reduction rule is
the same as in the proof of Lemma 4.26, namely, using boundary tuples to delineate
a tuple order to “indecomposable” intervals. For example, Let U = (uy,..., Uy),
V = (vi,...,v) be ordinary tuples, and sum = Y}, u¥ = Y v, U <5 V (n > 0)
reduces to (reduction (343), copied below)

kP' Tkw kw  Akw kpl
(U, ..., U <y 1(Sumu¥) <n, 0(sum,ng) m Vi, Vi) (343)

Ny+N2+N3=n
n,>0

Now it is clear why we define (ug, ..., ux) <:<{ﬁ (V1,...,Vk) by (46), and not by (47).
Suppose we did it in the other way. Then in the reduction of (343), we are not

able to have (uy,..., uyx) <k Pl I‘Esﬁvm )’ because the order between (us, ..., ux) and
1
I'gsnvm 4y May be determined by the weight of the it" components for some i > 1.
771
Besides gap order delineation, we also need to decompose a tuple gap order
using tuple gap orders of shorter lengths and term gap orders. For example,

{Ug, ..., Ug) <kp I'((Snvm )’ which is a conjunct in a disjunct of (343), reduces to
1

(reduction (326), copied below)

p w Ak—1;kb k—1;kb 7k-1;kb
\/ Ur <py, l(u‘f) A 0(sum—u‘l”) <ny, 1(sum—u‘1”)
M1 (N2 +1)+n13>ng,
N11,N12,N13<Ny

k—l;kb _k—l;kb (326)

A (U2, ..., U <n. (sum-w) -

We briefly explain the reason behind (326). The tuples in between (uy, ..., ux) and

I'Esﬁvm () €an be divided into ny; + 1 segments where ny; + 1 is the number of ground

TA-terms in between u; and 1WW) ( including u; and 1WW)) Each of the first ny;
segments contains nyp + 1 k- tuples where ny; + 1is the number of (k — 1)-tuples of
weight sum—ul’. The last segment contains ni3 k-tuples because ny3 is the number of

(k — 1)-tuples greater than or equal to (U, . . ., uy) but less than 1 _'Esulmkbuw). We require

ni1(N12 + 1) + N3 > ng and nyg, N2, N3 < Np to have finitely many disjunctions. It
suffices because for any k > 0 and for any polynomial P(xg, ..., Xx) only containing
positive coefficients, the following formula is valid in IN.

le,...,mG[P(ml,...,mk)2m -

.>x
3

dm; <m,...,dm <m

g <mi A PM;,...,m)z=m)] .

i=1

The reduction of U gk;ﬁ V is similarly defined with stretchable gap orders replaced

by corresponding rigid gap orders. For example, (ug, ..., Ug) _fnp _'ES‘L’J”m )’ reduces
1
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to (reduction (338), copied below)

<p w Ak—-1;kb <k=L1kb 7k-1kb
\/ Ui =p, 1(u‘1”) A O(sum—u‘i”) =N 1(sum—u‘f)
N1 (N2 +1)+n1g=ny,
N11,N12,N13<Ng
k-1;kb 7k-1;kb
A Uy, ..., UK énn 1(sum—u‘f) . (338)

Here we require ny1(n2 + 1) + n13 = ng instead of ny1(n12 + 1) + Ni3 > Ny

- - 1kw kw Akw -
As an example for closed relations, we consider 1(sum/m) <n 0(sum/m,) which
reduces to (reduction (247), copied below)
(n=1->m<m)
A
n>1—
m < CWX(sum, m, m’) < --- < CW¥(sum, m, m’) < m’ . (247)
\/ A
Akw kw gkw
0<r<n \/ ) 0(sum,CWik(sum,m,m')) <ni—l 1(sum,CWf(sum,m,m’))
Y ni=n-10<isr
ni>0

We explain the meaning of (247). Since I'gsnvm m) is the largest k-tuple of weight sum

with the first component having weight m and Ozfn,) is the smallest tuple of weight

;7 qkw

of sum with the first component having weight m’, 1 <kw gkw

(sum,m) N (sum,m’)

there are at least n — 1 k-tuples of weight sum in between I'(‘;‘Lvm,m) and 6'(<S?ﬂ’m/m,) (but

including neither I‘(‘?W nor 0¥ ) and in each of these k-tuples the weight of
sum,m) (sum,m’)

the first component is greater than m but smaller than m’. If n = 1, then obviously

1kw kw  Akiw
1(Sum,m) <n O(Sum,m,) reducestom < m’. If n > 1, then for some r (0 < r < n), the

n — 1 k-tuples distribute into r different levels according to their weights, which is
formally represented as

means that

6k;w <k;w ]__k;w
k ’ ni—1 k ry
(sum,CW: (sum,m,m’)) i (sum,CW: (sum,m,m’))
Zirzl ni=n-1 Oo<i<r ! !
nj>1

where CW}‘(n, m, m’) gives the i smallest integer in (m, m’) which is the weight of
a component in a k-tuple of weight n (Appendix B.2(3)), and

Akw kw  Tkw
(sum,CWsumm,m))  Ni=1 7 (sum,Cwk(sum,m,m))

states that there are n; k-tuples of weight sum with the first component of weight
CWf(sum, m,m’). We require };_ni=n-landn>1forl<i<r.

The reduction of I‘(‘Snvm m) <kw 6‘(‘5an v IS similarly obtained as (reduction (295),
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copied below)
n=1—- (m<m’ A Vz(m<z< m — - IsTWk(m)))
A

n>1 -
m < CWX(sum, m,m’) < --- < CW¥(sum, m, m’) < m’

A . (295)

- (m < CWE(sum,m,m’) < --- < CWK

\/ r+1
A

0<r<n

(sum,m, m’) < m’)

Akw <k;w akw
5 Leisr (sum,CW¥(sum,m,m’)) ~Ni=1 ~(sum,CW¥(sum,m,m’))
i=1 ni=n— =
I n;i>0

Here we need to add two more conjuncts. When n = 1 we need
Vz (m <z<m — = IsTWk(m))

to make sure that there exists no k-tuple whose weight is in (m,m’). When n > 1,
we need

- (m < CW¥(sum, m,m’) <--- < CWK, (sum,m, m’) < m’)

to guarantee that for a fixed r € (0, n) there are exactly r legitimate (tuple) weights
in (m, m").

Termination. As for Lemma 4.26, the termination of these reductions does not
rely on the decrease of gap counts. Rather, a tuple gap order is first delineated to
“indecomposable” intervals which is in turn reduced to tuple gap orders of shorter
lengths. Recall that tuple gap orders of length 1 are essentially term gap orders.

Repeatedly applying the reduction, eventually only term gap orders <ﬁ and §ﬁ
(# € {w, p,I}) appear, i. e., a tuple gap order reduces to a formulain .Zkzgﬂ and hence
the reduction terminates. In particular, a closed tuple gap order or a closed tuple
equality literal reduces to a Presburger formula.

Well-definedness of Boundary Tuples. Reductions listed in Sections C.8-C.15implic-
itly rely on the assumption that boundary tuples are well-defined. This assumption
holds because parameters of boundary tuples come from weights of well-defined
TA-terms.

Reduction of Literals Involving 0K or 1K

(sum) (sum) There is no separate list for re-

ductions of tuple gap orders involving 5'(‘5521) or I'(‘Sﬁgﬂ as they can be expressed,
respectively, by
ak;kb _ Akw Ik;kb _ Tkw
(sum) T (sum,MinCWk(sum)) ’ (sum) T~ (sum,MaxCW*(sum)) ’

where MinCW¥(sum) (resp. MaxCW¥(sum)) gives the smallest (resp. the largest)
integer in (0, sum + 1) that is the weight of a component in a k-tuple having weight
sum (Appendix B.2(1,2)).
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The Number of Open Gap Order Literals. Aswe mentioned before, tuple gap orders
reduce to term gap orders. The reduction does not increase the number of open
term gap order literals. The only reductions that generate new open term gap
order literals are that of (uy,...,ux) <‘§' (V1,...,Vx) (reduction (345)) and that of
Uy, ..., u) =K (vi,..., v (reduction (348)). Consider reduction (345) (copied
below)

k-Lkb Tk-Lkb
(Uz, ..., Ug) <p 1(rem)

A

Ak-1ikb _k—L;kb
O(rem) <m0 AV2,. e, V)

\/ A ) (345)

n1+n2+83=n Ak—1;kb <k—l;kb 1k-1;kb
Ns=> (rem) my (rem)
A
(mg+1)(mz-1)>(n3-1) |
myp>0,m;,My<ng Up <p, V2

where rem = Z:lz u’ = Z:(:z vl'. Itis clear that in (345) each disjunct (conjunction
of literals) only contains one open gap order literal, namely u; <'mz vi. Since the
reduction is triggered by an open gap order literal, there is no increase in the
number of open gap order literals. Although u; <' v, is an implicit open gap order
literal in the redex, it is not included in any reducts, as it has been replaced by the
more precise relation u; <'m2 vi1. The case for reduction (348) is similar.

Summary. Appendix C provides a full list of the relevant reductions as follows:

C.8. closed tuple equality literals;

C.9. half-open tuple equality literals;

C.10. closed stretchable tuple gap order literals;
C.11. closed rigid tuple gap order literals;

C.12. half-open stretchable tuple gap order literals;
C.13. half-open rigid tuple gap order literals;

C.14. open stretchable tuple gap order literals;
C.15. open rigid tuple gap order literals.

O

Lemma 4.28 (Elimination of Term Quantifiers). Let x be a term variable, @ y,+(X)
a conjunction of literals in Zg+ with depth®**(x) = 0, and ¢z(x) a Presburger
formula in which x occurs inside the weight function. Then

@ T) [ po () A 9z |

can be effectively reduced to ¢ . A @7, in which x does not occur and ¢y, . is
quantifier-free.

Proor. The antecedent of the lemma only requires that all term occurrences of x
have depth 0 and so x may have arbitrarily many integer occurrences of the form

Journal of the ACM, Vol. V, No. N, Month 20YY.



The Decidability of the First-order Theory of Knuth-Bendix Order . 45

(LX) where L is a (possibly empty) selector sequence. We divide the proof into
two parts.

Part 1. @yp+(X) contains x = t where t may contain x. We rewrite (Ix : T)[@ o+ (X) A
pz(x)] as

@:T[x=t A ex], (48)

where ¢(x) is a conjunction of literals in £Z,. We consider four cases.

kb+*
(1) tdoes not contain x. Then (48) simplifies to ¢(t).
(2) t=x. Then (48) simplifies to (Ix)p(x).
(3) t = Lx where L is a non-empty selector block. Then (48) simplifies to false,
since we assume that terms like Lx are proper (Definition 3.3).

(4) tis a boundary term in which (Lijx)"¥ (i < n) occur in an integer function. In this
case we assume that (48) has the form

(@ T) [ x = tf(Lox)", ..., L)™)] A ()], (49)

where Lox = x(i.e., Lo = 0), LoX, ..., Lnxenumerate all selector terms containing
x (including improper selector terms inside selectors), and f((Lox)", ..., (LaX)")
denotes the maximum integer term in t. We assume t[f((Lox)%, ..., (Lpx)¥)] is
a well-defined boundary term (Section B). Otherwise t = 1 and hence (48)
reduces to @(L). The set of terms {Lix | i < n} corresponds to a tree with root
X. We assume that this tree is sibling complete. For example, a formula in List
is sibling complete if for any term t it either contains both car(t) and cdr(t) or
contains neither. In general, if we need L’x to appear, we can just set

f((Lox)", ..., (L)W, (L'X)Y) := f((Lox)Y, ..., (LaxX)", x") + (L)W — (L'X)V .

It is easily seen that (49) is equivalent to

@) [ x =t (LoX)", ..., L)™)] A @LF(LoX)", ..., (L)™]D) ], (50)
where x only has one term occurrence, namely, as the left-hand side of
x = t[f((Lox)", ..., (LaX)")] . (51)

Note that the substitution that we used to transform (49) to (50) may put a
boundary term inside a selector term. In fact, it is only this type of substitution
that makes a boundary term appear inside a selector. However, Lemma 4.23
eliminates this superficial complication. We claim that (50) is equivalent to

ALox)™, ..., LX)V : Z)
[ AT, -, (L)™)]) A @A), LX) |, (52)

where (Lix)" are pseudo integer variables, and ¢, is the integer constraint on
weights of subterms of x satisfying the following conditions.
(@) @a requires that x be a legitimate term.
i. Foreach leaf node Lix, ¢, includes Tree™ ((Lix)"), where type(Lix) = ay.
This states that each leaf has a well-defined weight.
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ii. For each non-leaf node Lix, ¢ includes

[
(L))" = w(ap) + ) (s{°Ln"
j=1

where type(Lix) = ap = (s,%,...,s,") and s;"LiX, ..., s,"Lix are imme-

diate children of Lijx. This states that the weight of a tree is the sum
of the weight of the root and the weights of the immediate children of
the root.

(b) @a requires that x be a legitimate boundary term. For example, suppose

t= O\é\;((LOX)Wr“’(LnX)W)) . (53)

i. @a includes x¥ = f((Lox)Y, ..., (Lax)").

ii. Each node Lix must be the smallest (w.r.t. <k°) of weight (Lix)". If
type(Lix) = ap, then there exists no p’ such that p < p’ < |X| and
Tree™ ((Lix)") holds. This constraint is formally expressed as

= Tree™ ((Lix)") .
p<p’ <X

iii. Each non-leaf node must have the smallest tuple of children (w.r.t.
<kkb) If Lix has k immediate siblings s;’Lix, ..., s, Lix (in the order
from left to right), we require that (s}"Lix, ..., s, Lix) be the smallest
k-tuple (w.r.t. <<k0) of weight n = Z'J-‘zl(s?"Lix)W. This constraint is
formally expressed as

A (LX) = CWSf(n) ,
0<j<k

where CWS'J.‘(n) gives the weight of the j™ component of the smallest

k-tuple (w.r.t. <k®) of weight n (Section B).
Similarly we can obtain constraints for

t=0 t=1 t=1

p
(F((LoX)",...(LnX)"), P) *

The intuition behind this reduction is that when a term x occurs inside the
weight function, all its term properties (that are expressible in the formal
language) can be fully characterized by integer properties that are expressible
in %z. We therefore view (Lix)" as syntactical integer variables. By variable
renaming we transform (52) to

(Fzo,...,20: Z) | (LT (Zo, .., 20)]) A @alzo,-..,20) | - (54)

We show equivalence of (50) and (54). Suppose x is a ground boundary term
satisfying (50), then w(LoX), ..., w(Lnx) clearly satisfy @a((Lox)Y,..., (Lax)"),
which describes integer constraints on LgX,...,Lox. Therefore, (50) implies
(54). For the reverse direction, let zy, .. ., z, be integers satisfying (54). Without
loss of generality we assume t to be as in (53). We obtain an x by setting

p w
(f((LoXx)™,...(LaX)Y),p) 7 (f((Lox)W,...,(Lax)V)) 7
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Lix := 0P(z;,p) for each leaf node Lix with type a,. Such x is clearly a well-

defined ground boundary term 0‘(";(20 ) because pa(zo, ..., zn) is a complete
integer constraint on the weights of all subterms of 0‘(“;(20 ) Therefore, (50)
is satisfied.

Part 2. @up+(X) does not contain equalities like x = t. Since x is the only term
occurrence of x in g+, we can move other literals not containing x out of (Ix : T),
and hence we assume that g+ is in the form

/\Ui < XA /\X51|+j Vi, (55)

o<i<l 0<j<m

where <; (0 < i < 1+ m) are gap orders. By Lemma A.1, gy is equivalent to a
disjunction of delineated gap order completions, each of which contains no more
open gap order literals than ¢yy+(x) does. Now we assume @y;+(X) is a DGOC,
denoted by

DGOC(X, (Lox)", ..., (Lax)") ,

where (asinPart1) Lo = X, LoX, ..., Lnxenumerate all selector terms containing x and
form asibling-complete tree with x being the root, and (Lox)%, .. ., (LnX)" enumerate
all integer occurrences of x that may occur in g z(x) as well as inside boundary terms
in @yp+ (X). Let {x}" abbreviate (Lox)", . .., (LnX)". Since DGOC(x, {x}") is delineated,
we assume that DGOC(x, {x}") has the form

I S Jio i St X S Gy Sigr o Do Uy,

Head ({x}W) Tail ({x}W)

where <1 € (<}, =f) g e (<5, 200, 4 = § € {I,pl}, and Head({x}") (resp.
Tail({x}")) denote the linear order before x (resp. after x) in the above sequence.
Without loss of generality, we further assume <;_; is <}, and < is <}, for ny, n, > 0.
Accordingly, DGOC(x, {x}") has the form

Head({x}") <l x <}, Tail({x}") .

We write Head ({x}") < Tail({x}") to denote

ni+ny

[
i < -0 Sic2 tica <pn, Givn i oo dooa b,

Head ({x}W) Tail({x}W)

the ordering obtained from DGOC(x, {x}") by removing the term occurrence of x and
accordingly joining two gap orders before and after such occurrence. We claim
that

(3 : T) | Head({x}") <, x <b, Tail((x]") A pz(ix") | (56)
is equivalent to
@AX}" : Z)[ Head({x}") <hn, Tall((X]") A @a(IX1") A z(XI™) ], B7)

where {x}" are pseudo integer variables as in Part 1, pA({x}V) consists of x¥ =
(ti-1)V, and integer constraints requiring that LgX,...,Lyx form a legitimate tree
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(condition (4a) for pA({x}") in Part 1). By variable renaming we rewrite (57) as

(32: Z) [ Head(@) <),.n, Tail@ A 92 A 92(D) ], (58)

where Z = {zo,...,zn}.
We show equivalence of (56) and (58). It is clear that (56) is equivalent to

@x:T)(FZ: Z) [ palix") A @z(X)")
A Head({x}") <j, x <, Tail({x}") A Z= {x}W] , (59)

n
where Z = {x}" stands for A z; = (Lix)". We can rewrite (59) to
i=0

AZ: Z)3x: T) [ pa@ A 9z(D) A Head(@) <), x <, Tail@ A 7= (x"],

which is equivalent to (58) after eliminating x using the fact that weight properties
aboutx and its subterms are completely characterized by ¢ z({x}"). Now by Lemma
4.29 we eliminate 37 from (58), obtaining o A\ ¢, In Which x does not occur and
P+ 1 quantifier-free, as desired.

The elimination procedure needs no essential change for other choices of <;_;
and <;. We only note that if both <i_; and <; are rigid gap orders, then the order
between Head({x}"*) and Tail ({x}") should be rigid too. For example, let <_; be é'nl
and < be =}, . We have

(@x: T) [ Head((x}") =), x =h, Tail(ix") A pz(Ix") |,
which reduces to

(37:2)[Head(@) =), Tail@) A 9a@ A 0z(@)] -

Finally note that we carry out the elimination even if x has other integer occur-
rences with depths greater than 0. We could have strengthened the precondition
that requires that all occurrences of x has depth 0. To satisfy this precondition,
however, the simplification procedure, step (1c) in Algorithm 5.2 has to include
a sub-procedure for decomposing literals like X = t using proper selector terms
containing x. We choose to hide this complexity in the proof rather than exposing
it in the algorithm. O

Lemma 4.29 (Elimination of Integer Quantifiers). Let z be an integer variable,
@kb+(2) a conjunction of literals in %y where z occurs inside boundary terms, and
@z(z) a Presburger formula. Then

z:2) [ 9 (@) A 9z(2) |
can be effectively reduced to ¢} . Ap’, where nozoccurs and ¢, is quantifier-free.

Proor. Let z, oy (z) and @z(z) be as stated above. Let us assume z has n
occurrences in @yp+(z), namely in n maximum integer functions enumerated below

fiz) , ..., fa(2,
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where f; (0 < i < n) are arbitrary integer functions definable in Presburger arith-
metic, and fi(z) (0 < i < n) occur inside boundary terms. Note that f;’s are
introduced during reductions in Section C, and they are constructed using those
integer functions defined in Section B.

For each 0 < i < n, we proceed as follows. Without loss of generality, we assume
fi(z) properly occurs inside a boundary term t, that is, t has one of the following
forms:

0\(A:‘i(Z)) ’ O?fi(Z),p) ’ 1\(,\%(2)) ’ 1?fi(2),p) ’

We do case analysis according to the occurrences of t in @yp+(2).
(1) toccursin literals of the forms

t<it, t<f v, t<ft, t<ft, t=t,

IIA

where n > 0, §f € {w,p,l} and t’ is also a boundary term. By Lemma 4.26, we
can remove all such closed literals from ¢yp:(z) and add the corresponding
equivalent Presburger formulas to ¢z(z).

(2) toccursin literals of the forms
t<,t, tsit, t<;t, [ t=t,

where n > 0, = € {p,I} and t’ is an ordinary term. Then we replace every
occurrence of fi(z) in g+ (z) by (t')* and add fi(z) = (t")" to pz(z). Formally,
we set

P (@) = P @ | Ti@/()" ]
$z(2) = pz(@) A fi(2) = ()" .
(3) toccurs in literals of the forms
t<Vt, txVt, t<t, ="t

where n > 0 and t’ is an ordinary term. In this case, we introduce new bound-
ary terms to delineate those gap orders. For example, t <V t’ is replaced
by

pl
\/ t <m Ofeyy <nm, U -
n

Ni+nNy=

Similar transformations apply to t [ t/, t’ <}y tand t’ <}V t. Then we reduce
this case to case 1 and to case 2.

In this way we can remove all fi(z) from ¢+, obtaining
(2:2) [ ¢l A P2 |
where ¢, . does not contain z. So we can move ¢, , out of 4z, obtaining
P N (F2:2)5(2) ,
as desired. O
Lemmab5.4 (Termination). Both Algorithm 5.1 and Algorithm 5.2 terminate.
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Proor. The termination of Algorithm 5.1 is straightforward. The termination of
Algorithm 5.2 needs a careful examination. The subtlety comes from step (1). It is
clear that each run of step (1) terminates as the decomposition (step (1b)) is done in
depth-first manner, which eventually produces a variable whose term occurrences
are all of depth 0. However, this step may introduce more existentially quantified
variables, gap order literals and equality literals and it may also increase the depth
of variables that are not the target of the reduction. Consider in List}.. The
formula

(Hx)[x <p, T A car(x) <p_, t] ,
where depth(x) = 1 and depth(t) = 0, reduces to (one of the choices)
(Hxl)(ng)[xl =car(t) A Xz <p, cdr(t) A X1 <, t] ,

where depth(x;) = depth(xz) = 0 but depth(t) = 1. Here we have one more
existentially quantified variable and a new equality literal, and the depth of t is
increased by 1. Reduction (201) shows a case where the number of gap order
literals increases.

A careful examination of the reductions in Section C reveals that in all transfor-
mations the number of open gap order literals is never increasing, which is crucial
in this termination proof. We proceed by first establishing five claims.

(1) The number of open gap order literals in each reduct is no more than that in
the corresponding redex.

(2) The total number of occurrences of newly introduced variables in the reduct
is no more than the number of occurrences of the decomposed variable in the
redex.

(3) Without reductions (203) and (206), the sum of the depths of variables strictly
decreases in each run of step (1).

(4) Reductions (203) and (206) are only triggered by step (1) targeting variables
occurring in open gap order literals.

(5) A run of step (1) targeting a variable x that occurs in an open gap order literal
produces four types of outcomes.

(&) The sum of the depths of variables in the reduct decreases.

(b) The reduct contains fewer open gap order literals than the redex.

(c) The reduct contains a newly introduced variable x’ that occurs in an open
gap order literal and is the target for the next run of step (1).

(d) The reduct contains a newly introduced variable x” that occurs in an open
gap order literal and is the target for the next run of step (2).

Proof of Claim (1). Recall that this statement is included in every lemma regard-
ing equivalent transformation. Here we list the transformation steps and their
corresponding justifications.

Depth Reduction Lemma 4.26
Elimination of Negative Literals Lemma 4.21
Equality Elimination Lemma 4.28, Part 1
Term Elimination Lemma 4.28, Part 2

Delineated Gap Order Completion LemmaA.l
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Proof of Claim (2). In all tuple reductions in Sections C.8-C.15, if (us,...,ux)
appears in a redex, then each u; appears at most once in each corresponding
reduct. The claim is then proved by induction.

Proof of Claim (3). It can be shown by checking reductions in Sections C.6, C.7,
C.14 and C.15 that (i) the depth of a term can only increase in reductions (345)
and (348) which are triggered by reductions (203) and (206), respectively, or in
a substitution due to eliminating x appearing in an open equality literal of the
form x = t (Part 1 of the proof of Lemma 4.28); (ii) an open equality literal is
only generated in reductions (345) and (348). As a consequence, reductions (203)
and (206) are the only sources of increasing depths of variables. In each run of
step (1), the depths of newly introduced variables are less than the depth of the
decomposed variable in the redex. By claim (2), without reductions (203) and (206),
the sum of the depths of variables must be strictly decreasing in each run of step (1).

Proof of Claim (4). A check of the reductions in Section C justifies this claim.

Proof of Claim (5). There are two main cases.

(1) All occurrences of the targeted variable x have depth greater than 0.

Then step (1) only involves simplification of selector terms (step (1(c)i)) and
simplification of integer terms (step (1(c)ii)). The simplification of integer terms
clearly does not affect the depths of variables. For the simplification of selector
terms, let us consider Ls{'x * L'si”f'x’ where type(x) = a, type(X’) = o’. If x =X/,
then a = «/, and this literal simplifies to Lx; x L’x;.. If X # X/, then this literal
simplifies to Lxj x L'si”f'x'. In both cases, depth(x;) is less than depth(x), and the
depths of other variables do not increase. Therefore, the sum of the depths of
variables decreases. The case for L’sﬁ’x’ * Ls'x is similar.

(2) depth(x) > 0and x % t (or t % x) occurs.

Then step (1) also involves reductions of gap order literals (step (1(c)iii)). If
neither reduction (203) nor reduction (206) is used, then x and t are separated
by boundary terms, and hence at least one open gap order literal is removed
with no new one generated. If either reduction (203) or reduction (206) is used,
then x must be <!, or <. Let us consider x <, t (the cases for t <!, x, x <!, tand
t <! x are similar). Reduction (203) triggers reduction (345), which produces a
reduct containing the following conjuncts

x1=8t, ..., Xc1=S,t, X <ﬁ, sit,

where <fe {w, p,l} and n” < n. All newly introduced variables xy, ..., Xj_1 will
be removed by substitution directly. If depth(x;) > 0 in the reduct, then x;
becomes the target in the next run of step (1). Otherwise, step (2) is activated

with x; being the elimination target.

Now suppose that Algorithm 5.2 does not terminate. The run must visit step (1)
infinitely many times, because only step (1) can generate more existentially quanti-
fied variables. We claim that either reduction (203) or reduction (206) runs infinitely
often. Suppose otherwise, then from some point on, there are no runs of reduc-
tions (203) and (206). Then by claim (3), a run of step (1) always reduces the sum
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of the depths of variables. Eventually the depths of all variables are 0 and step (1)
is disabled and the run of Algorithm 5.2 stays in step (2) forever, a contradiction.

Now we assume that either reduction (203) or reduction (206) occurs infinitely of-
ten. It follows that there must be infinitely many runs of step (1) targeting variables
occurring in open gap order literals, because by claim (4) only such runs can trigger
reduction (203) or reduction (206). However, this cannot happen even if there are
infinitely many such runs of step (1). We analyze all types of outcomes of step (1)
targeting variables occurring in open gap order literals. Outcome (5b) clearly does
not happen infinitely many times because at least one open gap order literal is
removed each time. Outcome (5d) cannot happen infinitely often either, because
(thanks to Lemma A.1) each occurrence triggers step (2) that reduces the number
of open gap order literals at least by one. Thanks to variable selection (step (1a))
in depth-first manner, outcome (5¢) cannot happen continuously infinitely many
times as the depths of variables are finite. If outcome (5c¢) happens, then the next
outcome is either (5¢) again or (5d). So if outcome (5¢) happens infinitely many
times, then so does outcome (5d), a contradiction. The only possibility left is that
outcome (5a) happens infinitely often. And in fact it will be continuously happen-
ing from some point on. This means that from that point on the sum of the depths
of variables strictly decreases, and hence eventually step (1) is disabled forever,
contradicting our initial assumption.

We have exhausted all cases and all of them lead to contradictions. Hence
Algorithm 5.2 terminates. [

B. DEFINITIONS

In this section, we show that the integer functions and predicates used in the proofs
in Appendix A and in the reductions in Appendix C can be defined in Presburger
arithmetic.

B.1 Definition of Integer Predicates

(1) CNT4(X) (k > 0,n > 0): there are exactly n+1 different a-terms of length x in
TA with |A| = k.

CNT,,(x) =£ CNTE (X) A = CNTE, 1 (%) -
CNT,,(x) is similarly defined with a-terms replaced by TA-terms.
CNTn(x) 2L CNT, () A = CNT, ,1(X) -
(2) I1sTWX(n): n is the weight of a k-tuple.
k
ISTW (n) 2= (3z4,..., 32 > 0) Zzi =n A\ Tree)) .
i=1

O<i<k

(3) I1sSCW¥(n, m): m is the weight of a component in a k-tuple of weight n.

ISCWK(n, m) <2 ISTW ) A ((k>1 A IsSTWK (n-m)) v (k=1 A m=n)) .
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(4) 1sSTWX(n, p): n is the weight of a k-tuple whose first component is of type ap.

k
IsTWK(n, p) == (Azy, ..., Az > O)( Zzi =n A /\ Tree(zi) A Tree“ﬂ(zl)) )
i=1 O<i<k

(5) 1sSCW¥(n, m, p): n is the weight of a k-tuple whose first component has weight
m and type «aj.

ISCWH(n, m, p) 22 1sSCWK(n, m) A Tree@)(m) .

(6) WDq(A) : Q(A) is a well-defined boundary term or boundary tuple.

WDgw«(m) el Tree(m) , WD 1w (m) Ll Tree(m) ,
WDge(m, p) 22 Tree®)(m) , WD (m, p) 22 Tree®)(m) ,
WDgew () 22 IsSTW(n) WD e (n) 22 1IsSTWX(n)
WDgew (n, m) 22 1SCWX(n, m) WDz (n, m) 22 1sCWH(n, m) ,

WDger (N, M, p) 22 ISCW (N, m,p) ,  WDxe(n, M, p) 2= ISCW(n, m, p) .
B.2 Definition of Integer Functions

(1) x = MinCWHK(n,r,1’) : x is the smallest integer in (r,r’) that is the weight of a
component in a k-tuple of weight n; x = r if there is no such integer.

[(—| ISTWK(n) v Vz(r<z<r — = IsCWK(n, z))) A X= r] v
[ ISCWK(N,X) A r<x<r A Vz(r<z<x — = IsCWX(n, z))] . (60)

(2) x = MaxCW¥(n,r,r’) : x is the largest integer in (r,r’) that is the weight of a
component in a k-tuple of weight n; x = r if there is no such integer.

[(—| ISTWK(n) v Vz(r<z<r — = IsCWK(n, z))) A X= r] Vv
[ ISCWK(N,X) A r<x<r AVz(x<z<r — = IsCW¢n, z))] . (62)

) x= CWf(n, r,r') (i > 0) : x is the i smallest integer in (r,r’) that is the weight
of a component in a k-tuple of weight n; x = MaxCWHX(n, r, r’) if no such integer
exists. We give the definition by induction on i.

Casei = 1.

x = MinCWK(n, r, ).
Casei> 1.
[x >CWK (n,rr) A r<x<r A ISCWn,x) A
Yz (CWf_l(n, rr)y<z<x — - IsCWKn, z))] v
[ x=CW (n,rr)
AYZ((@>CWE (L) AT<z<r) > =IsCWXn,2))] . (62)
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With no risk of confusion, we use the following abbreviations.

MinCWX(n) abbr. MinCW¥(n,0,n +1) ,
MaxCWHK(n) abbr. MaxCW¥(n,0,n+1) ,
Cwk(n) abbr. CW¥(n,0,n+1) .

4) x= CWS}‘(n) (0 < i <k): xis the weight of the i!" component of the smallest
k-tuple (w.r.t. <kKP) of weight n; x = 0 if no such weight exists. We define it
inductively as follows.

Casei = 1.

x = MinCWX(n) .

Casel<i<k.

=

(= 1sTWAM) - x=0) A (IsSTW () — x = MIinCW*"** (n - y cwsim))) .

]

1l
_

(5) x = CWLf(n) (0 < i <Kk): x is the weight of the i"" component of the largest
k-tuple (w.r.t. <kKP) of weight n; x = 0 if no such weight exists. We define it
inductively as follows.

Casei=1.

x = MaxCW¥(n) .

Casel<i<k.

=

(= 1sTWKM) = x=0) A (ISTW () — x = MaxCW*"** (n - y cwsim))) .

]

1l
_

C. REDUCTIONS

In this section we present all reductions that can occur in Algorithm 5.2. The following
outlines the contents in each subsection.

C.1 Closed Term Equalities (OX] Closed Tuple Equalities

—-  (No Half-open Term Equalities) CJ9 Half-open Tuple Equalities

C.2  Closed Stretchable Gap Orders C.10 Closed Stretchable Tuple Gap Orders
C.3  Closed Rigid Gap Orders C.11 Closed Rigid Tuple Gap Orders

C.4  Half-open Stretchable Gap Orders C.12 Half-open Stretchable Tuple Gap Orders
C.5 Half-open Rigid Gap Orders C.13 Half-open Rigid Tuple Gap Orders

C.6  Open Stretchable Gap Orders C.14 Open Stretchable Tuple Gap Orders

C.7  Open Rigid Gap Orders C.15 Open Rigid Tuple Gap Orders

We assume that all gap order counts in redexes are positive numbers. Let 0 = (uy, ..., Uy),
V=(Vi,..., Vi), U= ag(Uy, ..., u), and v = ag(vy, ..., V).

C.1 Reduction of Closed Equalities

Ofmy = Ofmy > m=m’ (63)
oV =0 B m=m A /\ - Tree)(m) (64)
(m) (m’,p)
p’<i<|E
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W — w

Omy = Ly =
w _ 1P
Oy = Ly

ob =0 -

(m;p) (m”p")

p —_ 1w
O(m,p) - 1(m’)

ob =1°P =

(m,p) (m”,p’)

Lo = Loy +

w _ 1P
I = Yooy 7
PP =1P -

(mp) — (m"p’)

m’ A = CNT,(m) (65)

m A /\ - Tree®)(m) A —-CNT(I%’)(m) (66)
pr<i<lz|

m Ap=p (67)

m A /\ - Tree“®)(m) A - CNT(l“")(m) (68)
O<i<p

m A p=p A -CNT?(m) (69)

m (70)

m A A - Tree!®)(m) (71)
O<i<p’

m A p=p (72)

C.2 Reduction of Closed Stretchable Gap Orders

w w AW pl qw w AW
O(m) <n O(m,) - \/ <n, 1(m) <ny O(m,) (73)
ny+np=n
ny>0
Ofny <n Ofy +> false (74)
Ofimy <n Ofry + false (75)
w w P w pl qw W AW w P
Omy <n Oy Ogmy <ny Lmy <ny Oy <ng O ) (76)
ny+ny+nz=n
ny>0
p P _ (aj)
Oy <P 0P, m=m A (ni>0 - CNTY), (m)) @)
N/ 1+ +NjE=N p<i<z]
W I AP
Ofmy <n O(m,,p,) — false (78)
w w oW pl qw w AW pl 4w
Oy <n Loy + m <ny Limy <n, Oy <ny L) (79)
ny+ny+n3=n
ny>0
m=m (Tree("“)(m) A Tree(“p’)(m))
p,p’ell,,;,,\zn
Ofmy <h Lowy P (80)

/\ (ni >0 - CNTﬁT‘_)l(m))

Ny +HNjg =n+1 0<i<|Z|
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% | w
Omy <n L)

OW

p
) <1

(m’,p")

w PP
Oy <n L )

p

|
<0 Lo o)

P w AW
O(m,p) <n Ofm)

p P AW
Ofrmp) <n O

p I Aw
Otmpy <n Om)

p w nP
ey <n O 1)

p P P
Oty <n O 1)

p | P
Ompy <n O )

P W QW
Ofmp) <n Lim)

p pqw
Otmpy <n Lgm)

p | qw
Ompy <n L)

m=m" A

A

ny+ny+nN3+ng=n
ny>0

m=m" A

m=m’" A

op
\ o,
ny+ny=n

ny>0

false

false

Ny +Ny+N3+ng=n
n3>0

false

np+ny+N3+ng=n
n3>0

m=m" A

A
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/\ (Tree“(m) — - Tree"(m))

p.p’€{l,... 12}
p#p’
\/ CNT{(m)

O<i<|x|

0W

pl qw
m <n 1

(m)

Tree®)(m)
p’<p<lE)

V

N+ =n+1 p’<i<||

- Tree®)(m) A CNT

p’<p<Iz|

pl
<0y L) <n; Oy

p Pl 4p
Ofnp) <m Lmp)

m=m" A p <p
A

w AW pl Aw
<np Ofmy <n; O

(ni>0 — CNT), (m))

(m

pl
/) <n4

(apr)
n

pl pl
<n, 1% <¥1"3 Om,) <n, O

A (ni>0 — CNT, (m))

Ny +-+Np_1=N p/<i<p

p pl 4p pl
Ofmpy <ns Limp <n

\/ Tree)(m)

O<i<p

1W

2 —(m)

W
<ng 0

\44
(m”)

(m)

4

|
<m 1

1W

(m”p’)

p
(m”,p")

w

(m”)

\/ A (ni>0 — CNT®), (m))

np+-+np=n+1 0<i<p

m=m A /\ - Tree®(m) A CNTY(m)

O<i<p

Journal of the ACM, Vol. V, No. N, Month 20YY.

(81)

(82)

(83)

(84)

(85)

(86)
87

(88)

(89)

(90)

(91)

(92)

(93)



The Decidability of the First-order Theory of Knuth-Bendix Order . 57

w 1P p | p pl 2w w AW pl AP | p
<0 Ly 7 \/ Ompy <ns Lmpy <z Lmy <ns Oy <ny O pry <05 Ly~ (94)
Y3 nj=n
ne>0
m=m" Ap <p
A
<p1h e (95)
') \/ A\ (ni>0 - cNT® )
1
Ny +++Np=n+1 p’<i<p
(ap)
<In 1?m/,p/) > m=m" A p=p A CNT,”(m) (96)
n=1->m<m)
A
m<z <---<z<m
<oy, A ©7)
n>1 — Fzy...3z)
OXn \/ /\ CNTni—l(Zi)
Zi’ﬂ nj=n-10<i<r
ny,...nr>0
<h Of,, > false (98)
<n Oy — false (99)
w P w w AW Pl AP
WOy y,n <o <h OP (100)
>0
P P
<n O(m,,p,) — false (101)
| P
<u 0F,, o false (102)
w woqw w w AW pl qw
S R VA VO A AN b (103)
ny+ny=n
1n1>20
<n L, — false (104)
|
<n 1¥‘r’n,) — false (105)
w 1P w w AW pl Aw pl aw
<0 Yy 7 \/ L <ny Oy <nz O pry <nz L) (106)
Ny +nNy+n3=n
! ni>03
p 1P
<n 1(m,,p,) — false (107)
I 1P
<n 1(m,1p,) — false (108)
w AW p pl qw w AW
SV VAR LR (109)
ny+ny=n
1n2>20
<P 0f, — false (110)
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p | Aw
Limp <n Om)

p w AP
Lenp <n O pr)

p P P
Lenp <0 O pr)

p | P
L) <n O )

P W QW
Limpy <n L)

p pqw
Linp =<n L)

p | qw
Lmp <n Lom)

p w 1P
Lenp < L pr)

p pqp
T <n L)

p | P
Lenpy <0 L )

C.3 Reduction

\\J W W
m =n Y

\\J p \\2
Otmy =n O
i | %
Omy =n O

w o<W P
O(m) =n o(m’,P’)

-
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false
p pl qw w AW w AP
Ly <n Limy <n, Oy <ng O 1)
ny+ny+nz=n
ny>0
n=1-(m=m" Ap <p)
A
m=m Ap<p-1
A
n>1— .
N\ (ni>0 - CNTE, (m)
Npr 1+ +Np_1=n-1 p’<i<p
false
p pl qw w AW pl qw
\/ Limpy <n Lemy <n, Oy <ny Ly
np+ny+nz=n

ny>0

m=m A \/ /\ (ni >0 — CNTf]‘Tfl(m))

Ny+-+Np_1=N 0<i<p

|
<P qw

P plqw
Lonpy <m 1 o L)

W AW pl Aw
mp) < L <n; Oy <ny O

(m’) ~h3 =(m’,p’)
Ny +N2+N3+n4=n
ny>0
m=m" A p <p
A
/\ (n- >0 — CNT@ (m))
| n-1

Ny +++Np_1=N p/<i<p

false

of Closed Rigid Gap Orders

w pl qw w AW
\/ m =n; Ly =n, Oy

n;+n=n
ny>0

false
false

w <P| WoW AW W AP
Ogmy =n; L(my =n, Oy ng Oy
ny+N+n3=n
ny>0
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OW

P P
m =n 0

(m’,p’)

W | p
m =n O 1)

\\4 W w
Om =n L)

\\J p w
Omy =n L)

% | w
m =n L)

OW

p
m n 1

(m”,p)

OW

P 4P
m Snl

(m’,p")

OW

| p
m =n 1

(m’,p")

W \\2
<0

p
O(m/p) (m)

P P AW
O(m,P) = O(m’)

p | W
Ofrnp) =n Om)

P <W P
O(m/p) =n o(m’,p’)

P oP
= 0

p
O(m/p) (m’,p’)

m=m A (ni >0 — C/N\Tf:i_)l(m)) (125)
Ny 1+ =N preisiz)
false (126)
pl pl
Otmy =y Lmy =ny Oy S L) (127)
ny+n+n3=n
ny>0
m=m A \/ (Tree("“)(m) A Tree(“p’)(m))
p,p’ell,,;,,\zn
pp (128)
A /\ (ni >0 — Cﬁ\ﬁ'::i,)l(m))
ng+-+npg=n+l 0<i<|z|
m=m A (Tree("P)(m) - - Tree(“p’)(m))
p,p’ell,,;,,\zn
p#p (129)
A\ N (m)
0<i<|zZ|
pl pl pl
Ot =ny Ly =n, Oy Sz Oy Sy L ) (130)
ny+N2+N3+n4=n
ny>0
m=m" A \/ Tree@ (m)
p’<p<|x| (131)
~—=(aj)
AV A\ (ni>0 - CNT, . (m))
Ny +++Ng=n+1 p’<i<|Z|
m=m A - Tree®(m) A CNT " (m) (132)
P <p<iz]
p pl
\/ O(m/p) é”l 1\(/\r’ﬂ) é\fllvz 0‘(/\r’n’) (133)
ny+ny=n
ny>0
false (134)
false (135)
p pl 4p pl pl AP
Ompy S Limpy S Ly Sng Oy Sng O gy (136)
Ny+ny+N3+n4=n
nz>0
m=m" Ap <p
A
(137)

/\ (ni>0 —

Ny +-+Np_1=N p’<i<p

()
CNT, 1(m))
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Op <! Op

(mp) =N = (m’,p’)

OP <Wqw
(mp) =n —(m")
op <P 1W

(mp) =N ~(m")

p | w
Ofmp) =n L(m)

P <W 1P
O(mrP) =n 1(m/rp/)

P <P qP
O(m/p) =n 1(m’,p’)

P <| P
O(m/p) =n 1(m’,p’)

w W \\J
Limy =0 O

w p \\2
Ly =n O

1w <! ow

(m) =n =(m’)

1W

p
m3n 0

(m”,p")

1W

P AP
m =n 0

(m’,p’)

1w <! Op

(m) =n “(m’p’)

-

false
p pl 4p pl qw w AW pl qw
O(m,P) énl 1(m,P) é”Z 1(’“) §"3 O(m’) é"‘l 1(m’)
Ny+Ny+N3+Ng=n
n3>0
m=m A \/ Tree®)(m)
O<i<p

A

np+-+np=n+1 0<i<p

A (ni >0 — C/N\Tf:i_)l(m))

m=m A /\ - Tree®)(m) A C/I\ﬁ'f,ap)(m).

O<i<p

I

n3>0

p I qp Plaw  w Aw pl AP I qp
\/ O(m,p) é”l 1(m,p) énz 1(m) éns 0(m’) é"A O(m’,p’) éns 1(m’,p’)
5
_1 Ni=n

m=m" Ap <p

A

/\ (ni >0 — C/N\Tf:i,)l(m))

Ny +++Np=N+1 p’<i<p

———(ap)

m=m" A p=p A CNT, (m)

n=1—- (m<m’ A \/z(m<z<m’ - —|Tree(z)))

A
m<z;<---<z,<m
A
= (Jz;...3z141)
(m<zl<---<zr+1<m’)
A

/\ CNT, ()

Zile nj=n-10<i<r

—
n>1 - \/(Hzl...Hzr)
0<r<n
— false
— false
w W AW pl Ap
= \/ Ly =ny Oy Snz O )
ny+nNz=n
ni>0
— false
— false
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1W

m =n 1@

(m”)

1W

p
m =0 1

(m”)

w I qw
L =n Lam)

w o<W 1P
1(m) =n 1(m/rp/)

1W

P 1P
m =n1

(m”,p)

1W

(Y
m =n 1

(m”,p)

W AW
éno

p
1(m/p) (m)

P P AW
1(m,P) = O(m’)

p | W
Linp =n Om)

P <W P
1(m/p) =n o(m’,p’)

P PP
1(m/p) =n 0(m’,p’)

P <| P
1(m/p) =n o(m’,p’)

p W QW
l(m/p) = 1(m’)

P qw
énl

p
1(m/p) (m”)

lp <! 1w

(mp) =n ~(m’)

P <W 1P
1(m/p) =n 1(m’,p’)

I
VAR VAR Ao b (151)
ny+ny=n
ni>0
false (152)
false (153)
pl pl
Ly =n; Oy Zny Oy s Low ) (154)
ni+ny+n3=n
ny >0
false (155)
false (156)
pl
\/ Lonpy Sn Lmy S0, Oy (157)
ny+ny=n
ny>0
false (158)
false (159)
pl
1?m/p) é”l 1\(/\r’n) é\rqu 0‘(/\r’n’) é\rllvs O?m’,p’) (160)
ny+ny+n3=n
ny>0
n=1- (mzm’ AP <pA /\ —|Tree“'i(m))
p’<i<p
A
161
m=m Ap<p-1A (161)
n>1 - \/ A (ni>0 - N7, (m))
Np? 41+ +Np_1=n-1 p’<i<p
false (162)
pl pl
Lnpy Sma L S, Oy =y L) (163)
ny+Ny+n3=n
ny>0
m=m A A (n>0 - SNT, (m)) (164)
Np+-+Np_1=N O<i<p
false (165)
pl pl pl
1?m/p) é”l 1\(/;’“) é\fqu O‘(Ar’n’) éns 0\(,rvn’,p’) éna 1\(,rvn’,p’) (166)

Np+ny+n3+ng=n

ny>0
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1P pqp

<
(mp) =N 1(m’,p’)

<! 1p

1(m p) =N T(m"p’)
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m=m" Ap <p
A

A (>0 — GRS m)

Ny +++Np_1=N p’<i<p

false

C.4 Reduction of Half Open Stretchable Gap Orders

OW

W
m <n U

w
O(m)

Oty < u

P w
O(mp) <pu

P
Ofmpy <n

P
Ofmp) <

1W

W
m <n U

p w
1(mp)< u

w
u <y 1(m)

u <n 1(m)

w
u < 1(m)

p
u <y 1(mp)

w pl
\/ O(m) <n O(UW) <p, U
ni+ny=n
ni>0

P P
\/ Oty <s Oy <n, U

ni+ny=n
ni>0

IS5(u) A M=u" A A = Tree® (") A O <kkb

q<i<lz|

W
\/ Oty <ne Oimy <nz u

ni+ny=n
ni>0

p
\/ Ofinpy <t Ofmgy <n, U

ni+ny=n
ni>0

(m W(aq))

— — W Ak:kb k;kb
P=0 A lsg(u) A m=u" A OG0 < a

w w pl
\/ 1ty < ot <B u
ny+ny=n
ni>0

w pl
\/ Lonpy < Oy <n U
n1+n2 =n
ny>0

<1W

P' w
u<p 1 )

(u")
np+ny=n
ny>0

p P qw
u < 1(mq) <ny 1(m)
ny+nNz=n
ny>0

IS4, (U) A M= uv A /\ —|Tree(“i)(u"") A lj<|:1;kb J_"((::Ew(aq))
O<i<q

w p
u <nl 1(UW) <y 1(m 0
ny+ny=n
ny>0
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pqP p p p
u<h1’ e \/ u<h, 10 <h 10 (181)
n{+n n
1n2>20
P _ kb 7kkb
u<h Tip ™ P=0 A lIsg(u) A m=u" A a<y (m_w(aq)) (182)
u<tor, - \/ u<h ., <oy (183)
n{+n n
1n2>20
p pl qw p
u<vor -\ u<hial, <wop (184)
n{+n n
1n2>20
C.5 Reduction of Half Open Rigid Gap Orders
pl
yShu e\ o =i ol <P u (185)
ni{+no=n
1n1>20
% p w <P p |
oy hu n y no(m) <5, 00y Sh, U (186)
50
Ofry Sh U = sy (u) A m=u" A /\ - Tree®(u") A 0 (m—w(aq)) N a (187)
q<i<|y|
p w <w oW pl
O(m/p) Shu e \/ 0(m p) =N O (uw) 5“z u (188)
n{+n n
1n1>20
P p <P p |
Oy S U P \/ Oty Sns Oy S, U (189)
n{+n n
1n1>20
P | _ W nk:kb kkb
Ofmp Sn U P P=0 A lsgy(u) A m=u" A OCP ) =5 a (190)
T VAR = u (191)
(m) =n (m) —”1 (uv) —”2
ni{+no=n
1n1>20
p <W p W QW pl
Lmp Snu \/ Lo Sny Owy Shp U (192)
ni{+no=n
1n1>20
pI
U=y e ush o, <1t (193)
ni{+no=n
1n2>20
D w | p <P qw
by o\ us 1h <k (194)
ni{+no=n
1n2>20
ULy, P s (u) A m=uY A /\ = Tree® (") A 0=k 1 (nfbw(aq)) (195)
O<i<q
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usv1P s uzPlaw, <w qP

(m,p) =Np (W) =n2 ~(m,p)

ni+ny=n
ny>0

T L VAR = e

Ting Zhang, Henny B. Sipma, and Zohar Manna

(mp) =N “(mg) =N2 ~(mp)
ny+nNz=n
ny>0
| p — W k;kb 4k kb
U= 10, P P=0 A Is(u) A m=u" A asy L inowieg)
w AW pl qw w AW
us, 0(m) i u é”l 1(UW) énz O(m)
ni+ny=n
ny>0
w AP pl qw w AP
U=y Oy \/ U Zn; Iy =0, Oy
ny+nNz=n
ny>0
C.6 Reductions of Open Stretchable Gap Orders
| |
u<tv \/ U <p 1w <v, Ofwy <n, V
ni+ny+ng=n
ny>0
p | p p p |
u<pVv — u <p, l(uW,p) <ny O(Vqu) <pg V
ni+ny+ng=n
ny>0

where type(u) = a;, and type(v) = aq

u<v s 0 <5y

where u = a(ug, ..., uy) and v
C.7 Reductions of Open Rigid Gap Orders
pl
uziv e\ ush ., <o,
ni+ny+n3=n
ny>0
p | p p p
uénv = u énl l(uw,p) ér‘lz O(Vw’
ni+ny+n3=n
ny>0

= a(vl/ cee /Vk)

pl
<p, v

<
Qg =N3

where type(u) = a,, and type(v) = aq

ulv b 02V

where u = a(uy,

C.8 Reduction of Closed Tuple Equalities

Akw Akw

— " — ’
cumm) = O(Sum,/m,) = sum=sum’ A m

Akw Akp

(sum,m) = (sum’,m’ p’)

> sum=sum’ A m=
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—_ e sum =sum’ A m=m’ A = CNT,(m)
Owmm = Leumrmy — A DLk Tk-Lkb (209)
(sum-m) — T (sum’—m’)
sum=sum’ A m=m" A /\ - Tree®)(m)
Akw _ akp /<i<|x|
O(sum,m) - 1(sum’,m’,p/) = " )p < (210)
p’ Ak-1kb _ 7k-1kb
A ﬁCNTI (m) A 0(sum—m) T (sum’-m’)

Ot = Oramgry = SUM=sum’ A m=m' A p=pf (211)

sum=sum’ A m=m A /\ = Treel®)(m)

nkp _ akw O<i
summp) — Teumimy - <I<p (212)
ap Ak-1kb  _ 7k-1kb
A _|CNT1 (m) A o(sum—m) - 1(sum’—m’)
e —p sum=sum’ A m=m" A p=p
ov =14 - (213)
(sum,m,p) (sum’,m’,p’) (avp) Ak-1kb  _ 7k-1;kb
A _|CNT1 (m) A o(sum—m) T (sum’-m’)
Tkw _ 1kw _ ’ Y
Tamm = Lem,my 7 SUM=sum’ A m=m (214)
1kw _ qkp _ ’ _ ’ (i)
1(sum,m) = 1(Sum,,m,,p,) > osum=sum’ A m=m" A /\ = Tree'*V(m) (215)
O<i<p’
1kp _ qkp _ ’ o )
1(sum,m,p) - 1(sum’,m’,p’) P osum=sum’ A m=m" A p=p (216)
C.9 Reduction of Half Open Tuple Equalities.
nkkb _ Akw _
O(Sum) =0 O(sum/MinCWk(sum)) =u (217)
Akw woo_ Ak-1kb _
O(Sum,m) =0 O(m) =U; A O(sum—m) =(Uy, ..., Uy (218)
akP _ P _ Ak-1kb
O(sum/m,p) =d - o(m,p) =u A o(sum—m) =(Uz,..., U (219)
1kkb _ 1kw _
1(sum) =0 - 1(sum,MaxCWk(sum)) =u (220)
1kw _ w o 1k=-1;kb _
Teommy = 0 - Ty = U A 1@ = (U, ... Uk (221)
Tkp _ woo_ Tk-1kb _
1(sum/m,p) =0 1(m,p) =U A 1(sum—m) = (U, Uk) (222)

C.10 Reductions of Closed Stretchable Tuple Gap Orders

All reductions shown from this section to Section C.15 are reductions of proper gap orders
between tuples of the same weight. This amounts to assuming that in each redex (reduction
target) we have an implicit side condition u; <t v; or u; =¥ v; where u; (resp. vi) is the
leftmost immediate subterm of the left (resp. the right) operand.

Akw Kkw Akw ~kw kpl Tkw Kkw Akw
0(sum,m) <n O(sum/m’) g \/ 0(sum,m) <n1 1(sum/m) <n2 0(sum/m’) (223)
ny+ny=n
ny>0
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Akw kip Akw
0(sum,m) <n O(sum/m’)
Akw kI Akw
0(sum/m) <n 0(sum/m’)
Akw kw Akip
0(sum,m) 0(sum,m’,p’)
Akw kp Akp
o(sum,m) o(sum,m’,p’)
Akw kil Akip
(sum,m) (sum,m’,p’)
Akw W gkw
0(sum m) <” 1(sum/m’)
6k;w kp 2kw
(sum,m) (sum,m’)
Akw k;I Ik;w
(sum,m) (sum,m’)
Akw <k;w 1kp
(summ) "N ~(sum,m’p’)
Akw kp 7kp
(sum,m) (sum,m’,p’)
Akw kI akp
0
(sum,m) (sum,m’,p’)
Ak:p kw 6k;w
(sum,m,p) (summ’)
Akp W
O(sum,m,p) <n O(sum m’)

— false
— false
Akw kpl Tkw
i 0(sum,m) Ny
ny+ny+n3=n
ny>0
W p
o Vo0 <k %
ny(np+1)=n
ny>0,ny,np<n
— false
—
m=m" —
(n+1)(np+1)=n+1
ny,n<(n+1)
m<m —

I < CWE(sum,1,I’) < ---

V

l<r<n+1

Akw

n+1 O<i<r

Ligni=

n;>0

wherel=m-21landl'=m’ + 1.

Ting Zhang, Henny B. Sipma, and Zohar Manna

A 6k—1;kb

(sum—m)

w
O(m)

A 0

A

(sum,CW¥(sum,1,1"))

kw Akw
(sum,m) <nz 0

<1W

k;pl
<P

(summ’) N3

k=1;kb
<n2

(m)

Lkb _k-1kb

sum-m <n,

kw qkw
nj-1

6k;p

(sum,m’,p’)

7k=1kb
1(sum—m)

1k-1kb
1sum—m

< CWK(sum, L1 < I’

(sum,CW¥(sum,1,1"))

W p w 1;kb k-1;kb 7k-1;kb
— \/ o(m) <"1 1(m’) A 0(sum m) <n, 1(sum—m)
(ny+1)(np+1)>n+1
n;>0,ny np<n+1
1;kb k-1;kb 7k-1;kb
— \/ o(m) < 1 (m’) A 0(sum m) <n, 1(sum—m)
(n1+1)(n2+1)>n+1
ny>0,n,np<n+1
Akw kpl Tkw kw Akw
— 0(sum m) 1(sum m) <”2 O(sum m’)
<& "' okP <KPl ke
”1+”2r:r2”>36r”4=” N3 Y(summ’,p’) Na  “(summ’,p’)
W P 1p ADO Ak—1;kb k-1;kb 7k-1;kb
— (m’,p") (sum-—m) (sum—m)
(n1+1)(n2+1)>n+1
ny>0,nq,np<n+1
p Ak-1kb _k-1;kb 7k-LKkb
— O(m) < 1(m’p) A O(sum—m) (sum—m)
(n1+1)(n2+1)>n+1
ny>0,nq,np<n+1
Akp kpl 7k kw Akw
= \/ 0(sum,m,p) <"1 1(sum m) “N2 “(summ’)
ny+ny=n
ny>0
— false
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Akp k;l 6k;w
(sum,m,p) (sum,m’)
Akp kw Akp
(sum,m,p) (sum,m’,p’)
AKp kp Akp
0(sum,m,p) 0(sum,m’,p’)
Akp kI Akip
(sum,m,p) (sum,m’,p’)
Akp kw qkw
O(sum/m,p) 1(sum/m’)
akp kp 7kw
(sum,m,p) (sum,m’)
Akp kI 1kw
(sum,m,p) (sum,m’)
6k:p kw 7kp
(sum,m,p) (sum,m’,p’)
Akp kp 7kp
o(sum,m/p) 1(sum,m’,p’)
6k'p kI 1kp
(sum,m,p) (sum,m’,p’)
1kw W Akw
1(sum m) <n 0(sum,m’)
1kw kip Akw
(sum,m) <n O(sum,m’)
1kw kI Akw
1(sum/m) <n O(sum/m’)

— false
Akp k pI Tkp k pI
N 0(sum m, p) 1(sum m, p) 1(sum m)
w Akw ka
n1+n2:n>36rn4=n <"3 0(sum m’) 0(sum m,p’)
3
p p nk-1;kb k-1;kb 3k-1;kb
— \/ O(m p) 0(m’,p’) A O(sum—m) (sum—m)
ni(nz+1)>n
n;>0,ny,np<n
— false
okp kpl 1cp j—_kw
— (sum,m p) (sum,m p) (sum,m)
kipl Ak kpl Tkw
n1+n2r:rn>3(;rn4=n <"3 0(sum m’) <"4 1(sum m’)
3
p p 1;kb k-1;kb 7k-1;kb
— o(m p) <n 1(m) A 0(sum m) <n,"’ 1(sum—m)
(n1+1)(n2+1)>n+1
ny>0,ny,np<n+1
p 1;kb k-1;kb 7k-1;kb
. O(mp) < 1(m) A o(sum my <n, 1(Sum7m)
(n1+1)(n2+1)>n+1
ny>0,ny,np<n+1
Akp kpl Tkp kpl
0(sum,m,p) Ny 1(sum m p) 1(sum m,p)
kw Akw ka Akp
g <”3 O(sum m’) O(sum m’,p’)
Ny +N+N3+Ng+n+5=n kpl Tk
p
ns>0 <n5 1(sum m’,p’)
p p p Ak-1;kb k-1;kb 7k-1;kb
o O <m Ly A Ogumemy <n2 " Lieum-m)
(n1+1)(n2+1)>n+1
n;>0,ny,np<n+1
p p Ak-1:kb k-1;kb 7k-1;kb
o Oy <n vy " Olcummy (sum-m)
(ny+1)(np+1)>n+1
ny>0,n,np<n+1
—
(n=1->m<m)
A
n>1—

m < CW¥(sum,m,m’) < - -

< CWK(sum, m,m’) < m’

A
\/ \/ Akw kw  1kw
0<r<n A\ T (sum,cwWKsummm?) i1 T (sum,CWK (sum,m,m”))
Zi':lni:n—10<|sr
n;>0
— false
— false
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(246)
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1kw kw Akp
(sum,m) (sum,m’,p’)
1kw kip Akip
1(sum m) <n (sum,m’ p’)
1kw kI Akip
(sum,m) <n 0(sum,m’,p’)
1kw Tkw
1(sum m) <n 1(sum m’)
Tkw kip 2kw
(sum,m) (sum,m’)
Tkw | 2kw
1(sum m) <” 1(sum/m’)

1kw w akp
1(sum m) <" 1(sum,m’,p’)

1kw kp qkp

1(sum,m) 1(sum,m’,p’)
1kw | 7kp
1(sum m) <” 1(sum,m’,p’)
akp kw Akw
1(sum,m,p) < O(sum,m’)
1kp <k;p Akw
(sum,m,p) (sum,m’)
1kp kil Akiw
(sum,m,p) <n 0(sum/m’)
1Kp kw Akip
1(sum,m/p) o(sum,m’,p’)
]—_k:p kp Akp
(sum,m,p) (sum,m’,p’)
1Kp kI qkp
1(sum,m,p) 0(sum,m’,p’)
Ik'p kw 1kw
(sum,m,p) (sum,m’)
1Kp kp Tkw
1(sum,m,p) 1(sum,m’)
1Kp kil akw
(sum,m,p) (sum,m’)

1kw kw Akw

Ting Zhang, Henny B. Sipma, and Zohar Manna

kipl Ak;p

(summ) "N (sum,m’) (sum,m’ p’) (250)
ny+ny+nz=n
ny>0
false (251)
false (252)
1kw kw Akw kpl Tkw
\/ 1(sum,m) <"1 0(sum,m’) <"2 (sum,m’) (253)
ny+ny=n
ni>0
false (254)
false (255)
Tkw kw Akw kipl skp kipl Zkp
e anenan (sum,m) <"1 0(Sum,m’) <"2 O(sum,m/,p) <n3 1(sum mp’)
b ni>03
(256)
false (257)
false (258)
akp kpl 2kw kw Akw
1(sum,m,p) <ny (summ) N2 O(Sum,m’) (259)
ny+ny=n
ny>0
false (260)
false (261)
%P kpl Tlow w Akw kpl Skip
1(Sum,m/p) ny 1(sum,m) <n2 o(summ’) <”3 O(Summ’p) (262)
ni{+no+n3=n
! ni>03
p p nk—1;kb k-1;kb 3k-1;kb
0(m) <"1 (m) A O(sum—m) <n, (sum—m) (263)
(n1-1)(np+1)>n-1
ny>0,n1,np<n
false (264)
%P kipl Tkw kw glw kipl 2w
(summp) N1 “(summ) N2 Z(summ’) N3 T(sum,m’)
Ny +ny+ng+ng=n
ny>0
(265)
p p w 1;kb k-1;kb 7k-1;kb
\/ 1(m ) <n1 1 (m’) A O(sum m) <n2 1(sum—m) 266
(n1)(n2+1)>n ( )
ny>0,ny,np<n
alse
fal 267
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kp kpl Tkw kw Akw
:I__k;p kw :I__k;p (sum,m,p) <n1 1(sum,m) <n2 0(sum,m’) 268
(sum,m,p) <n (sum,m’,p’) k;pl 6k;p k;pl Ik;p ( )
"1+”2:2”>30+”4:” <ng Dsummp) <ng Hsumm )
p p p Ak—-1;kb k-1;kb 7k-1;kb
Tkp <k:D Ikip \/ 1(m,p) <"1 1(m’,p’) A O(sum—m) nz (sum-m) (269)
(summ,p) N (sum,m’,p’) ny(n2+1)>n
ny>0,ny,np<n
1kp kI 2kp
(sum,m,p) <n (sum,m’,p’) — false (270)
C.11 Reductions of Closed Rigid Tuple Gap Orders
Akw kw Akw Akw kpl Fkw kw Akw (271)
(sum,m) =n (sum,m’) (sum,m) =Ny (sum,m) =N2  ~(sum,m’)
ny+ny=n
ny>0
Akw kip Akiw
0(sum,m) Zn O(SUm/m;) — false (272)
Akw kil Akiw
O(sum,m) =n O(sum,m’) — false (273)
~kw kw Akp Akw kpl Tkw kw Akw kipl k;p
(sum,m) =n 0(sum,m’,p’) g (sum,m) énl (sum,m) é”2 0(sum/m’) é”s (sum,m’,p’) (274)
ny+ny+n3=n
ny>0
\JJ p p Ak-1;kb k-1;kb 7k-1;kb
Akw <kp qkip — \/ O(m) é”l 0(m’,p’) A 0(sum—m) é"z 1(sum—m) (275)
(sum,m) =N ~(sum,m’,p’) n1(nz+1)=n
ny>0,n1,np<n
Akw kI Akip
Otcumm =0 Oummepy = false (276)
Qkiw kw 2kw
0(sum,m) én 1(sum,m’) i
\\J W w
Om) Zn; Lm)
m=m — Ak-L1kb _k-1kb Tk-LKkb
(n1+1)(n2+1)=n+1 A Osum—m énz 15U”"*m
ny,Np<(n+1)
A
m<m —
I < CWX(sum, 1,1’) < --- < CW¥(sum, I, I') < I
A
- (1< CWi(sum, L, 1) < - < CWE, (sum, L, I') < ')
l<r<n+l A
Akw <k;w 1kw
(sum,CW¥(sum,LI)) =Ni=1 = (sum,cw¥(sum,1,1"))
Z{:l nj=n+1 0<i<r ! !
n;>0
wherel=m—-21landl'=m’ + 1.

6k;w kip Tkw
(sum,m) =n (sum,m’)

(n1+1)(n2+1)=n+1
ny>0,nq,np<n+1

(277)

ow <P 1w

nk—1;kb k-1;kb 7k-1;kb
m Zny Ly A O =

(sum-m) =n2 (sum-m)

(278)

Journal of the ACM, Vol. V, No. N, Month 20YY.



70 . Ting Zhang,
Akw k;l Ik;w
(sum,m) =N ~(sum,m’)
Akw <kw akp
(summ) =N ~(summ’p’)
Akw <kip ]__k;p
(sum,m) =n (sum,m’ p’)
Akw kl 2kp
(summ) =N ~(summ’p’)
kP ﬁk;w 6k;w
(summp) =N ~(summ’)
Akp kip Akw
(summ,p) =N “(sum,m’)
Akip <kl qkw
(sum,m,p) =N 0(sum m’)
nkp <kw Akip
(summ,p) =N ~(summ’p’)
Akp <kp gkip
O(Sum,m,p) =n 0(sum,m’,p’)
Akp kil Akip

(sum,m,p) =N ~(sum,m’p’)

Akp kw qkw

<
(sum,m,p) =N (sum,m’)

Akp kp 2kw
(summyp) =N ~(sum,m’)

Akp kil 7kw
(sum,m,p) =N ~(sum,m’)

Akip <k;w akp
(summ;p) =N ~(summ’,p’)

Akp <kp 7kp
(summ,p) =N ~(summ’,p’)

Journal of the ACM, Vol. V, No.
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w o<l w nk—1;kb k-1;kb 7k-1;kb
— O(m) =Ny 1(m’) A O(sum—m) =nz (sum—m)
(n1+1)(n2+1)=n+1
ny;>0,ny,np<n+1
Akw kpl Ikw Kw 6k;w
(sum,m) —”1 (sum,m) =N2  ~(sum,m’)
= ka 6k kpl 2kp
”1+”2r:r”>3(;r”4=” —”3 (sum,m’,p’) =Na  ~(sum,m’,p’)
2
w <P p Ak—1;kb <k—l;kb 1k-1;kb
— 0(m) =n 1(m’ p’) O(sum—m) =nz 1(sum—m)
(n1+1)(n2+1)=n+1
ny;>0,ny,np<n+1
w o<l p Ak—1;kb <k—l;kb 1k-1;kb
— 0(m) =n 1(m’ p) O(sum—m) =nz 1(sum—m)
(n1+1)(n2+1)=n+1
ny;>0,ny,np<n+1
Akp kpl 7w kw Akw
i \/ 0(sum,m/p) =n 1(sum,m) =nz (sum,m’)
ny+ny=n
ny>0
— false
— false
Akp <kpl 7kp <Kpl 7%
o(sum,m/p) =M 1(summp) =n; 1(sum m)
—
<kw glow <kpl kP
”1+”2;”>3(;”4=” =nz Y(summ’) —"4 (sum,m’,p’)
3
p <P p nk—1;kb <k—l;kb 1k-1;kb
— \/ O(m p) —”1 o(m’p) 0(sumfm) =n2 1(sumfm)
ni(nz+1)=n
ny>0,ny,np<n
— false
Akp < kpl Ik <kw Ik;w
s (sum,m,p) =N1 (sum,m,p) =N2 (sum,m)
kpl Skw <kpl Tkw
"1+”2;”>3(;”4=” ng 0(summ) =ny 1(sum,m’)
3
p <P w 1;kb <k—1;kb 1k-1,kb
— o(m/P) =M 1 (m”) A 0(sum m) =n2 (sum-m)
(n1+1)(n2+1)=n+1
ny>0,n,np<n+1
P <I w nk—1;kb <k—1;kb 1k-1;kb
N O(m p) =N 1 (m’) A o(sum—m) =n; (sum-m)
(n1+1)(n2+1)=n+1
ny>0,ny,np<n+1
akP kpl 2kip <kpl 7%
O(sum,m,p) =n 1(sum,m,p) =nz 1(summp)
kw Akw kD| ~kp
g =n3 O(sum m’) —”4 O(sum m’,p’)
N +ny+n3+ng+n+5=n ka Tkp
ns>0 _n5 1(sum m,p’)
p <P p nk—1;kb <k—1;kb 1k-1;kb
0(m p) —"1 1(m’p) A O(sum—m) =nz 1(sum—m)

(n1+1)(n2+1)=n+1
ny>0,nq,np<n+1

N, Month 20YY.

(279)

(280)

(281)

(282)

(283)

(284)

(285)

(286)

(287)

(288)

(289)

(290)

(291)

(292)

(293)
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Akp <kl Tkip
(summp) =N ~(summ’p’)

1kw kw 6k;w
(sum,m) =n (sum,m’)

Tkw ﬁk;p 6k;w
(summ) =N (sum,m’)

Tkw 5k:p 6k:p

(summ) =N “(sum,m’,p’)
Tkw kI Akp

3 < )
l(sum,m) =n o(sum,m’,p’)

1kw kw qkw
3 < ) )
1(sum,m) =n 1(sum/m’)

Tkw <k;p 1kw
(sum,m) =n (sum,m’)

1kw k;l Ik;w
(sum,m) =N ~(sum,m’)

1kw <k;w akp
(summ) =N ~(summ’p’)

1kw <k:p 1kp

(summ) =N ~(sum,m’,p’)
Tkw kl T7kp
3 < )
1(sum,m) =n 1(sum,m’,p’)
1kp Sk;w 6k;w
(summp) =N ~(summ’)
1%p <kp gkw
(summp) =N ~(summ’)

n>1—

O<r<n

p | p Ak-1kb k-1;kb 7k-1;kb

0(m,p) ém 1(m’,p’) A O(sum—m) =nz (sum—m) (294)
(n1+1)(n2+1)=n+1
ny>0,nq,np<n+1

n=1- (m<m’ A Vz(m<z<m’ - ﬂlsTWk(m)))

A

m < CW¥(sum,m,m’) < --- < CW¥(sum,m,m’) < m’
A
- (m < CWf(sum, m,m’) < --- < CWK,, (sum,m, m’) < m’)

A
Akw <k;w Tkw
(sum,CWX(sum,mm)) TNi=1 = (sum,CW¥(summm’)

Yi_; nj=n-10<i<r

n;>0
(295)
false (296)
false (297)
1K kw Ak kpl Akp
(s‘lljvm,m) =";N o(s‘lljvm,m’) énz o(sum,m’,p’) (298)
ny+ny+n3=n
ny>0
false (299)
false (300)
7k kw Ak; kpl 2k
(s‘:lvm,m) znlN (s‘llvm,m’) é”z 1(5‘:|Vm,m’) (301)
ny+ny=n
ni>0
false (302)
false (303)
Tkw kw 6k;w kpl Akp kipl Zkp
(sum,m) =Ny (sum,m’) =n2 (sum,m’,p’) =N3 (sum,m’,p’)
ny+ny+nz=n
ny >0
(304)
false (305)
false (306)
%P kpl 7% kw Ak;
\/ l(sum,m/p) é"l l(s‘:lvm,m) én:\l o(s‘:lvm,m’) (307)
ny+ny=n
ny>0
false (308)
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1kp <kl gkw
(summ,p) =N ~(sum,m’) =
akp kw Akp
1(Sum,m,p) =n 0(sum,m’,p’) i
Tkp <kp gkp
Gummp) =0 Yeummpy
Tkp kil Akip
1(summ,p) =n 0(sum,m’,p’) -
akp kw Fkw
1(sum,m,p) =n 1(sum,m’) -
1kp <kp 7kw
1(sum,m,p) =n 1(sum,m’) -
1kp kil akw
(sum,m,p) =N ~(sum,m’) =
akp kw FkKp
1(Sum,m,p) =n 1(sum,m’,p’) i
Tkp <kp 7kp
Gummp) =N “eummp)
Tkp kil 7kp —

1(Sum mp) =N ~(sum,m’,p’)

false
1kp kpl 7kw kw Akw kipl Akp
1(sum,m,p) =M 1(sum,m) =ny O(Sum,m’) =n3 0
ny+ny+n3=n
ny>0
p <P p Ak—1;kb k-1;kb 7k-1;kb
0(m) =N 1(m) O(sum—m) =n, (sum-m)
(n1-1)(np+1)=n-1
ny>0,n7,np<n
false
1kp kpl Fkw Kw 6k;w

l(sum,m/p) =M

Nny+ny+ng+ng=n
ny>0

p <P w
\/ 1(m p) —”1 1(m’)

(ng)(nz+1)=n
ny>0,n1,np<n

false

1kp

Ting Zhang, Henny B. Sipma, and Zohar Manna

(sum,m) =n2

Ak—1:kb
O(sum—m) =nz

k pl :I__kw kw 6k;w
(sum,m,p) —”1 (sum,m) =Nz (sum,m’)
ka 6k k;pl Ik;p

np+Ny+N3+ng=n
ny>0

P <P qP
\/ 1(m p) —"1 1(m’p)

ny(nz+1)=n
ny>0,n1,np<n

false

_n3 (sum,m’ p’) =N4

Ak—1:kb
O(sum—m) =nz

C.12 Reductions of Half Open Stretchable Tuple Gap Orders

6k;w kw l])

(sum, m)

Akw kip
0(sum,m) <n a

Akw k;l
0(sum,m) <n a
kP
0(sum m p) J

N

Y

Akw
— \/ 0(sum,m) <
ny+nz=n
ni>0

ny(n2+1)+n3>n
ny,Nz,Nz<n

ny(np+1)+n3>n
nq,nz,n3z<n

nkp
— \/ O(Sum,m,p)

n;+ny=n
ni>0
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A O —1kb

k;w 6k;w
Ny (sum,uy’)

k;pl
< a

w p
O(m) <p, Ut
k 1,kb Ik—l;kb
(sum— m) (sum—m)

k=1;kb

—1kb
A O <n3 <U2,...,Uk>

(sum—m)

|
0‘(’}’n) <n, U1

A O —1kb <lr(121 kb 1k 1 ~-1;kb

(sum—m) (sum—m)
1;kb k—1;kb
0(sum my <ng {Ug,..., U

W k;pl
<nl O(Sumuw) <ny O

kipl Tkw
(sum,m’) =n3

<k=Lkb Ik—l;kb
(sum—m)

(sum,m’,p’)

<k-1kb :I__k—l;kb
(sum—m)

(309)

5, (310)

(311)

(312)

(313)

(314)

(315)

(316)

(317)

(318)

(319)

(320)

(321)

(322)
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Akp kip
0(Sum,m,p) <n a
okP <Kg

(summp) N

kw 2kw
J<" 1(sum,m)

kil 2kw
lT<” 1(sum/m)

kw Fkp
G<" l(sum,m/p)

kp P
J< (summp)

kI P
"T<n (sum,m,p)

C.13 Reductions of Half Open Rigid Tuple Gap Orders

QY
z

(sum,m)

o L

(sum,m) =

e

o° L u
(mp) ~m UL
nk—1;kb k-1;kb 7k-1;kb
\/ A O(sum—m) <"2 1(sum—m)
Ny (na+1)+n3=n Ak-1kb _k-Lkb
ny,N,Na<n A O(sum—m) <ng Uz, ..., U
p |
Otmpy <y Ut
nk—1;kb k-1;kb 7k-1;kb
0(sum—m) <n2 1(sum—m)
n;(n2+1)+n3>n Ak-1:kb k—1;kb
ny,np,Na<n A O(SUm—m) <n3 <U2/ ey Uk>
kipl 2k kw qkw
l]‘<"1 l(sum uW) ny (sum,m)
ny+ny=n
ny>0
P oqw
Uz <n, 1(m)
nk—1;kb k-1;kb 7k-1;kb
0(sum—m) <n2 1(sum—m)
ny(np+1)+n3>n k-1;kb 7k-1;kb
ny,ny,nz<n A {Ug,..., Uy <ng l(sum—m)
|
ur <n, 1
nk—1;kb k-1;kb 7k-1;kb
0(sum—m) <n, 1(sum m)
ni(np+1)+nz=n k-1kb 7k-1kb
nyNa,Ng<n A Uy, ..., Uk <p, 1(sum m)
ka kw TkKp
\/ l]‘<”1 (sum uf’) <n; l(Sum,m/P)
ni+ny=n
ny>0
U1 <"1 1(m p)
nk—1;kb k-1;kb 7k-1;kb
A O(sum—m) <n2 1(sum m)
ny(np+1)+n3>n k-1;kb 3k-1;kb
nyNo,Ng<n A Uz, ., Uk} <pg 1(sum m)
U <"1 1(m p)
nk—1;kb k-1;kb 7k-1;kb
A O(sum—m) <"2 1(sum m)
np(na+1)+n3>n k-1;kb 3k-1;kb
ng,Nz,N3<n A {Uz,..., Uy <ng l(sum m)
Akw kw Akw kipl
; <Kk ) <
\/ 0(sum,m) =n o(sum,u‘{V) =n2 u
ny+ny=n
ni>0
\\J
Ofy =h, U
1:kb k-1;kb 7k-1;kb
A O(sum—m) =nz 1(sum—m)
ny(na+1)+n3=n Lkb  k-Lkb
Nyng Mg <h O(sum m) Sng (U2, Uk
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(323)

(324)

(325)

(326)

(327)

(328)

(329)

(330)

(331)

(332)
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Akw kil
0(sum,m) én J

Akp kw
0(Sum,m,p) St d

Akp <k?p
(summ,p) =N a

Akp <kl
(summ,p) =N a

kw 2kw
J é” (sum,m)

kip akw
J =n (sum,m)

kil akw
< ) )
J =N ~(sum,m)

kw 7kp
Gé” l(sum,m/p)

kip 7kp
0=y 1(Sum,m,p)

kil akp
U= l(Sum,m,p)

V

ny(n2+1)+n3=n
ny,Nz,Nz<n

Ting Zhang, Henny B. Sipma, and Zohar Manna

W |
Oy =n, U
Ak—1;kb k=1'kb TK=1'kb
: <t ;
A O(SUm—m) =n, 1(sum7m)
Ok-1kb k—1;kb
A O(Sum—m) §n3 <u2, ceey Uk>

Akp <kw akiw <k;P|
\/ o(sum,m,p) =n o(sum,U‘{V) =nz a

ny+np=n
ni>0

V

ny(n2+1)+n3=n

p <P
(mp) =m U1
Ak—-1;kb k-1;kb 7k-1;kb
) < ) )
A O(sum—m) =nz 1(sum—m)

6k—l;kb <k=1kb

ng,Nz,Ng<n A (sum—m) =g (U, ..., Uy
p <|
Oy Sny U
nk—1;kb k-1;kb 7k-1;kb
) < i )
\/ A O(sum—m) =nz 1(sum—m)
Ny (nz+1)+n3=n Ak-1kb k—1;kb
ny,np,Ng<n A O(sum—m) §n3 (Up, ..., Uy
kpl 2w kw Tkw
< ; ; ;
\/ o =n l(sum,u‘{’) =n; l(SUm,m)
ni+ny=n
ny>0
p w
U1 =n, 1)
nk—1;kb k-1;kb 7k-1;kb
) < i )
\/ A 0(sum—m) =nz 1(sum—m)
ny(np+1)+n3=n k-1;kb 7k-1;kb
np,Nz,n3<n A <U2/ ceey uk) én3 1(sum—m)
| w
U Zn, Ly
nk—1;kb k-1;kb 7k-1;kb
) < i )
\/ A O(sum—m) =nz 1(sum—m)
ny(ny+1)+n3=n k-1;kb 7k-1;kb
np,Nz,n3<n A <U2/ R uk) §n3 1(sum—m)
kpl Tkw kw 7kp
< ; ;
l])=“1 1(sum,u‘{’) =nz 1(sum,m/p)
ni+ny=n
ny>0

V

ny(n2+1)+n3=n
ny,Nz,Nz<n

V

ny(n2+1)+n3=n
ny,Nz,Nz<n

U =, 1?m,p)

A 6‘(;1";1'(_13,“) <pouke I‘((sﬁln;qk_bm,

A (Ug,..., Uy éﬁ;l;kb :I_'I((siu:;k—bm)
Ug é'nl 1?m,p)

A Oty 251 T,

A (Ug,..., Uy él:];l;kb Il((;llrnlﬂjm)

C.14 Reductions of Open Stretchable Tuple Gap Orders

(333)

(334)

(335)

(336)

(337)

(338)

(339)

(340)

(341)

(342)

Letsum = Y, u? = Y, v and rem = Y, u = Y, W, Let type(uy) = ap and type(vi) =

QAp .
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Kw kipl Tkw kw Akw k;pl
T s\ (T <O, <) (343)
ny+ny+n3=n
ny>0
kip kil 2kp kp Akp Kl
J<n Vo \/ G<”l 1(sum/u‘{",p) <n, 0(sum/v‘{’,p’) <ng \7) (344)
ny+ny+n3=n
ny>0
k-1;kb 7k-1;kb
<u2/ (R uk) <n1 1(rem)
A
Ak-1;kb _k-1;kb
0(rem) <n, V2,0, Vi)
i<V -\ A (345)
Ni+Nz+hs=n Ak-1kb _k-1;kb Tk—1kb
n3z>0 O(rem) <m1 1(rem)
A
(m1+1)(my-1)>(n3—-1) |
1n'|2>0,rﬁ1,m2<n33 ug <m2 Vi

C.15 Reductions of Open Rigid Tuple Gap Orders

Letsum = Y, u¥ = Y, v and rem = ¥, u = Y, W, Let type(uy) = ap and type(vi) =
Qp .

kw kipl Tkw kw Akw kpl
=n < i <° i <
J=” Ve \/ J=”1 1(sum,u‘{‘/) =n2 O(sum,v‘{’) =n3 \7) (346)
ny+ny+n3=n
ny>0
kip kl Fkp kp Akp kil
< < < <
02"V \/ G=”l 1(sum/UX“,p) =2 0(sum/V‘{’,p’) =3 \7) (347)
ny+ny+nz=n
ny>0
k-1;kb 7k-1;kb
<u2/ ey UK> énl 1(rem)
A
Ak-1;kb _k-1;kb
(rem) énz <V2/ ey Vk)
=V oe A (348)
”1”‘2*83:” Qk-Lkb <k-1kb Tk-Likb
Ng> (rem) =mq (rem)
A
(m1+1)(Mp-1)=(n3-1) |
my>0,my,my<ng up émz Vi
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