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Abstract

In this thesis, we develop the first automatic termination analysis tool for probabilistic
term rewriting systems based on dependency pairs. A term rewriting system is a formal
computational model that is successfully used as a backend language of tools for analyzing
other programming languages (e.g., Java). The dependency pair approach is one of the
most powerful techniques to automatically analyze the termination of term rewriting
systems. Research has already been carried out in this area for decades, resulting in a
framework for automatic termination and runtime analysis.

We adapt this dependency pair framework to the probabilistic setting. Here, we have
not only the possibility of deterministic or non-deterministic rewrite steps but also
the possibility to perform a certain rewrite step only with a certain probability. For
probabilistic programs, there exist several notions of “termination” In this thesis, we focus
on innermost almost-sure termination, which means that the probabilistic term rewriting
system terminates with probability one, and we can only rewrite at innermost positions.
Whether we can further adapt the results of this thesis to handle an arbitrary evaluation
strategy or a different notion of “termination” (e.g., positive almost-sure termination)
remains an open question that we plan to address in the future.

In the end, we result in a new probabilistic dependency pair framework that automatically
proves innermost almost-sure termination of probabilistic term rewriting systems. For this,
we fundamentally changed the definition of dependency pairs and chains. We adapted three
of the most important processors to the probabilistic setting: the reduction pair processor,
the dependency graph processor, and the usable rules processor. Moreover, we also added
two new processors designed explicitly for probabilistic term rewriting systems. We are
currently implementing this new probabilistic framework in the Automated Program
Verification Environment (AProVE).
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1 Introduction

For many decades, term rewriting has shown to be a very powerful tool for several aspects
of computer science. It has been used for equational reasoning, computer algebra systems,
the study of the notion of computability, to implement functional programming languages,
automatic verification, and so on [3]. A term rewriting system (TRS) is a model for
computation. It consists of a finite number of rewrite rules ¢ — r that describe how the
system rewrites a term, which is a purely syntactical object. In verification, TRSs are
used as a backend language of tools for analyzing other programming languages, e.g., Java
[30]. Such a tool first transforms a given program P into a TRS R and then proceeds by
analyzing R. Due to its simple syntactic structure, it is easier to work with the TRS than
the program itself. In this thesis, we are mainly interested in the automatic verification
that a given TRS is terminating. The problem is undecidable in general [5]. Still, there
are many approaches to automatically prove termination for a large number of TRSs,
including TRSs that occur in real-world applications, e.g., using lexicographic path orders
[18], using recursive path orders [I0], using polynomial interpretations [24], etc. One of
the most powerful approaches in practice is the dependency pair framework [I], [14]. Here,
the main idea is to use a divide-and-conquer framework and to partition a big problem
that is hard to solve into many simpler subproblems. To perform such a partitioning step,
we use so-called DP processors. For the dependency pair framework, we refer to [I] for
the first definition of dependency pairs and chains. The precise processors we use in this
thesis can be found in [I], 14, [13]. In the probabilistic setting, we will use a new type of
dependency tuples instead of dependency pairs. Dependency tuples were already used for
the complexity analysis of TRSs [29]. In the future, this new type of dependency tuples
may also be used to enhance the complexity analysis in the non-probabilistic setting.

Another very important research area is probabilistic programming and the verification of
such a program. The connection between probability theory and computer science has
been studied for a long time and has led to many interesting results. It turns out that many
probabilistic algorithms are more efficient than their deterministic counterpart (e.g., [31]).
Another area of computer science improved by probability theory is IT security, where we
now have probabilistic encryption algorithms [I5]. Probabilistic variants of computational
models like Turing machines, automata, and A-calculus have already been studied for a
long time [2I]. In the probabilistic setting, we have many notions of “termination”. A
qualitative translation of the non-probabilistic version would be almost-sure termination.
A program is almost-surely terminating (AST) iff the probability for convergence tends to
1. A strictly stronger notion of termination is positive almost-sure termination (PAST).
Here, we additionally require that the expected runtime is finite. It was shown that
the decision problem for AST and PAST is even harder than the decision problem for
termination. While the former problem is recursively enumerable, the decision problem
whether a program is AST (and PAST) is already I3 (and X9) complete [19]. There are
many different approaches to prove AST based on weakest pre-expectation calculus [20],
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abstract interpretations [28], type systems [4], and martingales [7, 8, 27]. However, only a
few methods are suitable for programs with a complicated recursive structure or programs
that mainly target algebraic structures like graphs, lists, etc. For recursive probabilistic
programs on numbers, sized types have been proposed [9]. There is also an automated
type-based analysis of probabilistic functional programs with data types from Wang et al.
[32]. Most recently, Leutgeb et al. [25] created a fully-automated expected amortized cost
analysis for probabilistic data structures that is based on this type-based analysis. They
mainly target amortized costs of randomized variants of self-adjusting data structures
like randomized splay trees, randomized splay heaps, and randomized meldable heaps.
Furthermore, little research exists regarding a probabilistic variant of TRSs. In this thesis,
we try to enhance both of these research areas further. The definition of a probabilistic
TRS (PTRS) used in this thesis is based on [6, (2, 1I]. Here, probabilistic rewriting is
captured as a Markov decision process. A single rule may have multiple possible outcomes
with a certain probability, while the rule selection remains non-deterministic. Hence, both
non-determinism and probabilistic aspects are present. We will see that their combination
leads to interesting results that differ from the non-probabilistic setting, where we only
have determinism and non-determinism. While [I1] adapts general concepts of abstract
rewrite systems like confluence to the probabilistic setting, the notion of a PTRS was
introduced in [6] and Avincini et al. [2] then enhanced their results and showed how the
interpretation method could be adapted to prove PAST of a given PTRS. We will use
their work and definitions regarding PTRSs, but instead of PAST, we want to prove AST
automatically. The reason for that is that the dependency pair framework relies on the
compositionality of the property that we want to analyze to modularize the termination
proof. It is well known that while AST is compositional, PAST is not. We will also adapt
the interpretation method of [2] and enhance it to prove AST for a PTRS.

This thesis develops the first technique to prove AST for PTRSs using dependency pairs
automatically. For this, we adapt the dependency pair framework to the probabilistic
setting. We will restrict our attention to innermost evaluation, which means that we only
allow rewrite steps performed at an innermost position of a term. For the termination
analysis of non-probabilistic TRSs, specific techniques exist for both innermost and
arbitrary evaluation. We adapt the DP framework for innermost termination to prove
innermost almost sure-termination of a given PTRS automatically. This adaption includes
an entirely new definition of probabilistic dependency pairs and probabilistic chains.
Furthermore, we adapt the most important processors to our new probabilistic framework,
including the reduction pair processor, the dependency graph processor, and the usable
rules processor. In addition to those three processors from the non-probabilistic framework,
we introduce two new processors specifically designed for our new definition of probabilistic
dependency pairs. We prove their soundness and completeness for all five processors, except
the usable rules processor. The usable rules processor is only sound and not complete in
the way we present it, but there exists a complete variant that requires further definitions
that we omit for readability. In future work, we expect that our new DP framework can
not only be used to prove AST, but it may also be possible to advance the framework
further so that it can disprove AST for a given PTRS as well. Since the DP framework is
a very powerful tool in the non-probabilistic setting, the goal is to achieve the same for
the probabilistic setting. We are currently implementing this framework in the Automated
Program Verification Environment (AProVE) and will further evaluate its applicability in
the future.

Regarding the structure of this thesis, we start with the basic notation and definitions
regarding term rewriting in [Chapter 2| This also includes a first approach to prove
termination using a direct application of polynomial interpretations. Then we introduce
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the dependency pair framework for TRSs in Here, we first define the notion of
a dependency pair and a chain and then prove the chain criterion which explains how we
start our framework. At the end of this chapter, we introduce the three most important
processors we will adapt to the probabilistic setting and give an example of how this
framework works. In we present PTRSs and introduce all required notions
and notations. After some new results regarding evaluation strategies, we present a novel
way to infer AST using polynomial interpretations directly. Finally, in we
define the probabilistic dependency pair framework, including an entirely new definition
of dependency pairs and chains, prove the chain criterion for this new type of chain,
create the five processors that we already mentioned above, prove their soundness and
completeness, and again give an example how this framework works. After that, we
compare the non-probabilistic dependency pair framework with our new probabilistic
variant in We conclude in In every chapter, we introduce a new
type of rewrite system and prove certain witness theorems that show what kind of rewrite
sequences we have to analyze to prove termination or AST. Furthermore, in every chapter,
we show how we can automatically prove termination or AST using an application of
polynomial interpretations. The proof structure for those reoccurring theorems is the same
in every chapter. However, the details get more and more complicated in later chapters.
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2. Term Rewriting

This chapter introduces the basic notions and notations of term rewriting. In
we define the syntax and semantics of the objects we want to work with. In term rewriting,
one works with terms as the main object. A term rewriting system is then a set of rewrite
rules describing how we can rewrite one term into another. Several different evaluation
strategies exist for applying a rewrite rule to a term. After introducing and comparing
some of the most important ones, we restrict our attention to innermost evaluation for the
rest of this thesis. See e.g., [3] for a complete introduction to term rewriting in general. In
we present a first automatic approach to prove innermost termination of a
given term rewriting system using so-called polynomial interpretations.

2.1 Syntax, Semantic and Evaluation Strategies

We start with the most basic definition of an abstract rewrite system. This is simply a set
together with a binary relation.

Definition 2.1.1 (Abstract Rewrite System). Let A be a non-empty set. A rewrite relation
is a binary relation — C A x A. We often write “a; — ay” instead of “(a;,as) € —” and
say that — acts on A. The pair (A, —) is an abstract rewrite system (ARS). A (potentially
infinite) sequence of elements ag, aq, as, . .. such that a; — a;41 for all i is called a rewrite
sequence and will be denoted as

ap —> a1 —» Ay — ...

We will only work with abstract rewrite systems acting on terms for this and the next
chapter. Once we introduce probabilistic term rewriting and the probabilistic DP framework
in [Chapter 4] and [Chapter 5| we also introduce other kinds of abstract rewrite systems
that act on distributions or certain sets. Next, we define a signature from which we can
build a term.

Definition 2.1.2 (Signature). A signature ¥ = ¥,y 2y, 1S a union of pairwise disjoint
finite sets. An element f € ¥, is called a function symbol of arity n. The elements of ¥
are called constants. We will always assume that ¥ is finite and that ¥ # .

Example 2.1.3 (Signature). An example for a signature that we use throughout this whole
chapter is Ypus = When 2n with X := {O}, X := {s}, 35 := {plus} and %, := @ for all
n > 3.

We can now define how to construct a term from a given signature.

Definition 2.1.4 (Term). Let ¥ be a signature and V be a non-empty, countable set of
variables with V N'Y = @. The set of terms T (X,V) over a signature ¥ and a set of
variables V for this signature is the smallest set with
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- VETEY),

o If feX,and ty,...,t, € T (X,V) then f(t1,...,t,) € T (3,V).

For any term t, let V(t) be the set of variables occurring in ¢, which is recursively defined
by

o Ift =2 €V is a variable, then V(t) = {z},

o Ift = f(tl, . ,tn) with f S Zn and tl, . ,tn c T(E,V), then V(t) = Ulgzgnv(tz)

A term t is called a ground term if we have V(t) = @. We often write 7 (3) instead of
T (2, @) for the set of ground terms.

Example 2.1.5 (Term). Let ¥, be the signature from [Example 2.1.3|and let {z,y} C
V. Then we have t; = O € T (Z,us, V), ta = s(x) € T (Z,us V), and t3 =
plus(s(y),s(s(O))) € T (X,us, V). In this case, only ¢; is a ground term, as the other
two contain variables.

Definition 2.1.6 (Subterm). Let ¢,q € T (X,V) be two terms. We say that ¢ is a subterm
of t (denoted by ¢ Qt)iff g =t ort = f(t1,...,t,) and ¢ < ¢; for some 1 < i < n. We
call ¢ a proper subterm (denoted by ¢ <1 t) iff ¢ <t and g # t.

Example 2.1.7 (Subterm). Consider the terms from [Example 2.1.5] Here, we have ¢, < t3
and no other subterm relation.

One of the essential definitions in term rewriting is a substitution. This is a function that
instantiates the occurring variables with a fresh term that may also contain variables
again.

Definition 2.1.8 (Substitution). A substitution is a function o : V — T (X,V) with
o(x) = z for all but finitely many x € V. Therefore, o can be identified with the finite set
{z/o(x) | z € V,o(x) # x}. We often write zo instead of o(x). Substitutions can also
be applied to terms: If t = f(ty,...,t,) € T (X,V) then to = f(ty0,...,t,0). The set
of all substitutions for a given signature > and a given set of variables V' is denoted by
Sub (X,V). A substitution o that maps every variable to a ground term will be called a
ground substitution. Note that a ground substitution is technically not a substitution
since we do not have o(x) = x for all but finitely many x € V if the variable set is infinite.
However, we will always only be interested in a finite amount of variable instantiations for
such a substitution so that we can disregard every other instantiation and view it as a
valid substitution.

A term s € T (X,V) matches a term t € T (X,V) if there exists a substitution o such
that so = t. Two terms s,t € T (3,V) are unifiable if there exists a substitution o such
that so = to. Such a substitution o is called a unifier. A most general unifier (mgu) is a
unifier o such that for every other unifier ¢’ there exists a substitution § with o’ = do. It
is a well-known fact that for two unifiable terms, there always exists a mgu, and one can
compute a mgu in polynomial time.

Example 2.1.9 (Substitution). Consider the terms from [Example 2.1.5[ and let 0 =
{x/s(O),y/plus(z,z)} € Sub (Xpus, V). Then tijo = O, to = s(s(0)) and t30 =
plus(s(plus(z, z)),s(s(O)))-

Two terms that are unifiable would be plus(s(z),y) and plus(s(s(Q)),s(z)). Here, the most
general unifier is {x/s(O),y/s(s(O))}.
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Instead of only variables, we are also interested in changing a whole subterm into a new
one. To address this subterm, we define the set of all positions inside a term.

Definition 2.1.10 (Position). For a term ¢t € T (X, V), the set of positions Occ(t) is defined
to be the smallest subset of N* satisfying

o ¢ € Occ(t),

o Ift= f(t1,...,t,) then for all 1 <i <n and all 7 € Occ(t;) we have i.m € Occ(t).

The position € is called the root position of the term t and the symbol at this position is
called the root symbol, denoted by root(t).

The prefix order
m < 7 :& there exists x € N* such that 7.y =7

is a partial order on N*. We will always refer to this prefix order when talking about the
order of positions. We say that two positions 7,7 € N* are orthogonal (denoted by 7 L7)
iff they are not comparable in this prefix order, i.e., 7 £ 7 and 7 £ 7.

If 7 € Occe(t) then t|, denotes the subterm at position 7, i.e.,

® t|€ =1,

o Ift = f(t1,...,t,) and m = i.7’ then t|; = t;|.

Furthermore, if » € 7 (X,V) and 7 € Occ(t) then t[r], denotes the term that results from
replacing the subterm t|, with the new term r, i.e., we have:

o trl. =7,

o Ift = f(t1,...,t,) and m = ¢.7’ then t[r], = t;[r]..

Example 2.1.11 (Position). Again consider the terms from [Example 2.1.50 We have

Oce(ts) = {¢,1,2,1.1,2.1,2.1.1}.

Furthermore, t3]s = s(s(O)), and t3[yls = plus(s(y),y), and t3[s(O)}11 =
plus(s(s(0)),s(s(O))).

The following lemma states some important and useful properties for working with positions
and subterms

Lemma 2.1.12. Let s,t,r € T (X,V) be terms and let m,7 € N*.
1. Occ(t) is closed under prefives
2. If m.m € Occ(t), then t|.. = (t|x)|-
3. If m € Occ(s) and T € Occ(t), then (s[t]x)|xr =t and (s[t])[r]rr = s[t[r]:]x
4 Ifmr € Oce(s). then (sltlsr)ly = (s1) [t and (s{tlen)lrls = slr],

5. If m,7 € Occ(s) and w L1, then (s[t]x)|- = s|. and (s[t]:)[r]. = (s[r]:)[t]x
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If we represent terms as a tree, these properties are pretty intuitive. But one can also
prove everything using the formal definition of positions. Instead of changing a term at
a specific position, we can also mark a specific position with a fresh symbol [, called a
hole, where we can insert a term. Such a term C € 7 (X w {{J},V) with a hole is called a
Context.

Definition 2.1.13 (Context). A term C € T (X & {{J},V) is called a context if there is
exactly one occurrence of O inside of C. If C|, = O, then C[t] is a shorthand for C[t],

Example 2.1.14 (Context). An example of a context over the signature 3,,,s would be
C = plus(J,s(Q)). Here, we have C[s(O)] = plus(s(O),s(O)).

Finally, we come to the notion of a term rewriting system.

Definition 2.1.15 (Term Rewriting System). For ¢, € T (X,V), ¢ — r is called a rewrite
rule if V(r) CV(¢) and £ & V. A term rewriting system (TRS) R is a finite set of rewrite
rules.

The TRS R induces a rewrite relation —g C T (X,V) x T (X,V) via
s —rt =N S|y = Lo and t = s[ro],,

for a position m € Occ(s), a rule £ — r € R, and a substitution ¢ € Sub (X,V). A
subterm s|, that is matched by the left-hand side of a rule is called a redex (for “reducible
expression”).

Example 2.1.16 (Term Rewrite System). Consider the TRS R,us consisting of the
following two rewrite rules over the signature ¥, and a set of variables with {z,y} C V:

plus(O,y) =y (2.1)
plus(s(z),y) — s(plus(z, y))

This TRS simulates the addition of two natural numbers. Here, numbers are represented
as terms using the zero function O and the successor function s. For example, the number
2 is represented by s(s(0)). If we want to calculate “2 + 1”7 with this TRS, we would
start with the term plus(s(s(Q)),s(Q)). The left-hand side of Rule matches the term
plus(s(s(Q)),s(O)) using the substitution o = {z/s(0),y/s(O)}. Hence, we can rewrite
on the root position ¢ so that

Plus(s(s(0)),s(0)) =r,,,. s(plus(s(0),s(0))).

Then, the left-hand side of Rule (2.2) matches the subterm at position 1 using the
substitution o = {x/0,y/s(O)}. Hence, we can rewrite:

s(plus(s(0),s(0))) Rt s(s(plus(O,s(0)))).

Finally, the left-hand side of (2.1)) matches the term just obtained at position 1.1. Thus,
we have

s(s(plus(O,5(0)))) —=ry. s(s(s(0))).

In the end, we result with the term s(s(s(Q))) that cannot be evaluated any further and
represents the number 3, which is exactly what we wanted to compute.

We cannot apply any further rules to the term s(s(s(Q))) in our previous example. Such a
term is called a normal form. This notion is not restricted to TRS but can be used for
arbitrary ARS.

8
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Definition 2.1.17 (Normal Form). Let (A, —) be a ARS and let a € A. We call a a normal
form (w.r.t. —) iff there is no @’ € A with a — a’. An element b € A is a normal form of
a iff b is a normal form and a —* b. Here, —* denotes the transitive and reflexive closure
of —. An element a is normalizing iff there exists a normal form b of a. An element a
is strongly normalizing iff every rewrite sequence a — ... that starts with a will reach
a normal form and is therefore finite. By NF_, C A we will denote the set of all normal
forms w.r.t. —.

For a TRS R, we will also say that a term is a normal form w.r.t. R (instead of —x), and
write NFg for NF_, . Lastly, we come to the property we are mainly interested in, namely
termination.

Definition 2.1.18 (Termination). Let R be a TRS. We call it terminating if there is no
infinite rewrite sequence
to >R t1 2Rrls =R ...

In other words, a TRS is terminating iff we always reach a normal form within a finite
number of steps, which means that every term is strongly normalizing. Currently, the
definition of term rewriting allows to apply rewrite steps at every possible position. An
important restriction to this kind of full rewriting is so called innermost rewriting. Here,
one can only rewrite at an innermost possible position.

Definition 2.1.19 (Innermost Rewriting and Termination). Let R be a TRS and let
s,t € T (X,V). We say that a rewrite step s —x t is an innermost rewrite step (denoted
s =g t) if all proper subterms of the redex ¢o are in normal form w.r.t. R.

We call R innermost terminating if there is no infinite innermost rewrite sequence

to p t] oty S ...

Note that a term is in normal form w.r.t. =35 iff it is in normal form w.r.t. —x. Hence,
our notation NFy is still valid for innermost rewriting. One can further restrict the rewrite
relation, e.g., by only allowing to rewrite the leftmost innermost redex. This is called
leftmost innermost rewriting and we can again define leftmost innermost termination. The
next two theorems state the relations between these three types of evaluation strategies.

Theorem 2.1.20 (Innermost Termination vs. Leftmost Innermost Termination, [22]). A
TRS R is innermost terminating iff R is leftmost innermost terminating.

Proof. Every infinite leftmost innermost rewrite sequence is also an infinite innermost
rewrite sequence. For the proof of the nontrivial direction, we refer to [22]. |

Theorem 2.1.21 (Innermost Termination vs. Full Termination). If a TRS R is terminating,
it is also innermost terminating. On the other side, there exists TRSs that are innermost
terminating but not terminating.

Proof. Every infinite innermost rewrite sequence is also an infinite rewrite sequence. A
counterexample of the other direction can be seen in [Example 2.1.22| |

Example 2.1.22 (Innermost Termination vs. Full Termination, [16]). Consider the TRS
R consisting of the following two rewrite rules over the signature ¥ = ¥, W ¥; with
20 = {a, b} and 21 = {f}
f(a) — f(a)
a—b
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Here, R is innermost terminating as we have to rewrite the proper subterm a before we
can use rule (2.3). In contrast to that, R is not terminating as we have the infinite rewrite
sequence f(a) =% f(a) =% ... that will never reach a normal form.

As the previous example shows, there is no equivalence between innermost and full
termination. Still, there are specific syntactical properties of the TRS that guarantee
that these two notions are equivalent [16]. For the rest of this thesis, we will restrict our
attention to innermost evaluation.

Next, we see that we can restrict ourselves to specific rewrite sequences for innermost
termination analysis. First of all, we can restrict the structure of the first term ¢y in a
sequence to be the left-hand side of a rewrite rule with possibly instantiated variables such
that every proper subterm is in normal form w.r.t. R.

Theorem 2.1.23 (Witness Theorem for TRS). Let R be a TRS. If R is not innermost
terminating then there exists an infinite innermost rewrite sequence tg '—>R t1 '—>R to '—>R ce
such that ty = Lo for some rule { — r € R and some substitution o € Sub (X,V), such
that every proper subterm of Lo is in normal form w.r.t. R.

Proof. We will prove the contraposition, namely that if every innermost rewrite sequence
to r t; 3 ty e ... is finite where t; = fo for some rule £ — r € R and some
substitution o € Sub (X,V) and every proper subterm of ¢, is in normal form w.r.t. R,
then R is innermost terminating. We prove this by structural induction over the start
term .

If ty is in normal form w.r.t. R, then obviously, every innermost rewrite sequence that
starts with this term is finite. If {7 = fo for some rule ¢/ — r € R and some substitution
o € Sub (X, V) such that every proper subterm of /o is in normal form w.r.t. R, then we
know by our assumption that every innermost rewrite sequence that starts with this term
is finite.

Now we regard the induction step, and assume that to = f(q1, ..., qx). Due to the innermost
evaluation strategy, we can only rewrite at the root position if every proper subterm is in
normal form. Hence, we first prove that every rewrite sequence t, ZEly oty S e Sy
is finite, where =% denotes the restriction of -+ that prohibits rewrite steps at the root
position. By the induction hypothesis, we know that every innermost rewrite sequence
that starts with ¢; for some 1 < ¢ < k is finite. If there exists an infinite rewrite
sequence t, Dy ot S ty S, ..., then we have to rewrite infinitely often below
a position 1 < 57 < k. But this would mean that we can find an infinite innermost
rewrite sequence starting with ¢;, which is not possible. Therefore, every rewrite sequence
to —r t “Sg ty ~p ... must be finite.

Next, we show that also every innermost rewrite sequence t Ao t] Sp ty i ... is finite.
By our previous paragraph, we know that there is some N € N such that t) g ... Sz ty
and ty is in normal form w.r.t. =%5. Now, ty is either also in normal form w.r.t. R,
which means that the whole innermost rewrite sequence is finite. Or we have ty = (o
for some rule ¢ — r € R and some substitution o € Sub (X,V) such that every proper
subterm of /o is in normal form w.r.t. R. By our assumption, we then know that an
innermost rewrite sequence that starts with ¢y is finite, and this means that our whole

rewrite sequence

must be finite. [ |
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2.2. Direct Application of Polynomial Interpretations

The second theorem states that it suffices to only regard sequences of ground terms. This
does not generally hold, as shown in [Example 2.1.24] but we can extend the signature X
with a fresh constant L and a fresh unary function symbol h so that innermost termination
of R over the signature ¥ is equivalent to ground innermost termination of ‘R over the
signature X W { L, h}.

Example 2.1.24 (Innermost Ground Termination, [I2]). Consider the TRS R consisting
of the following two rewrite rules over the signature ¥ = ¥ W X; with ¥y = {a} and

¥ =A{f}

f(f(z)) — f(f(x)) (2.5)
f(a) —» a (2.6)

Here, R is ground innermost terminating as the only possible ground terms have the form
f*(a) and thus, we have to rewrite the proper subterm f(a) before we can actually use
rule . In comparison to that, R is not innermost terminating as we have the infinite
innermost rewrite sequence f(f(z)) s f(f(z)) % ... that will never reach a normal
form.

Theorem 2.1.25 (Ground Terms Suffice for TRSs, [12]). Let R be a TRS over the signature
Y. Let L be a fresh constant, and h be a fresh unary function symbol. Then R is innermost
terminating over the signature Y iff R is ground innermost terminating over the signature
Y wW{L h}. We say that a TRS is ground innermost terminating iff every innermost
rewrite sequence of ground terms is finite.

Proof. The theorem follows directly from the following equivalence. Let ¢, ¢ € T (3,V)
where the term ¢ has the variables xy, . .., Zm,. Then we have t ‘¢ ¢/ iff to 5% t'o, where
o(z;) = hi(L) for all 1 < i < m (i.e., both to and t'c are ground terms). The two new
fresh function symbols are needed to create arbitrarily many different ground terms in
order to handle non-linear rewrite rules. By induction, we can then prove that a term ¢
with variables x4, ..., z,, starts an infinite innermost rewrite sequence iff the ground term
to does. |

For the rest of this thesis, we will always assume that we have two such fresh symbols
that do not occur in the rules of the TRS.

2.2 Direct Application of Polynomial Interpretations

We end this chapter with a first automatic approach to prove termination of a given TRS.
Up to now, we are only working with syntactical objects (terms) that have no real meaning.
We use Y-algebras to give them a semantic.

Definition 2.2.1 (X-Interpretation, >-Algebra). Let ¥ be a signature, and V be a set of
variables. A Y.-interpretation is a triple 2 = (A, a, 3). Here, A is a non-empty set, called
the carrier set of A. Moreover, we have o = (af) pex with ay: A" — A for f € X,,. The
function ay is the meaning of the function symbol f under the interpretation 2. Lastly,

B :V — Ais the variable assignment. For every Y-interpretation 2 we get a function
2A:7(X,V) — Aby:

WAx) = Px)forall zeV
A(f(tr, .. tn) = ap(Atr),..., 2At,)) forall f e X, t1,....t, € T(X,V)

We call 2((t) the interpretation of the term ¢ under 2. A Y-interpretation without variable
assignment (A, «) is called a X-algebra.

11



2. Term Rewriting

Termination only regards the syntactical rewrite relation of a TRS. Thus, we do not need to
talk about the semantics of a term. However, using specific >-algebras is sometimes helpful
to prove termination. One important type of such algebras is a polynomial interpretation.
Polynomial interpretations are a classical technique to prove termination of TRSs [23], 24].

Definition 2.2.2 (Polynomial Interpretation). A polynomial interpretation Pol is a -
algebra with carrier set R>o which maps every function symbol f € ¥ to a polynomial
fro € Rxo[V]. It is monotonic if x > y implies fpo(...,2z,...) > fpal...,y,...) for
all f e X. It is multilinear if every fpy is of the following form with ¢y € R for all

V C{xy,...,x,}:
fro(xy, ... xp,) = oo ]
VC{z1,....xn} zeV
Again, for t € T (3,V), we write Pol(t) for the interpretation of ¢ under the X-algebra Pol.
For an inequality containing variables, we say that it holds iff it is true for all instantiations
of the variables. So Pol(s) > Pol(t) holds for two terms s,t € T (X,V), if this inequality
is true for all instantiations of the occurring variables by numbers from R.

To prove termination automatically, one has to find a mapping to monotonic polynomials
with natural numbers as coefficients such that for every rewrite rule, the left-hand side is
strictly greater than the right-hand side. This can then be automatized by searching for
the coefficients using an SMT solver. Note that this approach can also be used to prove
termination w.r.t. an arbitrary evaluation strategy.

Theorem 2.2.3 (Proving Innermost Termination Using Polynomial Interpretations). Let
R be a TRS, and let Pol: T (3,V) — N[V] be a natural polynomial interpretation which
is monotonic. Suppose that the following condition is satisfied:

(1) For every { — r € R we have Pol({) > Pol(r).

Then R is innermost terminating.

Proof. By [Iheorem 2.1.25| we only have to regard ground terms. We start off by showing
that the condition of the theorem extends to rewrite steps instead of just rules:

(a) If s,t € T(X) with s “+ ¢, then we have Pol(s) > Pol(t).

So let s,t € T(X) with s “+ t. Then there exist a rule ¢ — r € R with Pol(¢) > Pol(r
(by [(T)), a ground substitution o € Sub(X,V), and a position m such that s|, = (o,
t = s[rol,, and every proper subterm of /o is in normal form w.r.t. R.

)

We perform induction on 7. So in the induction base, let m = . Hence, we have s = (o
and t = ro. By assumption we have Pol(¢) > Pol(r). As these inequations hold for all
instantiations of the occurring variables, we have

Pol(s) = Pol(lo) > Pol(ro) = Pol(t).

In the induction step, we have 7 = i.7’, s = f(s1,...,5;,...,5,) and s; —+x t;. Then by
the induction hypothesis we have Pol(s;) > Pol(t;). Fort = f(s1,...,t;,...,s,) we obtain

Pol(s) = Pol(f(s1y---ySiy--+,5n))
froi(Pol(s1), ..., Pol(s;),..., Pol(sy))
> fPol(POl(Sl),...,POl(ti),...,POZ(Sn))
(by monotonicity of fp, and Pol(s;) > Pol(t;))
= POZ(f(Sl,...,ti,...,Sn))
= Pol(t).

12



2.2. Direct Application of Polynomial Interpretations

Now, assume that R is not innermost terminating. Then there exists an infinite innermost
rewrite sequence
to #Rtl #RtQ L>’R

But this would mean that
POZ(to) > POl(tl) > POl(tz) > ..

is an infinite descending sequence of natural numbers since all the occurring terms are
ground terms, which is a contradiction. Hence, R must be innermost terminating. |

Example 2.2.4. Consider the TRS R, from |[Example 2.1.16{ A polynomial interpretation
that satisfies the condition of [Theorem 2.2.3| for every rule of R ;s maps s(x) to z + 1,
plus(z,y) to 22 + y + 1, and O to 0. Now, we have

Pol(plus(O,y)) > Pol(y)
& 2-0+y+1 >y
& y+1 >y

and

Pol(plus(s(z),y)) > Pol(s(plus(z,y)))
s 2-(x4+1)+y+1 > 2r+y+1)+1
& 2e+y+3 > 2r4+y+2

We also give another example that shows how to deal with data structures in TRSs and
how to prove innermost termination for a TRS that contains data structures.

Example 2.2.5 (Termination with Data Structures). Consider the signature ¥ =
{O, s, len, cons, nil}, a variable set with {z,y} C V, and the following TRS R, that
computes the length of a given list:

len(nil) - O
len(cons(x,y)) — s(len(y))
Here, lists are represented by the two constructor symbols nil € 3 for the empty list and
cons € Yy, which prepends an element in front of another list. We can prove termination

with the polynomial interpretation that maps len(x) to x, s(z) to =, cons(z,y) to x +y+ 1,
and both nil and O to 0.
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3 DP Framework for TRS

We are interested in the automatic termination analysis of TRS and have already introduced
a way to do this using polynomial interpretations in the previous chapter. Generally, one
can try to automatically find a well-founded order > such that the rewrite relation —%
implies this order > (i.e., s —x t implies s > ). A relation is well-founded iff there is no
infinite descending sequence tg > t1 > to > ..., which is exactly our desired property. If we
can find such a well-founded order automatically, then we have automatically proven that
our TRS is terminating [26]. However, there are relatively simple examples where we cannot
prove termination automatically using a direct application of polynomial interpretations.
This also includes a lot of TRSs that occur in real-world applications. Another way to
prove termination automatically is to use dependency pairs. The basic idea of dependency
pairs is that a recursive function terminates whenever its arguments “decrease” in every
iteration. Currently, this is one of the best approaches to prove termination in practice.

Example 3.0.1 (TRS which Requires Dependency Pairs). Consider the signature ¥4, =
{O, s, minus,div}, a variable set with {z,y} C V, and the TRS Ry, consisting of the
following rewrite rules that computes the integer division of two natural numbers:

minus(z, O

) =
minus(s(z),s(y)) — mlnus(x Y)
div(O,s(y)) —
)

div(s(z),s(y) %s(dlv(mlnus(m v),s(v)))

Here, we cannot prove its termination using a direct application of polynomial
interpretations due to rule . It is generally hard to use polynomial interpretations
for termination proofs if the right-hand side of a rule is syntactically larger than the
left-hand side. Let us assume for a contradiction that there exists a monotonic polynomial
interpretation Pol such that Pol(¢) > Pol(r) for all rules ¢ — r € Rg;,. Then, we also

have
Pol(div(s(x),s(y))) > Pol(s (div(minus(z,y),5(y))))
Since Pol is monotonic, we must have Pol(s(z)) > x for all instantiations of x, and hence
Pol(div(s(x),s(y))) > Pol(s (div(minus(z,y),s(y)))) > Pol(div(minus(z,y),s(y)))

Now, this inequality needs to hold for all instantiations of the variables, so also if we
instantiate y with s(z). In this case, we get

Pol(div(s(x),s(s(x)))) > Pol(div(minus(m,s(m)),s(s(x))))

We have Pol(minus(x,s(z))) > Pol(s(x)) and thus by the monotonicity of Pol we get

Pol(div(minus(x, s(x)),s(s(x)))) > Pol(div(s(x),s(s(z))))

N N N N
OOCOOOOO
B~ W b

1)
2)
3)
4)
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3. DP Framework for TRS

But this means that

Pol(div(s(x),s(s(x)))) > Pol(div(s(z),s(s(x))))
which is a contradiction.

In the rest of this chapter, we introduce the dependency pair framework, how it works,
and its main components. We start by precisely defining the notion of dependency pairs,
DP problems and chains in [Section 3.1} Then, in we prove the main connection
between a TRS R and its DP problem (DP(R),R), which is the so called chain criterion.
We explain the core idea behind the framework that is based on divide-and-conquer in
It recursively creates smaller subproblems using so-called DP processors until
we solve all of them. Ultimately, we introduce the most important processors for this
framework and show a final example of how the processors and the framework work in
total.

3.1 Dependency Pairs and Chains

In addition to the rewrite rules of a TRS, we introduce a second type of rewrite rule, namely
dependency pairs. First, we divide the signature into defined symbols and constructor
symbols, and then extend it with a new set of tuple symbols. A TRS’s defined symbols
represent functions that can be evaluated, the constructor symbols represent the used
data structures, and the tuple symbols represent a particular function call of some defined
symbol. The tuple symbols are used to compare the arguments of two different function
calls.

Definition 3.1.1 (Defined Symbols). Let R be a TRS over the signature ¥. We
decompose ¥ = Yo W Xp such that f € Xp iff f(¢,...,¢,) — r € R for some terms
Uiy lyyr € T (X,V). The symbols f € X¢ are called constructors and the symbols
f € Xp are called defined symbols. For every defined symbol, we introduce a fresh tuple
symbol f# of the same arity. The set of all tuple symbols is defined as ¥#. For any
term r = f(ry,...,r,) with defined root symbol f, let 7# denote the term f#(ry,... r,).
For every term r = f#(ty,..., 1) with tuple root symbol f#, let v* denote the term

flt, oo te).

Example 3.1.2 (Defined Symbols). For the signature ¥4, and the TRS Ry, from
[Example 3.0.1] we get ¥p = {minus,div}, ¥c = {s, O} and thus

Y 2% = {minus?, div¥, minus, div,s, O}

To prove termination of a TRS, we have to compare the arguments of the left-hand side
with the arguments of every defined symbol on the right-hand side for every rewrite rule
in R. To do so, we use dependency pairs.

Definition 3.1.3 (Dependency Pair, [I4]). Let R bea TRS. If f - r € R and ¢t < ris a
subterm with defined root symbol, then ¢# — t# is a dependency pair of R. The set of all
dependency pairs is denoted by DP(R).

Example 3.1.4 (Dependency Pairs for Ry, ). For the TRS Ry, from [Example 3.0.1} we
get the following three dependency pairs

minus™ (s(x),s(y)) — minus® (2, )
div¥(s(x),s(y)) — minus™ (x, y)
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3.1. Dependency Pairs and Chains

div#(s(z),s(y)) — div¥(minus(z,y),s(y)) (3.7)

The first dependency pair results from rule (3.2). The other two results from the two
different defined symbols in the right-hand side of (3.4)).

Generally speaking, a dependency pair is a rewrite rule of the form (% — r# with
C,r € T(X,V). Hence, a set of dependency pairs D also induces a rewrite relation

—p C T (SWE# V) x T (SwS#,V), just like a TRS via
s—pt = 8|y = (*o and t = s[r¥ o],

for a position 7 € Occ(s), a dependency pair (# — r# € D, and a substitution
o € Sub (X, V).

Now, we have two different types of objects that we can use for our termination analysis:
dependency pairs and rewrite rules. We will work with both of them simultaneously. To
be precise, we have a pair (D, R) consisting of a set of dependency pairs D and a TRS
R. Such a pair will be called a DP problem. We also have to define the notion of rewrite
sequences we are interested in when dealing with DP problems. For a TRS R on its own,
we looked at ~sp-rewrite sequences. Now, we want to work with (D, R)-chains. As we
are dealing with innermost evaluation, we will work with innermost (D, R)-chains as well.
These chains work with a specific type of terms, namely dependency terms.

Definition 3.1.5 (Dependency Term). Let ¥ = ¥p W3 be a signature divided into defined
and constructor symbols. By T# (3), we denote the set of all ground terms ¢t € T (X W X#)
of the form

t=fF(ty,... t,)

such that t; € T(X) forall 1 <i < nand f € ¥p. A term t € T#(X) is called a
dependency term.

Note that if we rewrite a dependency term with a dependency pair or a rewrite rule, we
again result in a dependency term.

Definition 3.1.6 (Innermost Chain, [I4]). Let (D,R) be a DP problem. A (possibly
infinite) sequence tg,;,ts,... of dependency terms (i.e., t; € T# (X) for all i) is an
innermost (D, R)-chain iff we have t; 3p o 3% ;. for all i. Here, 3p  denotes the
restriction of —p to rewrite steps such that every proper subterm of the used redex is
in normal form w.r.t. R. For a relation E over some set A, E* denotes the transitive,
reflexive closure and the composition of two relations F;, Ey over some set A is defined by

EioFEy={(x,z) e AxA|JyeA:(x,y) € B4 N(y,2) € Es}

We will also write —i>(D,R) instead of —i>D,R o —'>}} A DP problem (D, R) is innermost
terminating iff there is no infinite innermost (D, R)-chain.

A chain can be seen as a sequence of function calls, where we use the TRS to evaluate
their arguments. In this context, a dependency term is a function call that indicates the
used function by its tuple symbol and stores the corresponding arguments. A dependency
pair is a rewrite step from one function call to another, and the TRS is used to evaluate
their arguments. As you can see, the dependency pairs are the dominating part of our
definition of a chain. We have to use at least one dependency pair and then an arbitrary
number of TRS rules to get to the next term in our sequence.
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3. DP Framework for TRS

Example 3.1.7 (Innermost Chain). Consider R4, and DP(R4,) from [Example 3.0.1| and
[Example 3.1.4, An example for an innermost (DP (R, ), Raiv)-chain would be

div® (s(s(s(s(0)))),s(s(0))) (3.8)
o) divF (s(s(0)),s(0)) (3.9)
% p,ryminus? (s(0), s(s(0))) (3.10)
- o ryminus” (O, O) (3.11)

For the first step, we use the dependency pair to get
div? (s(s(s(s(0)))), s(s(0))) Hp= div¥ (minus(s(s(s(0))),s(0)).s(s(O)))

Then, we can use the TRS rules (3.1) and (3.2)) to completely evaluate the subterm
minus(s(s(s(Q))),s(O)) as we have

minus(s(s(s(0))),s(0)) 5% s(s(0))

and finally result with div¥(s(s(©)),s(s(O))). For the second step, we used the dependency
pair (3.6) and then no rewrite rule. Finally, we used the dependency pair for our
last step, and again no rewrite rules. The final term minus? (O, ©) is in normal form w.r.t.
—>(DR and thus we cannot extend the chain any further.

Note, we can only apply a -»p ¢ step at the root position by definition of a dependency
term. Additionally, we are only working with ground terms and only allow rewrite steps if
every proper subterm is in normal form w.r.t. R. Hence, in an innermost (D, R)-chain
to —>(D Rr) h —>(p R) t2 —>(DR ... for all 7+ we have t; é o; for some dependency pair
éf Z# € D that we use in the i—th rewrite step, some ground substitution o; € Sub (X, V)
and such that every proper subterm of E# 0; is in normal form w.r.t. R. Chains can also
be represented as a sequence of dependency pairs sg — tg, S — t1, S0 — to,... such that
there is a ground substitution o € Sub (X, V) with ;0 % s;,10 for all 4 and every proper
subterm of s;o is in normal form w.r.t. R. Here, we have to assume that the dependency
pairs have renamed variables so that for ¢ # j, the two dependency pairs s; — t; and
s; — t; do not share a variable. Note that most of the literature will define (D, R)-chains
in this fashion and not in the more general way we do in this thesis. However, this more
strict definition cannot be generalized to the probabilistic setting, as we will see later on.
Instead, we will define a completely new type of dependency pair and a new type of chain
based on trees in that will still share this general chain structure.

3.2 Chain Criterion

In this section, we want to establish a connection between the TRS R and the DP problem
(DP(R),R). This connection is given by the following chain criterion. The core idea
behind the chain criterion is that there exists an infinite innermost rewrite sequence for
a TRS R iff there is an infinite innermost sequence of function calls, i.e., an infinite
innermost (DP(R), R)-chain.

Theorem 3.2.1 (Chain Criterion, [I]).
A TRS R is innermost terminating iff the DP problem (DP(R),R) is innermost
terminating.
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3.2. Chain Criterion

Proof.

complete:

sound:

Assume that (DP(R),R) is not innermost terminating. Then there exists an infinite
innermost (DP(R), R)-chain

t¥ (vo) 5 (DPR)R) t7 (o) 5 (DP(R)R) t5 () S DOPR)IR) - - -

with vp being normal forms w.r.t. R and not containing any tuple symbols. Remember
that this means t;# (0;) Bpr o % tﬁl(@iﬂ) for all ¢ € N. To be precise, we have

t# (@0) —i>D7R t# (@1) —I>>7kz ﬂ# (@1) —i>'D”R t# (@2) —5% Zf?;: (@2) —i>D7R .

Note that a dependency pair f#(¥) — ¢¥(w) corresponds to a rewrite rule
f(@) — Clg(w)] € R for some Context C. Therefore, our infinite innermost
(DP(R), R)-chain corresponds to the following infinite innermost rewrite sequence

to(To) g Ci[ty(W1)] 255 Cilt1(T1)] or Ci[Calta(W)]] S5 Ci[Calta(T2)]] Sx - ..
Therefore, R is not innermost terminating as well.

Assume that R is not innermost terminating. Then there exists an infinite innermost
rewrite sequence
to L>'Rt1 #Rtg #R

By [I'heorem 2.1.25 we can assume that all occurring terms are ground terms. We
will now inductively define an infinite innermost (DP(R), R)-chain

ty Hopr1R) T P EPERIR) T HEPERIR) -

Due to a minimality argument, we can find a subterm f,(7y) of ¢y such that

— fo(Tp) starts an infinite innermost rewrite sequence

— Ty are strongly normalizing terms

We can rewrite the terms vy using SHn steps until we reach a normal form for all of
them as we would do in our infinite innermost rewrite sequence. Since all of them
are strongly normalizing, this can be done in a finite number of % steps.

After this, we result with a term fy(wy), where all of the @, are in normal form
w.r.t. R and thus we can rewrite with the whole term f(w,) being the redex. Hence,
we have fo(wo) = fo(to)oo ~+r To00 using a rule fo(w) — ro € R and ground
substitution oy € Sub (X,V). Since, fo(7y) starts an infinite rewrite sequence, the
same holds for fy(wy). Additionally, we know that all Wy = Wyo, are in normal form
w.r.t. R. This, together with a minimality argument, again implies that we can find
a subterm f;(7;) of o such that

— f1(71)op starts an infinite innermost rewrite sequence

— U109 are strongly normalizing terms
Our (DP(R),R)-chain starts with the term ¢, = fI(w,) and first uses the
dependency pair fI (u) — ff(v1) € DP(R).

Now, we can apply the same procedure to determine the whole chain. Assume that
we have already defined the chain up to the i-th term. From our previous induction
step, we get a term f;1(7;41)0; that starts an infinite innermost rewrite sequence
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3. DP Framework for TRS

and all of the v, ,,0; are strongly normalizing terms. Again, we can rewrite the terms
;410 using I, steps until we reach a normal form for all of them as we would do in
our infinite innermost rewrite sequence. Since all of them are strongly normalizing,
this can be done in a finite number of <35 steps.

After this, we result with a term f; 1 (w;;1), where all of the w;,, are in normal form
w.r.t. R and we can rewrite with the whole term f;y,(W;,1) being the redex. Thus,
we have fi—f—l(wi—i-l) = fi+1(ﬂi+1>0'i+1 I—)R Ti+10i+1 using a rule fi—l—l(ﬂi—i—l) — Tit1 € R
and ground substitution o;41 € Sub(X,V). Since, fi11(7;41) starts an infinite
rewrite sequence, the same holds for f;y1(w;41). Additionally, we know that all
Wiy, = U;410541 are in normal form w.r.t. R. This, together with a minimality
argument, again implies that we can find a subterm f;,5(7;12) of 7,41 such that

— fir2(Tiyo)oi41 starts an infinite innermost rewrite sequence

— Uji00,41 are strongly normalizing terms

Then, we set t), | = f, (Wiy1).

We now constructed a sequence t(,t],t,,... and by construction we have ¢, =
[F @) Sor [ @i0:) Sk [ (@) =t for all i € N so that

ty Hopw)R) t H@PRIR) B2 HOPR)R) -

This is an infinite innermost (DP(R), R)-chain, which shows that (DP(R),R) is
also not innermost terminating. |

3.3 DP Framework and Processors

Now that we understand the relation between a TRS R and the corresponding DP
problem (DP(R),R), how can we use this for automatizing termination proofs? The
key idea is to use a divide-and-conquer framework that works with these DP problems.
We want to recursively split a DP problem (D, R) into a set of simpler subproblems
{(D1,R41),...,(Dg, Ri)} and then solve all of the subproblems individually. For such
a framework, we really need to work with DP problems and not just TRSs or sets of
dependency pairs since:

« Working solely with a TRS R is not powerful enough, and it is relatively hard to
split a TRS into multiple subproblems so that we can deduce the termination of the
main TRS from the termination of the subproblems.

« Working solely with a set of dependency pairs D is not expressive enough as we
cannot represent every possible rewrite sequence with dependency pairs on their
own.

In order to split a DP problem, we use DP processors.

Definition 3.3.1 (DP Processor, [I4]). Let D, D, ..., D,, be sets of dependency pairs and
let R,Rq,...,R, be TRSs. A (innermost) DP processor Proc is of the form

Proc(D,R) = {(D1,R1),...,(Dn,Ry)}
A DP processor Proc is sound iff

V1<i<n:(D;R;) is innermost terminating = (D, R) is innermost terminating
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A DP processor Proc is complete iff

(D, R) is innermost terminating = V1 <1i <n: (D;,R;) is innermost terminating

To summarize it, given a TRS R, we start by dividing the signature into defined and
constructor symbols. Then we generate the corresponding DP problem (DP(R),R) and
try to prove that this DP problem is innermost terminating using our divide-and-conquer
framework and the DP processors.

In the following, we will introduce three of the most important processors for the dependency
pair framework. Starting with the dependency graph processor, where we create a kind of
control flow graph of the DP problem to split the set of dependency pairs into subsets such
that every two dependency pairs can rewrite to each other. Then, we introduce a processor
that decreases the number of rewrite rules in our TRS. Here, we remove the rules from the
TRS that cannot be used to evaluate the right-hand side of any dependency pair. This is
called the usable rules processor. In the end, we have the reduction pair processor that
reduces the set of dependency pairs by ordering them using a polynomial interpretation,
similar to the previously introduced direct application of polynomial interpretations. Note
that there are a lot more existing processors that we do not mention in this thesis.

Dependency Graph Processor

The first processor that we want to introduce is the dependency graph processor. The
dependency graph is a kind of control flow graph that shows which right-hand sides of
dependency pairs can be rewritten to the left-hand side of another one. Or in other words,
it shows which function calls can occur after each other.

Definition 3.3.2 (Dependency Graph, [14]). Let (D, R) be a DP problem. The (D, R)-
dependency graph is defined as the graph with node set D and there is an edge from s — ¢
to v — w iff there exists ground substitutions oy, 09 € Sub (X, V) such that toy —i>;‘3 Vo9,
and every proper subterm of so; and vos is in normal form w.r.t. R.

Every innermost (D, R)-chain corresponds to a path through the (D, R)-dependency graph.
On the other side, not every path through the dependency graph corresponds to a chain
since we may use completely different substitutions on different edges in the path, and in
a chain, the used substitution is carried over to the next rewrite step.

Example 3.3.3 ((DP(Rai), Raiv)-Dependency Graph). Let Ry, be the PTRS from
[Example 3.0.1] and DP(Ryi) be its dependency pairs from [Example 3.1.4 The
(DP(Raiv), Raiv)-dependency graph has the following form:

()

div? (s(z),s(y)) — div¥ (minus(z,%),s(y))

div? (s(z),s(y)) — minus#(x,y)

minus (s(), s(y)) — minus# (z, )

U
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3. DP Framework for TRS

For the two edges regarding the two bottom nodes, we only have to use appropriate
substitutions to get from the right-hand side of the one dependency pair to the left-hand
side of the other. For the two edges at the top, we have to evaluate the subterm minus(z, y)
using the rewrite rules from Ry;, so that we can get to the left-hand side of the two
dependency pairs (with suitable substitutions).

The key idea for the processor is that we only need to look at the strongly connected
components (SCCs) of the dependency graph in order to find an infinite innermost
(DP(R),R)-chain. An infinite path in the dependency graph must eventually be stuck
inside a single SCC due to the fact that we have only a finite number of dependency pairs,
hence a finite dependency graph.

Theorem 3.3.4 (Dependency Graph Processor, [14]). Let
Procpe(D,R) = {(D1,R),...,(D,,R)}

where Dy, ..., D, are the SCCs of the (D, R)-dependency graph. Then Procpg is sound
and complete.

Proof.

complete: Every innermost (D;, R)-chain is also an innermost (D, R)-chain. Hence, if one of the
(D;,R) is not innermost terminating, then (D, R) is also not innermost terminating.

sound: Assume that (D,R) is not innermost terminating. Then there exists an infinite
innermost (D, R)-chain

to —i>(py7z) t1 —i>(p’7g) to —i>('D7R) C

such that for all € N we have t; = fl#ai for some dependency pair ﬁt — 7"1# €D
that we use in the i-th rewrite step, some ground substitution o; € Sub (2, V) and
such that every proper subterm of ¢; is in normal form w.r.t. R.

This chain corresponds to a unique path in the (D, R)-dependency graph. To see
this, let ¢+ € N. We use the dependency pair ffé — 7"2# € D in the i-th and the
dependency pair éfil — Tﬁl € D in the (i + 1)-th rewrite step. We have to show
that there exists an edge between those two dependency pairs. By definition of our
(D, R)-chain we have t; —>(D R) tip1 (e, t; pr 0 5k 1) with ¢; = E o; and
tiy1 = Eﬁlalﬂ. To be more precise, we have

i # i #
ti = 62#0'1 —I>'D"R T, o; —I>j;z ti+1 = Ei—i—lo-i-l—l

# #

o 5k fﬁlazﬂ and thus there is an edge between ¢ — 1
o7 o r¥ ‘1 in the dependency graph.

Hence, We have r] and

Since the graph is finite, the path will eventually reach an SCC D; and remain inside
of it. In other words, we can find an N € N such that the corresponding path for
the chain

tN DR) tN+1 P (DR) IN12 FDR) - -

is always inside of D;. This is then an infinite innermost (D;, R)-chain, and thus
(D;,R) is not innermost terminating. |
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In order to automatize the dependency graph processor, we need to automatically create
the dependency graph. However this is not possible, as deciding whether there exists
substitutions o and o9 such that toy —i>;‘3 voy is undecidable in general. Therefore, we
use an abstracted version of the dependency graph. This abstracted dependency graph is
then a supergraph of our dependency graph, which means that we may have even more
paths that do not correspond to some chain. However, this does not interfere with the
soundness nor the completeness of the processor but only with its effectiveness. Next, we
introduce our abstraction to automatically compute whether there is an edge between the
two dependency pairs in the abstracted dependency graph or not.

Note that to; may only reduce to voy for some substitutions oy, 09, if either ¢ has a defined
root symbol or if both ¢ and v have the same constructor symbol at the root. All of the
subterms with defined root symbol may be evaluated with our TRS into new terms. Hence,
we have to replace them with fresh variables. If toy reduces to voo, then ¢ and v" must be
unifiable, where t' is the result of this replacement of defined symbols into fresh variables
from t. However, we only need to do this for subterms that are not equal to subterms
of s since every proper subterm of s must be in normal form w.r.t. R by our innermost
evaluation strategy.

Definition 3.3.5 (Connectable Terms, [I]). Let s € T (E W X# V) be some term. The
function Cap, is inductively defined as

Cap,(z) =x , for variables z,
Cap,(f(t1,...,tn)) =y Jif feXpand f(ty,...,t,) 4 s,
Cap,(f(t1,....t,)) = f(Capy(t1),...,Capy(t,)) , otherwise.

where y is the next variable in an infinite list of fresh variables.

Two terms t and v are connectable w.r.t. s if Cap,(t) and v are unifiable by some mgu o
such that every proper subterm of so and vo is in normal form w.r.t. R.

Note that Cap,(x) is not an actual function since we need to keep track of the fresh
variables that we have already used. However, we can change the definition to a real
function by adding additional arguments. We omit this here for readability. We can now
use this abstraction to create our abstracted dependency graph.

Definition 3.3.6 (Abstracted Dependency Graph, [1]). For a DP problem (D, R) the nodes
of the abstracted (D, R)-dependency graph are the dependency pairs of D and there is an
edge from s — t to v — w iff t and v are connectable w.r.t. s.

Theorem 3.3.7 (Computable Dependency Graph Processor, [1]). Let
Procepe(D,R) = {(D1,R),...,(Dn,R)}

where Dy, ..., D, are the SCCs of the abstracted (D, R)-dependency graph. Then Procepg
is sound and complete.

Proof. Let us first show that the abstracted dependency graph is a supergraph of the
normal one. So assume that we have an edge between the two dependency pairs s — ¢
and v — w in the (D, R)-dependency graph. We will show by structural induction on ¢
that if there exists a substitution o € Sub (3, V) such that every proper subterm of so is
in normal form w.r.t. R and to % u for some term u, then there exists a substitution 7
(whose domain only includes variables that are introduced in the construction of Cap(t))
with Cap,(t)or = w. In particular, if there are substitutions oy, o5 such that every proper
subterm of so; and vo, is in normal form w.r.t. R and to; —i>*R voy, then there exists a
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3. DP Framework for TRS

substitution 7 with Cap,(t)o17 = vos. Hence, Cap,(t) and v unify and the mgu p is such
that every proper subterm of sy and vy is in normal form w.r.t. R.

If ¢ equals a subterm of s, then ¢ is in normal form w.r.t. R and hence to = u. Moreover,
we have Cap,(t) = t and hence Cap,(t)o = to = u, so our desired substitution 7 is the
empty substitution.

If ¢ is a variable or if t = f(ty,...,t,) for a defined symbol f € Xp such that t is not a
subterm of s, then Cap,(t) is a fresh variable. Let 7 be the substitution that replaces
Cap,(t) by u. Then we get Cap,(t)or = Cap,(t)T = u.

If t = c(ty,...,t,) for a constructor symbol ¢ € X¢ or for a tuple symbol ¢ € ¥#, then
Cap,(t) = ¢(Capy(t1),...,Cap,(t,)). In this case, u has to be of the form c(uy, ..., u,)
and t;o —i>}§ u; holds for all 1 < j < n. By our induction hypothesis we get substitutions 7;
such that Cap,(t;)o7; = u;. Since the variables in Cap,(t;) are disjoint from the variables
in Cap,(t;) for all i # j, we can set 7:= 7 0...07, and get Cap,(t;)oT = u;, and hence
Cap,(t)or = u.

Now to the soundness and completeness of the computable dependency graph processor.

complete: Every innermost (D;, R)-chain is also an innermost (D, R)-chain. Hence, if one of the
(D;,R) is not innermost terminating, then (D, R) is also not innermost terminating.

sound: Assume that (D,R) is not innermost terminating. Then there is some infinite
innermost (D, R)-chain. By [Theorem 3.3.4] we then know that there is also an
infinite innermost (D', R)-chain, where D’ is an SCC of the (D, R)-dependency
graph. Since the abstracted dependency graph is a super graph of the normal one,
we can find an SCC D; in the abstracted dependency graph with D' C D;. Thus,
we also have an infinite innermost (D;, R)-chain, which means that (D;, R) is not
innermost terminating as well. |

Example 3.3.8 (Computable Dependency Graph Processor). Let Ry, be the PTRS from
[Example 3.0.1jand DP(Ru;,) be its dependency pairs from [Example 3.1.4] The abstracted
(DP(Raiv), Raiw)-dependency graph is the same as the (DP(Ruiv), Raiw)-dependency graph
and has the form:

()

div” (s(z),s(y)) — div¥ (minus(z,),s(y))

div (s(z),s(y)) — minus¥(x,y)

~—

minus™ (s(x),s(y)) — minus™ (z,y)

U

The SCCs of this graph are {minus?(s(z),s(y)) — minus*(z,y)} = {@B.5)} and
{div*(s(x),s(y)) — div¥ (minus(z,y),s(y))} = {(3-7)}. Therefore, we have

Proceps(DP (Raiw), Raiv) = {({BH)}, Raw), ({BD}, Raiw)}
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3.3. DP Framework and Processors

Usable Rules Processor

The next processor that we want to introduce is the usable rules processor. This processor
decreases the number of rewrite rules in our DP problem. The way we present the
processor in this thesis is not complete. However, we are able to create a complete usable
rules processor with some modifications to our DP problems that we describe later on.
Remember the structure of a chain. We start with the left-hand side of a dependency pair
sg — to together with a substitution o such that sgo is in normal form w.r.t. R. Hence,
the subterms of tyo that are not in normal form w.r.t. R cannot be completely inside of
the substitution. At least the root defined symbol must be part of ty. Then rewriting with
the TRS follows the same logic. Therefore, the right-hand sides of all dependency pairs
and rewrite rules indicate which rewrite rules can be used in our chain. Those rewrite
rules are called usable rules.

Example 3.3.9 (Usable Rules). Let Rg4;, be the PTRS from [Example 3.0.1} and DP(R4,)
be its dependency pairs from [Example 3.1.4 After applying the dependency graph
processor, we result with the DP problems ({},Rdw> and ({},Rdw). For the

DP problem ({ (3.7) }, Rdm) we have the following rewrite rules and dependency pair left:

- minus(z,0) — 3.7) div# (s div# (minus(x
(3.2) minus(s(x),s(y)) — mmus(m Y) . W)= ( ()]
. div(0,s(y)) —
div(s(x), s(y)) — s(dw(mznus(:z: y),s(y)))

The right-hand side of the only dependency pair contains a subterm with minus at the
root. Hence, we can use the rules and to evaluate this subterm. However, the
defined symbol div does not occur in the right-hand side of the dependency pair nor in the
right-hand side of the two minus-rules. Hence, the rules and cannot be used to
evaluate the right-hand side of our dependency pair in an innermost chain.

The set UR(D,R) of usable rules is a computable over-approximation of all rewrite rules
that can be used to rewrite the right-hand side of a dependency pair. To create this
approximation, we recursively search for the defined root symbol of a rewrite rule in the
right-hand side of all dependency pairs and rewrite rules, where we have already seen that
they are usable. In this approximation, we exclude every rewrite rule, where the left-hand
side has a redex as a proper subterm. Those rewrite rules can never be applied in an
innermost rewrite step.

Definition 3.3.10 (Usable Rules, [1]). Let (D, R) be a DP problem. For every f € X ¥#
let Rules(R, f) = {¢ — r € R | root(f) = f,¢ has no redex as proper subterm}. For any
term ¢, the set of all usable rules UR(R,t) is recursively defined as

UR(R,x) = O
UR(R, f(t1,....t,)) = Rules(R,f)UUL, UR(R',t;) U
UZHTGRUIBS(R,]“) UR(Rla T)
where R’ := R \ Rules(R, f). The set of all usable rules for the DP problem (D, R) is

defined by
UR(D,R) = |J UR(R,?)

s—teD

Theorem 3.3.11 (Usable Rules Processor, [1]). Let
PI'OCUR<D, R) = {(D,UR(D, R))}

Then Procyg is sound but not complete.
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Proof.

sound: Assume that (D,R) is not innermost terminating. Then there exists an infinite
innermost (D, R)-chain

to —i>(D,R) t —i>(D’R) to _i>(D,R) -
Fix some i € N. We have tz —i>(D7R) ti+1 (tl —i>D7R 9 —5% tiJrl) and thus
ti —i>D7R Vo |—>R U1 |—>R e I—>R Vi — ti+1

for some k € N and some terms v, ..., ve—1 € T (). We will prove by induction
that all of the used rewrite rules are usable. In the end, we know that

ti DR Vo L>1/172(17,73) 1 L>L/R(D,R) U = lita

Hence, we also have infinite innermost (D,UR(D, R))-chain

to > DURMDR)) Ll > DURD.R)) t2 ~FHDURDR)) - - -
and thus (D,UR(D,R)) is also not innermost terminating.

Let us assume that in the first rewrite step t; —i>D,R vp we use the dependency pair
s — t € D and the ground substitution o € Sub (3,V) so that ¢; = so, vy = to,
and every proper subterm of so is in normal form w.r.t. R. Additionally, for the
J-th rewrite step v; LR vj41 with the TRS we use the rewrite rule ¢/; — r; € R,
the ground substitution o; € Sub (X,V), and the position 7; so that vj|., = ¢;0;,
vj41 = vj[rjo;], and every proper subterm of £;0; is in normal form w.r.t. R.

For the induction base, we consider the rewrite step vy —+ v;. Here, we have vy = to
and vg|r, = loog. As we are dealing with innermost rewriting, the root defined
symbol of ¢y must be introduced by the term ¢ and cannot be completely inside the
substitution o. Hence, we get ¢y — ro € UR(R,t) CUR(D,R).

In the induction step, we consider the rewrite step v, Hr vj41. Here, we have
v = vj_1[rj_10j-1]x,_, and vj|;, = l;0;. Again, the defined root symbol of £; must
be introduced by a right-hand side of an earlier used TRS rule or by the right-
hand side of the used dependency pair and cannot be completely inside of every

used substitution. Since every earlier used rewrite rule is usable by our induction
hypothesis, we also get £ — r € UR(D, R). |

Example 3.3.12 (Counterexample for Completeness). Consider the signature ¥ = {f, a},
a variable set with {x} C V, a TRS R consisting of the following rule:

a—a (3.12)
and a set of dependency pairs D consisting of the following dependency pair:
f#(a, ) — f#(z,2) (3.13)

Then, the DP problem (D, R) is innermost terminating, since the only dependency pair
(3.13) can not be used. The reason is that the left-hand side, namely f#(a, x), has the
proper subterm a, which is not in normal form w.r.t. R. However, the rule (3.12)) is
not usable, since the right-hand side of does not contain the subterm a. We
get Procg(D,R) = {(D,UR(D,R))} = {(D,2)}. Now, the DP problem (D, @) is not

innermost terminating anymore since there exists the following infinite (D, &)-chain
f(a, a) —i>(D7R) f(a, a) —i>(D7R) .

The reason here is that the proper subterm a is now in normal form w.r.t. the empty TRS.
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The reason that the usable rules processor is not sound is due to the fact that the TRS
R has two different roles in the DP problem (D,R). On the one side, we use the TRS
for rewrite steps —»x. On the other side, we use the TRS for the innermost evaluation
property in the definition of a chain. If we use an additional TRS Q to store the rules
which we have to consider for innermost evaluation, then we can use the usable rules
processor only for the TRS R but keep Q unchanged. This then results in a complete
usable rules processor. In this thesis, we omit this third component for readability.

Example 3.3.13. Let R4, be the PTRS from [Example 3.0.1] and DP(Rg;,) be its
dependency pairs from [Example 3.1.4] After applying the dependency graph processor,
we result with the DP problems ({}, Rdw) and ({}, Rdiv). For the DP problem

({}, Rdm) we have the following rewrite rules and dependency pair left:

. minus(z, 0
(3.2) minus(s(z), s(y)

div(0, s(y)
div(s(x), s(y)

)= 3.7) div¥ (s div# (minus(x

) — mmus(m Y) (K s(y)) = ( (z,9),5(y))
)=

)

— s(dw(mmus(:zr Y),s(y)))

And we get UR({(3.7)}, Raiw) = {(3.1)), (3.2) } as described in [Example 3.3.9, For the DP
problem ({ (13.5) }, Rdw) we have the following rewrite rules and dependency pair left:

minus(z, 0

(52) minus(s(a),(y)
div(0, s(y)
div(s(z), s(y)

minus” (s(x), s(y)) — minus? (x,y)

) =
) — mmus(m Y)
) —
)

— s(dw(mmus(z y),5(y)))

In this case, there is no defined symbol in the right-hand side of our only dependency pair
and thus we have UR({(3.9) }, Raiw) == 2.

All in all, we get

ProcURE{},Rdwg Z{E{}U@)}
Procw ({B.7)}, Raw) = { {}7{7})}

Reduction Pair Processor

The last processor we want to introduce is the reduction pair processor. In the previous
chapter, we introduced a technique to automatically prove innermost termination of a
given TRS R by searching for a natural and monotonic polynomial interpretation Pol
that strictly orders every rewrite rule £ — r € R (i.e., Pol(¢) > Pol(r)). We now want
to apply the same logic to DP problems (D, R). It turns out that finding a polynomial
interpretation for DP problems has several advantages compared to the direct application
on a TRS. Remember that in the definition of a chain, we need to apply one step with
43p g, and then we can use an arbitrary but finite amount of steps with *5%. The steps
with the dependency pairs are the important ones, while the steps with the TRS are
more of an auxiliary tool. Every infinite rewrite sequence must use an infinite amount
of dependency pairs. Hence, it suffices to find a polynomial interpretation Pol such that
all of the dependency pairs are strictly decreasing (i.e., for every (# — r# € D we have
Pol((#) > Pol(r#)) and all of the TRS rules are non-increasing (i.e., for every £ —r € R
we have Pol({) > Pol(r)). So the first advantage is that we only need a strict decrease
in the comparison of the left-hand side to certain subterms with defined root symbols
in the right-hand side. The second and most important advantage is that we can use
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weakly monotonic interpretations instead of monotonic ones. This means that we do not
require that x > y implies fpo(...,x,...) > fpo(...,y,...) for all f € ¥ & ¥# but only
that z > y implies fpo(...,7,...) > fpoi(...,y,...) for all f € ¥ W X#. This means that
we can use polynomials that completely disregard one of its arguments, which was not
possible before. The third advantage is that the symbol f € ¥ and the corresponding
tuple symbol f# are two different objects. The polynomial interpretation can therefore
handle them differently, as you can see in [Example 3.3.15, The final advantage is that
we can make this approach modular using our dependency pair framework. Instead of
requiring a strict decrease for all dependency pairs, we can also try to order only a part of
the dependency pairs strictly, while the rest is only non-increasing. We can then remove
the dependency pairs that are strictly decreasing and continue working with a smaller DP
problem. Then, we can try to use another processor (like the dependency graph processor)
before searching for a polynomial interpretation for the reduction pair processor again.

Theorem 3.3.14 (Reduction Pair Processor, [14]). Let (D, R) be a DP problem, and
let Pol : T (E W X#, V) — N[V] be a natural polynomial interpretation which is weakly

monotonic (i.e., x >y implies fpo(...,x,...) > fpo(...,y,...) for all f € LW X#).
Suppose that we have D = D, W D, such that the following conditions hold.

(1) For every ¢ — r € R we have Pol({) > Pol(r).
(2) For every (#* — r# € D, we have Pol({*#) > Pol(r#).

(3) For every (#* — r# € D, we have Pol({*) > Pol(r?).

Then
Procgs(D,R) = {(D.,R)}

=

is sound and complete.

Proof. We start off by showing that the conditions |(1)I(2)| and |(3)| of the theorem extend
to rewrite steps instead of just rules:

(a) If s,t € T#(X) with s S5 t using the rule £ — r € R with Pol(¢) > Pol(r), then
we have Pol(s) > Pol(t).

(b) If s,t € T#(X) with s pr ¢ using the dependency pair (# — r# € D with
Pol(¢#) > Pol(r#), then we have Pol(s) > Pol(t).

(c) If s,t € T#(X) with s Spx t using the dependency pair (# — r# € D with
Pol(¢#) > Pol(r#), then we have Pol(s) > Pol(t).

In this case, there exist a rule £ — r € R with Pol(¢) > Pol(r), a ground substitution
o € Sub (%,V), and a position 7 such that s|, = lo, t = s[rol,, and every proper
subterm of o is in normal form w.r.t. R.

We perform induction on 7. So in the induction base, let 7 = . Hence, we have
s ={o and t = ro. By assumption we have Pol({) > Pol(r). As these inequations
hold for all instantiations of the occurring variables, we have

Pol(s) = Pol({o) > Pol(ro) = Pol(t).
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[} [}

Now,

complete:

sound:

In the induction step, we have 7 = i.7', s = f(s1,...,8;,...,8,) and 8; =g t;. Then
by the induction hypothesis we have Pol(s;) > Pol(t;). For t = f(s1,...,ti,...,Sn)
we obtain

Pol(s) = Pol(f(s1,...,Si,..,5n))
froi(Pol(s1), ..., Pol(s;),..., Pol(sy))
froi(Pol(s1), ..., Pol(t;), ..., Pol(s,))
(by weak monotonicity of fp, and Pol(s;) > Pol(t;))
Pol(f(s1,... tiy...,8n))
Pol(t).

AV

In the last two cases, there exist a dependency pair ¢# — r# € R with either
Pol(¢#) > Pol(r*) or Pol({#) > Pol(r*), a ground substitution o € Sub (X2, V),
such that s = (#o, t = r*o and every proper subterm of ¢#¢ is in normal form w.r.t.
R. As these inequations hold for all instantiations of the occurring variables, we
have

Pol(s) = Pol({*c) > Pol(r* o) = Pol(t).

" Pol(s) = Pol({*o) > Pol(r*o) = Pol(t).

we can prove the soundness and completeness of this processor.

Every innermost (D, R)-chain is also an innermost (D, R)-chain. Hence, if (D.,R)
is not innermost terminating, then (D, R) is also not innermost terminating,.

Assume that (D, R) is not innermost terminating. Then there exists an infinite
innermost (D, R)-chain

to —i>(D7R) tl —i>('D7R) tg —i>(7_)773) Ce

such that for all 7 € N we have t; = E?O'Z' for some dependency pair Eff — rl# eD
that we use in the i-th rewrite step, some ground substitution ¢; € Sub (X, V) and
such that every proper subterm of E# 0; is in normal form w.r.t. R. We will now
show that if we use an infinite number of —p_ steps in this chain, then it would be
terminating, which is a contradiction to our assumption.

So assume that we use an infinite number of —p_ steps in this chain. Then
Pol(ty) > Pol(t;) > Pol(ts) > ...

would contain an infinite number of strict relations > and hence is an infinite
descending sequence of natural numbers (since all of the occurring terms are ground
terms), which is a contradiction.

Hence, we see only a finite number of —p. steps, and after NV steps for some N € N,
we will only see dependency pairs from D, be used. This means that

tN S DR) INt1 PDR) INt2 PDR) -

does not use any dependency pairs from D, and can also be seen as an infinite
innermost (D,, R)-chain

tN (D, R) EN+1 (DL R) EN+2 HDLR) -

Thus (D, R) is not innermost terminating as well. |
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3. DP Framework for TRS

Example 3.3.15 (Reduction Pair Processor). Let Ry, be the PTRS from [Example 3.0.1
and DP(R4,) be its dependency pairs from [Example 3.1.4] After applying the usable

rules processor, we result with the DP problems ({}, @) and ({}, {(3.1), })
For the DP problem ({ (13.5) }, @) we can use the polynomial interpretation that maps s(x)
to # + 1 and m#(z,y) to x. Note that we can now use polynomial interpretations that

completely disregard some of their arguments, which was not possible before. With this
polynomial interpretation, we have a strict decrease for the only dependency pair so that

we result with
Procw({BH)}, 2) ={(2,2)}

For the DP problem ({ (3.7}, {(3.1), (3.2) }) we can use the polynomial interpretation that

maps O to 0, s(x) to z + 1 and both minus(z, y) and div¥(z,) to z. With this polynomial
interpretation, we again have a strict decrease for the only dependency pair, so that we

result with
Procw ({80} {BD. B2}) = {(2.{BD.BI})}

Example 3.3.16. Again, consider R4, and DP(Ry;,) from [Example 3.0.1| and [Exam{
[ple 3.1.4 We are also able to prove termination directly using only the reduction pair
processor. The constraints of the reduction pair processor are satisfied by the polynomial
interpretation which maps O to 1, s(z) to 2z + 1, minus” (2, ) and div¥ (z,%) to =+ 1, and
all other non-constant function symbols to the projection on their first argument. Now,
for the rewrite rules, we have the following inequalities, where we write d for div and m for
minus to ease readability:

Pol(m(z,Q)) > Pol(x) Pol(m(s(z),s(y))) > Pol(m(x,y))
r>x 2r4+1>x
Pol(d(O,s(y))) > Pol(O) Pol(d(s(z),s(y))) > Pol(s(d(m(z,y),s(y))))
1>1 20 +1>2x+1

and for the dependency pairs, we have

Pol(m#(s(z),s(y))) > Pol(m#(z,y))
z+1)+1 > z+1
20 +2 > x+1

Pol(d#(s(z),s(y))) > Pol(m*(z,y))
2r+1)+1 > z+1
20 +2 > xz+1

Pol(d#(s(z),s(y))) > Pol(d#(m(z,y),s(y)))
2z4+1)+1 > z+1
20 +2 > x+1

The reduction pair processor does not only have advantages compared to the direct
application of polynomial interpretations but is even strictly stronger, as stated by the
following theorem.

Theorem 3.3.17 (RPP Subsumes Direct Application). Let R be a TRS. Suppose that
there is a natural monotonic polynomial interpretation Pol : T (X,V) — N[V| such that
for every rule ¢ — r € R we have Pol({) > Pol(r). Then there is also a weakly-monotonic
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polynomial interpretation Pol’ : T(E U E#,V) — N[V] that satisfies the conditions of
the reduction pair processor ([Theorem 3.3.14)) for the DP problem (DP(R),R) such that
Pol((#) > Pol(r#) for every dependency pair (% — r# € DP(R).

Proof. The weakly-monotonic polynomial interpretation Pol’ : T (Z W X, V) — N[V

that we are searching is defined by Pol'(f#) := Pol'(f) == Pol(f) for all f € ¥p and
Pol'(f) :== Pol(f) for all f € X¢. Then Pol’ is monotonic and hence also weakly-monotonic.
For all rewrite rules ¢ — r € R, we have

Pol'(¢) = Pol(f) > Pol(r) = Pol'(r)
and for all dependency pairs s — t € DP(R) we have

Pol'(s) = Pol(s’) (;) Pol(t’) = Pol'(t)

Here, the step () is true since for every dependency pair s — t € DP(R) there is a rewrite
rule £ — r € R and a position 7 € Occ(r) such that (# = s and r|# = t. Thus we have
s = and ¢’ = r|,. Since r|, is a subterm of r we get

Pol(s’) = Pol(¢) > Pol(r) > Pol(r|,) = Pol(t")

where the second step holds by monotonicity of Pol. |

Example 3.3.18. Consider R, from [Example 2.1.16 Here, we get the only dependency
pair:

plus”(s(z),y) — plus® (z,v) (3.14)

In [Example 2.2.4] we have seen that the polynomial interpretation, which maps s(x) to
x+1, plus(z,y) to 2x+y+1, and O to 0, strictly orders every rewrite rule. The constraints
of the reduction pair processor for the DP problem (DP (R pus), Rpws) are satisfied by the
polynomial interpretation which maps s(z) to x + 1, plus™(x, y) and plus(z, y) to 2z +y +1,
and O to 0. Now, the rewrite rules are all strictly ordered, and for the dependency pair,
we get:

Pol(plus™(s(z),y)) > Pol(plus”(z,y))
2+ 1) +y+1 > 204+y+1
wHy+3 > 2wty+1

Thus, we can also use the dependency pair framework to prove innermost termination for

this TRS.
Example 3.3.19 (Termination with Data Structures Cont.). Consider R, from

Here, we get the only dependency pair:
len” (cons(z,y)) — len(y) (3.15)

We can apply the reduction pair processor to the DP problem (DP(Rien), Rien) with the
polynomial interpretation that maps len(z) to x, s(z) to x, cons(z,y) to y+ 1, and both nil
and O to 0. Now, the only dependency pair is strictly ordered. Hence, (DP(Rien), Rien)
is innermost terminating and thus Ry, as well.
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Final Automatic Innermost Termination Proof

Finally, we present the final, completely automatic, innermost termination proof for our
TRS Ry in the following figure.

Rdiv

| Chain Criterion |

!

(DP (Rdiv) ) Rdiv)

|

Dep. Graph

/ \
({};Rdw) ({}7Rdiv)

| Usable Rules | | Usable Rules |

| |
{B3)2)  (ED){ED.GIY

(2,9)

) (®7{’})
| |

In. Terminating In. Terminating

Figure 3.1: Automatic Innermost Termination Proof for Ry,
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/] Probabilistic Term Rewriting

In the previous two chapters, we recapitulated the most important facts about automatic
termination analysis of term rewriting systems, including one of the most powerful
approaches, namely the dependency pair framework. Research in the field of term
rewriting has been going on for decades. Another very prominent research area is
probabilistic programming. In a probabilistic program, we have not only the possibility of
deterministic or non-deterministic computation steps but also the possibility to perform
a specific computation step only with a certain probability. We again want to prove
termination automatically. The notion of termination can be interpreted in multiple ways
for probabilistic programs. In this thesis, we focus our attention on almost-sure termination.
In this chapter, we introduce the notion of a probabilistic term rewriting system (PTRS).
We start with the basic definition and notations in Instead of terms, we are
now rewriting multi-distributions. In we then view a rewrite sequence of
multi-distributions as a tree and create a new characterization of almost-sure termination
for a PTRS. Later, this new characterization is needed for some of the proofs, and we will
even define the probabilistic version of a chain using trees in the next chapter. At the end
of this chapter, we invent an automatic approach to prove almost-sure termination for a
given probabilistic term rewriting system using polynomial interpretations in [Section 4.3|
Starting with all of the presented results are new and our own contribution, if

not mentioned otherwise.

4.1 Syntax, Semantics, and Evaluation Strategies

In this section, we recapitulate the notion of probabilistic term rewriting systems, which
were introduced in [2, [I1 [6]. While a term rewriting system is used to rewrite terms, a
probabilistic TRS rewrites multi-distributions.

Definition 4.1.1 (Multi-Distribution). A multi-distribution on a non-empty set A is a
countable multiset p of pairs (p : a), where 0 < p < 1 is a probability and a € A
is an element, such that >,.,c,p = 1. The set of all multi-distributions on A is
denoted by Dist(A). The support of a multi-distribution p is defined as the multiset
Supp(p) :={a| (p:a) € u for some p}. The set of finitely supported multi-distributions
is FDist(A) := {u | p € Dist(A),Supp(p) is finite}. If Supp(p) does not contain any
multiple occurrences of any a € A (i.e., if it is a set instead of a multiset), then u is a
distribution (and not just a multi-distribution). Every multi-distribution g induces a
mapping from A to [0, 1], which is also denoted by p: p(a) = 3.0, P-

Again, we start with the simplest definition of a probabilistic abstract rewrite system.
The only difference compared to an ARS is that we now have multi-distributions on the
right-hand side of the rewrite relation.
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4. Probabilistic Term Rewriting

Definition 4.1.2 (Probabilistic Abstract Rewrite System). Let A be a non-empty set. A
probabilistic rewrite relation is a subset — C A x Dist(A). We often write “a — p” instead
of “(a, ) € =7 The pair A = (A, —) is a probabilistic abstract rewrite system (PARS).

Now, the definition of a probabilistic TRS is nearly the same as for a TRS as well. In this
case, we have finitely supported multi-distributions on the right-hand side of the rewrite
rules.

Definition 4.1.3 (Probabilistic Term Rewrite System). Let ¥ be a signature and V a set
of variables. A probabilistic term rewrite rule is a pair £ — p € T (X, V) x FDist(T (X, V))
such that V(r) C V() for any r € Supp(p) and € € V. A probabilistic term rewriting
system (PTRS) is a finite set R of probabilistic term rewrite rules.

Similar to a TRS, the PTRS R induces a probabilistic rewrite relation —r C T (X,V) X
FDist(7 (X,V)) via

s =R A{p1 ity pr ) = S|z = Lo and t; = s[rjo], for all 1 < j <k,

for a position m € Occ(s), a rule £ — {p; : r,...,pr : 7} € R, and a substitution
o € Sub (X,V). A subterm s|, that is matched by the left-hand side of a rule is once again
called a redex. We call s — p an innermost rewrite step (denoted s > p) iff every
proper subterm of the used redex o is in normal form w.r.t. R.

Analogous to the non-probabilistic setting, a term is in normal form w.r.t. —»5 iff it is in
normal form w.r.t. —5x. Hence, it suffices to speak about normal forms w.r.t. R for both
cases again.

Example 4.1.4 (PTRS). Consider the signature ¥ := {O, s, rd} and a set of variables with
x e V. APTRS R,, is given by the following two probabilistic rewrite rules:

rd(s(z)) — {5 : rd(x), 5 :rd(s(s(x)))} (4.1)
rd(O) — {1: O}. (4.2)

This PTRS corresponds to a fair random walk on the natural numbers that stops at 0. In
the first rule, we have a chance of % to decrease the number of s occurrences by one and a
chance of % to increase it by one.

A PARS can either be interpreted as a rewrite relation between elements with a certain
probability or as a rewrite relation between multi-distributions of elements to track all
possible rewrite sequences at once up to non-determinism. When considering the probability
of termination for a PTRS, we have to consider every possible rewrite sequence with its
probability on its own, and thus we use the second option. We can describe rewriting with
PARSs in two different ways. On the one hand, a pair (a, 1) € A x Dist(A) describes a
single rewrite step, which we denote as a — u. On the other hand, we can describe multiple
rewrite steps on a single multi-distribution as a pair (uy, u2) € Dist(A) x Dist(A), denoted
p1 = po. Forany 0 < p <1 and any p € Dist(A),let p-u={(p-q:a)|(¢:a) € pu}.

Definition 4.1.5 (Lifting). Let (A, —) be a PARS. The lifting =% C Dist(A) x Dist(A) of
— C A x Dist(A) is the smallest relation that satisfies the following:

o If a € A is in normal form w.r.t. —, then {1:a} = {1:a},

e If a — pthen {1:a} = p,

e Ifforall 1 < ¢ < k we have p; = 145, 0 < p; < 1 and > ;< pi = 1, then
Ur<i<k i - i = Ur<i<k i - Vi
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A finite =-rewrite sequence p is a finite family pu = (ug)reny for some N € N of multi-
distributions such that pr = pgq for all 1 < k < N. An infinite =-rewrite sequence p is
an infinite countable family p = (ux)ren of multi-distributions such that gy, = g for all
k e N.

In order to ease readability, we will write for the rest of this thesis n € N for the term

s"(0) =s(...(s(O)...).

Example 4.1.6. Consider the PTRS R, from [Example 4.1.4] and let =% be the lifting
of —=x,.,. Then we obtain the following rewrite sequence.

{1:rd(1)}
S {L5rd(2),]: rd(0))
= {i : rd(3),% : rd(l),% : 0}
=R {% : rd(4),§ : rd(2),% : rd(2),% : rd(O),% 0}

It is important to distinguish
{3 :rd(4), £ :rd(2), £ : rd(2), £ : rd(0), 5 : 0}

from

{é : rd(4),i : rd(2),% : rd(()),% : 0}

because in the former multi-distribution, the two occurrences of (3 : rd(2)) could be
rewritten differently if the PTRS had two different rules that apply to rd(2).

In the non-probabilistic case, we have a precise understanding of what it means for a
program (or TRS) to terminate. In the probabilistic setting, however, it is not so clear how
we should understand the notion of termination. The simplest idea would be to translate
the definition of termination directly into the probabilistic setting.

Definition 4.1.7 (Sure Termination). Let R be a PTRS. We call it surely terminating iff
there is no infinite =x-rewrite sequence (1 )ken such that for all 7 € N, the support of
the multi-distribution u; contains at least one term that is not in normal form w.r.t. R.

However, this kind of termination seems too strict for probabilistic programs. For example,
the PTRS R,, from [Example 4.1.4] is not surely terminating as the rewrite sequence
indicated in [Example 4.1.6| can be infinitely prolonged, and it is easy to see that for all
1 € N the multi-distribution u; contains at least one term that is not in normal form w.r.t.
R, In fact, sure termination of a PTRS does not depend on the probabilities but just
on the possible rewrite steps. Hence, we can transform a PTRS into a non-probabilistic
version and analyze the termination of the resulting TRS using our existing dependency
pair framework for TRSs.

Definition 4.1.8 (Non-Probabilistic Transformation for PTRSs). Let R be a PTRS. The
non-probabilistic transformation np(R) is the TRS defined by

np(R) ={l —r; | {—={p1:r,....p 1} € R, 1 <j <k}

Here, we transform every probabilistic rewrite rule ¢ — {py : r1,...,px : 7} of a PTRS
R into k individual non-probabilistic rewrite rules £ — r;. It is easy to see that a PTRS
R is surely terminating iff np(R) is terminating. Hence, we can simply apply our non-
probabilistic dependency pair framework on np(R) to prove sure termination for a given
PTRS R.
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Back to the PTRS R,,, one can see that the probability of termination increases over
time. In fact, one can even prove that in the limit, the probability of termination is 1.
This notion of termination is called almost-sure termination. In order to express this, we
have to determine the probability for normal forms in a multi-distribution.

Definition 4.1.9 (NFz and |u|g). Let R be a PTRS. Remember that NFr C T (X,V)
denotes the set of all normal forms w.r.t. R. If u € FDist(T (X3,V)), then let |u|r € [0, 1]
be defined as |p|lr = Xt eptenrr P-

Example 4.1.10. Consider the multi-distribution

p={z:rd(4),$:rd(2),

0=
00—

which results from the multi-distribution in [Example 4.1.6| by replacing rd(0) with 0. Then
R, =5+35=3%

The following definition defines the probability for convergence (i.e., for “termination”) of
a p-rewrite sequence.

Definition 4.1.11 (Convergence Probability). Let R be a PTRS and (p)kgen be an infinite

= r-rewrite sequence. Note that for every normal form ¢ we have p(t) < pgiq1(t) < 1 for

every k € N, ie., lim pr(t) exists. Furthermore, |ur|r < |urr1|r < 1 for every k € N, so

the same argument proves the existence of hm |pk|=r. We say that (ug)ren converges with
%

probability ¢ € [0, 1] if hm lelr = q. We will also write |poo|r for hm |k | % -

Definition 4.1.12 (Almost-Sure Termination). Let R be a PTRS. We call it almost-surely
terminating (AST) iff every =g-rewrite sequence converges with probability one, i.e., for
every infinite =r-rewrite sequence (jix)reny We have |poo|r = klim lpklr = 1.

—00

This definition is equivalent to the definitions of AST in the other papers on probabilistic
term rewriting. E.g. Avanzini et. al. [2] use sub-distributions instead of multi-distributions
and remove pairs once the corresponding term is in normal form w.r.t. R. They then
say that a PTRS is AST iff for every infinite =g-rewrite sequence (py)reny We have

klim ||k|| = 0. Here, for a sub-distribution u the value of ||u|| is simply the sum over
—00
all occurring probabilities (i.e., |[u|| = X (,1e,p). As they are removing normal forms

from their distributions, this essentially means that the probability for terms not in
normal form tends to 0. Using the notations from this thesis, this can be described by
klim 1 — ||z = 0 and this is equivalent to our notion of almost-sure termination, which
—00

requires klim |pielr = 1. The connection to Bournez et. al. [6] is also described in [2].
—00

There are also other types of termination (e.g., positive almost-sure termination) that are
important as well. In this thesis, we will restrict our attention to AST. It remains to be
shown whether the results of this thesis can be applied to other kinds of termination as
well. Remember that we restricted ourselves to innermost evaluations for this thesis. We
can reformulate all of our new definitions with respect to innermost evaluation as well.

Definition 4.1.13 (Innermost Termination, Innermost AST). Let R be a PTRS and
let =z be the lifting of L. We call it innermost surely terminating iff there is no
infinite Z2z-rewrite sequence (u;)ren such that for all i € N, the support of the multi-
distribution p; contains at least one term that is not in normal form w.r.t. R. We call
it innermost almost-surely terminating (innermost AST) iff every infinite =g-rewrite
sequence converges with probability one, i.e., for every infinite 2g-rewrite sequence

(1 )en we have |pioc|r = lim |pxlr = 1.
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At the end of this section, we will once again have a short look at the connection between
the different evaluation strategies. We can define leftmost innermost evaluation analogous
to the non-probabilistic setting. It turns out that we have no equivalence between leftmost
innermost evaluation and innermost evaluation w.r.t. AST. Only the trivial direction holds.

Theorem 4.1.14 (Leftmost Innermost AST vs. Innermost AST). If a PTRS R is innermost
AST, then it is also leftmost innermost AST. On the other hand, there exists a PTRS that
is leftmost inmermost AST but not innermost AST.

Proof. Every leftmost innermost rewrite sequence is also an innermost rewrite sequence.
For a counterexample to the other direction, see [Example 4.1.15| |

Example 4.1.15 (Leftmost Innermost AST vs. Innermost AST). Consider the PTRS
R consisting of the following rewrite rules over the signature > = Y, W ¥y with
EO = {a, b,Cl,CQ,dl,dQ} and ZQ = {f}

f(cy,dy) — {1:f(a,b)} (4.3)
f(co,dy) — {1 :f(a,b)} (4.4)
b— {5:di,3:ds} (4.5)
a—{l:c} (4.6)
a—{l:c} (4.7)

(4.8)

Here, R is not innermost AST as we have the following innermost rewrite sequence that
converges with probability 0:

 {1:f(ab)}

Ln {L:f(a,di). L f(ady))
Lp {1 flerdi), s e do)}
L {1:f(a,b),}: f(a b))
=

In contrast, R is leftmost innermost AST because we have to rewrite a before we can
rewrite b. Thus, we can either rewrite a to c; or cs.

{1:f
i:m {1:f
?:;R {i:f
S {L:f(a,b), 3 :f(ci,d2)}

Now we have a normal form with a certain probability after a fixed finite number of steps,
and one can prove that every such rewrite sequence will converge with probability 1.

Whether the syntactic properties we mentioned in Chapter 2, which guarantee that
innermost termination and full termination are equal, hold for probabilistic term rewriting
and almost-sure termination remains an open question that we plan to address in the
future.
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4.2 Computation Trees

. . i . .
Next, we introduce a new way to describe a =x-rewrite sequence using trees.

Example 4.2.1 (Rewrite Sequence Tree). Again, consider the PTRS R,,, from

ple 4.1.4] and the finite =g -rewrite sequence g =g, f1 =R, Mo =R, Mz from
[Example 4.1.6] We can represent this sequence as the following directed, labeled tree.

1:rd(1) € 1o
1 rd(2) 3:rd(0)| S

/ \
rd(3) :rd(1) 5:0 C i

7

rd(2) || 5 :rd(2)

/]

Lord(

8

: rd(O) - H3

Figure 4.1: Tree Representation of the rewrite sequence from |Example 4.1.6|

The edges of the tree represent the used rewrite steps with —5, and the label of the nodes

represent the pairs (p : ¢) in our multi-distributions. There is one major difference between

the Sr-rewrite sequence and its tree representation. In the rewrite sequence, we would

keep track of all normal forms, while in the tree, we turn normal forms into leaves and

omit them in the next layer. Therefore, the nodes of the i-th layer of the tree represent a

subset of pu; that is only missing normal forms. For our example, the third layer of the
1

tree is only a subset of 3 that is missing the pair (5 : 0), which is a leaf in the previous

layer, since the term 0 is in normal form w.r.t. R,.,.

In the rest of this section, we first introduce the general structure we want to work with,
namely rewrite sequence trees, and their most important properties. Then we restrict the
set of all rewrite sequence trees to those that represent —%z-rewrite sequences for a given
R and call them R-computation trees. In the end, we use the tree representation of a
rewrite sequence to prove our witness theorem for PTRS. For the rest of this section, let
R be an arbitrary PTRS.

Definition 4.2.2 (Rewrite Sequence Tree). A rewrite sequence tree (RST) is a directed,
labeled tree T = (V*, E*, L*) with

« V7% is a possibly infinite, non-empty set of vertices.
o E* CV* x V?*is the set of directed edges.

o L*¥:V* — (0,1] x T (%,V) labels every vertex by a probability and a term.
such that the following properties are satisfied:

(1.) G* = (V*, E%) is a finitely branching, directed tree. Let Leaf* be the set of all
leaves in G* and let t* be the root node of G*.

(2.) For all z € V* with L*(z) = (p, : t,) and zE* # @ we have

Z Py = Dz

yexE* L (y)=(py:ty)
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Here, by zE* == {y | (z,y) € E*} we denote the set of all direct successors of z.
(3.) L¥(xr) = (1:t) for some t € T (X, V).

For a node z € V* with L¥(z) = (p: A), we will also write p; for p and A% for A. If the
RST is clear from the context, we may omit it in the notations for readability (e.g., we
write V for V*). For a node x € V, we write d(z) for the depth of z, that is, the number
of edges in the path from the root to x.

Next, we introduce two important constructions regarding RSTs. First, we create induced
sub RSTs. These are the RSTs that result when only looking at a certain subset of nodes.

Definition 4.2.3 (Induced Sub Rewrite Sequence Trees). Let T = (V, E, L) be an RST.
Let W C V be non-empty, weakly connected and for all z € W we have tENW = @& or
xENW = zE. The property of being non-empty and weakly connected ensures that the
resulting graph G*W! = (W, EN(W x W)) is a tree again. The last property regarding the
direct successors of a node ensures that the sum of probabilities for the direct successors of
a node x is equal to the probability for the node x itself. We define the sub RST T[W] by

IW] =W, En(W x W), L")
Let w € W be the root of G*"I. To ensure that the root_of our induced sub RST has
the probability 1 again, we use the labeling (L")(x) = (pz t¥) for all nodes z € W. If
the original root of ¥ is still existent (i.e., v* € W), then we call the induced sub RST

grounded.

Example 4.2.4 (Induced Sub Rewrite Sequence Tree). The following RST ¥, is an induced
sub RST of ¥, from [Example 4.2.1]

1:rd(2)

:rd(3) Lord(1)

1
3"

Figure 4.2: %5 - Induced Sub RST of T,

%5 is not grounded since it does not contain the root from our original tree ¥;. Instead,
we start in €, with the left successor of the root in ;.

Lemma 4.2.5. Let ¥ = (V, E, L) be an RST and let W C 'V be satisfying the conditions
of |Definition 4.2.5. Then (W] = (V',E', L") is an RST again.

Proof. We have to show that (W] = (V' E',L') = (W, En (W x W), L") satisfies the
conditions of [Definition 4.2.2] Since W is non-empty and weakly connected, we know that
the graph G*Wl = (W, E N (W x W)) is a finitely branching, directed tree again. Let
w € W be the root of GV, For all x € W with £’ # @ we have £’ = zF and thus

T
§ (W] _ &_E Py _ 1, § _L.T P _ T(W]
p pg - p% - I py ‘I ]; % _px
yex kB’ yexE’ yex yex

Finally, for the root w € W, we have p:"l = Z » — 1 so that all of the conditions of an

RST are satisfied. [ |

The second construction is the extension of an RST. Here, we exchange leaves of an
existing TRS for new RSTs.
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Definition 4.2.6 (Extension of Rewrite Sequence Trees). Let ¥ = (V,E L), ¥ =
(V',E',L') be RSTs with V NV’ = @, and let © € Leaf® such that t* = tg, (i.e.,
the term of node = in ¥ is equal to the term of the root of ¥'). Then, we define the
extension of T w.r.t. the leaf  and the RST T’ (denoted as Ext(¥,z,%T’)) by

EXt((‘Z x, T/) = (VExt7 EExta LExt) \/al\/ 1:te
ith
Ve = VU(V'\ {7}
B = EU(E'\{(t",y) |y €T E'}) Ext(T,,7)

U{(z,y) |y e E}
And for all z € Vg, we define

(p:,t3) 2 €V,
Y 1YY eV
(py-p2,t7) ,zeV’

LExt(z) = {

Example 4.2.7. Consider the RST %; from [Example 4.2.1] and the RST ¥, from
[Example 4.2.4] We can use T, to extend Ty in a leaf 2 that is labeled by (3 : rd(2)). Then
Ext(%T, z,¥') has the form:

1:rd(1) € o
L rd(2) 1 :rd(0) C
/ \
Lrd(3) 1 rd(1) 5:0 C o
RN VAN
1 rd(4) £:rd(2) | |5 :rd(2) § :rd(0) C us
VRN
Lord(3) || L :rd(1) C fia

Figure 4.3: Ext(%Tq, z, %)

Ext(%1,x,Ty) can be seen as a tree representation for a partial extension of our rewrite
sequence, as we have set (75 : rd(3)) € py and (55 : rd(3)) € pa, but we have not yet
decided how to rewrite the other pairs in ps.

Instead of extending a single leaf, we can also extend multiple leaves simultaneously.

Definition 4.2.8 (Family Extension of Rewrite Sequence Trees). Let ¥ = (V, E, L) be
an RST, H C Leaf*, and let (T2)zen be a family of RSTs such that T, = (V,, E,, L,),
= tfgz for all x € H and all occurring RSTs have disjoint node sets. Additionally, let
Ext(¥,z,%,) = (V/,E! L"). Then we define the family extension of T w.r.t. the family
(%2)zen (denoted as FamExt(¥, (T,)zen)) by

FamExt(T, (T,)een) = Ugen Ext(%, 2, T,)
(UxEH Vx,7 UxGH Eg/m UmEH Lév)
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4.2. Computation Trees

Here, the labeling U,cy L’ is defined such that (U:,;E P L;) lv: =L forall x € H.

Lemma 4.2.9. Let ¥ = (V,E, L), ¥ = (V',E', L") be RSTs with VNV’ = @, and let
x € Leaf® such that t = t?;,. Then Ext(%,x, %) is an RST. Furthermore, if we have
H C Leaf®, and (Ty)zen is a family of RSTs such that T, = (V* E* L*), t2 = ttm for
all x € H and with pairwise disjoint node sets. Then FamExt(T, (¥, )zen) is an RST as
well.

Proof. We show that Ext(¥,2,%) = (Vixt, FExt, Lext) satisfies the conditions of
[Definition 4.2.2 We exchange the leaf x with the tree T'. Since both T and T’ are
finitely branching, directed trees, we know that Ext(T,z, ') must be a finitely branching,
directed tree as well. For the second property let y € Vg, with yEgy # @. If we have
y =z, then zFpy = t¥ E' C V' so that

Z pExtS:cC{ Z Pt ‘ZI’_ Z pz'_px rT’_px 1=pF = pEXt(TJJ‘I)

2€xEExy zerY EY zex™ E/

If we have y € V' with y # x, then also yFg C V so that

Ext Tz, Z _ Ext(TmT)
> P Pl =p; =
ZeyEExt zEyE

If we have y € V', then also yFEgr C V' so that

Ext(T %) ‘3:’ _ % T Ext(%,z,2")
Z Z pl‘ Z - p;r : Z pz - px py - py
z€yFEpxt zeyk' 2€YFEpyy

Finally, we have t™*%#%) =+ ¢ V and thus pi’fﬁ ff//)) = pfx =1

For a family extension, the arguments are completely analogous. We just have to distinguish
the origin of the nodes for our case distinction. ]

For an RST, we are mostly interested in the probabilities stored in the leaves of the tree.
This corresponds to the convergence probability of a rewrite sequence if we assume that all
of the leaves represent normal forms, which is the case if the rewrite sequence is completely
evaluated.

Definition 4.2.10 (Convergence Notations). Let T be an RST and H C Leaf. Let

Tg,T1,Ta, ... be an arbitrary enumeration of H. Then we define |¥|y € [0,1] by:
Z’UEH Py ) if |H| ﬁnite’
Tl =41, .
lim; oo Dve(@r)i: Do otherwise.

If we have |T|g = ¢ we say that T converges w.r.t. H with probability c¢. If H = Leaf we
simply say that T converges with probability c.

Note that the value of |T|rcar does not depend on the enumeration but just on the RST ¥
due to the following lemma.

Lemma 4.2.11. Let ¥ be an RST, H C Leaf be infinite, and let xg,x1,Ta,... be an
arbitrary enumeration of H. Then 3 c(a,) pes Do 1S strictly increasing for i — oo and
bounded from above by 1. Hence, the sum 3 ,c(z,), ., Pv 18 absolutely convergent for i — oo,
i€, iMoo Dpe(ap)pe; Do €TISts and is therefore not dependent on the enumeration.
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Proof. 1t suffices, to proof this for H = Leaf. Let xg, x1, 2, ... be an arbitrary enumeration
of Leaf. Since 0 < p, <1 for all x € V we know that the sum is strictly increasing. To
see that it is bounded by 1 from above, note that for every finite RST ' = (V' E', L") we
have |‘Z,|Leaf =1.

We prove this by induction over the height of T’. In the induction base, we have an RST
that only consists of the root v. Here, we have |%'|Lcat = > screat P = Pr = 1 by definition
of an RST. For the induction step, let " be an RST of height A + 1. For k € N let
D(k) :={x € V' | d(x) = k} denote the set of all nodes at depth k. Note that

Z p$+ Z Pz = Dz

z€D(h+1)NLeaf z€D(h)NLeaf zeD(h)

since

erD(h) Pz
>_zeD(h)NLeat Pz T X zeD(h)AzE+£o P
>_zeD(h)NLeat Px T D_zeD(h)AzE+£o 2oyeaE Py
2 zeD(h)Leat Pz T 2weD(ht1) P
ZmGD(h)ﬂLeaf Da + ZmGD(h+1)ﬂLeaf Dz

The reason for the last step is that T has height A+ 1, i.e., D(h 4+ 1) C Leaf. Thus, we
can simply remove the nodes on the (h + 1)-th depth of the tree and result in an RST
T = TF'[V'\ D(h+ 1)] of height h with |T'[Lcat = |T"[Lcar. By our induction hypothesis,
we get |T|rear = 1, and this ends the proof.

Now assuming that there is an RST T with |[¥|pecar > 1, then there is an N € N
such that > e,y Pe > 1. This is a finite sum of finitely many leaves. Let
dmax = max{d(zi1),...,d(zn)}. Then Up<cp<y,., D(h) satisfies the conditions from
[Definition 4.2.3|and T" := T'[Uy<p<q,.. D(R)] is a finite induced sub RST with [T |rcar > 1,
which is a contradiction. |

While for every finite RST T we have |T|p e = 1, this does not hold for infinite RSTs in
general. If you compare RSTs with =3 z-rewrite sequences, then every surely terminating
rewrite sequence can be represented by a finite RST. Every infinite rewrite sequence that is
AST can be represented by an infinite RST T with |T|1car = 1. And every infinite rewrite
sequence that is not AST can be represented by an infinite RST T with |T|pear < 1.

Next, we investigate how the convergence ratio of an RST is impacted by our constructions.

Lemma 4.2.12. Let € = (V,E, L) and ¥ = (V', E', L") be RSTs with VNV' = &, and let
x € Leaf* such that t5 = tg,. Then we have

| EXt(g, Z, S,)|Leaf - “I|Leaf - pf + pf ' |I/|Leaf-

Furthermore, if we have H C Leaf®, and (Ty)sen is a family of RSTs such that
T = (Vo By, Ly), t5 = t?{; for all x € H and with pairwise disjoint node sets. Then, we
have

|FamEXt(‘Ia (gz>z€H>|Leaf - |T|Leaf - |E|H + Z pg : |‘Zz|Leaf-

zeH

Proof. Let € = (V,E,L) and ¥ = (V' E', L’). Note that we replace a leaf, namely z,
with the tree T'. If we remove = from the set of all leaves, then we decrease the value of

|T|Lear by pE. By definition of the new labeling LF¥**#%) we have p™t(®2%) = pT. p%" for
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all z € V'. Therefore, the probability of leaves in the newly added part is

Ext(T,z,T
ZzEV’/\zGLeafEX“T’””’T) D, ( )

o Bxt(T,2,3)
ZzELeaf‘*/ b

_ < T’

- ZzELeafT/ bz P
< T’

Dy - ZzELeafT D
T !

by ‘Z ’Leaf

All in all, we get |EXt<Sa I7T,)|Leaf - |S|Leaf - pg +p§ ' |‘Z/|Leaf~

Now we consider the second part of the lemma. Let us first assume that |[H| = k € N.
Then we can apply the previous statement & times using induction to get our desired
result. If |H| is infinite, then we use an arbitrary enumeration (z,),en of H. First, note
that 1im; o0 Xre(an), <, Py | Tyl Leat xists, as the sequence e (@n)nei Py | Tl Leat 18 strictly
increasing for ¢ — oo and bounded from above by 1 because

Z pg ' |‘3:m|Leaf S Z pz 1= Z pg S |‘I‘Leaf S 1

xe(xn)ngi xe(mn)ngi xe(wn)ngi

Next, let FE = FamExt(¥, (¥,).cx) be the whole family extension and let FE; =
FamBExt (%, (T2)ee(en),.,) be the family extension after performing the first i extension
steps. We want to show that

|FE|Leaf = }Lrgj |FEi|Leaf (49)
To see this, note that
Leaf™ = lim Leaf™ (4.10)
1— 00

and for all i € N all of the nodes that are contained in Leaf"™

in FE as in FE,, i.e.,

have the same probability

Pt = pte (4.11)
for all z € Leaf™ and all i € N. Thus we have

hmz—>00 ‘FEi’Leaf
= lim; EmGLeafFEi ngi
im0 Ypereat® Dy (by
ZmELeafFE pZE (by

- |FE|Leaf

Finally, we get

FE|Leat

lim; o0 [FE;|Leat (by

lim; o0 (|5|Leaf = 2 we(en)nes Pr T 2we(@n)ne: Pa |‘za;|Leaf)

T leat — Moo Xae(an)ne; P+ iMoo Xac(an) e Po * | FalLeat
= |Flreat — |Zlg + Xocn Pr  |TalLeat

Corollary 4.2.13 (Little Extension Lemma). Let ¥ = (V,E, L) and ¥ = (V' E', L")
be RSTs with V NV' = @, and let © € Leaf® such that t* = tg,. Then we have
| Ext(T, 2, %) |Leat < |T|Lear- Moreover, |Z|ear = | Ext(T, 2, T)|Leat Uff | T |Lear = 1.
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Proof. We have
| EXt(Ta x, gl)’Leaf - |‘E|Leaf - pg +pg : |S,|Leaf S |‘Z|Leaf - pf +p§ 1= |‘Z|Leaf
with equality iff |T'|pcar = 1. [ |

Corollary 4.2.14 (Full Extension Lemma). Let T be an RST, let H C Leaf™, and (%,)secn
be a family of RSTs such that T, = (V,, E,, L,), t& = tfg; for all x € H and with
pairwise disjoint node sets. Then we have | FamExt(T, (T,)zereaf) |Leat < [T |Lear- Moreover,
1T Leat = | FamExt(T, (%) vereat)|Leat U |Ta|Lear = 1 for all x € H.

Proof. We have
’ FamEXt(T7 ((’-S:CE)CCEH) ’Leaf

¥ eat — [T+ Coen PE - |TalLeat

< |%F\reat — |1ZT|g + Xaenps - 1
= |§|Leaf - |‘I|H + > e pg
= |Tpeat — [Zlu + [Tlu
- ’(3:|Leaf
with equality iff |T,|pear = 1 for all z € H. [ |

Lemma 4.2.15. Let T be an RST. Then we have |T | ear = 1 iff for all induced sub RSTs
T we have |T|Lear = 1.

Proof. Let ¥ = (V,E,L) be an RST. If every induced sub RST ¥’ converges with
probability 1, then we know that also the induced sub RST T[V] = T converges with
probability 1. For the other direction, assume that |T| e = 1 and let ¥’ be an arbitrary
induced sub RST of T. Then there exists a set W with ¥ = T[W] satisfying the conditions
of [Definition 4.2.3| Let w € W be the root of T[W] and let T}, be the induced sub RST
that starts with w and contains every (not necessarily direct) successor of w. To be precise,
let wE* :={y € V| (2,y) € E*} be the set of all (not necessarily direct) successor of
w, including w itself. Here, by E*, we denote the transitive and reflexive closure of F.
Then we have T, = T[wE*]. wE* satisfies the conditions of [Definition 4.2.3| since it is
non-empty, weakly connected, and it contains every direct successor for each contained
node. Note that we must have | T, |Lear = 1. The reason is that if we had |Toy|pear < 1, then

|T|Leaf
— <
- X::J:ELeaf(z Dz < .
= ZCEELeaf‘I \wE* Pz + erLeaf NnwE* Pz
- z€Leaf™ \wE* Yo z€LeafTw Pz
_ T T . rr
- Z:L‘ELeafT \wE* Y2 + ZmELeafTw Py - pr
< < .71
Z:QJELeaf‘I \wE* Pz + ZzeLeafT“’ Dy - Pz"
< < T
ZJ}ELeafT \wE* Y2 + Dy - Z:106LeafTw Y2
2 s+ 0y Tl
z€Leaf¥ \wE* Pz T Py w|Leaf
< <
XI:L"ELeaf‘I \wE* Pz T Py 1
< <
X:QJGLeaLf‘I \wE* Pz T Py
Z <
z€Leaf¥ \wE+ bz

A1

TV\wEt
ZxELeafT[V\wEﬂ px[ ) !

|(3:[V \ U}E+] |Leaf
1

IA

which is a contradiction to |T|j e = 1. Here, T[V \ wE™] is the grounded induced sub
RST of T, where we remove everything below w. As always, E* denotes the transitive
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closure of E, and hence wE™ is the set of all (not necessarily direct) successors of w.
Again, V' \ wE™ is non-empty, weakly connected, and we remove either all successors of a
node or none, so it satisfies the conditions of [Definition 4.2.3]

Since T, is a family extension of T, we get 1 = |T|Leat < |T'|Leat < 1 by the full extension
lemma (Corollary 4.2.14)) so that |¥'|pear = 1. [ |

Now we analyze the connection between —3g-rewrite sequences and RSTs. Note that there
are RSTs, that do not represent any —x-rewrite sequence. The reason for that is that the
definition of an RST does not depend on any PTRS R. In fact, we have no restriction
regarding the occurring terms in the labeling. Therefore, we introduce a refined version of
an RST, namely an innermost R-Computation Tree.

Definition 4.2.16 (Innermost R-Computation Tree). Let T = (V, E, L) be a RTS. We call
T an innermost R-Computation Tree iff the following condition hold:

(a) For every x € V with 2F = {y1,...,yx} # @ we have t, +r {% : tyl,...,% tty )

All of our constructions do not change the terms in the label of the nodes, and also,
the ratio of p, to p, remains the same for every node = and successor y. Hence, the
constructions also work for innermost R-computation trees and not just RSTs.

Corollary 4.2.17. Induces sub RSTs, extensions, and family extensions of innermost
R-computation trees are innermost R-computation trees again.

Proof. 1t is straightforward to see that all of the properties of [Definition 4.2.16| hold since
they hold for all of the initial innermost R-computation trees. |

We can now redefine innermost almost-sure termination PTRSs in terms of innermost
computation trees.

Definition 4.2.18 (Innermost AST (2)). We call R innermost almost-surely terminating
(innermost AST) iff every innermost R-computation tree converges with probability one,
i.e., for every innermost R-computation tree T we have |T|pear = 1.

Next, we show that both of our definitions for innermost AST are equivalent. Before we
do this, we prove that if a PTRS is not innermost AST, then there is also an infinite =5-
rewrite sequence (ug)reny With a single start term (i.e., po = {1 : t} for some t € T (3,V))
that converges with probability < 1. This is the reason why we only defined R-computation
trees and not R-computation forests.

Lemma 4.2.19. Suppose that there exists an infinite =g -rewrite sequence (piy)ren that
converges with probability < 1. Then there is also an infinite = -rewrite sequence (i}, )pen
with a single start term (i.e., py = {1 : t} for some t € T (X,V)) that converges with
probability < 1.

Proof. Let (ux)reny be an —2p-rewrite sequence that converges with probability < 1.
Suppose that we have g = {p1 : t1,....pr : tx}. Let {1 : ¢;}reny denote the infinite
—p-rewrite sequence that uses the same rules as p does on the term ¢; for every 1 <1 < k.
Assume for a contradiction that for every 1 < i < k the =p-rewrite sequence {1 : t; }ren
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converges with probability 1. Then we would have

|,U00|72 = limg o0 Z(p:t)e,uk/\tGNFR p
= limy 00 > 1<i<k Di- Z(p:t)e{lzti}k/\teNFR p
= Z1gigk bi - limy, 00 Z(p:t)e{lzti}k/\teNFR p
= Zlgigkpi ) ’{1 : ti}oo|R
= Zlgigk pi-1
= Zlgigk Pi
=1

which is a contradiction to our assumption that we have |u|r < 1. Therefore, we have at
least one 1 < i < k such that {1 : ¢;}ren converges with probability < 1. [ |

Lemma 4.2.20. There exists an infinite s o -rewrite sequence (fu)ren With |(pr)ken|r < 1
iff there exists an innermost R-computation tree T with |T|pear < 1.

Proof.

“=7 Agssume that there exists a i:hg—rewrite sequence (i )ren that converges with
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probability < 1. By [Lemma 4.2.19 we may assume that we have py = {1 : t.}
for some term ¢, € T (X, V).

We will now create the corresponding tree representation for this rewrite sequence.
This is the construction we applied to the rewrite sequence in [Example 4.1.6| to get
the tree representation in [Example 4.2.1] To do so, we recursively define an innermost
R-computation tree ¥; = (V;, E;, L;) for every i € N. During this construction, we
will have for every (p : t) € p; a (unique) corresponding leaf x(, in T; labeled
Li(x(p)) = (p : ). Additionally, ¥;;; will be an extension of F; for every ¢ € N.

We start with a single root Vy = {t}, an empty set of edges Ey = @ and the labeling
L(v) == (1:t.). Here, the properties are clearly satisfied.

Suppose we have already defined the innermost R-computation tree ¥; for some
1 € N. We partition p; into the multisets p; = Zyr W Z,r,. Here, Zyr contains all
pairs (p : t), were the term ¢ is in normal form w.r.t. R, and Z,,, contains all pairs
(p: t), were the term ¢ is not in normal form w.r.t. R.

For each (p : t) € Zyr, we have a (unique) leaf (. in T; labeled L;(x¢4)) = (p : 1),
by our induction hypothesis. Since ¢ is in normal form w.r.t. R, we get (p : t) € f1;41-
For our leaf in ¥;, we do nothing as normal forms remain leaves in an innermost
R-computation tree.

For each (p:t) € Z,cw, we again have a (unique) leaf T
T(pyy in T, labeled Li(z(,)) = (p : t), by our induction &)
hypothesis. Since ¢ is not in normal form w.r.t. R,

we can find a {py : t1,...,pr : tx} € FDist(T (X,V))

such that {p-p1 : t1,...,p - pr * t} S pay1 and
t =g {p1:t1,...,pk: tp}. Let T,y be the innermost protu| oo | Pe
R-computation tree depicted on the right.

We set Ty = FamExt(T;, (Tu ., ) (pt)e 20, ). Here, we assume w.lo.g. that every
occurring tree has a pairwise disjoint node-set. It remains to show that our induction
hypothesis is again satisfied for ¢ + 1. Let (p : t) € p;pq. If ¢ is in normal
form w.r.t. R and the pair was already contained in pu;, then by our induction
hypothesis, there is a (unique) leaf () in T; labeled L;(z(,y)) = (p : t). This
leaf is also a leaf in T,y = FamExt(%;, (T, , )p#)cz..) S0 that our property

Z(p:t)
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holds in this case. Otherwise, there exists a (unique) pair (p’ : #') € p; such
that ¢ =z {p1:ts,.. ;e e}, AP Pt 0 ok ) C© g, p =D pj, and
t =t; for some 1 < j < k. This means that there exists a (unique) leaf T ) in T
labeled Li(xy ) = (p' : ') by our induction hypothesis. Now let y; be the j-th

successor of xy ) in T, e We have

FamExt(%;,(T5 ) Zronr) Tz, ;. T,y
Tit1l (p,t)/ (P ) EZrew) @t _ T 't o
pyj _pyj _py] _px(p/,t/)'py‘j _p .p]_p
and
tTi+1 _ tFamEXt(L’(T‘”(p,t})(P’t)ez""ew) _ tTI(pﬂt’) — . =1
Yj Y Y5 - v

and hence our property is again satisfied.

In the end, we set T := lim; , ¥;. This is an innermost R-computation tree again.
First of all, T is a directed tree again. Every other property of an innermost R-
computation tree is a local property regarding the nodes of the tree. Since every T;
is an innermost R-computation tree, and since after the i-th iteration of our creation,
we do not change the nodes with a depth of less than ¢ anymore, we know that ¥
must be an innermost R-computation tree as well. Furthermore, note that we have

|Q|Leaf - |,uoo|72, since

1T | Leat = Zliglo > Do = Zlg(l)lo > p= }i}ﬂ(;lo \ilr = |poo| R
z€Leafi t, ENFr (p:t)Epi tENFR

Hence, we have |T|Lear = |ftoo|r < 1.

Assume that there exists an innermost R-rewrite sequence ¥ = (V| E, L) that
converges with probability < 1. W.l.o.G. we may assume that the following condition
holds:

for every leaf z € Leaf, the corresponding term ¢, is in normal form w.r.t. R.
(4.12)

If there exists a leaf # € Leaf such that the corresponding term ¢, is not in normal
form w.r.t. R, then we can use arbitrary rewrite steps to completely evaluate it, and
this can not increase the convergence probability of our tree T. Let H C Leaf be the
set of leaves, where the corresponding term ¢, is not in normal form w.r.t. R. For
each x, let ¥, be an arbitrary innermost R-computation tree that satisfies .
The family extension FamExt (%, (T,).cn) now also satisfies and due to the
full extension lemma, we have | FamExt(T, (T,)zen ) |Leat < |TlLear < 1.

We will now inductively construct an infinite = z-rewrite sequence (ix )ken such that
[ftoo|® = |F|Lear < 1. During this construction, we will have for every leaf . in
T[D(4)] that is labeled L(x(,)) = (p : t) a (unique) pair (p : t) € p;. Here, for every
k € N we define D(k) .= {x € W | d(x) < k} to be the set of all nodes in W that
have a depth less or equal to k.

In the induction base, we have D(0) = {t} and L*(v) = (1 : t,) for some t, € T (%, V).
Hence, we start our rewrite sequence with o = {1 : ¢} and our property is satisfied.

For the inductive step, assume that we have already defined the finite rewrite sequence
(tur)k<i such that for every leaf x(,, in T[D(i)] that is labeled L(z(.) = (p @ t)
there is a (unique) pair (p : t) € p;. We now define the (i 4 1)-th step for the rewrite
sequence, i.e., we define p1;1. If € Leaf™ @l is also a leaf in T, then ¢, is in normal
form w.r.t. R and we keep the pair (p,,t,) € p;ir1 in the next multi-distribution of
our rewrite sequence. If z € Leaf™™@! is not a leaf in <, then ¢, is not in normal
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form w.r.t. R, as T satisfies (4.12). Since the edges of the tree, together with the
labeling, represent valid —+% steps, we have

i Py . Py, .
to D {28 ity 2 g, )

with *FE = {y1,...,yx}. We now set (py, : ty,) € piy1 forall 1 < j <k.

It remains to show that our induction hypothesis is still satisfied for p;.;. Let
) € Leaf* P D bhe a leaf in T[D(i + 1)] that is labeled L(z ) = (p: t). If 2
was already a leaf inside the previous tree (i.e., z(p.y) € Leaf P (i)]), then we can find
a (unique) pair (p : t) € p; by our induction hypothesis. Since T satisfies we
know that ¢ must be in normal form w.r.t. R and hence we also get (p : t) € ;1.
Otherwise, the node x was not contained in D(7). Let z be the predecessor of x in
T. Since T is an innermost R-computation tree, we have

te DR Bty T )
with 2E = {y1,...,yr} and x = y; for some 1 < j < k. By our induction hypothesis,
we find a (unique) pair (p,,t.) € p; and by construction, we have (py, : t,,) € fit1
for all 1 < 5 < k. Hence, our induction hypothesis is again satisfied.

In the end, we have (u)ren as an infinite L_zn-rewrite sequence, such that

ool = Hm [pile = lim 3 p= lim > Po = |F|reat
(pit)€pi tENFR z€Leaf¥ P t eNFp
and thus |/vboo‘7€ = |‘Z|Leaf < 1. [ |

Finally, we prove our witness theorem for PTRS. This will be done in terms of innermost
R-computation trees.

Theorem 4.2.21 (Witness Theorem for PTRS). If R is not innermost AST then there
ezists an innermost R-computation tree ¥ that converges with probability < 1 and starts
with (1 : t) such that t = lo for some rule { — r € R and some substitution o € Sub (X,V),
and every proper subterm of Lo is in normal form w.r.t. R.

We split the proof of this theorem into several smaller parts. In the non-probabilistic
setting, we are able to prove such a witness theorem using a minimality argument. This is
not possible anymore for PTRS, as such a minimality argument does not talk about the
occurring probabilities so that the minimal term that starts a —2z-rewrite sequence that
is not AST does not have to be the left-hand side of a rewrite rule.

In the non-probabilistic setting, we know that for a given term t € T (X,V) and a
terminating TRS, there can only be a finite number of different rewrite sequences that
start with ¢. This is due to the fact that our TRS only has finitely many rules and
that every term only has finitely many positions where we can apply a rewrite rule. A
similar statement holds for PTRSs and almost-sure termination. Here, for a given term
t €T (X%,V), and every 0 < £ < 1, we can find a natural N; such that for all =g-rewrite
sequences (i )ken that start with (1 :¢), we have |un,|r > 1 — . This means that the
natural number N, is the same for all =p-rewrite sequences that start with {1 : ¢}.

Lemma 4.2.22. Lett € T (X,V). Assume that every L2 o rewrite sequence (lg)ren that
starts with py = {1 : t} converges with probability 1. Then for every 0 < e < 1 there is a
natural number N € N such that |ux|r > 1 — € holds for all such 3 -rewrite sequences.
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Pmof Let t € T (X, V). Assume that every Z2z-rewrite sequence (1 )ren that starts with

= {1 :t} converges with probability 1. Let ¢ > 0. We assume for a contradiction that

for every natural number N € N we can find a —%g-rewrite sequence (u,(f )) ren that starts

with p") = = {1 : t} such that |uN lx < 1—¢c. Then, we can construct a ~Xp-rewrite
sequence (uy,)ken that starts with py = {1 : ¢t} such that |p)y|g <1 —¢ for all N € N, and
hence we have |u/ | <1 — ¢, which is a contradiction to our assumption that it converges
with probability 1.

We inductively construct an infinite tree 7" that is finitely branching such that every
path through this tree represents a valid —2z-rewrite sequence that starts with (1 : t).
Additionally, we will construct it in a way such that every node inside this tree represents
a multi-distribution v that satisfies |[v|r < 1 —e. Let o = {1 : t} be the root of T'. Here,
we must have [{1:t}|g <1 — ¢ by our assumption that |p0 )|R <1—¢and ,u(()o) ={1:t}.
In the induction step, assume that we have already constructed the tree up to the i-th
depth. For each node v in the i-th depth, let Z, be the set of all possible distributions v/
such that v =% /. Note that Z, is finite, as there are only finitely many different rules
that we can apply with finite support, v itself has only finite support, and there are only
finitely many positions for each term in the support of v that we can use for the rewrite
step. We add every distribution v/ € Z, with |[V/|r < 1 — ¢ to the i + 1-th depth of our
tree and add an edge from v to v/'.

Note that for all N € N the N-th depth of the tree i_s non-empty due to our assumption
that for every natural number N € N there exists a - rewrlte sequence that starts with

= {1 : t}en such that \,u \R < 1—¢. This implies [V |z <1 —¢ for every n < N,
Wthh means our tree has a path of length N for every N € N.

Now we have an infinite tree that is finitely branching, which means that the tree has an
infinite path by Kénig’s Lemma. This path represents our desired —%z-rewrite sequence
that does not converge with probability 1, which is a contradiction. ]

In terms of computation trees, this means that for a given term ¢ € T (X,V), and every
0 < e <1, we can find a depth N; € N such that for all innermost R-computation trees T
that start with (1: %), we have 3 creat az)<n, > 1 — €

Lemma 4.2.23. Let t € T (X,V). Assume that every innermost R-computation tree T
that starts with pg = (1 :t) converges with probability 1. Then for every 0 < e < 1 there is
a natural number Ny € N such that 32 ¢y ears 4x(m)<n, > 1 — € holds for all such innermost
R-computation trees X.

Proof. Assume for a contradiction that there exists an innermost R-computation tree T,
that starts with po = (1:¢) and such that 3>, 1< gs(n)<p < 1 — € for every k € N. For

every k’ 6 N, we can create a —3p-rewrite sequence (,ul( ))leN that starts with (1 :¢) such

that | uk ]R 1 — e. Here, we use the construction from the proof of |Lemma 4.2. ZOI But

this would mean that there exists a —%r-rewrite sequence (ul( M);en that starts with (1 : t)
such that |uk |r < 1—c¢ for every k € N and this is a contradiction to |Lemma 4.2.QQl |

We can now use this fact for our proof of the witness theorem.

Proof of [Theorem 4.2.21. We will prove the contraposition. This proof follows the same
structure as the proof for [Theorem 2.1.23] In this case, we talk about computation
trees instead of rewrite sequences, and the inductive step is a lot harder compared to
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[Theorem 2.1.23| due to the fact that we are not talking about the existence or absence of
an infinite path but about the value of the convergence probability in the limit.

Assume that every innermost R-computation tree ¥ that starts with (1 : ¢) such that
t = lo for some rule { — r € R, some substitution o € Sub (X,V), and where every proper
subterm of /o is in normal form w.r.t. R, converges with probability 1. We now prove
that then also every innermost R-computation tree ¥ that starts with (1 : ¢) for some
arbitrary ¢ € T (3,V) converges with probability 1, and thus R is innermost AST. This
will be proven by structural induction over the term ¢.

If ¢ is in normal form, then obviously every innermost R-computation tree ¥ that starts
with (1 :t) converges with probability 1. If ¢ = ¢o for some rule £ — r € R and some
substitution o € Sub (X2, V) such that every proper subterm of ¢o is in normal form w.r.t.
R, then we know by our assumption that every innermost R-computation tree T that
starts with (1 :¢) converges with probability 1.

Now we regard the induction step, and assume that t = f(qi, ..., q,). Here, our induction
hypothesis is that every innermost R-computation tree ¥ that starts with (1 : ¢;) for some
1 < i < n converges with probability 1. Due to the innermost evaluation strategy, we
can only rewrite at the root position if every proper subterm is in normal form w.r.t. R.
Hence, we will first prove that every innermost R-computation tree ¥ that starts with
(1:t) converges with probability 1 assuming that we do not perform rewrite steps at the
root position and then allow arbitrary rewrite steps in a second step. To be precise, we
first show that every —=%p-computation tree T that starts with (1 : ¢) converges with
probability 1. Here, an ==%-computation tree is an innermost R-computation tree, where
every node, together with its successors and the labeling, represents a rewrite step with
2y ». Remember that =% denotes the restriction of ~»% that prohibits rewrite steps at
the root position.

Note that if we rewrite a term ¢; to {p1 : ¢i1,-.-. Dk : Gix}, then we get a distribution
{pr: flars- qiny-sqn)so o6 f(@1s- -, Gigs -, Gn) . Now, the terms ¢; with j # 4
occur multiple times in this distribution, and we may use different rules to rewrite
them. Hence, the order in which we rewrite the different ¢; matters and cannot be
arbitrarily chosen (as seen in [Example 4.1.15)). Again, the main difference to the proof
of [Theorem 2.1.23|is that we are working with almost-sure termination instead of sure
termination. We now have to estimate the probability of termination instead of proving
the non-existence of an infinite path. All in all, we have the following steps for the proof
of the induction step:

1) We show that every —%g-computation tree ¥ that starts with (1 : t) converges with
probability 1. In order to do this, we will
1.1) Cut ¥ at a specific point to get T¢
1.2) Partition the leaves Leaf* = Zi oW Z1 W ... W Z,

1.3) Prove that the sum of probabilities in Z; for each 1 < i < k is small enough. In
order to do this, we

1.3.1) Transform T¢ into T
1.3.2) Introduce the general idea of Split(‘lg ), i)
1.3.3) Create Split(TY, i)

2) Then, we additionally allow rewrite steps at the root position and show that every
R-computation tree T that starts with (1 : ¢) converges with probability 1.
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1) Every ~%z-computation tree ¥ converges with probability 1.

Assume for a contradiction that there exists a —=%g-computation tree ¥ = (V, E, L) that
starts with (1: f(q1,...,¢,)) and converges with probability < 1. We now prove that for
every 0 <6 <1 we can find an H € N such that 3 15 gy<p > 1 — 0, which means
that |Tlear = HMk—s00 2perear® a)<k = 1, Which is our desired contradiction.

Let 0 < 6 < 1. We define an additional function pif : V' \ Leaf — {1,...,n}, called the
position indicator function, that maps every inner node = € V' \ Leaf to 7 € {1,...,n}
iff the labeling together with the edge relation represents a rewrite step below position .
The position pif(z) is called the position indicator for the inner node x.

We will illustrate the ideas throughout this proof using the following R,.,-computation
tree § for the PTRS R,,, from [Example 4.1.4] that does not use rewrite steps at the root
position. Here, f is some arbitrary symbol of arity 2.

1: f(rd(2),rd(2))

S

31 f(rd(2),rd(3)) 51 f(rd(2),rd(1))
/ 2 f(rd(1),rd(3)) 11 f(rd(2),rd(0))
rd(3),rd(3)) 10 f(rd(2),rd(2))

/\ I\

Figure 4.4: Example tree §. The used redex for every rewrite step is highlighted in green.

Figure 4.5: Example tree § again, but nodes are replaced by their corresponding position
indicator.

In one can see the actual computation tree and in [Figure 4.5] we have the same

tree, but we write the corresponding position indicator instead of the labeling for every
node.

1.1) Cut the computation tree at a specific point to get T,

The first idea is to cut the edges of ¥ at specific points so that we result in a finite, grounded
induced sub RST ¢ of some height H. By our induction hypothesis, we know that every
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rewrite sequence that starts with {1 : ¢;} for some 1 < i < n converges with probability 1.
Thus, by [Lemma 4.2.23) we can find an N; € N such that 3 ;¢ g5 )<y, > 1 — @ with
a == % for all innermost R-computation trees T that start with (1 : ¢;), for all 1 <4 < n.
We will cut the tree T after the (IV; + 1)-th node with position indicator 1 on every path.
Next, we proceed with this cut tree and repeat the same construction for every 2 <1 < n.
This results in a finite, grounded, induced sub RST T¢ = (V¢, E¢, L|y,) of some height H,
since every number from {1,...,n} can only occur finitely often as the position indicator
in a path.

In one can see the idea of this cut. The tree

e results from § from and after the
cut and if we assume for simplicity that N; = 1 and

Ny = 1. Note that the values N; and N, are not the
correct values for this tree, but they are just used to
visualize the construction. Figure 4.6: ¢

1.2) Partition the leaves Leaf* = Zi W21 W ... W2,

For all 1 <i < n we define Z; == {z € Leaf™® | pif(z) = i} to be the set of all leaves
that have a position indicator of i. Furthermore, let Zy e := {z € Leaf?c |z € LeafT} be
the set of all leaves that are also leaves in €. Note that a leaf x in our cut tree T, must
either have a position indicator pif(z) =i for some 1 < i < n and hence z € Z;, or x has
no position indicator, which means that  was already a leaf in T and hence x € Zyeat.
Therefore, we have

Leaf™ = Zi W Z1 W ... W Z, (4.13)

Since every node x € Z..r has a depth that is less or equal to H and is a leaf in T, we
have Zpes C {2 € Leaf™ | d(z) < H}, where the subset relation may be a proper one, as
we may cut before reaching a leaf of depth at most H. Therefore, we have

> Pe> D Pu (4.14)

r€Leaf* Ad(z)<H TEL caf

Furthermore, we have |T¢|rear = > pcrearsc Pz = 1, since the tree T¢ is finite. All in all, we
get

Y weLeat® d(z)<H Pz
Z ZQJEZLcaf Pz
(by (1))
= 1 =2 creafTe \Z o0 Do
(a8 Y yerearsc Pe = 1 and Zyear C LeafTC)
= 1= z:90€U1<i<n 2; Pe
(as Leaf*¢ \ Zpenr = Ur<i<n Zi)

= 1 =2 1cicn 2 vez, Do
(as the Z; are all pairwise disjoint)

If we are able to show that

Yo pe<a (4.15)

QJEZi
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holds for each 1 < i < n, then we would get

1- Zlgign erzi Dz
> 1=

(by ([15))

= 1l-n-«
= 1—n-%
= 1-9,

And thus o, cpeart gzy<g P > 1 — 0, which is what we wanted to show. Hence, it remains
to prove > ez Pz < Q.

1.3) Prove that the sum of probability for each Z; is small enough

Fix some 1 < i < n. We now want to show that >, p, < a (4.15)) holds. Remember
that Z; only contains nodes x € V¢ with pif(x) =i and where the path from the root to
x contains (V; + 1)-th times the position indicator i.

1.3.1) Transform T; into ‘I(Ci)

We start by transforming T into ‘E(CZ ). Let ‘Ig) = (Ve, Ec, Lg ') be the RST with labeling
LY (x) = (p%,(5|;) for all z € V. This means that we have the same tree structure and
the same probabilities but only use the subterm at position ¢ for every node.

1: £(rd(2),rd(2))

T

% : f(rd(2),rd(3)) % : f(rd(2),rd(1))
i : f(rd(3),rd(3) i : f(rd(1),rd(3))

Figure 4.7: §¢ with the real labeling again.

1:rd(2)

s rd( :rd(1)

N [—=

> 1 rd3)
N
3) i

Figure 4.8: 322) with adjusted labeling.

s rd( :rd(3)

-

As you can see in the tree ‘3:8 ) does not have to be an innermost R-computation
tree anymore. At every node with position indicator j # i, the subterm at position i stays
the same. This means that we have certain nodes that split the same term into multiple
ones with a certain probability, and afterward, we can apply different rules to the different
copies.

If we assume for simplicity that every node in ‘Ig ) has the position indicator ¢, which
means that we only rewrite at a position below i, then ‘Z(CZ )is a R-computation tree that
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starts with (1 : ¢;). Hence, we have

> pe>1—a (4.16)

r€Leaf™ ,d¥(z)<N;
(7)
by definition of ;. Furthermore, we have Leaf*c = Leaf™ = Zout W Z;, so that

Sope=1— > po=1- S p<l-(l—a)=a

T€EZ; TEZ L eaf z€Leaf™,d¥ (z)<N;

However, if we have multiple different position indicators as in |[Figure 4.6, then Tg) is not
a R-computation tree that starts with (1: ¢;), but we can transform it into multiple ones
with a certain probability.

1.3.2) Introduce the general idea of Split(T(Ci), i)

In order to show in the general case, we use a double counting argument. Instead
of directly counting the probabilities for every node x € Z;, we create a set Split(‘Zg ), i)
containing pairs (pr, ") of a probability pr € (0,1] and an innermost R-computation tree
T that start with (1 : ¢;). Additionally, T will only contain nodes that have the position
indicator 7. Then we count the probability for all those trees multiplied by their probability
for the nodes in Z;.

In order to create the set Split(‘Ig), i), we will iteratively remove the nodes with a position
indicator j # i from our tree and then split the tree into multiple ones.

=

Figure 4.9: The tree 3((:2) with the probabilities of the nodes (blue) and the probabilities
for the edges (red), implicitly defined by the used rewrite rules.

N[
N[ =

N|—=

N =

(a) T1 (b) TQ
Figure 4.10: The set Split(%'(CQ),Q) ={(}1. 1), (&, T}

In you can see the example tree after the cut from before. This time, we added
the precise probabilities to the nodes and edges. In order to compute > ., p, for this
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tree, we want to extract the possible innermost R-computation trees that only contain
nodes with a position indicator 2 and their corresponding probabilities. In one
can then see the trees and their probabilities from Split(§e,2). For the node with position
indicator 1, we have a rewrite step that takes place at a position orthogonal to 2. Hence,
this rewrite step is not of any importance for the subterm below position 2, and we can
either directly move to the left or right successor. If we do such a split of the tree, we
need to extract the probability for this rewrite step out of the tree.

Now to the formal construction of Split(‘Ig), i). We want to have the following properties:

(1)

(2.)

> (pr-T)eSplit(S) i) PT = 1. This means that the sum of the probabilities for all possible

innermost R-computation trees in Split(‘Ig ), i) is one.

For every (pr,T) € Split(‘lg), i), we have ", c 7 P(1.5) < o, where

)l ifxeVT,
Py = 0 otherwise.

This means that for each tree in Split(f(ci ), i) the probability for all nodes inside of
Z; is strictly smaller than a.

For all z € V¢ we have pi¢ = Z(pT,T) espliv(s) ) PT * P(Ta) This means that the
probability for node x in our cut tree T¢ is equal to the sum over all trees T" that
contain x, where we multiply the probability of the tree T" by the probability of node
rinT.

If all of these properties are satisfied, then we have

ZmGZi pfc
= cheZi Z(pT,T)ESplit(‘I(c“,i) pr - m
(by 3.)
Z(pT,T)esplit(zg’),i) > wez, PT " D(T.z)
- Z(pT7T)ESplit(‘Iéi>,i) Pr - Ywez, D(Tx)
Z(pT,T)eSplit(zg'),i) pr -«
(by 2.)
@ E(pT,T)eSplit(icg),i) pr
(by 1.)
= a-1
=

so that (.15) is satisfied and this would end the proof. It remains to construct Split(T5 7).

1.3.3) Create Split(fg),i)

We will now recursively remove all nodes with a position indicator j # ¢ and construct a
set M that satisfies the following properties.

(a)
(b)
(c)

Z(PT,T)GM pr =1
T is an RST for all (pr,T) € M.

For all z € V; with pif(z) =i we have p;¢ = 3, 1)err Pr - D(Toa)-
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We start with M = {(1, zé”))} Here, we clearly have all of the three properties satisfied.
Now, assuming that there is still a tree t € M that contains a node v € V' with a position
indicator j # i that is not a leaf in t. We will now split t into multiple trees that do not
contain v anymore but move directly to one of its successors.

First, assume that v is not the root of t. Let vE' = {wy, ..., w,,} be the direct successors
of v in t and let z be the predecessor of v in t. Instead of one tree t with the edges
(z,v), (v,w), ..., (v,wy,), we split the tree into m different trees t,, ..., t, such that for

every 1 < h < m the tree t;, contains a direct edge from z to wy. In addition to that, the
unreachable nodes get removed, and we also have to adjust the probabilities of all (not
necessarily direct) successors of wy, (including wy, itself) in t,.

/N

wl N wm wl e wm wl N wm

Figure 4.11: Splitting node v to create m-different trees, where we directly move to one of
its successors
To be precise, we set t;, .= (V% E'% L") with

Vo= (VI\ v(EY*) Uw,(EY*
E' = (BN (0(EY)" x v(EY)) U{(z,wp)} U (BN (wp(EY)" x w,(EY)7))

Furthermore, let p, = oy Then, the labeling is defined by

p

P (G RI RIS
(pL, L) otherwise.

Note, that

since t is an RST by induction hypothesis.

If v is the root of t, then we do the same construction, but we have no predecessor z of
v and directly start with the node wy as the new root. Hence, we have to use the edge
relation

E'" = (EN (w,(EY* x w,(EYY))
and the rest stays the same.

In the end, we set

M’ = MA\A{(pe. )} U{(pc-p1.ta), - (P Py tn) }

This construction is exactly what we are doing in |Figure 4.9| and [Figure 4.10| for the only
node with position indicator 1. It remains to prove that our induction hypothesis is still
satisfied for M.
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@ We have

Z(pT,T)eM’ pr

= LprDeM\{po)} PT + 2 (o0, D)e{(pepr 1), (peepim i)} PT
E(p TyeM\{(p.t)} PT T D1<j<m Pt Pj
2o T)eM\{(pot)} PT P+ 2Z1<j<m Pj

= LprneM\{pe} PrH P 1 (by [@.17))

= LprneM\{(pu} P + P

- Z(p T)eM PT

oo

Let 1 < h < m. We have to prove that t, is an RST. We constructed t, by skipping
the node v in t and directly moving from z to wy, (or starting with wj, if v was the
root node). Hence, (V' E'%) is still a finitely branching, directed tree. Let x € V'
with xE%" £ @&, If © € wy,(EY)*, then x E*" = xE' and thus

1
DR D DS D DI S W =y

yexEh yexE'h Pn p yExEth p yexEt

If v was not the root and z = z, then zE" = (2E*\ {v}) U {w;} and thus

1
> o= > py= D DEADE = D Dyt Dy,
yesE'h ye(zEN\{0})U{wn} ye(zE\{v}) ye(E\{v}) Ph
t
S VIR D D RS WY R
ye(zEN\{v}) " ye(zE\{v}) yezE!

Otherwise, we have 2 € V*'\ (v(E')* U {z}). This means p;» = p, for all y € zE™
and xE'% = xF', and thus

Soph= > pi=> pl=0p,=pk

yexEh yexEh yez Bt

For the last property, note that if v is not the root in t, then the root and its labeling
did not change, so that we have p! o = pl = 1. If v was the root, then wy, is the new

root with
1
¢ o t o pU 1 . t _
Py, = o Py, = A Dy, = P, = 1

Let x € V with pif(z) = i. If we have z € V!, then also z ¢ V' forall 1 <h <m

and thus
Z(pT,T)eM/ PT - P(T,z)
= XprT)EM\ (o) A Pepts) s (pepmstm)} PT * P(T2)
= LprDeM\{(po)} PT * P(T) T X(pr 1) e{(pepsta) o (pepmstm)} PT * P(Ty)
= Sl mem\ 0} P P T Sior Dt pem i pipmitn)} P17 0
2 (pr T)EM\{(pe)} PT * P(Ty0)
2 (pr T)eM\{(pe,t)} PT * P(T) + P+ 0
= i r)er\{uoy P - BT + P Pl
= Y(pr.T)eM PT " D(T )
IH <,
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If we have z € V' and = € v(E"Y)*, then z € V' for all 1 < h < m and p! = p', and
hence

> (pr,T)eM PT * P(T,z)

> (o1 TV EM\{ (PO FoA (pep1 o0 )y (peprston)} PT * D(To) -

Z(p T)eM\{(pr,T)} pPr - p(T,x) + Z pT,T)G{(pt-pl,tl),...,(pt-pm,tm)}pT : p(T,ac)
t

2 (pr T)eM\{(prT)} PT - P(Tw) + 21<h<m Pt - Ph - D3

> (pr T)eM\{(pr 1)} PT * P(T2) + Xi<ham Pt - Ph - Py

2 (

22

Z(

prTYEM\{(pr 1)} PT " PTa) + P Py * i<ham Ph
prT)EM\{(pr,T)} PT * P(T2) + P~ Py - 1
pr.T)eM PT * D(Ta)

P3¢

1H

Otherwise we have x € V' and z € v(E")*. This means that we have x € V' and
x € wp(EY* for some 1 < h <m and x € V' for all g # h. Furthermore, we have
pih = pih - pt, and hence

E(p TyeMm' PT * D(T,z)

(pr . T)EM\{ (Pt }U{ (Pr-p1 1),y (PP i)} PT * P(To2)

(pp,T)eM\{(pp,T)} PT * P(T\z) + Z pr, T)e{(pt P1,41) s (Pr-Pmstin )} PT W
(pr.T)EM\{(pr, 1)} PT * P(T.z) + Pt P 'pxh
(
(
(

prT)EM\{(pr,T)} PT " P(Tx) T Pt Ph - i Db

pr,T)EM\{(pr,T)} PT " D(Tyx) + Dt - Pl
pT,T)eMpT P(r,2)

>
2 (
2 P
2 P(T,2)
2 (
>

1
= p"E

In the end, we result with a set M that satisfies|(a) @ and and for every (pp,T) € M,
and all inner nodes z € V7 \ Leaf”, we have plf( ) =1i. Then M is our desired set and
we define Split(fg), i) :== M. It remains to prove that Split(‘Ig ), i) satisfies the conditions
[(1.)} [(2.)] and |(3.)l Properties and are satisfied due to our induction hypothesis
in the end.

To see that holds, let (pr,T) € Split(ig), i). By our induction hypothesis from the
last step, we know that 7" is an RST. We only have to show that for every z € V1 with

. T
rET = {y1,...,yx} # D we have tI Sy {pyl t;,...,% sty 3. Solet x € VT with
rET = {y1,...,yr} # 2. In our construction, we only removed nodes with a position

indicator j # ¢. Let zE% = {#z1,...,2,}. Since pif(z) = i, we know that

_ ©) _ <)
rz(l) . pfc tz(’) p C tz(”
pa pwc
= (@)
If we can show that pz’g = pyh and tzc = tT holds for every 1 < h < k, then we are done.
paC v
Let 2z, = aq,...,aq = yn be the path from z;, to y, in &"8'). Every node asg, ... ,aq_1 got

removed in our construction so all of them must have a position indicator of j # i. But
(1)
this means that we have never used a rewrite step below position ¢, so that tzh = t; .
Furthermore, we extracted all the probabilities for nodes with position indicator j # ¢ out
=0 .
of the tree, so that pzhl) = pyh and this ends the proof for this part.

pa’
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4.2. Computation Trees

2) We additionally allow rewrite steps at the root position

Now, we additionally allow rewrite steps at the root position. Again, assume for a
contradiction that there exists an innermost R-computation tree ¥ = (V, £, L) that starts
with (1: f(q1,...,¢,)) and converges with probability < 1. We again prove that for every
0 <4 <1wecan find an H € N such that }° cjeuev gy<pg > 1 — 0, which means that
Tl Leat = Mg 00 2oy crear® a(e)<x = 1, Which is our desired contradiction.

Let 0 < 0 < 1. We start by doing the same construction as above to create a grounded
induced sub R-computation tree T-, where the labeling does not represent any rewrite
steps at the root position such that |%¢|z.., > 1 — a with @ := 1 — v/1 — ). For each
leaf © € Zycar, every proper subterm of ¢, is in normal form w.r.t. R. Let us look at
the induced sub computation tree T, of T that starts at x (i.e., T, = T[zE"*]). Since
every proper subterm of ¢, is in normal form w.r.t. R, we know by the prerequisite of
[Theorem 4.2.21| that |T,|rear = 1. Let d.(y) be the depth of the node y in the tree 7.
Moreover, let D, (k) == {y € V= | d.(y) < k} be the set of nodes in T, that have a depth
of at most k. Since |Ty|rear = 1 and | o |Lear is monotone w.r.t. the depth of the tree Ty,
we can find an N, € N such that |T,[D,(N,)]|Leat > 1 — .

Note that Zpeas is finite and thus Np.x = max{N, | © € Zier} exists. Now, we finally
have .
ZxELeafi,dT(x)gH—i-Nmax YU

v

ZZ’EZLeaf ZyeLeafTI ANda(y) <Nmax pg
ZZEZLeaf ZyELeafTT Adg(y) <Nmax by pgz
D 0€ Tt pf ) ZyeLeafTI A dg (y) <Nmax pg’z
ZxEZLeaf pg : ZyELeasz Adz(y)<Ng pyz
ZxEZLeaf pg : (1 - Oé)
(1 - a) ' ZCEGZLeaf pg
(1—a) (1-a)
(1—a)?
= 1-9
The first inequality holds since every leaf in T, with a depth of at most Ny,.y (in T},) for
some x € Zyr must also be a leaf in T with a depth of at most H + Np.y, since x is at a
depth of at most H. The last inequality holds since

l-a)i=1-dl-a=Vl-da=1-v1-0. n

\ARAVAN|

V

Furthermore, we have the same statement regarding ground innermost AST as we had in
the non-probabilistic setting with ground innermost termination.

Theorem 4.2.24 (Ground Terms Suffice for PTRSs). Let R be a PTRS over the signature
Y. Let L be a fresh constant, and h be a fresh unary function symbol. Then R is innermost
AST over the signature 3 iff R is ground innermost AST over the signature ¥ W { L, h}.

Proof. Remember that we have the following equivalence for non-probabilistic TRSs.
Let t,t' € T (X,V) where the term ¢ has the variables xi,...,x,. Then we have
t Lr tiff we have to sg t'o, where o(z;) = hi(L) for all 1 < i < m (i.e., both
to and t'o are ground terms). This equivalence can be extended to PTRSs as follows:
Let i, p/ € FDist(7 (3,V)) where the terms in the support of p contain the variables
T1,...,Tym. Then we have p =g o iff we have uo =2z p'o. Here, by po we denote
the multi-distribution po = {p; : ti0,...,pr : txo}. By induction, we can then prove
that a finitely supported multi-distribution p with variables x4, ..., x,, starts an infinite
innermost rewrite sequence that is not innermost AST iff the multi-distribution po, which
only contains ground terms, does. ]
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4. Probabilistic Term Rewriting

4.3 Direct Application of Polynomial Interpretations

We end this chapter by introducing an automatic approach to analyzing innermost AST for
a given PTRS. This approach adapts the approach of [Theorem 2.2.3|to the probabilistic
setting, i.e., it uses a direct application of polynomial interpretations to prove innermost
AST. To do so, we have to restrict our polynomial interpretations to be multilinear so
that they are concave. The property of being concave is needed to lift the inequations of
just rewrite rules to arbitrary rewrite steps. The idea for this comes from [2], where they
use polynomial interpretations to prove PAST for a given PTRS. Again, even though we
restrict our attention to innermost AST), this theorem also works for AST in general.

Theorem 4.3.1 (Proving Innermost AST with Polynomial Interpretations). Let R be

a PTRS and let Pol : T (X,V) — NI[V] be a natural, monotonic, and multilinear
polynomial interpretation. Suppose that the following conditions hold for every rule

€—>{p1 :’r’l,...,pkl’f’k}ERf
(1) There exists an 1 < j <k with Pol({) > Pol(r;),
(2) Pol(0) > X1<jerpj - Pol(ry).

Then R s innermost AST.

Proof. By [Theorem 4.2.24] it is enough to prove the desired result for ground terms. Note
that if ¢ € 7(X) then Pol(t) € N. The main idea for this proof comes from [27]. For this
proof, we will work with —=x-rewrite sequences again instead of innermost R-computation
trees. The core steps of this proof are the following;:

1. We extend the conditions to rewrite steps instead of just rules
We create a rewrite sequence p=" for any N € N
We prove that |uSN|r > p" for any N € N

We prove that |uSV|zr =1 for any N € N

AN N

Finally, we prove that ||z =1

Here, p > 0 is the minimal probability that occurs in the rules of R. As R has only finitely
many rules and all occurring multi-distributions have finite support, this minimum is well

defined.

1. We extend the conditions to rewrite steps instead of just rules

We first show that the conditions and of the theorem also hold for rewrite steps
instead of just rules. Let s € T(X) and {py : t1,...,pr : tx} € FDist(T (X)) with
s =g A{p1:7r1,...,pk 1} We want to show that:

(a) There exists a 1 < j < k with Pol(s) > Pol(t;),
(b) We have Pol(s) > > <<k p; - Pol(t;).
By definition of the rewrite relation, there exist a rule ¢ — {py : r1,...,px : 7} € R,

a substitution o € Sub (X,V), and a position 7 of s such that s|, = fo, every proper
subterm of (o is in normal form w.r.t. R, and t; = s[r;ol, for all 1 < j <k,
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4.3. Direct Application of Polynomial Interpretations

@ We perform induction on 7. So in the induction base, let 7 = ¢. Hence, we have
s =/{o and t; = r;o for all 1 < j < k. By requirement there is a 1 < 7 < k with
Pol(¢) > Pol(r;). As these inequalities hold for all instantiations of the occurring
variables, for t; = r;0, we have

Pol(s) = Pol(to) > Pol(r;o) = Pol(t;).

In the induction step, we have 7 = i.7', s = f(s1,...,8i,..-,52), Si =r {p1 :
Tids-os Pk Tik ), and t; = f(s1,...,tij, ..., 8,) with ¢;; = s[rjo]r forall 1 <j <k.
Then by the induction hypothesis there is a 1 < j < k with Pol(s;) > Pol(t; ;). For
tj = f(Sl, e ati,j7 e Sn) we obtain

Pol(s) = Pol(f(s1,...,s ,Sn))
fro(Pol(sy), . Pol(s,) ..., Pol(sy))
> fra(Pol(s1),..., Pol(tiy), ..., Pol(s.))
(by monotom(:lty of fpe and Pol(s;) > Pol(t;;))
= POl( (81, .. z],-.-;sn»
= Pol(t;).

@ We again perform induction on 7. So in the induction base m = ¢ we again have s = lo
andt; =rjoforalll < j <k. Then by7 we know that Pol() > 32, pj-Pol(r;),
This inequality holds for all instantiations of the occurring variables. Thus, we obtain

Pol(s) = Pol(lo) > > p;-Pol(rjo) = > p;-Pol(t
1<5<k 1<5<k
In the induction step, we have m = i.7', s = f(s1,...,8i,---,52), Si —r {p1 :

Tids-os Pk Tik ), and t; = f(s1,...,tij,...,8,) with ¢;; = s[rjo] forall 1 < j <k.
Then by the induction hypothesm we have Pol( i) = Yi<j<k Py - Pol(ti;). And thus

Pol(s) Pol(f(S1,--+,Siy-15n))

froi(Pol(s1), ..., Pol(s;),..., Pol(sy))

vVl

fPol(POl(Sl) --721<]<kp] POZ( Z]) POZ(Sn))
(by monotonicity of fp, and Pol( i) = Yi<j<k pj - Pol(ti;))
> Yi<j<kDi - fro(Pol(s1),..., Pol(ti;),. .., Pol(s,)),

(as fpy is componentwise concave due to multilinearity)
= Zlgjgkpj'POl(f(Slv-'-7ti7ja~-75n))
= Yi<j<kPj- POl(tj)

where the step regarding the concavity is due to JENSEN’s inequality, as fp,; is a
componentwise concave function due to multilinearity.

2. We create a rewrite sequence ;=" for any N € N

Due to our restriction to ground terms, we can define the value V(t) of any ¢t € T(X).

Pol(t)+1, ifteT(X)\NFr

V:T(X) = Nt— _
0, if t € NFr
and the value of any p € FDist(7 (X))

V : FDist(T(2)) — Rsg, pu = Y. p- V(1)

(pt)ep
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4. Probabilistic Term Rewriting

For any =2-rewrite sequence (ju;)ren Where Supp(po) € T(X) and any N € N, we now
consider a modified sequence (H}?N)keN, where we inductively replace each pu; by uiSN
starting from gi. To obtain u=" , we replace (p : t) € pu; by (p: T)if V(t) > N. Otherwise,
we keep (p: t). Here, T is a newly introduced symbol with V(T) = N + 1. If at least one
term is replaced in a f;, we replace (fu)r>; by a new sequence before proceeding; starting
from ,uiSN, we use the same rewrite steps as the original =z-rewrite sequence, except
for the new normal forms T, which stay the same. Of course, the result is not a valid
—p-Tewrite sequence anymore.

Our goal is to prove that every —2z-rewrite sequence (p,)reny Where Supp(jio) only consists
of ground terms converges with probability one, i.e., that ||z = 1. The proof now
proceeds similarly to [27]. First of all, we prove that |u=N|r =1 for any N € N, i.e., we
prove that this new kind of sequence converges with probability one. Note that we now
also consider T € NFr. However, this does not yet prove that |us|r = 1, which we will
show in a second step.

3. We prove that ||z > p" for any N € N

Due to @, for every ground term s that is not in normal form, there is a rewrite step
s 3 0 such that 6(t) > p and Pol(s) > Pol(t) (and thus, also V(s) > V/(t)) for some
t € T(X). So for any N € N and any s, we have |u5" |z > p". The reason is that for
every term in Supp(us") that is not in normal form, there is always a term in Supp(ui]\lf )
which decreases the value of V' by at least 1. So for all terms in S upp(,u§N) that are not
in normal form, we reach a normal form in at most IV steps with at least probability p” .

4. We prove that [uSVN|z =1 for any N € N

Note that |p;" |z is bounded and weakly monotonically increasing, so that |pSN|z must
exist and we have [uSN|r > |3 |r. Remember, that we write |u=N |z for im0 |15 |2
Hence, for any N € N, we have

Py = in (6VlR) = " > 0 (4.18)

(1) ren is a rewrite sequence

We now prove by contradiction that this is enough to ensure py = 1. So assume that
py < 1. Then we define ¢ := M > (0. By definition of the infimum, p}y + ¢ is
not a lower bound of [u=N|r for all =g-rewrite sequences. Hence, there must exist a

—p-rewrite sequence (i )ren such that
px < e < px +e (4.19)

By the monotonicity of |- | w.r.t. ':iR steps, there must exist a natural number m* € N

such that
<N

s e > 2. (4.20)

Then we have

r+ > p {13 R, (4.21)

<N
(prt)Ep, w ANEENFR

=N | = sy

where {1 : t}5" denotes the sequence starting with {1 : ¢}, where the same rules are
applied as for ¢ in (up" )gsm

Furthermore, we have
<N
Yo =1 i

<N
(pit)Ep, w NEENFR

R (4.22)
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4.3. Direct Application of Polynomial Interpretations

So we obtain

py t+e
> ux e (by (@19))
= |usN > p- lim [{1:t}5N= (by (4.21)) and (4.18)))
k—ro0

(p:t)Guilf/\tiNFR

> Py

R+ Z PPN

<N
(p:t)€p, « ANEENFR

= |t >
(pt)EpS N AtgNFR

= Vo= unNlR)  (by (E22))

= o+ N R — o It IR

=Py r-(1—pN)

>p7v+(1—PN) Ex (by (#.20))

=py+e, 4

a contradiction. So py = 1. In particular, this means that for every NV € N and every
S p-rewrite sequence (uu)ren that only consists out of ground terms, we have

0%V R = Jim [ = 1. (4.23)

5. We prove that |pu.|gr =1

Finally, we have to prove that |fioo|r = limy_o ||z = 1 holds as well, i.e., that every
—r-rewrite sequence that only consists out of ground terms converges with probability
one. By[(b)] we have that u =z u implies Pol(p) > Pol(y') and therefore, V() > V().
While our modified sequence (p:")ren is not a rewrite sequence anymore, we still have
V(™) > V(uz)) because either this is a valid Z3z-step or a term with a larger value is
replaced by a smaller or equal one, i.e., T. Additionally, V(,uSN

=) is bounded from below
by 0, so that hmk—)oo(‘/(,u]?]v)) exists and we have

V(i) 2 Jim (Vi) (4.24)

Now we fix N € N and a —g-rewrite Sequence (,uk)keN, and obtain the corresponding
transformed sequence (,u,?N)keN Note that by (4.23) we have |us! |R =1=qn+(1—qn),
where ¢y = limy_oo Z eusN ntener AT P So What is hm;Hoo(V(uk ))? The probabilities
of zero entries (i.e., terms t € NFg \ {T} where V(t) = 0) add up to ¢y, while the entries
T with value V() 2 N +1 add up to probability 1 — gy. So limy_.o(V (15" )) has at least
the value gy - 04+ (1 —gqn) - (N +1) = (1 —qn) - (N +1). Thus,

V(po) 2 V(ug™) = lim (V(ug™)) = (1= qw) - (N +1),

Vipo)

which implies gy > 1 — N+1 -

Note that ¢y is weakly monotonically increasing and bounded from above by 1 for N — oc.
Hence, ¢ := limy_,00 gy exists and 1 > ¢ > limy oo ‘]/V(f’l)) =1, i.e., ¢ = 1. Hence,
we obtain |fe|r = limg_soo ||z = limy 00 gv = ¢ = 1. So the PTRS R is innermost
AST. |
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4. Probabilistic Term Rewriting

Example 4.3.2. Consider the PTRS R, from [Example 4.1.4l A polynomial interpretation
that satisfies and for every rule of R,,, maps s(z) to x + 1, rd(z) to z, and O to 0.
Hence, R,,, is innermost AST.

Example 4.3.3 (Innermost AST with Data Structures). Consider the signature ¥ =
{0, s, len, cons, nil}, a variable set with {z,y} C V, and the following PTRS R, that is
probabilistic variant from the TRS in [Example 2.2.5}

len(nil) — {2 : len(nil), 1 : O} (4.25)
),

), 5 :s(len(y))} (4.26)

Here, we again have a chance of % to do the actual rewrite step and a chance of % to do
nothing.

1
2
len(cons(z, y)) — {3 : len(cons(z,y

We can prove innermost AST using the same polynomial interpretation as in [Example 2.2.5|
that maps len(x) to x, s(z) to x, cons(x,y) to z +y + 1, and both nil and O to 0.
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5 DP Framework for PTRS

This chapter introduces the first automatic approach to prove innermost almost-sure
termination for a given PTRS using dependency pairs. We start by changing our running
example regarding the integer division into a probabilistic version, where a direct application
of polynomial interpretations to prove AST as in [Theorem 4.3.1]is once again not possible.
After that, we show why a straightforward adaption of the dependency pairs from the
non-probabilistic setting is not possible. The rest of this chapter is then structured
like We first define our new notions of probabilistic dependency pairs in
the probabilistic setting in Instead of dependency pairs, we will work with
dependency tuples. Similar to the R-computation tree of a PTRS R, we then define how
a (P,S)-computation tree for our probabilistic DP problem (P, S) looks like and directly
define our probabilistic notion of a chain using those trees in[Section 5.2l We can then prove
the chain criterion for the probabilistic chains in [Section 5.3] In the end, in
we talk about the general structure of the probabilistic dependency pair framework and
adapt the previously introduced processors to the probabilistic setting. In addition to
the three processors from the non-probabilistic setting, we will also introduce two new
processors, namely the usable pairs processor and the not probabilistic processor. The not
probabilistic processor transforms a probabilistic DP problem into a non-probabilistic DP
problem if the probabilities are of a trivial form. Then, we can use our existing framework
for the non-probabilistic setting after this transformation. The usable pairs processor can
be seen as an extension to the dependency graph processor that is needed due to the fact
that we are working with dependency tuples instead of dependency pairs. Hence, this
processor was not needed in the non-probabilistic setting.

Example 5.0.1 (PTRS which Requires Dependency Pairs). Consider the signature
Y. = {0, s, minus,div}, a variable set with {x,y} C V, and the following PTRS R 4,:

minus(z, O) — {5 : minus(z,0), 5 : x}
( 1

)
minus(s(z),s(y)) — {3 : minus(s(z),s(y)),
div(O,s(y)) — {% div(O, s(y )),% : O}
div(s(z),s(y)) — {5 : div(s(x),s(y)), 5 : s(div(minus(z, y),s(y)))}

We now have a chance of % to do the actual rewrite step and a chance of % to do nothing (i.e.,
the terms stay the same). We will see that this PTRS is AST using our new probabilistic
DP framework. The reason for this is that the underlying TRS is terminating, and with
every step, we have a certain probability ( ) to make a step “towards termination” and in
the other case, we do nothing. Similar to the non-probabilistic setting, a direct application
of polynomial interpretations as in [['heorem 4.3.1]is not possible. In order to satisfy the
constraints of [[heorem 4.3.1] we would need to find a natural, monotonic, and multilinear
polynomial interpretation Pol, such that for every rule £ — r € Ry, there is at least
one term in the support of the right-hand side that has a strictly smaller value than the

ST

N TN N N
I O I N I
N N N N
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5. DP Framework for PTRS

left-hand side. But this is not possible for (5.4)):

div(s(x),s(y)) — {% : div(s(m),s(y)),% > s(div(minus(z, y),s(y)))}

The first term in the support of the right-hand side, namely div(s(x),s(y)), is equal to the
left-hand side, so it has the same polynomial value. Additionally, the second term in the
support of the right-hand side is s(div(minus(z, y), s(y))) and we have seen in [Example 3.0.1{
that there is no natural and monotonic polynomial interpretation Pol such that

Pol(div(s(x),s(y))) > Pol(s(div(minus(z, y),s(y))))

Next, we investigate the different possibilities to define the dependency pairs in the
probabilistic setting and what challenges occur. For a term ¢ € T (X, V), let Subp(t) =
{r | r is a (not necessarily proper) subterm of ¢ with defined root symbol} be the set of all
its subterms with defined root symbol. In the non-probabilistic case, for a rule ¢ — r with
Subp(r) = {r1,...,mm}, one obtains the m dependency pairs (% — r# with 1 <@ < m.
Therefore, two natural ideas to define dependency pairs would be as follows.

Definition 5.0.2 (Options for Dependency Pairs). Let R be a PTRS. For any rule
¢ — {p1 i r,...,pr : 7} € R, we define the set of its dependency pairs as either
A:

{7 = {p :rl,...,pi:tf,...,pk:rk} | t; € Subp(r;) with 1 <i < k}.

Or B:
(0% = {py 7, ... pp:t]} | t; € Subp(r;) forall 1 <i<k}.

If Subp(r;) = @, then we insert a constructor L into Subp(r;) that does not occur in the
left-hand side of some rewrite rule in R.

In both these definitions, we replace a term with only a single dependency term in the right-
hand side. The following example shows that this is undesirable. Consider the following
two PTRSs R; and R over the signature {f, g, L}, where f and L are constructors and
there is the following rule to reduce g:

Ri:g—1{3:f(g.g)z:L}
Ry:g—{;:flg.gg) 5L}

Ry is AST since it corresponds to a fair random walk stopping at 0, where the number of
gs in a term denotes the current position. Ry is not AST as it corresponds to a random
walk stopping at 0, where there is an equal chance of reducing the value by 1 or increasing
the value by 2. For both R; and R, both of the definitions of dependency pairs from
above would yield the only dependency pair:

g#%{%:g#,%:i}.

This dependency pair is clearly AST since it corresponds to a program that flips a coin
until head comes up once and then terminates. So these definitions would not yield a
sound approach for proving AST, as they result in the same dependency pairs for a PTRS
that is AST and a PTRS that is not AST.

One might get the impression that the problem is due to “sibling” terms (since the gs in
our example are at orthogonal positions). However, this is not the case. Consider

Rs:glx) — {35 :gle(g(x))), 5 : L}
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which would result in the following three different dependency pairs.

g” () = {5 : 8" (glg(x))). 5 : L}
g"(x) = {3 :¢"(g(2)),5 : L}
g"(x) = {3:¢"(2),5: L}

If one considers an innermost evaluation and counts the numbers of gs in a term, R3
corresponds to a random walk where the value is increased by 2 with probability % and
the value is decreased by 1 with probability % However, every infinite innermost chain
with the dependency pairs above would converge with probability 1 since in every step
with a dependency pair, one immediately reaches | with probability % So nested terms
need to be treated in a similar way to sibling terms.

In fact, variant A in [Definition 5.0.2]is not only unsound, but it would also be unsuitable
for termination analysis because satisfying the constraints of the reduction pair processor
would be similar to the task of satisfying the constraints for proving AST directly with
polynomial orderings. For instance, the rule would yield two dependency pairs,
where one of them is div¥*(s(z),s(y)) — {3 : div¥(s(2),s(y)), 3 : s(div(minus(z,y),s(y)))}-
Orienting this dependency pair with the reduction pair processor is essentially the same
as orienting the original rule with a polynomial ordering due to the fact that we need
to compare the term div¥(s(z),s(y)) with a tuple symbol at the root, with the original
right-hand side s(div(minus(z,y),s(y))) of the rule.

It is also tempting to only regard single terms of a distribution in isolation, i.e., as in Variant
A, which only allows one term on the right-hand side to contain tuple symbols. Then one
might be further tempted to define dependency pairs as in Variant A, but replacing all
terms not containing a tuple symbol by L. But that would even be unsound for PTRSs,
where all terms on the right-hand side only contain a single occurrence of a defined symbol.

This can be seen with the PTRS f(s(z)) — {2 : f(s(s(x))), 3 : f(x)} which is not AST.
But if one only created the dependency pairs f#(s(z)) — {2 : f#(s(s(z))),$ : L} and
f#(s(z)) = {3 : L, %: f#(z)}, and there is no useful definition of chains which does not

converge with probability one in this example.

All of these examples show that when considering dependency pairs for a PTRS, we do
not only have to look at the different occurring defined symbols in the distribution on
the right-hand side on their own, but we need to regard them all together and also take
the number of their occurrences into account. Therefore, instead of dependency pairs,
we have to work with dependency tuples. Here, we couple all of the defined symbols in
the right-hand side of a rule ¢ — r with Subp(r) = {r1,...,7,} together and create a
single dependency tuple (# — Comm(r#, ..., 7). This means that we deal with a single
dependency tuple instead of possibly m different dependency pairs. Here, Com,, is a fresh
constructor symbol of arity m. Dependency tuples are already used in the analysis of

TRSs, e.g., for automatic complexity analysis [29].

Definition 5.0.3 (Options for Dependency Tuples). Let R be a PTRS. For any rule
C—=A{py1:r1,...,pk: e} € R, we define the set of its dependency tuples as C:

{0# = {1 Comp, (871, )y oo s COmy, (B4t )

1,mq

| SubD(m) = {tiJ, ce 7ti,mi} with 1 S 7 S /{Z}

The straightforward idea for the definition of chains would be that they result from an
alternation of one step with a dependency tuple and then an arbitrary amount of steps
with R, where the latter would be expressed by the relation ':;’7“3 However, then the
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5. DP Framework for PTRS

problem would be that in such chains, the distributions introduced by rewrite steps with
dependency tuples are independent of the distributions introduced by the rewrite steps
with R.

Example 5.0.4 (Problem with Dependency Tuples). To illustrate the problem, consider
a signature with ¥p = {f,a,b,c} and ¥c = {O}, and a PTRS Ry,, with the rules
f(O) — {1:f(a)} and a — {35 : b, : c}, and let there also be further rules for all defined
symbols. Let DT (Ry,,) be the set of its dependency tuples defined as in [Definition 5.0.3]
The dependency tuple for the f-rule is

f#(0) — {1: Comy(f*(a),a”)}
and the dependency tuple for the a-rule is

# — {1 : Comy(b¥),1: Comy(c¥)}
Consider the rewrite sequence

{1:£(0)} S, {1: (@)} Sro, {5 F(b), 5 : F(0)}

When constructing the corresponding chain, we get

. { 1:f%(0)}

SDT(Rup) {11 Comy(f7(a),a%)}

TRy L 3¢ COMy(f7(a), Comy(b#)), 5 : Comy(f#(a), Comy (c#))}

S Riu { 1:Comy(f#(b),Com (b#)), 1 : Comy(f#(c), Com; (b¥)),
T2 Comy(f#(b), Comy (c#)), 5 : Comy(f#(c), Com; (c#))}

This is undesired since the red terms in the last distribution do not correspond to terms
in the original rewrite sequence. This would also be problematic for the reduction pair
processor later on since these undesired terms are not guaranteed to decrease w.r.t. the
polynomial ordering. So we have to ensure that the other “copies” of the redex are reduced
in the same way when rewriting with a dependency tuple.

5.1 Dependency Pairs

In order to create a sound and complete method for an automatic AST analysis, we have to
adjust the definition of a dependency tuple. We create a new coupled positional dependency
tuple, where we couple a positional dependency tuple together with the original rewrite
rule that was used to create it. A positional dependency tuple is a dependency tuple
where we additionally store the position in the original right-hand side of each subterm
with defined root symbol. This means that we are not only dealing with terms but work
with pairs (¢, 7) consisting of a term ¢ and a position 7. The additionally stored original
rewrite rule is used to solve the problem indicated in [Example 5.0.4]so that we can rewrite
every “copy” of the redex in the same way. This then results in a sound chain criterion
since we can mirror every rewrite sequence that was possible with the PTRS R with our
coupled dependency tuples. The positions are used to create a sound chain criterion that
is also complete. Currently, the processors do not use the positions in any way, so they
are really only needed for the completeness of the chain criterion. The right-hand side of
a positional dependency tuple no longer consists purely of terms. Hence, we decided to
use sets instead of Com,,-terms to combine them. In the following, we precisely define the
coupled positional dependency tuples and explain how it solves the problem described in
[Example 5.0.4}
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Definition 5.1.1 (Defined Symbols). Let R be a PTRS over the signature ¥. Defined
symbols, constructor symbols, tuple symbols and dependency terms are defined as in
[Definition 3.1.1| and [Definition 3.1.5, Moreover, for every term ¢t € T (X,V), we define
the set Sub},p,.(t) = {(r#,7) | r is a (not necessarily proper) subterm of ¢ at position 7
with defined root symbol} that is the set of all subterms with defined root symbol, where
we replaced the root symbol with the corresponding tuple symbol, together with their
corresponding position inside of t.

Example 5.1.2 (Defined Symbols). Consider the PTRS Ry, from [Example 5.0.1] Here,
we have Yo = {O, s}, ¥p = {div, minus}, and

Sub? o, . (s(div(minus(z,y),s(y)))) = {(div#(minus(x,y),s(y)), 1>, (minus#(x,y), 1.1)}.

In this chapter, we use PARSs that act on sets instead of terms. This means that we are
dealing with sets twice. On the one hand, we use multisets for our distributions. Here,
we have to use a rewrite rule on every term in the support of the distribution that is not
already in normal form. On the other hand, we use ordinary sets inside of our distributions
that we are actually rewriting. To distinguish between those two types of sets, we will
call the first one a distribution multiset and the second one a term representation set. For
distribution multisets, we use typical brackets {o}, and for term representation sets, we use
o). Whenever we are using sets (or multisets) that neither correspond to a distribution
nor a term (e.g., a set like Sub% . (t)), then we also use the standard notation {o}.

We will work with sets from Pot(77# (X) x N*). Every standard definition regarding
terms (e.g., substitutions) will be lifted to sets A € Pot(T# () x N*) in the obvious way,
where we apply the definition to all terms inside of this set, if not mentioned otherwise.
For example, if we have A € Pot(T# () x N*), then for a substitution o we define
Ao =0o(A) ={(o(t),n) | (t,m) € A}.

Now, let us come to the dp transformation that generates the right-hand sides of our
positional dependency tuples. This simply is equal to Sub?p,.(t) due to the fact that we
are working with sets.

Definition 5.1.3 (Transformation dp). Let ¢t € T (2,V). We define dp(t) == Sub? p,.(t).
Similarly, for any g = {py : r1,...,pr : 7} € FDist(T (3,V)) , we define

dp(p) == {p1 : dp(r1),...,px : dp(ri)}

For arule £ — = {py:ry,...,px: 1} we set
dp(l — 1) = % — dp(p)
Example 5.1.4 (Transformation dp). Consider the term ¢ = s(div(minus(z,y),s(y))).

Then we have dp(t) = {(div#(minus(x,y),s(y)), 1) (mmus# z,y), 1. 1) B. And for the rule
minus(z, O) — p = {3 : minus(z, 0), 5 : 2} we have

dp(minus(z, ©) — p) = minus? (z,0) — {3 <{<minus#(x, O),s)}),% o}
Note that the set dp(t) Will be used within our computation and has a corresponding
semantic, while the set Sub? () is only a definition. This is the reason Why we use the
term representation set notation for dp and the typical set notation for Sub? Ppos(t) even
though they are syntactically the same.

In the non-probabilistic version of a chain, we worked with dependency terms. In the
probabilistic setting, we want to work with well-positioned positional dependency tuple
sets. These are sets that can be seen as a set representation of a term ¢ using only the
subterms with defined root symbol and their position inside of t.
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Definition 5.1.5 (Positional Dependency Tuple Sets and Well-Positioned Sets). Let
PDTS C Pot(7T7# () x N*) be the set of all finite sets that have the form

t = <{(t#77r1>,...,(tf,ﬂ'n)}>

such that ¥ € T#(3) and m; € N* for all i € [1,n).

We call A € PDTS well-positioned iff there exists a ground term ¢ € T (X) with A C dp(t).
The set of all well-positioned positional dependency tuple sets is

PDTSw, := {A € PDTS | A is well-positioned }

Example 5.1.6 (Positional Dependency Tuple Sets). Let ¥ = {f, g} and assume that both
f and g are defined symbols. First, consider the two sets

A={(fe.2).2), (g%.1), (e*.2)), A ={(f*(e*.e").2). (g% 1), (".2)}

Here, we have A & PDTS as f(g,g) € T# (X) since it does not contain a tuple symbol
at the root and A’ ¢ PDTS as f#(g#,g%) & T# (X) since it contains a tuple symbol at a
non-root position. In contrast, we have

A = ({(f#(g,g),e), (g#, 1), (g#,2)}> € PDTS

Example 5.1.7 (Well-Positioned Sets). Again, consider the signature ¥ = {f, g} from
[Example 5.1.6| The set

A= ({(f#(g,g), 1), (g#, 1.1), (g#, 1.2)}) € PDTS

is well-positioned, since A C dp(f(f(g,g),g)). On the other hand, we have
A= {(g*1),(f*(g,8), 1)} € PDTS

not well-positioned as we have two different pairs in A’, namely (g#, 1) and (f#(g, g), 1),
with the same position and it is not possible to have two different subterms at the same
position in a ground term ¢ € 7 (X). Also the set

A = ({(f#(g, g),a), (g#, 1), (f#(g, g),2)}> € PDTS

is not well-positioned as we have (f#(g,g),5>, (f#(g,g),Q) € A and 2 = 2 but

f#(g,g)|2 # f(g,g). And this is not possible for well-positioned sets by [Lemma 5.1.8

In [Example 5.0.4] we saw that we have to rewrite the “copies” of a term in the same way
as the term itself. The positions in our well-positioned sets indicate what other terms
contain such a copy and where we can find them.

Lemma 5.1.8 (Properties of Well-Positioned Sets). Let A € PDTS,,,.

o If we have (ty,m1), (t2, ) € A such that there is a position x € NT with w1.x = 7o,
then we have t,|, = t}

e Forall B C A we have B € PDTS,,;

Proof. Let t € T(X) such that A C dp(t). Then we have

XF#E b th=t|x TLX=T tlry =t} b

tl’x = t1|x =" (t’m)|x = t‘m-x = t|7r2 = 125
Additionally, for every B C A we have B C A C dp(t) and thus B C dp(t), so B is
well-positioned as well. |
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Positional dependency tuples are still not expressive enough to create our desired
dependency pair framework. We are now able to locate the copies of a term, but we are yet
unable to determine how we should rewrite the copies since our positional dependency tuples
only contain information about the defined symbols and everything below a defined symbol,
but not about the whole original rewrite rule. The idea for building dependency pairs for
the probabilistic setting is to define a new rewrite relation that works with rules operating
on pairs. Instead of having a rule ¢ — {p; : r1,...,pr : 7x} from R and its corresponding
positional dependency tuple ¢# — {py : dp(r1),...,px : dp(ry)} separately, we couple them
together and write them as (¢#,¢) — {p1 : (dp(r1),r1),...,pr : (dp(ry),r)}. This type
of rewriting system is called a probabilistic pair term rewriting system (PPTRS), and
the rules are called coupled positional dependency tuples. For simplicity, we will also call
them (probabilistic) dependency tuples again. Instead of working with a single PTRS for
proving almost-sure termination, our dependency pair framework works on pairs (P, S),
where P is a PPTRS, and § is a PTRS, like in the non-probabilistic setting. We again
call this pair (P,S) a (probabilistic) DP problem. Now, we can give the definition of the
dependency tuples for a given PTRS.

Definition 5.1.9 (Coupled Positional Dependency Tuple). Let R be a PTRS. Then for
every £ — p=A{p1 :71,...,pk : i} € R we define the coupled positional dependency tuple
(or simply dependency tuple) as

DT(E — :u) = (6#7£) — {pl : (dp<rl>7r1)7 co s PR (dp(rk)ark>}
The set of all coupled positional dependency tuples DT (R) is then defined as
DT(R) ={DT({ —pn) |t — pneR}.

Example 5.1.10 (Coupled Positional Dependency Tuple). Consider R4, from
Here, we get DT (Ruy) = (DT(E)). DT(ED), DT(ED). DT(EA)) with

DT ((p.1)) = (minus#(x, O), minus(z, (’)))
: é{(minus#(x,O),s)},minus(m,(’))),

b (2.2))

DT([E2) = (minus*(s(x),s(y)), minus(s(x),s(y)))

Lo (A (minus(s(2). 5(9)). £) D, minusi(s(a). s(y) ).
3 <{(minus#(:c y),€>}>, minus(:c,y))}

DN = N | =
BiS

div

e
/N

(minus(z,y),s(y)), 1), (minus#(x, Y), 1.1)}),
s(div(minus(x,y),s(y))))}

Next, we will precisely define the notion of a PPTRS and how a PPTRS P rewrites sets
in PDTS,,, w.r.t. §. Additionally, we also have to define how the PTRS S rewrites sets in
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5. DP Framework for PTRS

PDTS,,p, as this will be different from the ordinary rewrite relation of a PTRS for terms.
Beforehand, we look at our example from before and show what we are trying to archive
with this new PPTRS.

Example 5.1.11 (Resolving the Problem with Dependency Tuples). Consider the PTRS
Riup from [Example 5.0.4f and the rewrite sequence

{1:€(5)} Sry, {10 F(a)} Bir,, {21 F(b), L F(c)}

again. The coupled positional dependency tuple for the f-rule is

(F().6(5)) > {1+ (((F#(a).2). (4%, 1) D.F(a) )}

and the coupled positional dependency tuple for the a-rule is

@*,2) = {3 (((6%.)D.0) 3+ (€(cF2)p0))
With these two dependency tuples, we get the following rewrite sequence:

| { :<{Ef#<s>,e)}>}
EorRu R 1 11 (FF(2).2), (a%,1) )}
Q(FF(b),e), (6%, 1), 5 ((F*(0), ), (*,1) h}

In the second step, we are able to simultaneously rewrite the a” together with its copy
inside of f#(a). The additional positions are used to detect the “copies” of a term so that
we can rewrite them in the same way as the term itself. When rewriting the term a* in
the second rewrite step, the corresponding position 1 indicates that the pair (f#(a), 5)
contains a copy of a, since € < 1. The two positions also indicate, where this copy is,
namely at the position 1 of f#(a), since £.1 = 1. We can then use the original rewrite rule
that is contained in our coupled positional dependency tuple on the term f#(a) in order to
rewrite the a accordingly. All in all, using this new rewrite relation, we have no undesired
terms in our final distribution and can completely mirror the original rewrite sequence.

Definition 5.1.12 (Pair Rewriting, PPTRS). A set of rules P of the form
(€%,6) = {p1: (Cr,m1), - o = (Cryre) }

is called a probabilistic pair term rewriting system (PPTRS) iff the projection to the second
component Py = {{ — {py :ri,....pp e} | (07, 0) = {p1: (Cr,r1), ...t (Crymi)} €
P} is a PTRS, and we have C; C dp(r;) for all 1 < j < k. We denote the projection to
the PTRS rules as proj,(P) := P. Finally, let S be a PTRS.

The rewrite relation of a PPTRS operates on sets A € PDTS,,;,. A well-positioned set A
rewrites with the PPTRS P to {p1 : Bi,...,px : Br} w.r.t. S (denoted —»p ) iff there is a
dependency tuple (¢#,0) — {py : (C1,71),...,px : (Cr,7:)} € P, a pair (t,7) € A, called
the main rewrite pair, and a ground substitution o € Sub (%, V) such that t = {# o, and
every proper subterm of /#¢ is in normal form w.r.t. S. Then, the following conditions
hold for all 1 < j < k:

o= =

|
:EDT(Rtup) 7Rtup {

o Let

Mo = {(a,7) € A|T <7}
{(a,7) € A|TLm)
{(a,7) € AT <T)

&5
[l

Note that we have
A={t,m)) W My W M, W M_,
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e The main rewrite pair {(t, )} gets replaced by M := {(r'o,m.7') | (', 7') € C}}.

e For all (a,7) € M,., there exists a y, € N* such that 7.y, = 7. Since A is well-
positioned, we get al,, = * = fo by|Lemma 5.1.8] Then we can rewrite a to a[r;o],,
using the substitution o, the position x, and the rewrite rule ¢ — r;, since all proper
subterms of ¢o are in normal form w.r.t. S.

e Finally, we have two possibilities: If we have ¢ — {p; : r1,...,px : 1} € S, then
B; = M;r W {(a[rjoly.,T) | (a,7) € Myew)) W M, .
otherwise, if the rule is not in S, then

Bj =M} wM,.

The last property essentially means that if the second component of a dependency tuple is
not contained in the PTRS &, then we are not allowed to use it. So the second components
that are not contained in § are completely useless, and we could remove them. We keep
them here for readability so that we do not have to deal with a third type of rewrite rule,
where the second component is deleted.

The rewrite relation of a PPTRS is based on the rewrite relation of a PTRS on terms,
as we are rewriting well-positioned sets that represent terms. Let us shortly explain the
different sets that occur in this definition. Assume that we perform a rewrite step using
the dependency tuple (¢#.0) — {py : (C1,71),...,pr : (Cy,7%)}, main rewrite pair (¢, ),
and ground substitution o € Sub (X, V).

. M;r is the set that results from applying the positional dependency tuple ¢# —
{p1:C1,...,px : Ck} to the main rewrite pair (¢,7) € A. Here, we append the new
position inside of C; to the existing position .

o M, is the set of all pairs (a,7) that needs to be rewritten as well, indicated by
the additional position. The set {(a[r;o]y,,7) | (a,7) € M, })) then contains the
correctly rewritten terms, where we applied the rule £ — r; at the correct position
and using the same substitution ¢ € Sub (X,V). We omit this set if the rule
¢ —A{p1:r1,...,pk: rx} is not in S. This means that only our additional PTRS S
indicates whether we are allowed to apply ordinary rewrite rules or not.

e M, contains all (a, ) that have a position orthogonal to 7 and therefore stay the
same.

o M_ contains all (a,7) that have a position below 7. This set will be removed so that
our resulting set is well-positioned again. Note that ¢’ must be in normal form w.r.t.
S as we are dealing with innermost evaluation, so we are only removing normal
forms w.r.t. S in this way.

Example 5.1.13 (Rewriting with ~»p_5). Consider the following PTRS S over the signature
¥ =%p={f,gab,c}:
S: f(a) = {1:g(b)}

The dependency tuple for this rule has the form:
P (F(a), @) = {1+ (4(g7().2). (5%, 1)} .80))}
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Consider the well-positioned set
A= (5. )<, (F(a).2). (F4(a), 1), (a#. 1))

A is well-positioned, since A C dp (c(f(a), f(a))). Let us take a closer look at the following
rewrite step:

Adbps {1: A} ={1: ((c*(g(b),f(a)),c), (F*(a),2), (g*(b), 1), (b¥,1.1) )}

The resulting set is well-positioned again, since A’ C dp(c(g(b),f(a))). Here, we use the
main rewrite pair (f#(a), 1), the identity substitution id and the only dependency tuple.

Note that every proper subterm of f#(a) is in normal form w.r.t. S. Following the notation
of [Definition 5.1.12] we get

{(c*(Fa),f(a),2), (f#(2),2), (F#(2), 1), (a%,1.1) ) = (£, ) ) & Moy &0 M1 10 M.

with

]\/[<_ att 11)})
), 2

#(a).2)}

Hence, we keep the pair (f#(a), 2) and remove (a#, 1.1). Furthermore, we have

M {(alr1olye, ™) | (a,7) € My}
= {(g*(b),1), (v*,1.1)} = {(c*(e(b),f(2)),¢)}

In the pair (c#(f(a)7 f(a)), 6), we have to rewrite the copy of f(a) at position 1 because the

additional position indicates this. Finally, the set M;" contains all new pairs introduced
by the right-hand side of the used dependency tuple. Thus we result with

A = M {(alriolyp ) | (0,7) € My )8 M,
= {(c#(a(b).f(a)). =), (F#(a),2). (&#(), 1), (1#,1.1)
If we look at the terms that those sets are representing, then we have
c(f(a), f(a)) =s {1 : c(g(b),f(a))}

Example 5.1.14 (Resolving the Problem with Dependency Tuples (Details)). Consider
the rewrite sequence

{ 1 ﬁgf#(s)ﬁ)})}
:EDT Reap)Rewp 1 10 4 f#(a),s), (a#, 1)})}
:EDT(Rtup)thup { % : <{<f#(b)75>7 (b#a 1)}>7% : <{(f#<C),€), (C#7 1)}>}

from [Example 5.1.11] We will take a closer look at the second rewrite step. Here, we use
the main rewrite pair (a#, 1), the identity substitution id and the dependency tuple

(a%,a) = {1 (<{(b#,e)}>,b),; : (<{(c#,5)}>,c>}
Following the notation of [Definition 5.1.12] we get
((F*(@).e), (a%,1)) = (£, 1)) & My 0 My 8 Mo

with
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(. mh={(@E" 1} M.=
Mo = {(f#(a), )} M, =2

For j =1 we get
{(F#(b),e), (b%,1)} = Br = M & {(alr10]y,, 7) | (a,7) € Myeu}) 0 M,
since the rule is still contained in our PTRS. We have

[rlo’}XmT) ‘ <G77') € Mrew}>
alrio]y,.7) | (a,7) € {(f*(a),e) )}
f#(a)[bid];,)}) (since .1 =1)
f#(b), )}

={(r'o,7.7) | (', 7)€ C1 D ={
N0 e (6%, ) h ) ={

( a
(b#id, 1.)) = U(F#(b
(

and M, = @. Hence, we result with <{(f#(b), 5), (b#, 1)}> in the first part of our final

distribution. Completely analogous, we result with ({(f#(c), 5), (c#, 1)}> in the second
part of our final distribution.

Next, we show that rewriting a well-positioned set always results in well-positioned sets
again. The proof of this also shows how a rewrite step with the PPTRS corresponds to a
rewrite step with the PTRS on terms.

Lemma 5.1.15 (Rewriting Well-Positioned Sets with ops). Let A € PDTS,, and let
A “ops . Then every B € PDTS with u(B) > 0 is well-positioned.

Proof. Let = {p1 : By,...,px : Bg}. We have A —i{>737$ i and this means that there
is a dependency tuple (¢#,¢) — {p1 : (C1,71),...,px : (Cp,71)} € P, a main rewrite
pair (t,7) € A, and a ground substitution o € Sub (X, V) such that the conditions from
[Definition 5.1.12{ hold. Let d € T(X) such that A C dp(d). We will show for all 1 < j <k
that we have B; C dp(d[rjo].) and hence, B; is well-positioned. For this, we assume that
= {p1 : 71, pr o 1y € 8. If this does not hold, then we result in a set B} such
that B} C B; and the property of being well-positioned is closed under taking subsets by

Lemma o.1.8

Let 1 < j <k and let (t;,7) € B;. We have to show that ¢ = (d[r;o],)|,. We distinguish
between the origin of the pair (¢1,7) in our rewrite step:

o Ifwehave (t;,7) € Mj” = {(r'o,m.a') | (', ') € C;}, then there is a position x € N*
with 7.x = 7 and a term " with (', x) € C; C dp(r;) such that (t1,7) = (o, 7.X).
We get

Y= O . o — b
(dlrjolo)l- " rol = o MET (Yo = (o) = 1,

o If we have (t;,7) € M;" = {(a[rjoly,,7) | (a,7) € My}, then there exist (a,7) € A
and a non-empty position x € N* such that 7.y = 7 and ¢; = a[r;o],. We get

(dirsole)l; "7 (d)lrsol " (@) ol L (alryol ) T

o If we have (t;,7) € M, then (t1,7) € A C dp(d) and 7L7. We get
LT d|7_:t?

(dlrjola)l; =" dl, =" 1
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All in all, B; is well-positioned for all 1 < j <k. [ |

We show with the following example why storing the additional position is necessary.

Example 5.1.16 (Why do we need to store the positions?). Let R be a PTRS over the
signature ¥ = Xp = {f, g, h,a, b, c} that contains the three rules

a—{1:f(h(g).g)}
g — {1l:b}
g—{l:c}

Using only coupled dependency tuples (with Com-symbols instead of term representation
sets (o)), we would have DT (R) = {DT (1), DT(2),DT(3)} with

DT(1)= (a*,a) = (Comy(f*(h(g),g),h*(g), g%, &%), f(h(g) g))
DT(2)= (g%, g) — (Com(b¥),b)
DT(3)= (g%, g) — (Comy(c#),c)

We are not tracking the positions of the two different g#’s inside of our Com-Term. If we
would allow rewriting arbitrary “copies” of the flattened used redex in a step with our
PPTRS, then we would be able to do the following rewrite sequence (with P = DT (R)
and S = R):

{1:Com(a*)} =tps {1:Com(f#(h(g),g),h*(g),g* &%)}

=ps {1:Com(f#(h(g),b),h*(g), Com(b*),g#)}
C

And the last term does not correspond to any term in a i:ZR—reWrite sequence since we
have both h(c) and h#(b) as subterms. Hence, we can not use our PTRS to mirror this
rewrite sequence, and this leads to the fact that our chain criterion is not complete in this
case.

Next, we define how a PTRS S rewrites sets in PDTS,,,. Essentially, these are the same
sets and restrictions used in the definition of —i'>7373, but there are some slight differences
due to the fact that we can not rewrite at the root position of the main rewrite pair
anymore (since it has a tuple symbol at the root and our PTRS does not contain tuple
symbols).

Definition 5.1.17. Let S be a PTRS. A set A € PDTS,,, rewrites with the PTRS S to
{p1:By,...,pp: By} (denoted —»g) iff there is a rule £ — {py : 71, ...,pp : 71} € S, a pair
(t,m) € A, again called the main rewrite pair, a ground substitution o € Sub (X2,V), and a
position p such that ¢|, = fo and all proper subterms of {o are in normal form w.r.t. S.
Additionally, there is no pair (¢, 7') € A such that 7’ is strictly between 7 and 7.p. Then,
the following conditions hold for all 1 < 5 < k:

o Let
Myew ={(a,7)EA|T<T)
M, ={(a,7)eA|TLr.p)
M. ={(a,7)eA|lmp<Th
Again, we have
A={t,m) )W Mo WM, WM,

due to the fact that there is no pair (¢, 7’) such that 7’ is strictly between = and 7.p.
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e The main rewrite pair {(¢,7)}) gets replaced by M;" := {(t[r;o],, 7))

e For all (a,7) € M, there exists a y, € N such that 7.x, = 7. Since A is well-
positioned, we get a|,, = " by [Lemma 5.1.8] Then we can rewrite a to a[r;o], ,
using the substitution o, the position x,.p, and the rule ¢ — r;, since all proper
subterms of o are in normal form w.r.t. S.

e Finally, we have

B; = M]Jr & <{(a[rj‘7]><a-pv7-) | (a,7) € Myew)) & M, .

The restriction that there is no pair (¢, 7") such that 7’ is strictly between = and 7.p
means that the main rewrite pair is at the lowest possible position so that we apply the
rewrite rule to every copy with a position above. Such a condition was not needed when
defining the rewrite relation of a PPTRS in |Definition 5.1.12] as we can only rewrite at the
root position of the main rewrite pair (¢,7) using a dependency tuple. Finally, our case
distinction for the sets M| and M. do not dependent on the position 7 of the main rewrite
pair but on the position 7.p, where our actual rewrite step takes place. Again, when
rewriting with a PPTRS, then we can only rewrite at the root position of our main rewrite
pair. Hence, we solely use 7 in the case distinction of [Definition 5.1.12] Furthermore, in
the definition of M. we use 7.p < 7 (instead of 7.p < 7) this time. This means that our

rewrite relation —»g may remove the pair (t[#,7.p) if it exists in the set A.

Example 5.1.18 (Rewriting with “»5). Consider the PTRS S, the PPTRS P and the set
A from [Example 5.1.13 Let us take a closer look at the following rewrite step with —»:

Adeg {1: A} = {1: {(c*(g(b), f(a)).e), (F*(a),2) D}

Here, we use the main rewrite pair (c#(f (a),f(a)), 5), the identity substitution id and the
only rewrite rule. Following the notation of [Definition 5.1.17 we get

{(c*(fa).f(a)),¢), (f#(a),2), (F#(a), 1), (a%, 1.1) ) = (£, 7)) & Mo, & ML 10 M.

with

(™)) = {(c*(f(a), f(a)),2) B Mc = {Ef#(a% 157 (a%,1.1)}
Mo =@ M, = <{ f#(a)72 }>

Note that the position for the definition of the sets M_ and M is not the position e from
the main rewrite pair, but the position 1, where we actually rewrite inside of the main
rewrite pair. Additionally, note that the pair with position 1 is also contained in M. and
gets removed as well. Hence, we remove the pairs (f#(a), 1) and (a#, 1.1). Furthermore,

we have
M = {(c*(g(b),f(a)),2)}

and thus result with
A= M@ {(alro)y, o) | (a.7) € My} Mo = {(cH(g(b). (2)). 2). (F#(2).2)}

Again, we prove that a rewrite step with og starting with a well-positioned set results in
sets that are also well-positioned.

Lemma 5.1.19 (Rewriting Well-Positioned Sets with Yo5). Let A be well-positioned and
let A =>s5 p. Then every B € PDTS with p(B) > 0 is well-positioned.
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Proof. This proof is similar to the one of [Lemma 5.1.15, Let u = {py : By,...,px : By}
We have A =5 1 and this means that there is a rule £ — {py : r1,...,pp : 7x} € S, a main
rewrite pair (¢,7) € A, a position p € N*, and a ground substitution o € Sub (X, V) such
that the conditions from [Definition 5.1.17| hold. Let d € T(X) such that A C dp(d). We
will show that for all 1 < j < k we have B; C dp(d[rjo],,) and hence, B; is well-positioned.

Let 1 < j < kandlet (t;,7) € B;. We have to show that #; = (d[r;o].,)|,. We distinguish
between the origin of the pair (¢1,7) in our rewrite step:

o If we have (t1,7) € M;" = {(t[rjo], m)}, then (t,7) = (t[r;o], 7). We get

d|x=t’

(dlrjolep)ls = (dlrsolep)le = (d)lrsol, "= ()0l E (ol LT 8

o If we have (t1,7) € Mj" = {(a[rjoly,, ) | (a,7) € My}, then there exist (a,7) € A
and a position YN such that 7.x = 7 and t; = a[rjo],,. We get

d|7—:ab

T -PFE alrjoly.p=t1
(d[rjolmp)lr = (d]-)[rjoly, (ab)[rjg]x-pxp: (a[rjg]x.p)b = t?

o If we have (t;,7) € M, then (t1,7) € A C dp(d) and 7L7. We get

_4b
(dlr;ole )l = d), "=

All in all, B; is well-positioned for all 1 < j < k. [ |

In we have seen how we can represent a —z-rewrite sequence as a tree. Instead
of defining the probabilistic version of an innermost (P, S)-chain using some kind of lifting
of —ii>7)’$ and ~»5, we go one step further and define an innermost (P, S)-chain directly via
its tree representation in the next section.

5.2 Computation Trees and Chains

For the rest of this section, let (P,S) be an arbitrary DP problem. In this chapter, we
want to introduce chain trees. A chain tree is defined like a rewrite sequence tree, but
we have an additional subset P C V' of the inner nodes to indicate whether we used
a rewrite step with “»p s or “bg. After the first definitions and lemmas regarding this
new structure, we define (P,S)-computation tree, which is the notion of a chain in the
probabilistic setting.

Example 5.2.1 (Chain Tree). Consider the following PPTRS P, over the signature ¥ with
Yp ={f,a,b,c} and ¥ = {O}, containing the rules
(a%,2) = {5+ ({(F7(b),2), (b¥, 1)}, (b)), 5 : ({(F*(c),e), (c*, 1)}, F(c))}
(F(0).£(0)) = {1: ({(a" . ¢)
(b%.b) — {1: ({(a%,¢)

and the PTRS § containing the rules

[\

c—{1:0}
b— {1:a}
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5.2. Computation Trees and Chains

A (P,S)-computation tree is depicted in the following figure. Here, we omit the positions
for readability.

1: <{a#})
L (% (b).b*) (o). o)
(% (a) a7} L {(0))

5 {a")

Figure 5.1: Example (P, S)-computation tree T,

The edges of the tree represent the used rewrite steps, and the nodes represent pairs (p : t).

By the additional labels P and S, we indicate whether we used a rewrite step with “»p s
i

or —+g.

The two major differences between a (P, S)-computation tree and a R-computation tree
for some PTRS R is the structure induced by the new labels P and S. Remember that
a chain in the non-probabilistic setting used the rewrite relation ->p g o Ayx . This is
now represented by the paths in our (P, S)-computation tree. More precisely, we restrict
ourselves to trees, such that on every path that starts on some node x, we will have a
node labeled P after a finite amount of steps. This means that on every path that starts
at the root, we have one step with the PPTRS and then an arbitrary but finite amount of
steps of the PTRS on every path, similar to the definition of a non-probabilistic chain.
However, we do not require that the nodes from P are all at the same layer, as one can

see in [Figure 5.1

We start with the basic definitions and notations regarding the structures that we want to
work with, namely chain trees.

Definition 5.2.2 (Chain Tree). A chain tree is a directed, labeled tree T = (V*, E* L* P%)
with

« V7% is a possibly infinite, non-empty set of vertices.

o E* CV* x V7*is the set of directed edges.

o L*:V* —(0,1] x PDTS,, labels every vertex by a probability and a well-positioned
positional dependency tuple set.

e P* C V7 is a subset of the nodes that indicates whether we used the PPTRS for
the rewrite step or the PTRS.

such that the following properties are satisfied:

1. G* = (V*,E%) is a finitely branching, directed tree. Let Leaf* be the set of all
leaves in G* and let t* be the root node of G*.
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2. For all z € V* with L*(z) = (p, : A,) and 2E* # & we have

Py = Dz
yEx B~ L* (y)=(py:Ay)

Here, by zE* == {y | (z,y) € E*} we denote the set of direct successors of z.
3. P¥ C V*\ Leaf® only contains inner nodes.

4. L¥(e) = (1, A) for some A € PDTS,,.

We will write ST := (VT \ Leaf®) \ PT for the set of all inner nodes that are not in P¥.
Note that V¥ = P* W ST W Leaf*. For a node 2 € V* with L¥(z) = (p : A), we will also
write pT for p and A for A. If the chain tree is clear from the context, we may omit it in
the notations for readability (e.g., we write V for V*). For a node z € V, we write d(z)
for the depth of z, that is, the number of edges in the path from the root to z.

All of the constructions and lemmas about RSTs can be adapted to chain trees with the
same results. For the constructions, we only have to define how the set P changes. The
proofs are most of the time the same as for RSTs since the set P is not of any importance
yet. We will start using the new set P when talking about (P, S)-computation trees.

Definition 5.2.3 (Induced Sub Chain Tree). Let ¥ = (V, E, L, P) be a chain tree. Let
W C V be non-empty, weakly connected and for all x € W we have tENW = @& or
rENW =aFE. The property of being non-empty and weakly connected ensures that the
resulting graph G*W! = (W, En (W x W)) is a tree again. The last property regarding
the successors of a node ensures that the sum of probabilities for the successors of a node
x is equal to the probability for the node x itself. Then, we define the sub chain tree T[W]
by
W)= (W (BN (W x W)), LY (PO (W \ Wiea)))

Here, by Wieas, we denote the leaves of the tree G*WI so that the new set PN (W \ Wieat)
only contains inner nodes. Let w € W be the root of GXWI. To ensure that the root of our

induced sub chain tree has the probability 1 again, we use the labeling (L")(x) = (Z%% : AT)
for all nodes z € W. If we have t* € W, then we call the induced sub chain tree grounded.

Example 5.2.4 (Induced Sub Chain Tree). The following chain tree ¥, is a grounded,
induced sub chain tree of T; from [Example 5.2.1]

1: <{a#})

AN

3 1 {f7(b), b7} Lo (f#(c), ct
Figure 5.2: %,

Since this is a grounded, induced sub chain tree, we do not have to adjust the probabilities.
However, we have to adjust the set P so that it does not contain any leaf.

Lemma 5.2.5. Let T = (V,E, L, P) be a chain tree and let W C V' be satisfying the
conditions of [Definition 5.2.5. Then TW| = (V' E', L', P') is a chain tree again.
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5.2. Computation Trees and Chains

Proof. Same proof as for We only have to additionally prove that
P CV"\ Leaf* ™1 holds. But this is ensured due to the fact that we explicitly remove the
leaves from P’ in our construction. |

Definition 5.2.6 (Extension of Chain Trees). Let € = (V, E, L, P), ¥ = (V' E', L', P") be
chain trees with V' NV’ = @, and let z € Leaf® such that AT AT@ (i.e., the set of node
x in T is equal to the set of the root of ¥'). Then, we define the extenszon of T w.r.t. the
leaf z and the chain tree ¥ (denoted as Ext(%,z,T')) by

ai 1: A,

EXt({S7 X, ‘Il) = (VExt7 EExta LEx‘m PExt) \/
Wlth az bo bs

Vi = VU(V'\{)

B = EUE\{(F5) |y € 7)) )
U{(z,y) |y ™ E'} o
PUP U{z} ¥ eP /
PEXt / rs:/ /
PUP tt &P a2
And for all z € Vg we define , A
2 3
pr, AT .z €V,
Liw(z) = | P2 %) ,
(p - pz,A) ,ze V.

Example 5.2.7. Consider the chain tree ¥; from [Example 5.2.1|and the chain tree T, from
[Example 5.2.4] We can use T to extend T; in the leaf = that is labeled by (3 : {a®}).
Then Ext(%T, z, %) has the form:

1: ({a#}>
P S
s {f#(b),b*} 1 {f*(0), )
% : (f#(a),a™}) % {7 (0))

5 fa™h
N
L (), b7 H | |1 {7 (c), 7
Figure 5.3: Ext(%Tq, z, %)

=

Again, we are also able to perform multiple (even infinite) extension steps simultaneously.

Definition 5.2.8 (Family Extension of Chain Trees). Let € = (V, E, L, P) be a chain tree,
H C Leaf®, and let (T,),en be a family of chain trees such that T, = (Va, By, Ly, Py,
AT = Afgy for all z € H and all occurring chain trees have disjoint node sets. Additionally,

let Ext(%,2,%,) = (V,,E., L', P.). Then we define the family extension of T w.r.t. the
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family (%,).en (denoted as FamExt(¥, (T, )zen)) by

FamExt(T, (Ty)een) = Upen Ext(T,2,T,)
= (UxGH Vzlu UzEH Eg/m U:EEH ng U:DEH Pg;)

Here, the labeling U,cy L', is defined such that (Uxe o L;) lv, =L forall z € H.

Lemma5.2.9. Let ¥ = (V,E,L,P), ¥ = (V',E', L', P') be chain trees with VNV' = &,
and let x € Leaf™ such that AT = Ag,. Then Ext(%T,z,T') is a chain tree. Furthermore, if
we have H C Leaf™, and (%2)zen is a family of chain trees such that T, = (V,, Ey, Ly, Py),
AT = A;I;} for all x € H and with pairwise disjoint node sets. Then FamExt(T, (T,)zcn)
is a chain tree as well.

Proof. Same proof as for [Lemma 4.2.91 We only have to additionally prove that P™x4(%#%")

only contains inner nodes. But this holds due to the fact that P* only contains inner
nodes from T and P¥ only contains inner nodes for ¥. Furthermore, we only add z into
Pry: if the root of T’ is in P’. But this means that x can not be a leaf anymore. For
extension families, we have the same reasoning again. |

Definition 5.2.10 (Convergence Notations). Let T be a chain tree and let H C Leaf. Let

Zo, X1, To, ... be an arbitrary enumeration of H. Then we define:
> veH Do , if | H| finite,
Tl =1, .
Mmoo D ve(ap)s b otherwise.

If we have ||y = ¢ we say that T converges w.r.t. H with probability c. If H = Leaf, we
simply say that ¥ converges with probability c.

Again, the value of |T|y does not depend on the enumeration but just on the chain tree ¥
due to the following lemma.

Lemma 5.2.11. Let T be a chain tree, H C Leaf be infinite, and let xg,x1,s,... be
an arbitrary enumeration of H. Then 3, Dy 1S strictly increasing for i — oo and
bounded from above by 1. Hence, the sum Y Dy is absolutely convergent for i — oo,

i.e., lim; Zve(xk)kgipv exists.

T)k<i

vE(Tr)R<i

Proof. Same proof as for [Lemma 4.2.11] [ |

While for every finite chain tree ¥ we have |¥|Lear = 1, this does not hold for infinite chain
trees in general. Again, analogous to rewrite sequence trees, we can have infinite chain
trees that converge with a probability < 1 or even 0 if there is no leaf at all.

Next, we investigate how the absolute Leaf value is impacted by our constructions. Again
due to the fact that the new set P is not of any importance for this, we get the same
results as for RSTs in the previous chapter.

Lemma 5.2.12. Let T = (V, E, L, P), T = (V' E', L', P’) be chain trees with VNV’ = &,
and let & € Leaf* such that AT = Ag,. Then we have

| EXt(T,LE,(Z,”Leaf = |‘Z|Leaf - pg +p§ : |T/|Leaf'

Furthermore, if we have H C Leaf*, and (Tp)een is a family of RSTs such that
T = Vi, By, Ly, Py), AT = A?{I for all x € H and with pairwise disjoint node sets.
Then, we have

|FEHI1EXTJ(§, (TJ:):L‘EH”Leaf = |T|Leaf - |$|H + Z pf : |§x|Leaf~

zeH
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Proof. Same proof as for |[Lemma 4.2.12] |

Corollary 5.2.13 (Little Extension Lemma). Let € = (V,E, L, P),¥ = (V' E', L', P’)
be chain trees with VNV’ = @, and let v € Leaf* such that AS = Ag,. Then we have
| Ext(%, 2, T) |Leat < |F|Leat- Moreover, |Z|rear = | Ext(T, 2, T )|Leat iff | T |Leat = 1.

Proof. Same proof as for [Corollary 4.2.13] |

Corollary 5.2.14 (Full Extension Lemma). Let T be a chain tree, let H C Leaf™ and let
(T2)eem be a family of RSTs such that T, = (Vy, E,, Ly, Py), A5 = A%z forallz € H

%z
and with pairwise disjoint node sets. Then we have | FAamExt(T, (T,)zenole)|Leat < || Leat -
Moreover, |T|pear = | FamExt(T, (T,)zenole) |Leat U |Tz|Lear = 1 for all x € H.

Proof. Same proof as for |Corollary 4.2.14} |

Lemma 5.2.15. Let T be a chain tree. Then we have |T| ear = 1 iff for all induced sub
chain trees ¥ we have |T' | ear = 1.

Proof. Same proof as for [Lemma 4.2.15] |

Finally, we define (P,S)-computation trees, which is the probabilistic version of a chain.

Definition 5.2.16 ((P, S)-computation tree). Let T = (V, E, L, P) be a chain tree. We
say that T is a (P, S)-computation tree iff additionally the following conditions hold:

(a) For every z € P with FE = {y1,..., yx} we have A, ‘op s {% PAy,, 2 ALY

" o
(b) For every z € S with E = {y1,...,yx} we have A, Zog {%1 D .,%’“ DAy}

(c) Every infinite path contains an infinite amount of P nodes. Since we are dealing
with finitely-branching trees, this is equivalent to saying that every path that starts
at some node x has a node in P after a finite amount of steps. Or that there exists
no infinite path of purely S nodes.

Note that our (P, S)-computation tree does not have to start with a node from P, while
in the non-probabilistic chain, we are required to use a dependency pair at the start.
However, whether we start with a dependency pair or not is not of any importance. The
important property is that we cannot use infinitely many rewrite rules without using any
dependency pair.

Most of the conditions of a (P, S)-computation tree only depend on the local neighborhood
of the nodes. To be precise, in order to verify that @, and the properties of a chain
tree hold, it suffices to look at each node together with its direct successors. The only
global property that we have is where we need to look at the infinite paths in the tree.

Example 5.2.17 (DT (Raiv), Raiw)-Computation Tree). Again, we consider the PTRS Ry,
from [Example 5.0.1} and the corresponding set of dependency tuples from [Example 5.1.10]
Here, we have the following possible (DT (Raiv), Raiv)-computation tree that does not use
any —iDS steps.
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P

1: {(div*(4,2),¢)}

/\P

2 {(div¥ (minus(3, 1), , (minus?(3,1),1.1)}

VAN VAN

Definition 5.2.18 (Innermost Termination and Innermost AST for (P, S)). We say that
a DP problem (P,S) is innermost surely terminating iff there is no infinite (P,S)-
computation tree. A DP problem (P, S) is innermost almost-surely terminating (innermost
AST) iff for all (P, S)-computation trees T we have |T|jear = 1.

Note that we defined (P, S)-computation trees using the relations —i>7>73 and —»s and thus
we implicitly defined everything w.r.t. innermost evaluation.

Again, we can use the constructions regarding chain trees for (P, S)-computation trees as
well.

Corollary 5.2.19. Induced sub chain trees, extensions and family extensions of (P,S)-
computation trees are (P,S)-computation trees again.

Proof. 1t is straightforward to see that all of the properties of [Definition 5.2.16| hold since
they hold for all of the initial (P, S)-computation trees. |

Note that in a family extension, we extend the original (P, S)-computation tree at parallel
positions. The infinite extension of a (P, S)-computation tree, where we place (P,S)-
computation trees after each other does not have to be a (P, S)-computation tree anymore.
To see this, consider (P, S)-computation trees that only consist of nodes from S. Then all
of the (P, S)-computation trees must be finite in order to satisfy the global property, but
an infinite extension of those (P, S)-computation trees after each other would contain an
infinite path purely out of S nodes, which is not allowed.

Next, we prove two lemmas, which will be the most important tools for our proofs of
the processors later on. First, we prove the P-Partition Lemma. It states that if we can
partition P = P; W Py such that (P,S) is AST, then for (P,S) it suffices to look at
(P, S)-computation trees such that every infinite path has an infinite amount of P nodes
that correspond to steps with Py. This does not only work for a partition P = P; W Py,
but we can even more generally speak about the set P of a chain tree itself. If we have a
chain tree ¥ that converges with probability < 1 and suppose that we can partition the
set P = P, & P, of the chain tree such that for every induced sub chain tree T’ that only
uses nodes from P; converges with probability 1, then there is a grounded induced sub
chain tree that converges with probability < 1 such that on every infinite path, there is an
infinite amount of P nodes.

Lemma 5.2.20 (P-Partition Lemma). Let T = (V, E, L, P) be a chain tree that converges
with probability < 1. Assume that we can partition P = P, W Py such that for every induced
sub chain tree that only contains P nodes from Py converges with probability 1. Then there
is a grounded induced sub chain tree T’ that converges with probability < 1 such that every
infinite path has an infinite number of Py nodes.
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Proof. Let € = (V, E, L, P) be a chain tree with |T|r e = ¢ < 1 for some ¢ € R. Since we
have 0 < ¢ < 1, there is an € > 0 such that ¢ + ¢ < 1. Remember that the formula for the
geometrical sum is:

> /1\" 1 1
) o forall - <1
;(CJ d—1 s

We set d = % + 2 and get

1 1 1 1 1

—+l<-+2& -+l<des-<d-1& —-<c¢

€ € € € d—1
We will now create a grounded induced sub chain tree ¥ = (V' E’, L', P’) such that every
infinite path will have an infinite number of P, nodes and such that

o0 1 n
|$/’Leaf S ’(E|Leaf + Z (d) (510)
n=1

Then, we finally have

1

n 1 1
d) = |Fleat + —— =c+—<c+e<1

|‘I,|Leaf S |S|Leaf + nz::l < d 1 d 1
The idea of this construction is that we cut infinite sub-paths of pure P, and S nodes as
soon as the probability for normal forms on that path is high enough. In this way, one
then obtains paths where after finitely many P; nodes, there is always a P, node.

The construction goes as follows. For any node x € V let Lo(x) be the number of P,
nodes in the path from the root to x. Furthermore, for any set W C V and k € N let
Lo(Wok) ={x e W | Ly(z) <kV(xe PALy(x) <k+1)} be the set of all nodes in
W that have at most k& nodes from P, in the path from the root to its predecessor. So if
x € W is not in P, then we have at most k nodes from P, in the path from the root to
itself and if x € W is in P,, then we have at most k£ 4+ 1 nodes from P, in the path from
the root to itself. We will inductively create a set V;, C V' such that Vj, C £5(V, k) and
then define the grounded induced sub chain tree as ' := T[Uyen Vi) In other words, we
are going inductively over the Ls-levels of the tree ¥ and cut infinite sub-paths of pure P
and S nodes as soon as the probability for normal forms on that path is high enough.

In the base case, we consider the induced sub chain tree 7T, := T[£5(V,0)]. This tree only
contains P nodes from P;. While the node set £5(V,0) itself may contain nodes in P,
this can only occur at the leaves of T, and by definition of an induced sub chain tree, we
remove every leaf from P in the creation of T;. Using our assumption we get |Ti|Lear = 1.
In one can see the different possibilities for T;. Either T} is finite, or T, is infinite.
In the first two cases, we can add all the nodes to Vj since there is no infinite path of pure
Py and S nodes. Hence, we define V; := £5(V,0). In the last case, we have to cut the tree
at a specific depth once the probability of leaves is high enough. Let d,(y) be the depth of
the node y in the tree T,. Moreover, let D, (k) = {x € £5(V,0) | d:(y) < k} be the set of
nodes in T, that have a depth of at most k. Since |Ti|pear = 1 and | o |Lear iS monotone
w.r.t. the depth of the tree T;, we can find an N, € N such that

1
Z pf‘ >1- P
xGLeafT',dr(:v)SNt

We include all nodes from D.(N,) in Vj and delete every other node of 7;. In other words,

we cut the tree after depth N,. This cut can be seen in indicated by the red
line. Therefore, we set V := D (N,) in this case.

85



5. DP Framework for PTRS

(a) T finite (b) T; infinite

Figure 5.4: Possibilities for T,

For the induction step, assume that we have already defined a subset V; C £5(V, ). Let
H, ={zx €Vi|x e PALy(x) =i+ 1} be the set of leaves in T[V;] that are in P,.
Additionally, let x € H;. For each x, we consider the induced sub chain tree that starts
at x until we see the next node from P, including the node itself. Everything below
such a node will be cut. To be precise, we set V, = £o(xE* i + 1) and look at the tree
T, = Vo, By, Ly) = T[V,].

First, we show that |T;|Lear = 1. For every successor y of x, the induced sub chain tree
T, = T,[y(E;)*] of T, that starts at y does not contain any nodes from P,. Hence, we
have |T,|Leat = 1, by our assumption. Then, T, is the family extension of the finite
chain tree T[{z} U zE] and the family (7,),e.p. Since T[{z} U zE] is finite we have
|T{2} UxE]|Lear = 1 and since we have |T}|Lear = 1 for all y € 2, we get |Ty|Lear = 1 by
the full extension lemma (Corollary 5.2.14]).

Now, for the construction, we have the same cases as before. Either T, is finite or T}, is
infinite. In the first case, we can add all the nodes again. For this, we set Z, :=V,. In
the second case, we once again cut the tree at a specific depth once the probability for
leaves is high enough. Let d,(z) be the depth of the node z in the tree T,. Moreover, let
D,(k) = {x € V, | du(2) < k} be the set of nodes in T, that have a depth of at most k.
Since |Ty|Leat = 1 and | o |Lear is monotone w.r.t. the depth of the tree T}, we can find an
N, € N such that

T 1 i+1 1
Lo pz <d> |

yeLeaf ™ d, (y) <Ny

We will include all nodes from D, (N,) in V;;; and delete every other node of T,. In other
words, we cut the tree after depth N,. Therefore, we set Z, .= D,(N,) in this case.

We do this for each z € H and in the end, we set Vi1, =V, UU,cpy Z..

It is straightforward to see that ey Vi satisfies the conditions of [Definition 5.2.3] as we
only cut after certain nodes in our construction. Hence, Upen Vi is non-empty, weakly
connected, and we either have no or all successors of a node inside of it. Furthermore,
T = F|Upen Vi| 1s a grounded induced sub chain tree and does not contain an infinite
path of pure P, and S nodes as we cut every such path after a finite depth. The last

thing we need to prove is that [T | ear < | (1) |Lear + >oney (é)n holds. During the i-th

construction iteration, we may increase the value of |T(11)|Leat by the sum of all probabilities
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corresponding to the new leaves resulting from the cuts. As we cut at most |H;| trees in the

+1
i-th iteration and for each such tree, we added at most a total probability of (é)l L

T
the value of |T(41)|Lear might increase by
1 i+1 1 1 i+1
()" =)
d |H,| d
in the ¢-th iteration, and hence in total, we then get
00 1 n
Tt < [T lnear + Y- () 0
n=1

Next, we introduce split-nodes for our computation trees. These are nodes that split into
multiple ones without changing the set in the labeling of the node.

Definition 5.2.21 ((P, S)-computation tree with splits). We exchange the property of
[Definition 5.2.16| by the following:

(b-split) For every = € S with E = {y,...,ys} we have A, ‘»5 {%1 CAy, % Ay, }or
ij:Axforalllgjgk‘. ' '

A chain-tree T = (V, E, L, P) that satisfies the conditions from [Definition 5.2.16| but with
instead of@ is called a (P, S)-computation tree with splits. A node x € S with
vE={y,...,u}, Ay, = Ag forall 1 < j <k, and A, /s {% : Ayl,...,% t Ay} s
called a split-node.

Allowing split-nodes does not change the property of being AST as described in the
following lemma

Lemma 5.2.22 (Splitting Lemma). If there exists a (P,S)-computation tree T with splits
such that |¥|rear < 1, then there is also a (P,S)-computation tree T without splits such
that |‘Z|Leaf < 1.

Proof. The proof of this theorem combines the ideas of the proofs from [Lemma 4.2.22]
and [Theorem 4.2.21] Assume that there exists a (P, S)-computation tree T = (V, E, L, P)
with splits such that |T|ieas = ¢ < 1. From ¥, we will now create an infinite, finitely
branching, labeled tree § such that the label of every node X inside of this tree represents
a (P,S)-computation tree Tx = (Vx, Fx, Lx, Px) without splits, such that Vx C V|
and the sum of all probabilities for leaves in Ty that are also leaves in ¥ is less than ¢
(i€ Y pereat™s nveleats P2¥ < ). Since this tree § is infinite and finitely branching, there
must exist an infinite path by Konig’s lemma. This infinite path will correspond to a
(P, S)-computation tree Ty, without splits such that Leaf*im C Leaf® and thus we have

|Tlim|Leaf - Z p;ihm - Z pghm S c<1

xz€Leaf¥lim z€Leaf%lim AzcLeaf™

so that %y, converges with probability < 1, and this ends the proof.

Now to the precise construction of the tree §. The root of § is labeled with the induced
sub chain tree T[{t*}] of T that only consists of the root. Here, T[{t*}] is a finite (P, S)-
computation tree and 3. = cppsyy o Pl = 0 < ¢, since the root of T can not be
a leaf in T, otherwise, we would have |¥|jc.r = 1.

Let 125 ... be an enumeration of V such that there exists no ¢ < j with d(z;) > d(z;).
This means that our enumeration starts with the root, then enumerates all nodes of depth
1, then all nodes of depth 2, and so on.
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In the ¢-th iteration of our construction of the tree §, we consider node z; and all of the
nodes in depth i of the tree §. Let V; == {x1,...,2;} UUi<j<; 2;E and let T; == T[V}]
be the induced sub (P,S)-computation tree consisting of the nodes x1,...,z; together
with their successors. The set V; satisfies the conditions of [Definition 5.2.3| because it
is weakly connected by definition of our enumeration and we either have all successors
existent or none. We now use the same construction as in [I'heorem 4.2.21] to create a
set Split(¥;) that contains all possible (P, S)-computation trees that are contained in our
(P, S)-computation tree T; with splits. Instead of the nodes with a position indicator of
j # 1 that we used in [Theorem 4.2.21] to split a tree into multiple ones, this time we split
at the split-nodes. The rest of the construction is completely the same, and the details can
be found in the proof of [Theorem 4.2.21| After this construction, we get a set Split(¥;)
that satisfies the following:

(1) X(prmespiitz,) Pr = 1. This means that the sum of the probabilities for all possible
(P, S)-computation trees is one.

(2.) For all z € V; we have py' = > (pr T)eSPlit() PT * P(T.2), Where

)l itz eV,
Py = 0 otherwise.

This means that the probability for node x in our tree ¥; is equal to the sum over
all trees T' that contain x, where we multiply the probability of the tree T" by the
probability of node x in T

(3.) For all (pp,T) € Split(T;) the tree T is a (P, S)-computation tree without splits.

For the tree §, we have a node in the (i + 1)-th depth for every tree T" inside of Split(%F;)
such that 3, o1 eat” nwerears P2 < ¢ and label it accordingly. We draw an edge from a node
X in depth ¢ to the node Y in depth 7 + 1 if the corresponding trees are either the same,
if the tree for node Y is the result of the tree for node X if we add the successors of z;
or if the tree for node Y is the result of the tree for node X if we split at node x;, i.e., if
we remove x; and directly move to one of its successors. A node X can only have a finite
amount of direct successors in the tree § since the node x; can only have a finite amount
of direct successors in ¥ so that the split at node z; can only result in a finite amount
of possible trees. If z; is not a split-node, then there is a unique successor for each tree.
Hence, § is finitely branching.

We now have to prove that there exists a node in every depth of the tree §. Let 1 € N. We
have to show that there exists a pair (pr, T') € Split(%;) such that 3, e nveLeat Po < C-
Assume for a contradiction that 3=, 1 e.s? rrereas P > ¢ holds for all (pr, T') € Split(%;).
Then we would have

EmGLeaf‘Ii AzeLeaf™ pgl

EmGLeaf‘Ii Az€Leaf® Z(pT,T)GSplit(Ti) pr - m (by 2)
E(pT,T)ESplit(Ti) erLeaf‘Ii Az€Leaf® PT * m
(pr,T)eSplit(T;) PT * erLeasz' Az€Leat® P(T,a)
(pr,T)ESplit(T;) PT Z:cELeafT Az€Leaf™ pg;

(pr,T)€ESPlit(T;) Pr-C (as erLeafT Az€Leaf™ pg > C)
* 2 (pp T)ESplit(,) PT

-1 (by 1.)

v
S0 MMM
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5.2. Computation Trees and Chains

But this is a contradiction since this means

c< Y kS Y pm=c

z€Leaf%i Az€Leaf™ z€Leaf®

Hence, there exists a node in every depth of the tree §. Note that if a tree T is
contained in depth i of the tree §, then for every predecessor 7" of T' in § we also
have 32 11 p e leafT pf’ < ¢ and thus the whole path is contained in §. This means that
§ is an infinite and finitely branching tree, so there must exist an infinite path by Konig’s
lemma.

Finally, we show that this infinite path corresponds to a (P,S)-computation tree Ty,
without splits such that Leaf™™ C Leaf*. Let T1,T,,... be the finite (P, S)-computation
trees without splits of the nodes in the infinite path in §. We define the tree Ty, by
Thim = lim; .o ¥;. Note that there is some natural number N; € N for every j € N, such
that everything below the j-th depth is the same for all trees ¥, with a > N;. Hence, the
limit exists and all local properties for a (P,S)-computation tree are satisfied for Tjyy,.
For the only global property regarding the infinite paths in Ty, note that every infinite
path in Ty, corresponds to an infinite path in ¥ that is only missing split-nodes. Since
split-nodes are contained in &, we can be sure that every infinite path in %y, must contain
an infinite amount of P nodes.

Lastly, we have to show that Leaf™= C Leaf*. Let 2 € Leaf*™. We have d(z) = j for
some j € N and by our previous observation, there must be a IN; € N such that x € Leaf*e
for all @ > N;. But this is only possible if  is already a leaf in ¥ because otherwise, we
would add one of its successors into the tree afterward, or we would skip the node =z if it is
a split-node. Thus we have Leaf™™ C Leaf® and this ends the proof. [ |

At the end of this section, we once again prove our theorem regarding the structure of
a witness that (P,S) is not innermost AST. We will see that we can once again start
with a fully instantiated left-hand side of some dependency tuple in the PPTRS such that
every proper subterm is in normal form. We have only defined computation trees and no
computation forests. Hence, we have implicitly defined that our probabilistic chains start
with a single set.

Theorem 5.2.23 (Witness Theorem of probabilistic DP problems). If (P,S) is not
innermost AST then there exists a (P, S)-computation tree ¥ = (V, E, L, P) that converges
with probability < 1 and starts with (1 : {(t#,¢))) such that t* = (#o for some dependency
tuple ((%,0) — ... € P, some ground substitution o € Sub (X, V), and every proper subterm
of (%o is in normal form w.r.t. S.

In order to prove this, we first introduce two new definitions regarding the syntactical
structure of our sets.

Definition 5.2.24 (Orthogonal Cuts and Hierarchical Sets). Let A € PDTS,,,. We say
that (B, C) is an orthogonal cut of A if we have B # &, C' # @, A = BW C and for all
(t1,m) € B, and all (ty, ) € C' we have 7 L.

If there does not exist an orthogonal cut of A then there is a pair (¢,7) € A, called the
top pair, such that 7 < 7’ for all (¢,7") € A. Here, we say that A is hierarchical.

The core idea of an orthogonal cut is that in a rewrite step, we change only pairs of one of
the parts in the cut. The other part will stay the same.
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5. DP Framework for PTRS

Example 5.2.25 (Rewriting Orthogonal Cuts). Remember the DP problem from
[Example 5.1.13] For the set

A= {(f*(a),2), (f*(a), 1), (a*,1.1)}

we have an orthogonal cut of A given by the two sets

Ar = ((F#(a),2) ), Ax = {(F#(a), 1), (a%,1.1) )

If we now look at the following rewrite step:

Adlps{1: B} ={1:{(f*(a),2), (g*(),1), (¥, 1.1) )}

Then we have
By = {(f*(2),2)), B = {(g*(b), 1), (¥, 1.1)}
as an orthogonal cut of B. As one can see, one part of the orthogonal cut stays the same.

If we remove the pair (f#(a), 2) from A, then the resulting set

A= ((f*(a),1), (a%,1.1))

is hierarchical. Here we have the top pair (f#(a), 1).

Lemma 5.2.26 (Orthogonal Cuts and Rewrite Steps). Let A € PDTS,,, and let (A;, As)
be an orthogonal cut of A. If we have

A—i‘>7>,s {p1:Bi,...,pr: Bi} or A-lsg {p1:B1,....pk: Bi}

using a main rewrite pair (t,m) € Ay, then Ay C B; for every 1 < j <k.

Proof. Assume that we have A —ibp,g {p1: B1,...,pr : By} and use the main rewrite pair
(t,m) € Ay. Let 1 < j < k. Following the notation from |[Definition 5.1.12 we have

A=t 7)) W My M, M.

and
By = M & My {(alrjo)y,. ) | (a.%) € M)

Since for every (a,a) € Ay we have alw, by definition of an orthogonal cut, we get
Ay € M, C By. The case for A =5 {p1 : By,...,px : By} is completely analogous. |

Now, we are able to prove the main lemma for the witness theorem.

Lemma 5.2.27. If (P,S) is not innermost AST then there exists an innermost (P,S)-
computation tree T that converges with probability < 1 and starts with (1 : A) for some
A € PDTS,,, such that |A| = 1.

Proof. We will prove the contraposition. This proof follows the same structure as the
proof for [Theorem 2.1.23| and [Theorem 4.2.21] But as we are rewriting on sets, we can
not argue in the induction step about rewriting at the root position. Hence, we use our
new definitions regarding orthogonal cuts and hierarchical sets to create our desired case
distinction in this way. The case that there exists an orthogonal cut was in|I'heorem 2.1.23)|
and [T'heorem 4.2.21] the case where we do not rewrite at the root position. The case for a
hierarchical set was then the second step, where we allowed rewriting at the root position
again.
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5.2. Computation Trees and Chains

Assume that every (P,S)-computation tree T that starts with (1 : A) for some term
A € PDTS,,, such that |A| = 1 converges with probability 1. We prove by induction over
|A|, that then all (P, S)-computation trees ¥ that start with (1 : A) for some A € PDTS,,
converge with probability 1.

If we have |A| = 0, then the set is in normal form and the case |A| = 1 is precisely our
assumption. Hence, all (P,S)-computation trees T that start with (1 : A) such that
|A| € {0,1} converge with probability 1.

In the induction step, we assume that every (P, S)-computation tree T = (V, E, L, P) that
start with (1 : A") such that |A’| < |A| converges with probability 1. We now distinguish
two different cases:

o If there exists an orthogonal cut (A, Ay) of A, then assume for a contradiction that
there exists a (P, S)-computation tree T = (V, E, L, P) that starts with (1 : A) and
converges with probability < 1. We will now do the following steps:

1) Partition the set P into the sets P, and P, according to the position of the
used main rewrite pair.

2) Create a chain tree T that starts with (1 : A;) and |[TM|pear < 1.

3) Use the P-Partition Lemma to get a (P, S)-computation tree T with |¥'|pear < 1.

4) Create a (P, S)-computation tree T'? that starts with (1 : Ay) and |T®|per <
1.

In the end, we created a (P, S)-computation tree T that starts with A, such that
|T'® |1 ear < 1. This is a contradiction since we have |A,| < |A| (by definition of an
orthogonal cut) and by induction hypothesis, we must have [T | = 1.

1) Partition the set P

Let

Xy ={r|(t,m) e Ay A3, 7)€ Ay : 7’ <7}

be the top positions in A; and similarly
Xo={m|(t,7m) € Ao A—=3(t',7") € Ay : 7’ < 7}

be the top positions in A;. Note that rewriting with —ii>'p’3 or ~»g can only extend
existent positions. Hence, for every x € V' the set A, can only contain pairs that
have a position below some position in X; or Xs. To be precise, we have

Ay = AV WAD =t m) e A, | Fre X, 7 <7m}w{(t,m) €A, | IT € Xy : 7 < 7}

If both of these are non-empty, then they form an orthogonal cut of A,, e.g., we have
A=A =ANw AR = A w A, for the root and (A;, Ay) is an orthogonal cut of A.

We can partition P into the sets
Py :={x € P | x together with the labeling and its successors represents a
~>p s step with a main rewrite pair position below some 7 € X}

P, := {x € P | x together with the labeling and its successors represents a
~>p s step with a main rewrite pair position below some 7 € X5}
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2) Create a chain tree T(

We start by constructing a chain tree T = (V,E, LW, P)) with the labeling

LW (z) = (pf, AW) for all z € V. This means that T and TV have the same tree
structure and the same probabilities, but we only use the sets of the first part of our
orthogonal cut in the labeling. Hence, we have |TM|1car = |T|rear < 1.

Py

1: A0

N

: Agl) Do Agl)

b1
/ g
ps AN | pa AP s s AL

ol

Figure 5.5: Construction of T

Rewrite steps with a main rewrite pair position below X5 do not change the set of
the first part of our orthogonal cut as described by [Lemma 5.2.26] Here, we can
use split-nodes to perform no rewrite step but mirror the tree structure. In order
to do this, we have to remove every node from P, and move it into .S. This means
that every local property of a (P, S)-computation tree is satisfied for ). However,
if there exists an infinite path in T that only sees nodes from P, and &, then this
path would not contain an infinite amount of P, nodes in the tree V. Hence, T
might not be a (P, S)-computation tree anymore as the global property might not
be satisfied. However, every induced sub chain tree such that every infinite path has
an infinite amount of P, nodes is a (P, S)-computation tree with splits. This also
includes every finite induced sub chain tree as there does not exist an infinite path
in such trees.

3) Use the P-Partition Lemma

In order to use the P-Partition Lemma for the tree ¥, we have to show that every
induced sub chain tree T’ of ¥ that only contains P nodes from P; converges with
probability 1. Let ¥ = (V' E', L', P") be an induced sub chain tree of T that
does not contain nodes from P,. There exists a set W satisfying the conditions of
[Definition 5.2.3|such that ¥ = T[W]. Let w € W be the root of ¥'. Since T and
T have the same tree structure, we have T[] as an induced sub chain tree of
TW with TO[W] = T'. Moreover, TH[W] is a (P, S)-computation tree, since the
set W does not contain any inner nodes from P;. Note that TM[W] starts with
(1: A and that every (P, S)-computation tree that starts with (1 : A;) converges
with probability 1 by our induction hypothesis. We now show that T[] is the
induced sub chain tree of a (P, S)-computation tree that starts with (1 : A;) and
thus, we know that TW[IW] must be converging with probability 1 as well.

Let t =1 ...y, = w be the path from the root to w in €. The tree we are looking
for is T == TW [U1<j<m ;£ UW]. This is a grounded, induced sub chain tree. Every
infinite path in 7" must visit the node w and corresponds to an infinite path in
TWIW] so that it has an infinite amount of P nodes. Furthermore, Uy <j<,, y;EUW
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satisfies the conditions of |Definition 5.2.3| as the set is weakly connected and we
always have the whole successor set contained or no successor at all. Therefore, T is
a (P,S)-computation tree that starts with A; and must converge with probability 1
by our induction hypothesis.

Now, we have shown that the conditions for the P-Partition Lemma (Lemma 5.2.20))
are satisfied. We can now apply the P-Partition Lemma to get a grounded, induced
chain tree ¥’ of T with |¥'|Lear < 1 such that on every infinite path, we will have an
infinite number of P nodes.

4) Create a (P,S)-computation tree '

We can now create a (P, S)-computation tree T2 = (V' £/, L'® P, N V') with
splits and the labeling L'®(z) = (p¥', A?)) that starts with (1 : Ay) and has the
same underlying tree structure and probabilities for the nodes as ¥’. Since the tree
structure and the probabilities are the same, we then get |T'®|peus = [T |Lear. Since
1T |Leat < 1 we thus have |T'®)|..; < 1, which is our desired contradiction.

1:A43
Py
pr: AP P2 AY
Py
|P32A3| |P42A4| |P51A5| p3iAz(32) pi: AP pSIAéz)

Figure 5.6: Construction of T'?

The core idea of this construction is that we remove every node from P, and use
split-nodes to do nothing, analogous to the previous construction, where we did the
same for P;. Again, all local properties for a (P, S)-computation tree with splits are
satisfied, and since we know that every path has an infinite amount of P, nodes in
T, we also know that the global property for ') is satisfied.

If we have A hierarchical, then there is a top pair (¢, 7) inside of A. Assume for
a contradiction that there exists a (P, S)-computation tree ¥ = (V, E, L, P) that
starts with (1 : A) and converges with probability < 1. By T, = (V', E', L', P") we
denote the (P,S)-computation tree that results when cutting everything after a
node that represents a rewrite step with a main rewrite pair position 7. This tree
can be transformed into a (P,S)-computation tree ¥, = (V' E', L", P") with the
labeling L"(x) = (p., {(a,a) € A, | @ # 7}) that uses the same probabilities but
removes the top pair (¢, 7) from every occurring set. Since we always rewrite with a
main rewrite pair position strictly below 7 in T (as we cut before such a rewrite
step occurs), we know that T}, is a (P, S)-computation tree. Furthermore, T}, starts
with A\ {(t,7)} and since |A\ {(¢t,7)}| < |A| we get |T;|Lear = 1 by our induction
hypothesis. Now ¥} and T have the same tree structure and the same probabilities
so that |gc|Leaf = |gé|Leaf =1.

If we rewrite with the main rewrite position 7, then every other pair gets removed, as
every other position is below 7. Hence, the leaves inside of T’ that are not in normal
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form yet, can be extended with (P, S)-computation trees T that start with {(¢',7)}
for some term ¢ € T# (¥). Again, we get |T|rear = 1 for all these computation
trees by our assumption. Now, T is the family extension of trees that converge with
probability 1 and by the full extension lemma (Corollary 5.2.14)) we get |T|pear = 1,
which is our desired contradiction. ]

Proof of [Theorem 5.2.25. Assume that (P,S) is not innermost AST. By [Lemma 5.2.27]
there exists a (P, S)-computation tree T that start with (1 : A) for some A € PDTS,,, with
|A| = 1. This means that we start with the singleton set {(¢#,7)})), and hence the precise
position 7 is irrelevant so that we can assume that we have m = . If the root is inside of
P, then we can only perform a rewrite step if t# = (#¢ for some rule (¢#,¢) — ... € P,
some ground substitution o € Sub (X, V) and such that every proper subterm of £#¢ is in
normal form w.r.t. S.

If the root is not inside of S, then we show that there exists an induced sub (P,S)-
computation tree that starts with (1 : A’) for some A" € PDTS,,, with |A| = 1, converges
with probability < 1, and such that the root is contained in P. This tree is then of our
desired form by the previous paragraph again.

The grounded, induced sub (P, S)-computation tree ¥ that results from cutting every
edge after the first node in P must be finite. Hence, we have a finite set of leaves for ¥,
given by Leaf* = {z1,..., 2}, and every leaf z € Leaf™ is either in P or a leaf in T as well.
Note that rewriting with <5 can not increase the size of the set, so that |A.| = |A| = 1
for all z € Leaf* holds. Let T, := T[2E*] be the induced sub (P, S)-computation tree
that starts at z. If we assume for a contradiction that T, converges with probability 1 for
every z € LeafT, then also T converges with probability 1 as it is the family extension of
trees that converge with probability 1 and by the full extension lemma (Corollary 5.2.14])
we get |T|rear = 1, which is a contradiction to our assumption. Hence, there must exists a
z € Leaf® such that 7., converges with probability < 1. This is then a (P, S)-computation
tree of our desired from as we have |A,| = 1 and the root is contained in P. |

5.3 Chain Criterion

Before we talk about the DP framework and the processors, we have to prove the chain
criterion for the probabilistic dependency tuples.

Theorem 5.3.1 (Probabilistic Chain Criterion). A PTRS R is innermost AST iff
(DT(R),R) is innermost AST.

This proof is more involved than the one for the non-probabilistic dependency pairs due
to the more complex definition of a probabilistic chain. We will split this proof into
two smaller parts. We start by defining some important sets that we consistently use

throughout both parts of the proof.
Definition 5.3.2. Let R be a PTRS. For a set A € PDTS,,, we define SubX*™ (A, R) :=
{(r,7) | (r,m) € A, 7" is not in normal form w.r.t. R and every proper subterm of 7’ is

in normal form w.r.t. R} and SubLo®(A,R) := {(r,7) | (r,7) € A, r’ is not in normal

form w.r.t. R }. For a term ¢ we define Subli™ (¢, R) := {(r#,7) | r is a subterm of ¢ at

term

position 7 with defined root symbol that is not in normal form w.r.t. R and every proper
subterm of 7 is in normal form w.r.t. R } and Sub{o® (¢, R) := {(r#,7) | 7 is a subterm of

t at position m with defined root symbol that is not in normal form w.r.t. R }.
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SubMa™ (A, R) and SubM™" (¢, R) contain precisely the pairs/subterms that may be used
for an innermost rewrite step. To be precise, Subﬁﬁﬁi“(A, R) contains exactly the pairs
that may be used as main rewrite pair for “opr(r) = steps, and Subpr(t,R) contains
exactly the pairs where the corresponding term is a possible redex for the PTRS R. On
the other hand, the sets Sub.9™®(A, R) and Subp% (t,R) contain all of the pairs/subterms
that may be used now or in future rewrite steps as main rewrite pair/redex, due to the

fact that the term has a defined root symbol and is not in normal form w.r.t. R.

Example 5.3.3 (Important Sets). Consider the PTRS Ry, from [Example 5.0.1] For the
term ¢ := s(div(minus(x,y),s(y))), we have

Subfos(t,R) = {(div¥(minus(z,y),5(y)), 1), (minus* (z,),1.1)}
Subpl(t,R) = {(minus* (z,y),1.1)}

term

lljor the set A = {(div#(minus(x,y),s(y)),1), (minus#(:c,y),l.l), (div#((’),O),Z)}, we

Sublo®(A,R) ={

set

SubMrin( 4 R) = {

set

div¥ (minus(z, ), s(y)), 1), (minus#(x, ), 1.1)}
minus™ (x, y), 1.1)}

Here, the term in the pair (div#((’), 0), 2) is in normal form w.r.t. R and thus not contained
in SubL%*® (A, R) and not contained in Sub)™(A, R).

set set

We can now prove the first part of our chain criterion.

Lemma 5.3.4 (Proving Innermost AST with Dependency Tuples (Part 1)). Let R be a
PTRS and t € T(X) with a defined root symbol. Then the following is equivalent:

o There exists an innermost R-computation tree € = (V, E, L) that converges with
probability < 1 and starts with (1 : t) such thatt = lo for some rule { — r € R, some
ground substitution o € Sub (X,V), and every proper subterm of (o is in normal
form w.rt. R.

o There exists a (DT (R), R)-computation tree T = (V, E, L, P) that converges with
probability < 1 and starts with (1 : {(t#,e)})) such that t#* = (¥o for some
dependency tuple ((#,0) — ... € DT(R), some ground substitution o € Sub (%,V),
and every proper subterm of {*o is in normal form w.r.t. R. Furthermore, we have
P =V \ Leaf (i.e., we do not use any ~> steps).

Example 5.3.5 (Illustration of Part 1). Consider the following PTRS R over the signature
¥ with ¥p = {f, g} and X = {a,s} with the rules:

(1) = f(a,a) — {1:s(f(g,g))}
2) = g — {l:a}

This is not AST, as it can be seen as a non-probabilistic TRS that does not terminate.
Now, consider the PPTRS DT (R). Here, we have the dependency tuples:

DT((1) = (FF(aa)faa) — {L:({(F(e.e).1). (g%, 1.1). (g%,1.2)}.s(f(g, &)}
DT((2)) = g%.8) — {1:(2,2)}
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P
1:f(a,a) 1: {(f*(a,a),e)}
P
1:5(f(g,g)) 1: {(f*(g.8).1), (g%, 1.1), (6%, 1.2))
P
I s(f(a.0)) 1 (a8 1), (6 12)}
P
1:5(f(a,a)) 1: {(f*(a ), 1)}
(a) R-computation tree T (b) (DT (R), R)-computation tree T’

Figure 5.7: Transformation of the following proof part (1).

Consider the infinite innermost R-computation tree ¥ in [Figure 5.7al This tree is an
infinite path without leaves, so it converges with probability 0. We can construct the
(DT (R), R)-computation tree T’ depicted in that converges with probability
0 as well and only uses _iDDT(’R),R steps. If we start with T’ for the other direction of the
proof, we will get T.

Proof of [Lemma 5.3

“=" Let ¥ = (V,E,L) be an innermost R-computation tree that converges with
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probability < 1 and starts with ¢ such that t = fo for some rule ¢ — r € R, some
ground substitution ¢ € Sub (X, V), and every proper subterm of ¢o is in normal form
w.r.t. R. We will construct a (D7 (R), R)-computation tree T = (V, E, L', V' \ Leaf™)
with the same underlying tree structure and an adjusted labeling such that pt = pg/
for all x € V. Since the tree structure and the probabilities are the same, we then
get |T|rear = |T'|Lear- To be precise, the set of leaves in T is equal to the set of leaves
in ¥, and they have the same probability. Since |T|Lear < 1 we thus have |T'|pcar < 1.
Additionally, the computation tree T’ will start with (1 : {(¢#,)})) and therefore,
there exists a (D7 (R), R)-computation tree T’ that converges with probability < 1
with our desired properties.

Figure 5.8: Construction for the proof of the direction “=-"



5.3. Chain Criterion

We construct the new labeling L’ for the (DT (R), R)-computation tree inductively
such that for all inner nodes x € V'\ Leaf with children nodes E = {y1,...,yx} we
have A, =pr®) = {% c Ay, % : Ay, }. Then every property oleeﬁnition 5.2.16
is satisfied so that T is a (DT (R), R)-computation tree. Let X C V be the set of
nodes where we have already defined the labeling L'(z). During our construction,

we ensure that the following property holds:

For every node z € X we have Sub{>®(t,, R) C SubLo®(A,,R) and

term set

hence SubM™ (¢, R) C SubM*™(A,, R).

term set

(5.11)

This means that the corresponding term ¢, for the node z in ¥ has at most the same
possible redexes as we have possible main rewrite pairs for the corresponding set A,
in ¥.

We start by setting A, = {(t#,¢)). Here, we have Sub} 2% (t., R) = Subj.o¥ (¢, R) =

term term

Suble= (4 (t#,e)), R) = SubLo™(A,, R), since every proper subterm of ¢ is in normal

set set
form w.r.t. R.

As long as there is still an inner node x € X such that its successors are not contained
in X, we do the following. Let E = {y1,...,yr} be the set of its successors. We

need to define the corresponding sets A, ,..., A, for the nodes yi,...,ys.

Since z is not a leaf, we have t, “sg {2 : ¢, ..., 2 ¢, }. This means that there
DPx Px
isarule £ — {p; :r,...,px : 7} € R, a position m, and a ground substitution

o € Sub (3, V) such that ¢,|, = fo and every proper subterm of ¢o is in normal form
w.r.t. R. Furthermore, we have t, = t,[r;o], for all 1 < j < k. So the labeling of
the successors yi, ...,y in T is L(y;) = (pz - pj : te[rjoly) forall 1 < j < k.

Let p={p1 :71,...,pk : 1}. The corresponding dependency tuple for the rule £ —
is DT (0 — p) = (07, 0) — {p1 : (dp(r1),7r1),...,px : (dp(ry),7%)}. Furthermore, we
have ((*0,7) € Subpar(t,, R) C(rmy Sublyt™(A,, R) C A,. Hence, we can rewrite
A, with (¢#0) — {py : (dp(r1),m1),...,px : (dp(ri),7%)} € DT(R), the ground
substitution o € Sub (X, V), and the main rewrite pair ((#o, ), since every proper
subterm of ¢#¢ is in normal form w.r.t. R. We get A, —iDDT(R),R {p1:BY, ... px:
B7} with
Ay = {(Fo,m)D W My W M, & M.

and
ng'c = Mj_ WM W {(a[rjoly,, x) | (a,x) € Mrew)

for all 1 < j < k as in [Definition 5.1.12

For our new labeling, we set A, := Bj. It remains to show that our induction
hypothesis is still satisfied for this new labeling, i.e., that we have
Subgo (t,,, R) C Suble®(A,,, R) < Subgew (ts[r;jol, R) C Suble®(B?,R) for all
1<j<k

Let 1 <j <k and ((tu[rjo]:|.)%,7) € Subt (t,[r;jols, R). We have the following
possibilities:

— If 7 < 7, then there is a y € N* such that m.x = 7 and we have
(te[rjolz|-)* = (rjo],)*. Due to the innermost strategy, we must have
x € Occ(r;) and ;] & V. This means that at least the defined root symbol
of rjo|, must be inside of r; and thus we have ((r;|,)#,x) € dp(r;). Thus,
((te[rioll)#,7) = ((rjol )%, mx) € M;r C B§ and hence ((te[rjol«l-)*,7) €
Suby®(B?,R).

set
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— If 7 < 7, then there is a Y € N such that 7.y = 7 and we have
te[rjolxls = tuls[rjo)y. Furthermore, we have ((t,,)#,7) € Subfs (t, R) C(1m)

SubL®(A,, R), as t,|, is not in normal form w.r.t. R (the used redex is inside

of this term). Again since 7 < 7w, we have ((t,|;)#,7) € M, and thus
((ta]+[rjol\)*, 7) € BY, which means ((t,|.[r;o])*,7) € SubPOSS(B;",R).

set

— If 7lm, then t,lrjol:l. =t Hence, we have ((t,|,)",7) €
SubL% (t,, R) Cum SubLS(A,, R), as t|, tz[7jo]x|; is not in normal

form w.r.t. R (because we have ((t,[7;0].|.)%,7) € Sub{o® (t,[rj0]., R)). Since

term

TLlm, we have ((t.|,)#,7) € M. and thus ((t,],)#,7) € B}, which means
((tz|-)*,7) € Subls™(B, R).

set

“<” Let ¥ = (V,E,L,P) be a (DT(R),R)-computation tree that converges with
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probability < 1 and starts with (1 : {(¢#,¢)})) such that t#* = (#o for some
dependency tuple (¢# ¢) — ... € DT(R), some ground substitution o € Sub (X, V),
and every proper subterm of (#¢ is in normal form w.r.t. R. Furthermore, we
have P = V \ Leaf (i.e., we do not use any —»x steps). We will construct an
R-computation tree T = (V, E/, ') with the same underlying tree structure and an
adjusted labeling such that p> = p* for all z € V. Since the tree structure and the
probabilities are the same, we then get |T|Lear = |T'|Lear- T0 be precise, the set of
leaves in ¥ is equal to the set of leaves in ¥, and they have the same probability.
Since |T|pear < 1 we thus have |T'|Ler < 1. Additionally, the computation tree ¥’
will start with (1 :¢) and thus there exists a R-computation tree ¥ = (V, E, L) that
converges with probability < 1 with our desired properties.

Figure 5.9: Construction for the proof of the direction “<”

We construct the new labeling L for the R-computation tree inductively such that

for all inner nodes z € V' \ Leaf we have t, -3¢ {24 : ¢, ..., 2% ¢, }. Then every
Pz Pz

property of [Definition 4.2.16|is satisfied so that ¥’ is a R-computation tree. Let

X C V be the set of nodes where we have already defined the labeling L'(z). During

our construction, we ensure that the following property holds:

For every node z € X we have SubL%®(A,,R) C Sub.(t,,R) and

set term

hence SubMa™(A,, R) C SubM™(¢, R).

set term

(5.12)

This means that the corresponding set A, for the node x in T has at most the same

possible main rewrite pairs as we have possible redexes for the corresponding term
t, in ¥’



5.3. Chain Criterion

We start by setting t. := t. Here, we have SubLo®(A,, R) = SubLo®({(t#,¢)}),R) =

set set

Subrs (t, R) = Subi.2 (¢, R), since every proper subterm of t# is in normal form

w.r.t. R.

As long as there is still an inner node x € X such that its successors are not contained
in X, we do the following. Let E = {y1,...,yx} be the set of its successors. We
need to define the corresponding terms t,,,...,t,, for the nodes yi, ..., ys.

Since x is not a leaf and T is a (DT (R), R)-computation tree with P = V'\ Leaf, we
have x € P and thus A, “prr) = {% cAy, Zz‘—: : Ay, }. This means that there
is a dependency tuple (¢#,0) — {py : (dp(r1),71),...,px : (dp(ri), 1)} € DT(R), a
ground substitution o € Sub (3,V), and a main rewrite pair (¢, 7) € A, such that
q = (#o and all proper subterms of {#¢ are in normal form w.r.t. R. Furthermore,
we have A,, = By for all 1 < j < k with

A, ={(g,m)p & My W M, & M_

and
Bf = M & M, ¥ {(a[r;oly,. x) | (a,X) € Myew)

as in [Definition 5.1.12| This means that the labeling of the successors yy, ...,y in
Tis L(y;) = (po - pj : Bf) forall 1 < j < k.
We have ¢ — {p; : r1,....px : %} € R and ((#o,m) € SubM(4, R) S

SubMa (¢, R). Hence, we can rewrite ¢, with the rule £ — {py : 71, ..., pp : 73}, the

set
ground substitution o € Sub (X, V), and the position , since t,|, = o and every
proper subterm of o is in normal form w.r.t. R. We get t, >z {p1 : to[r10]m, ... .0k :
te[rko]x}. For our new labeling, we set ¢, := t,[r;o].. It remains to show that our
induction hypothesis is still satisfied for this new labeling, i.e., that we have
Subly®(A,,, R) C Suby > (t,,,R) < Suble”(Bf, R) C Subyos(tu[rjol., R) for all

1<j<k
Let 1 <j<kand (b71) € SubPOSS(B}’,R). We have the following possibilities:

set

—If (b,7) € M;’, then we find a position y € N* and a term ' such that
(b,7) = ((r'o)#,7.x) and (r'#,x) € dp(r;). Hence, we have t,[r;o].|, =
to[riolelry = 150]y = r'o and thus (b,7) = ((r'o)#, 7.x) € Sub{2® (t,[r;o]., R).

— If we have (b,7) € {(a[rjoly,,7) | (a,7) € My}, then we have a pair
(a,7) € A, and a position x € Nt with 7.y = 7. By definition, the same
rule that we applied to ¢ is applied to a at position yx, so that we result in
b = a[rjo],. Note that (a,7) € SublLe®(A,,R) C(rm) Subges(t,, R), since a is
not in normal form w.r.t. R (the used main rewrite pair has a position below
7). Hence, we have (t,[r;o]..)% = (tu|-[rjo])* = (to|.)*[rjol, = a[rjo], = b
and thus (b,7) € Subyo® (t,[rj0]x, R).

term
— If we have (b,7) € M,, then we have (b,7) € A, and (b,7) €
Suble® (A, R) C(rary Subge (t,,R), as b’ is not in normal form w.r.t. R (be-

set term

cause we have (b, 7) € SubPOSS(B]“?,R)). Since (b,7) € M, we have 7 L7 and

set

ty[rj0]x|; = tz|;. Hence, (b,7) € Subloss (tz[rjole, R).

term

In our second part of the chain criterion, we now allow steps with .

Lemma 5.3.6 (Proving Innermost AST with Dependency Tuples (2)). Let R be a PTRS
and t € T(X) with a defined root symbol. Then the following is equivalent:
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o There exists a (DT (R), R)-computation tree ¥ = (V, E, L, P) that converges with
probability < 1 and starts with (1 : {(t#,e)) such that t#* = (¥o for some
dependency tuple ((#,0) — ... € DT(R), some ground substitution o € Sub (%,V),
and every proper subterm of (* o is in normal form w.r.t. R. Furthermore, we have
P =V \ Leaf (i.e., we do not use any —»>x steps).

o There ezists a (DT (R), R)-computation tree T = (V, E, L, P) that converges with
probability < 1 and starts with (1 : {(t#,e)})) such that t#* = (¥o for some
dependency tuple ((#,0) — ... € DT(R), some ground substitution o € Sub (%,V),
and every proper subterm of (¥ o is in normal form w.r.t. R. Here, we also allow
steps with 5.

Example 5.3.7 (Illustration of Part 2). Again, consider the PTRS R and the PPTRS
DT (R) from [Example 5.3.5l The idea for the following construction is that everything
that is possible with R is also possible with the second component of DT (R).

P P

L: {(f*(a,2),¢)} 1: {(f*(a,a).€)}
P

1 {(f*(g,8),1), (g7, 1.1), (g7, 1.2)} 1 {(f(g,8),1), (7, 1.1), (g7, 1.2)}
P
1: {(f*(a,8), 1), (g%, 1.2)} 1: {(f*(a,8),1), (g%, 1.2)}

P P

1:{(f*(a,2),1)} L:{(f*(a,2), 1)}

(a) (DT(R), R)-comp. tree T without —»x (b) (DT (R), R)-comp. tree T with —»5

Figure 5.10: Transformation of the following proof part (2).

In [Figure 5.10| one can see a (DT (R), R)-computation tree with and one without -z
steps. In this case, there is no difference between both computation trees. However, in

Figure 5.11} we can see that this is not always the case. Here, the (DT (R), R)-computation
tree that does not use —>x steps is not able to mirror the rewrite steps with —»x.

P P
1:{(f*(g,8),¢), (g7,1.1)}) 1: {(f*(g,g),e), (g%, 1.1))
L: {(f*(a,8),2) L: {(f*(a,8),1)}

1: {(f*(a,a), 1))

(a) (DT(R), R)-comp. tree T without <> (b) (DT(R), R)-comp. tree T’ with -z

Figure 5.11: Failing case for the transformation.
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5.3. Chain Criterion

The set <{(f#(a, g), 5)}) is in normal form w.r.t. —iDDT(R),R but we can still use —> steps

to rewrite the g of the term in the pair (f#(a, g), 5). The reason for this is that while the
PTRS rule does the same as the projection to the second component of DT (R), we still
need the pair (g#, 1.2) to be existent in the set in order to use the PPTRS rule. The idea

of the following proof is that if we start with (1 : {(¢,7)})) such that t = (# ¢ for some
PPTRS rule with left-hand side (¢#,¢) and some ground substitution o € Sub (3, V), and
we only use PPTRS rules to rewrite the terms, then we can be sure that the required main
rewrite pair always exists to mirror the —»z step with the second component of DT (R).

Proof of [Lermma 5.5

“=” Every (DT (R), R)-computation tree that does not use any -5 steps can also be
seen as a (DT (R), R)-computation tree in general.

“<” Let ¥ = (V,E,L,P) be a (DT(R),R)-computation tree that converges with
probability < 1 and starts with (1 : {(t#,¢)})) such that t#* = (#o for some
dependency tuple (¢#,¢) — ... € DT(R), some ground substitution o € Sub (%,V),
and every proper subterm of ¢#¢ is in normal form w.r.t. R. We will now create a
(DT (R), R)-computation tree T = (V, E, L', P") that also starts with (1 : {(t#,¢)}),
with the same underlying tree structure, and an adjusted labeling such that pT = p?
for all x € V. Since the tree structure and the probabilities are the same, we then
get |T|rear = |T'|Lear- To be precise, the set of leaves in ¥ is equal to the set of leaves
in T, and they have the same probability. Since |T|per < 1 we thus have |‘37 |Lear < 1.
Furthermore, we will have P’ = V' \ Leaf* so that ¥ does not use any —»x steps.
Therefore, there exists a (DT (R), R)-computation tree with our desired properties.

P

1: %{(t#,e)})

(t7.2)}

1: 4
A P / P
p2 : A p1 Al P2+ Aj

P P / \ P P

|P32A3| |P41A4| |p52A5| p3 Ay ps Al ps : Ag

Figure 5.12: Construction for the proof of the direction “<=”

The core idea of this construction is that everything that is possible with —»% can
also be done with the second component of DT (R), as described in [Example 5.3.7]

We construct the new labeling L' for the (DT (R), R)- Computatlon tree T’ inductively
such that for all inner nodes x € V'\ Leaf we have A, ->prr) = {pyl PAL I;y: :

Al }. Then every property of Definition 5.2.16|is satisfied so that T isa (DT(R),R)-
computation tree. Let X C V be the set of nodes where we have already defined the

labeling L'(x). During our construction, we ensure that the following property holds:

For every node z € X we have Sub!9™®(PosEx(4,), R) C A’ and hence

set

SubPe= (PosEx(A,), R) C Subl (A7, R) and SubM" (PosEx(4,),R) C  (5.13)

set term set

Subpin( Al R).

term
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Here, the position extension of a A € PDTS,,,, denoted by PosEx(A) is defined as
PosEx(A) := AU{(t|#,m.7) | (t¥,7) € A A T €NT A root(t|,) € Zp}

The position extension PosEx(A) contains all pairs that are missing in A, but the
corresponding term has a defined root symbol and is a proper subterm of some other
pair in A. These pairs might be needed to mirror a rewrite step with R using the
second component of DT (R). This means that the corresponding set A/ for the
node z in ¥’ contains every possible main rewrite pair that we might need to use in
order to mirror the rewrite steps applied to the set A, in ¥.

For example, if we consider our signature > = {div,minus,s, O} with ¥p =
{div, minus} and ¥¢ = {s, O}, and the set A == {(div¥(minus(z,y),s(y)),1)), then

we have

PosEx(A) = ({(div#(minus(x7 y),s(y)), 1), (minus™ (z,y),1.1)}

If we would rewrite the inner minus in A with %, then we are able to mirror this
rewrite step in PosEx(A) with ‘»p7(r)  using the main rewrite pair (minus® (z, y), 1).

We start by setting Al = A, = {(t#,£)). Here, we have Sub.(PosEx(A,), R) =

set

Sublo® (PosEx({ (t#,2)}), R) = {(t#,¢)} = A’, since every proper subterm of ¢ is

set
in normal form w.r.t. R.

As long as there is still an inner node x € X such that its successors are not contained
in X, we do the following. Let E = {y1,...,yx} be the set of its successors. We

need to define the corresponding sets A; ..., A; for the nodes yi, ..., yx.

Since z is not a leaf and T is a (DT( ), R)-computation tree, we have A, ‘opr(r) =
{pyl : yl""’z;ﬂ‘ yk} (OrA _D {pyl : yl”%Ayk}>

If we have A, “prr)r { c Ay, % : Ay, }, then there is a dependency

tuple (¢#,0) — {p; : (dp(rl) ) Dk s (dp(rg), i)} € DT(R), a main rewrite
pair (¢, 7) € A,, and a ground substitution o € Sub (2,V) such that ¢ = (# o, and
all proper subterms of /#¢ are in normal form w.r.t. R. Furthermore, we have

A, ={(g,m)p & My W M, & M.

and
Ay, = M7 e My W {(alrjoly., x) | (a,x) € My}
for all 1 < 5 <k as in [Definition 5.1.12]

Since we have (¢,7) € A,, we get (g, m) € PosEx(A,) and since ¢’ is not in normal
form w.r.t. R but every proper subterm of ¢’ is in normal form w.r.t. R, we
also get (¢,7) € Suby™(PosEx(A,),R) C(rmy AL. Hence, we can also apply the
dependency tuple (¢#,0) — {p1 : (dp(r1),71),...,px : (dp(ry),7e)} € DT(R) to AL
using the main rewrite pair (¢, 7) and the ground substitution o since ¢ = (o
and every proper subterm of (#0 is in normal form w.r.t. R, so that we have

Al _DD‘T ’R {pl Bh N Bk} Wlth
Ay ={(g,m)hw M, o M| &M

and

B = M;" ¢ M| ¥ {(a[rjoly,, x) | (a,x) € My, }
forall 1 < j < k as in |Deﬁnition 5.1.12 Then we set A’ = B”” for all

1 < 7 < k. It remains to prove that our claim still holds i.e., we have
Subl*(PosEx(A,,), R) C A; for all 1 < j < k.

set




5.3. Chain Criterion

Let 1 < j < k. We have to show that for every (b%, () € A, and every position
(2 € N* such that b|¢, has defined root symbol and is not in normal form w.r.t. R,
we have (b@, (1.G2) € Aj,. We distinguish according to the origin of (b7,¢1) € Ay,

— If we have (b%,(;) € M, then we find a position x € N* and a term 7/ such
that (b%,7) = (r'*o,7.x) and (r'#, x) € dp(r;). Due to the innermost strategy,
we know that b|;, cannot be completely inside the substitution o, but at least
the defined root symbol must be introduced by r;. Therefore, we have b|;, =
r'ole, = 1,0 = rilyle,0 = rjly.c,0 and we must have (rj’;%CQ,X.CQ) € dp(rj).
Since we use the same dependency tuple, the same substitution and the same

main rewrite pair, we also have (b|z, (1.G) = (rj|t<20,7r.x.C2) e M;* C Ay

— If we have (b#,(1) € {(a[rjolyap,7) | (a,7T) € My}, then there is a pair
(a¥,¢1) € A,, and a position x; € NT such that (;.x; = 7 and b* = a#[r;0],,.
Furthermore, we have (a#,(;) € SubLe®(PosEx(A,), R) C(rmy AL

set

x If we have m < (7.(5, then we can find a position ys € N* such that
m.X2 = (1.Co. Since (3.x1 = 7 and 7.x2 = (1.¢x we get x1.x2 = (2 and thus
ble, = a[rjoly,|¢, = rj0ly, With defined root and not in normal form w.r.t. R.
Due to the innermost strategy, we know that b|¢, cannot be completely inside
the substitution o, but at least the defined root symbol must be introduced
by ;. Thus, we have ble, = ;0|\, = rj|y,0 and (r;]7,, x2) € dp(r;). Since
we use the same dependency tuple, the same substitution and the same
main rewrite pair, we also have (b|z, (1.G2) = (ry]¥,0,m.x2) € MjT C A,

x If we have (1. < 7, then we can find a position yo € NT such
that (1.(o.x2 = m. Then b, = alrjoly, |, = alg[rjoly,. We have
(a|z,(’1.(2) € Sublo®(PosEx(A,),R) C(m A,. Thus, we also have

set
(b|?;><1g2) = ((alCQ [Tjo-]X2)#7C1'§2) = (a|z[7”j0]x27C1-C2) € M;ew g A@]
« If we have mLl(3.(y, then we have bl,, = arjolyle, = al, and
Subly®(PosEx(A,), R) C(my Al,. Since 711G, we get (BF,(.¢) =

(a@,ﬁ-@) eEM, CA .

— If we have (b#,(;) € M,, then we have (; 17 and (b#,(;) € A,. Then,
(b\é,(l.gg) € SubLy®(PosEx(A,), R) Crmy A,. Since we have (; L7 we also

set x*

have ¢1.¢y L7 and thus (b]F, (1.¢2) € M C A .

Thus, we have Subly™®(PosEx(4,,), R) C Ay

set

If we have A, -»p {% : Ayl,...,’;ﬂ : Ay}, then there is a rule ¢ — {p; :
T1,...,Pk : Tk} € R, a main rewrite pair (¢,7) € A,, a ground substitution
o € Sub(3,V), and a non-empty position 7 € Nt with ¢|, = fo, such that all

proper subterms of fo are in normal form w.r.t. R. Furthermore, we have
Ay ={(g,m) ) & Myey W M, W M
and
ij = Mj+ WM W <{(a[/rjo-]Xa7X) | (a,x) € Myew)
for all 1 < j < k as in [Definition 5.1.17]

Since we have root(q|,) € ¥p and (¢, 7) € A,, we get (¢|#,7.7) € PosEx(A,) and
since ¢|, is not in normal form w.r.t. R but every proper subterm of q|, is in normal
form w.r.t. R, we also get (q|#,7.7) € Sublar™ (PosEx(A,), R) C(ray Subme™(AL,R).

set set
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Using the same substitution o, we get ¢|# = (#o and all proper subterms of
(¥o are in normal form w.r.t. R. Hence, we can apply the dependency tuple
(#,0) = {p1 = (dp(r1),m1), ...,k = (dp(ry),r)} € DT(R) to AL, so that we have
Al “>prR)R {p1: B, ...,k - B} with

A ={(gm)pw M, &M &M

rew

and
Bf = MW MW {(alrjo]y, x) | (a,x) € Ml,D

forall 1 < j < k as in |Deﬁnition 5.1.12} Then we set A’ = BY for all
1 < 7 < k. It remains to prove that our claim still holds ie., that we
have SubPOSS(PosEx(A ),R) C Ay foralll<j< k.

set

Let 1 < j < k. We have to show that for every (b%,¢;) € A,, and every position
such that b|¢, has defined root symbol and is not in normal form w.r.t. R, we have
(b[?;, (1.G2) € Aj . We distinguish according to the origin of (b*,¢1) € Ay,

— If we have (b%,()) € MW {(alrjoly., x) | (a,x) € My} = {(glrjol-, m)} &
{(alrjo)yas x) | (a,X) € Myey)), then there is a pair (a¥,(;) € A,, and position
x1 € N* such that we have (;.x; = 7 and b# = a#[r;o],, .. Furthermore, we
have (a%, ;) € SubLe®(PosEx(A,), R) C(ray AL.

set

x If we have .7 < (7.(5, then we can find a position y, € N* such that
m.7.X2 = (1.Co. Since (1.x1 = m and w.7.x2 = (1.2 we get x1.7.x2 = (o
and thus b|¢, = a[r;oly, .+, = rjoly, With defined root and not in normal
form w.r.t. R. Due to the innermost strategy we know that b|,, cannot be
completely inside the substitution ¢ but at least the defined root symbol
must be introduced by r;, so that r;ol,, = 7;|y,0. Therefore, we have
(r51%,, x2) € dp(r;) and thus (b@, G1.G2) = (rj|¥,0,m.x2) € MjT C A,

x If we have (;.(, < m.7, then we can find a position Yy, € Nt such
that (;.¢o.xo = m.7. Then bl¢, = a[r;oly,rlc, = ale[rjoly,. We have
(a@,{’l.@) € Suble®(PosEx(A,),R) Cgm) A,. Thus, we also have

set T
BZ. G.G) = ((ale,[rio)a)*, GG) = (alE[rjo)y,, G.C) € M}, C Ay
« If we have m.7L(y.¢o, then we have b|¢, = a[r;o]y,|c, = al¢,. Furthermore,
we have (a|z,<’1.§2) € Suble®(PosEx(A,),R) C(rmy AL. Since m.7L1(;.Co,

set

we also get (b@,ﬁ-@) = (a|g27C1-C2) €M C A;j‘

— If we have (b”,(;) € M, then we have (b#,(;) € A, and thus (b*,(;) €
SubPOSS(PosEx(A ), R) Crmy Al,. Since we have (; L7 we also have ¢;.¢;Lm and

set

thus (b|<2,C1.C2) € Mj_ Q A;J

set

Thus, we have Subgy™(PosEx(4,,),R) C A, . u

Proof of|Theorem 5.3.1) (Chain Criterion). Let R be a PTRS.

“=" Assume that R is not innermost AST. Then by [Theorem 4.2.21| and [Theorem 4.2.24]
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there exists an innermost R-computation tree T that converges with probability
< 1 and starts with (1 : ¢) such that ¢ = ¢o for some rule £ — r € R, some ground
substitution ¢ € Sub (X,V), and every proper subterm of o is in normal form
w.r.t. R. By we get the existence of a (DT (R), R)-computation tree
T = (V,E, L, P) that converges with probability < 1 and starts with (1 : {(t#,¢)})
such that ¢ = (#o for some dependency tuple (¢#,¢) — ... € DT(R), some ground
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substitution o € Sub (X, V), and every proper subterm of ¢#¢ is in normal form
w.r.t. R. Hence, (DT (R),R) is not innermost AST.

“«<" Assume that (D7 (R),R) is not innermost AST. Then by [Theorem 5.2.23| there
exists a (DT (R),R)-computation tree T that converges with probability < 1
and starts with (1 : {(t#,¢)})) such that t# = (#o for some dependency tuple
(t#,0) — ... € DT(R), some ground substitution o € Sub (3, V), and every proper
subterm of /#¢ is in normal form w.r.t. R. By [Lemma 5.3.6) we get the existence of a
(DT (R), R)-computation tree T’ that converges with probability < 1 and starts with
(1: {(t7,€)}) such that t# = (# ¢ for some dependency tuple (¢#,¢) — ... € DT(R),
some ground substitution o € Sub (X, V), every proper subterm of (#¢ is in normal
form w.r.t. R, and such that we do not use any —»% steps. By we get
the existence of an innermost R-computation tree that converges with probability
< 1 and starts with (1 : ¢) such that ¢t = fo for some rule £ — r € R, some ground
substitution o € Sub (X, V), and every proper subterm of ¢ is in normal form w.r.t.
R. Hence, R is not innermost AST. |

5.4 DP Framework and Processors

Finally, we come to the whole probabilistic dependency pair framework. The core
ideas from the non-probabilistic framework remain the same. We want to split a DP
problem (P, S), consisting of a PPTRS P and a PTRS S, into many simpler subproblems
(P1,81), -, (Pr, Sk) and then solve all of the subproblems individually. In order to split
a DP problem, we use processors again. The definition of a probabilistic processor now
works with innermost AST instead of innermost termination.

Definition 5.4.1. Let P,Py,...,P, be PPTRSs and let §,S;,...,S, be PTRSs. A
(innermost AST) DP processor Proc is of the form

Proc(P,S) = {(P1,51), ..., (Pn,Sn)}
A (innermost AST) DP processor Proc is called sound iff
V1<i<n:(P;,S;) is innermost AST — (P,S) is innermost AST
A (probabilistic innermost AST) DP processor Proc is called complete iff

(P,S) is innermost AST — V1 <i<n:(P;,S;) is innermost AST

In the following, we will once again talk about the three different processors that we
introduced in and see how we can adapt them to the probabilistic setting. These
were the dependency graph processor, the usable rules processor, and the reduction pair
processor. In addition to that, we also introduce two new processors, namely the usable
pairs processor and the not probabilistic processor, specifically designed for probabilistic
DP problems.

Not Probabilistic Processor

We start with a new processor, called the not probabilistic processor. Let (P,S) be an
arbitrary (probabilistic) DP problem. The idea of the not probabilistic processor is that if
every dependency tuple in P has the form (¢#, ¢) — {1: (A, r)} and every probabilistic
rewrite rule in S has the form ¢/ — {1 : 7'} then this DP problem (P,S) can also be seen
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as a non-probabilistic DP problem since there is no probabilistic choice involved in any
rewrite step. In this scenario, innermost AST and innermost sure termination coincide.
Therefore, we can transform the problem into a non-probabilistic DP problem (D, R)
and use our existing non-probabilistic DP framework to prove innermost termination
automatically. The advantages of using our non-probabilistic framework are that we
(currently) have more processors, and more importantly, the processors are specialized for
the non-probabilistic setting. We compare the two frameworks in and see the
precise advantages of our non-probabilistic framework in this scenario.

We have already defined the transformation of a PTRS § to a TRS using the non-
probabilistic transformation np(S). For the not probabilistic processor, we also need to
define how to transform a PPTRS P into a set np(P) of dependency pairs.

Definition 5.4.2 (Non-Probabilistic Transformation for PPTRS). Let P be a PPTRS. The
non-probabilistic transformation np(P) is the set of dependency pairs defined by

np(P) = {¢* = t7 | ((*.0) = {p1: (CL,71),...,pr: (Cryri)} €EP, 1< <k, (tF,7) € C;}

Example 5.4.3 (Non-Probabilistic Transformation for PPTRS (1)). Consider the signature
Yaiv = {O,s, minus, div}, a variable set with {z,y} C V), and the following PTRS Ry paiv:

minus(z, 0) — {1: z} (5.14)
minus(s(z), s(y)) — {1 : minus(z,y)} (5.15)
div(O,s(y)) — {1: O} (5.16)
div(s(z),s(y)) — {1 : s(div(minus(z,v),s(y)))} (5.17)

This PTRS is a probabilistic version of our TRS from [Example 3.0.1} The set DT (Rx paiv)
contains the following four dependency tuples:

DT ((5.14)) = (minus# (z, 0), minus(z, O))
{1 (@,:z:)}
DT([E15) = (minus? (s(x),s(y)), minus(s(z),s(y)))
—{ 1: ({(mmus# x,y), )}),minus(x,y))}
DT(BEI6) = (div¥(O,s(y)), div(O,s(y)))
—{ 1: @,O)}
DT(EID) = (div¥(s(x).s(y)). div(s(x).s(y)))
—{ 1: (({(div#(minus(x,y),s(y)),1),(minus#(a:,y),l.l)}%
s(div(minus(:)s,y),s(y))))}

The non-probabilistic transformation np(DT (Rnpaiv)) contains the following three
dependency pairs:

minus™ (s(x),s(y)) — minus®(z, ) (5.18)
div¥ (s(x),s(y)) — minus™ (z, y) (5.19)
div? (s(z),s(y)) — div? (minus(z,5),s(y)) (5.20)

These are the same dependency pairs as we have in [Example 3.1.4] where we directly use
the non-probabilistic TRS R4, and then generate its non-probabilistic dependency pairs.
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Theorem 5.4.4 (Not Probabilistic Processor). Let (P,S) be a probabilistic DP problem
such that every dependency tuple in P has the form ((#,0) — {1 : (A,r)} and every
probabilistic rewrite rule in S has the form ¢ — {1 :r'}. Then

Procy (P, S) = {(np(P), np(S))}

is sound and complete in the sense that the probabilistic DP problem (P,S) is innermost
AST iff the non-probabilistic DP problem (np(P),np(S)) is innermost terminating.

Proof. Let (P,S) be a probabilistic DP problem such that every dependency tuple in P
has the form (¢# ¢) — {1: (A, r)} and every probabilistic rewrite rule in S has the form
¢ — {1:7'}. Note that every (P, S)-computation tree is a single (not necessarily finite)
path. For a chain tree T that is only a single path, we have only two different possibilities
for |T|pear. If the path is finite, then |T|pear = 1, since we have a single leaf in this tree
with probability 1. Or we have an infinite path, which means that there is no leaf at all
and hence |T|Lear = 0.

complete: Assume that (np(P),np(S)) is not innermost terminating. Then there exists an
infinite innermost (np(P), np(S))-chain

to > (ap(P).np(S)) t1 " (ap(P).np(S)) L2~ (ap(P).np(S)) - - -

such that for all © € N we have t; = @#ai for some dependency pair 6? — TZ# € np(P)

that we use in the i-th rewrite step, some ground substitution o; € Sub (2, V) and
every proper subterm of E;#cri is in normal form w.r.t. §. Note that a term is in
normal form w.r.t. S iff it is in normal form w.r.t. np(S) since they have the same
left-hand sides. From this infinite innermost (np(P),np(S))-chain, we will now
construct an infinite (P, S)-computation tree T = (V, E, L, P). By our previous
analysis, we then know that this infinite innermost (P,S)-computation tree must
be an infinite path, and thus |¥|peas = 0, which means that (P, S) is not innermost

AST.

Py

1: {(to,€))

to = (ap(P).np(S) T (ap(P)mp(S)) - - - >

Figure 5.13: Construction for this proof.

We start our construction with L(t) = (1 : {(t,€))). In the non-probabilistic
rewrite sequence, we have tg L>(np(7>)7np($)) t1, so there exists a natural number
mg € N such that

lo = g#UO _i>np(73) T[?)%O-O =0 _i>np(5) V2 _i>np(5) cee _i>np($) Umgy = 1= 631#0-1

We now prove that we can mirror this rewrite sequence in ¥ such that the pair
(v;, ;) is contained in the set A; for all 1 < i < m and some position ;. Let
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sound:
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(6. 0y) = {1: (Cy, 7))} € P be the probabilistic dependency tuple that was used
to create the dependency pair EO# — r# in our non probabilistic transformation
np(P). This means that we have (r?fE , ) € Cp for some position 1. Since we have
to = E# 0o such that every proper subterm of E# 09 is in normal form w.r.t. S, we can
also rewrite {(to,)) with the dependency tuple (¢, ¢,) — {1 : (Co, 7))} € P, the
main rewrite pair (¢, €) and the ground substitution oy € Sub (X,V). We result with
Ay = Cyop and thus we have (vq,my) = (r#ao, ) € Coog = A; for some position 7.

In the inductive step, we assume that we have (v;, ;) € A; for some position m; and
some 1 < i < m. In our non-probabilistic rewrite sequence we have v; 5 v;4, using
a rule £, — ri € np(8), a ground substitution d; € Sub (3, V) and a position 7 € N*
such that v;|, = £.0;, every proper subterm of ¢;¢; is in normal form w.r.t. S, and
Vit1 = v;[ri0;];. We can mirror this rewrite step with the rule ¢, — {1: 7/} € S
and the set A;. However, by definition of —»g, we have to apply the rewrite rule
at the lowest possible position in the set A; so that we rewrite every other pair
above with the same rule. Let A"™ = {(a,a) € 4; | m < o < m;.7} be the set of all
pairs in A; that have a position below m; and strictly above 7;.7. Furthermore, let
(tmax, Tmax) be the pair in AX™ with maximal position (i.e., there is no (¢/,7) € A™
with mh.x < 7’) and let p be the position such that my.x.p = 7. 7. We can rewrite
the set A; with the rule ¢, — {1 : 7]} € S, the ground substitution J; € Sub (3, V),
the main rewrite pair (fmax, Tmax) and the position p such that we have

Ai — <{(tmaxa 7T-maux)}> W Mrew W MJ_ ) M<

and

A = M* 16 My {(alrio] ) | (0%) € M)

as in [Definition 5.1.17 We have (v;, ;) € {(fmax, Tmax) ) W Miew, so that we apply the
same rule with the same substitution at the same position. Let x be the position such
that m;.x = Tmax. Then we have m;.x.p = m;.7 and we get (v;o 1, m;) = (v3[ridi]., ™) =
(vilridilx.p, mi) € M & {(alrio]y,. X) | (a,x) € Mrew}) € A1

At the end of this induction, we result with A,,,. Next, we can then mirror the
step 14 i—>(np(p)7np(5)) ty from our non-probabilistic rewrite sequence with the same
construction and so on. This results in an infinite (P, S)-computation tree. To see
that the result is a (P, S)-computation tree, note that all of the local properties are
satisfied since every edge represents a rewrite step with —i4>7D’5 or ~»5. The global
property is also satisfied since, in an infinite innermost (np(P),np(S))-chain, we
use an infinite amount of dependency pairs so that our resulting chain tree has an
infinite amount of nodes in P.

Assume that (P, S) is not innermost AST. By [Theorem 5.2.23| there exists a (P, S)-
computation tree T = (V, E, L, P) that converges with a probability < 1 and starts
with (1: {(¢#,¢)})) such that t# = (#¢ for some ground substitution o € Sub (%, V),
a dependency tuple (¢# () — {1: (Cy,r1)} € P, and every proper subterm of (# 7 is
in normal form w.r.t. §. Our previous analysis shows that this tree must be an infinite
path. From ¥, we will now construct an infinite innermost (np(P), np(S))-chain,
which shows that (np(P),np(S)) is not innermost terminating.
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to 2 (ap(P).np(S)) T (ap(P)mp(S)) - - - o

Figure 5.14: Construction for this proof.

We start our infinite chain with the term ¢, = t#. We have {(t#,¢)) “ops {1: A},
so that there is a dependency tuple (¢#,0) — {p; : (C,r)} € P, the main rewrite
pair (t#,¢), and a ground substitution o € Sub (3, V) such that t# = (#¢ and all
proper subterms of {#¢ are in normal form w.r.t. S. Then A, = M{" = Co as in
Defmton 5110

Let m; denote the position of the used main rewrite pair in the ¢-th rewrite step.
Analogous to the minimality criterion we used in the proof of the non-probabilistic
chain criterion (Theorem 3.2.1)), there must be a pair ({1, ;) € A; such that

— we will never rewrite with a main rewrite pair position above a; (i.e.,
-3 eN:m <),

— we will rewrite with the main rewrite pair position «; in a —i4>7>75 step after a
finite amount of steps,
— and we have infinitely many rewrite steps with —i'>’p’5 and a main rewrite pair
position below ay (i.e., a3 > m; for infinitely many ¢ € N).
We have (t1,a1) € Ay = Co, so that there is a pair (77, ;) € C with (t1,a1) =
(r'o,aq).

We can rewrite the term t, with the dependency pair (# — ' € np(P), using the
ground substitution o € Sub (X, V) since ty = t# = (#7 and all proper subterms of
(*¢ are in normal form w.r.t. S. Hence, we result with ¢ty 5., 70

Now for every following rewrite step @ € N, we currently have a term ¢; such that
(ti, ai) € Al and
— we will never rewrite with a main rewrite pair position above «; (i.e., =35 € N :
T < Oéi),

— we will rewrite with the main rewrite pair position «; in a —i‘>737,5 step after a
finite amount of steps,

— and we have infinitely many rewrite steps with —il>7p73 and a main rewrite pair
position below «; (i.e., a; > 7, for infinitely many j € N).
We have the following two cases.

1) If we have A; “ops {1 : A;yi} using a dependency tuple (¢#,0) — {1: (C,r)} €
P, a main rewrite pair (¢, 7) € A,, and a ground substitution o € Sub (X, V) with
q = (#o, such that all proper subterms of /#¢ are in normal form w.r.t. S. Then

Ai - <{<Q77T)}> S Mrew W MJ_ W M<
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and
Aipr = MW My W {(alroly,, x) | (a,X) € M)
as in [Definition 5.1.12
We know that 7 cannot be above «;. If we have w_Lay, then (¢;, ;) € M, so that

(t;, i) € A;j1. In this case, we do nothing in our rewrite sequence and set t; 1 == t;.
The pair (¢;, ;) € A;4q still satisfies our minimality conditions.

If we have (t;, ;) € {(¢, 7)) (i.e., the pair (¢;, ;) is the main rewrite pair), then
we replace {(;, a;)}) by Co. Again by a minimality criterion, there must be a pair
(ti+1, Oéi+1> € Co Q Ai+1 such that

— we will never rewrite with a main rewrite pair position above ;i1 (i.e.,
-3j e N:7m; < o),

— we will rewrite with the main rewrite pair position «;;; in a —»p s step after a
finite amount of steps,

— and we have infinitely many rewrite steps with —i>p73 and a main rewrite pair
position below a;;; (i.e., a1 > 7; for infinitely many j € N).

We have (t;11,a;41) € Co, so that there is a pair (1, ;1) € C with (t;51, aip1) =
(r'o,a;y1). We can rewrite the term ¢; with the dependency pair (# — 1’ € np(P)
and using the ground substitution o € Sub(%,V) since t; = ¢ = (#o and all
proper subterms of ¢#¢ are in normal form w.r.t. S. Hence, we result with
ti —i>np('p) T‘,O' = ti+1-

If we have (t;, a;) € M,ey, then we rewrite the term ¢; with S. There exists a position
x such that «;.x = 7 and we have (¢;[r'o]y, ;) € {(a[roly.,x) | (a,x) € Myew)) C
Aiy1. We set t;41 = t;[r'o], and get t; S t;y1. Again, this pair (¢;41, ;) satisfies
our minimality criterions.

2) If we have A; dog {1: A;41}, then there is a rule £ — {1 : r} € S, a main
rewrite pair (¢, 7) € A;, a ground substitution o € Sub (X,V), and a position 7 with
q|» = lo, such that all proper subterms of fo are in normal form w.r.t. S. Then

A = <{(CI7 7T)}> W Mo, & M @ M<
and
A = M{" W ML W {(alroly,. x) | (a,x) € My}
as in [Definition 5.1.17]

We know that m cannot be above ;. If we have 7 La;, then (¢;, ;) € M, so that
(t;, ;) € Ajy1. In this case, we do nothing in our rewrite sequence and set t; 1 == t;.
The pair (¢;, ;) € A;1q still satisfies our minimality conditions.

Otherwise we have (t;, ;) € {(q,m)}) W M,e,. There exists a position y € N* such
that a;.x = 7 and we have (¢;[ro]y, ;) € {(a[roly,.x) | (a,x) € Myew)) C Aiga.
We set t;y1 = t;[ro], and get ¢; *35 t;11. Again, this pair (¢;41,7;) satisfies our
minimality criterions.

This construction creates a sequence tg,tq, ... of terms such that
tO _i>np(73) 131 (_i>np(73) \ _i>np($) \ :) la (_i)np(P) Vv _i>np($) \ :) s

Additionally, by our minimality criterion, we know that we use an infinite
amount of —%,,(py steps so that this is an infinite (np(P), np(S))-chain. Therefore,
(np(P),np(S)) is not innermost terminating. |
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Example 5.4.5 (Not Probabilistic Processor). Consider the PTRS R ypg; from
We have

Procye (DT<RNPdiv>7 RNsz’v) = {(DP(Rdw)7 Rdiv)}

where Ry, is the TRS from [Example 3.0.1. Hence, we can use our non-probabilistic
framework to analyze this DP problem instead of the probabilistic framework. In
we will see the advantages that this brings.

Dependency Graph Processor

Next, we adapt the dependency graph processor to the probabilistic setting. The idea of
the dependency graph is to indicate which dependency tuples can rewrite to each other
or, in other words, which function calls can occur after each other. The possibility of
rewriting to each other is not restricted by the probabilities in any way. In fact, for the
dependency graph, it suffices to work with the non-probabilistic structure of the PTRS S.

Definition 5.4.6 (Dependency Graph). Let (P,S) be a DP problem. The (P,S)-
dependency graph is defined as the graph with node set P. There is an arc from
(CF,00) = {p1: (Cr,r1)s - ot (Cryri) Y to (68, 65) — ... if there are ground substitutions
01,09 € Sub (X, V) and a pair (t#, ) € C; for some 1 < i < k such that t# o, —i>l";p($) @#02

and all proper subterms of ¢7 o1 and (¥ o, are in normal form w.r.t. S.

Example 5.4.7 (Dependency Graph). Let Ry, be the PTRS from [Example 5.0.1| and
DT (Raiv) be the set of its dependency tuples from [Example 5.1.10L The (DT (Raiv), Raiv)-
dependency graph has the following form:

() ()

DT((2-3)) DT((p-4))

/

DT((5.1)) DT((5-2)

U U

In the non-probabilistic setting, every chain corresponds to a path inside the dependency
graph. In the probabilistic setting, there is no direct correspondence between paths in
the (P,S)-computation tree and paths in the dependency graph anymore due to the fact
that we are working with dependency tuples and keeping track of multiple dependency
terms simultaneously. Instead, one can think of it as having multiple tokens placed on the
dependency graph that represent the current dependency terms in our set. If we rewrite
with —ibp,g, then we can move the token of the used main rewrite pair along the edges of
the dependency graph and may additionally split the token into multiple ones if we again
have multiple tuple symbols on the right-hand side of our used dependency tuple. So the
idea of the dependency graph, that it shows which dependency tuples can rewrite to each
other, still remains. Therefore, the idea of only looking at the SCCs of this graph remains
as well.

For the proof of the probabilistic dependency graph processor, we need a new definition
regarding the ordering of the strongly connected components and the singleton sets of
nodes that do not belong to any SCC.
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Definition 5.4.8 (>4). Let (P,S) be a DP problem and & = (P, E) be its dependency
graph. Additionally, let Qy, ..., Q,, be the SCCs of & and let W :={Q,..., 9, }U{{v} C
P | v is not in an SCC of &} be the set of all SCCs and all singleton sets of nodes that
do not belong to any SCC. Let X, X5 € W. We say that X, is a direct successor of X;
(denoted X; >¢ Xs) if there exist nodes v € X; and w € X5 such that (v,w) € E.

Example 5.4.9. For the dependency graph from [Example 5.4.7] all of the singleton sets
are SCCs. Therefore, the relation >g for this dependency graph is indicated by its edge
relation.

For a finite graph &, the relation >g is well-founded, and we can therefore use it for a
well-founded induction proof.

Theorem 5.4.10 (Dependency Graph Processor). Let
Procpg(P,S) ={(9Q1,S),...,(9,,S)}

where Q1,...,Q, are the SCCs of the (P,S)-dependency graph. Then Procyg is sound
and complete.

Proof.

complete: Every (Q;,S)-computation tree is also a (P, S)-computation tree. Hence, if one of
the (Q;,S) is not innermost AST, then (P,S) is also not innermost AST.

sound: Suppose that every (Q;,S)-computation tree converges with probability 1 for every
1 <7 < n. We prove that then also every (P,S)-computation tree converges with
probability 1. Let W = {Q1,...,Q,} U{{v} C P | visnot in an SCC of &} be the
set of all SCCs and all singleton sets of nodes that do not belong to any SCC. The
core steps of this proof are the following:

1. We show that every DP problem (X,S) with X € W is innermost AST.
2. We show that composing SCCs maintains the innermost AST property.

3. We show that for every X € W, the DP problem (UX>;;Y Y,S) is innermost
AST by well-founded induction over >.

4. We conclude that (P,S) must be innermost AST.

1. Every DP problem (X,S) with X € W is innermost AST.

We start by proving the following:
Every DP problem (X,S) with X € W is innermost AST. (5.21)

To prove , note that if X is an SCC, then it follows from our assumption
that (X,S) is innermost AST. If X is a singleton set of a node that does not
belong to any SCC, then assume for a contradiction that (X,S) is not innermost
AST. By [Theorem 5.2.23| there exists a (X, S)-computation tree T = (V, E, L, P)
that converges with a probability < 1 and starts with (1 : {(¢#,¢)}) such that
t# = (# o for some ground substitution ¢ € Sub (%, V), the only dependency tuple
(07, 0) = {p1: (C1,71),...,pp : (C,m)} € X, and every proper subterm of (#o is
in normal form w.r.t. §. The first rewrite step at the root of T must therefore be

{(t*,¢)) —ibp’g {p1: Cio,...,py: Cro}
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since we can only use (t#,¢) as the main rewrite pair and use the only dependency
tuple.

Assume for a contradiction that there exists a node x € P in ¥ that is not the
root (i.e., x # ¢). W.Lo.G. let z be reachable from the root without seeing
any other node from P. This means that A, contains a pair (d,7) such that
d = (#¢' for some ground substitution o’ € Sub (3, V), the only dependency tuple
(07, 0) — {p1: (C1,71),...,pr: (Cr,7mi)} € X, and every proper subterm of (#¢’ is in
normal form w.r.t. §. We now show that we must have a self loop in the dependency
graph for the dependency tuple (¢# 0) — {p; : (C1,71),...,px : (Cr,7%)} € X, which
is a contradiction to our assumption that X is a singleton of a dependency tuple
that is not on any SCC.

Let v = 21...2, = z be the path from the root to z. Remember, for the first rewrite
step at the root we have {(t#,2)}) —>p.s {p1: Ci0,...,pr: Cyxo}, so that A, = Cjo
for some 1 < j < k. After that, we only use —»5 steps in the path since all of
the nodes 29,..., 2, 1 are contained in S. Note that rewriting with “»g cannot
add new pairs to a set but can only rewrite the terms of existing pairs or remove
pairs. Therefore, we must have a pair (d’, 7) € C;o with the same position as (d, 7).
This means that there is some pair (r',7) € C; with (r'o,7) = (d', 7). We will now
recursively define a rewrite sequence 7’0 = d’ —i>1’;p( s d= (#o" which means that
there must be a self-loop for the only dependency tuple in X.

We construct this rewrite sequence inductively over the length of the path z; ... z,,.
The idea of this construction is that the path itself is our desired —i>flp( s)-sequence,
but we may have edges where the term does not change, e.g., if we rewrite with a
main rewrite pair that has a position that is orthogonal to 7. Those rewrite steps
can simply be ignored since the term does not change. In this construction, we
ensure that after the i-th construction step, we currently have a rewrite sequence
d —i>f1p( s) @i and the last term in this sequence is contained in A, (i.e., we have
(d;,7) € A..). We start with d; :== d'. Here, we have (dy,7) = (d',7) € A,,.

For the inductive step, assume we have already defined the rewrite sequence
d —i>;p(3) d;. The node z;, together with the labeling and successors, represent
a step with —»5. This means that we have A, dog {p} : B1,...,p : Bp} with
A, , = By for some 1 < h <k, using the main rewrite pair (¢, «) € A.,, a ground
substitution ¢ € Sub (2, V), the rule () — {pgi) : r@, o ,p,(j,) : 7“,(;)} € S, some
position p € N* such that al, = (D@ and every proper subterm of /(g is in
normal form w.r.t. §. Furthermore, we have

Azi = <{(Q7 Oé)}> S Mrew t MJ_ H'J M<

and
A2i+1 - Mlj_ & <{(a/[rj0-]Xa-P7 X) | (av X) S MTew}> WMy

as in |Definition 5.1.17 The case (d;, 7) € M. is not possible, as we cannot remove
the pair in the path to x. Hence, we have the following two possibilities:

— If al7, then (d;,7) € M, and hence (d;,7) € A
get d _I>>rk1p(8) dl = di+1 and (di+1, 7') € A

2.+ Here, we set d;y = d; and

Zit1*

— If 7 < «, then there is a position ¢ € N* with 7.( = « and (d;,7) €
{(¢,0)) U M. In this case, we apply the same rule that we applied
to the main rewrite pair to d; at position (.p. This means that we have

(di[r,gi)a(i)]gpﬁ) € Ay,,. We can apply the non-probabilistic rewrite rule
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4O r,(li) € np(S) to d; at position (.p using the substitution o to get

d[r\ o). ,. Hence, we set diyy = d;[r{"o™],, and get d’ o) & up(s) dita
and (di—i-la 7') €A

Zit1*

Now, we have proven that the (P,S)-computation tree ¥ does not contain a node
x € P that is not the root. By definition of a (P, S)-computation, every infinite
path must contain an infinite number of nodes in P. Thus, every path in ¥ must
be finite, which means that ¥ is finite itself. Since every finite computation tree
converges with probability 1, this is a contradiction to our assumption that the tree
converges with probability < 1.

2. Composing SCCs maintains the innermost AST property.

Next, we show that composing SCCs maintains the innermost AST property. More
precisely, we show the following:

Let X C W and Y C W such that there are no X;, X, € X andY €Y

with X7 >% Y >% Xy and Y ¢ X and such that there are no Y;,Y; € Y

and X € X with Y; >3 X > Yy and X ¢ V. If both (Uy.x X,S) and ~ (5.22)
(Uyey Y, S) are innermost AST, then (Uyx XUUy v Y, S) is innermost

AST as well.

To show (5.22)), we assume that both (Uycx X, S) and (Uyy Y. S) are innermost
AST. Let Z = Uycx X UUyy Y. The property in for X and Y says that a
path between two nodes from Uy 5 X that only sees nodes from Z must also be a
path that only sees nodes from Uy X, so that Uy .y Y can not be used to “create”
new paths between two nodes from X, and vice versa. Assume for a contradiction that
(Z,S) is not innermost AST. By [Theorem 5.2.23| there exists a (Z, S)-computation
tree T = (V, E, L, P) that converges with a probability < 1 and starts with {(t%, )}
such that t# = (#¢ for some ground substitution o € Sub (3, V), a dependency
tuple (¢#,0) — {p1 : (C1,71),...,px : (Cr,71)} € Z, and every proper subterm of
(#¢ is in normal form w.r.t. S.

W.lo.G., we may assume that the dependency tuple that is used for the rewrite step
at the root is inside of Uy X. Otherwise, simply swap Uy.x X with Uy Y.

We can partition the set P of our (Z,S)-computation tree T into the sets

— P, :={x € P | x together with the labeling and its successors represents a step
with a dependency tuple from Uy . X}

—PQI:{$€P|$gP1}

Note that in the case of x € P, we know that x together with its successors and
the labeling represents a step with a dependency tuple from Uy .Y that is not
in Uyex X. We know that every (Uy.yY,S)-computation tree converges with
probability 1, since (Uyy Y,S) is innermost AST. Thus, also every (UyyY \
Uxex X, S)-computation tree converges with probability 1. Furthermore, we have
|T|Leat < 1 by our assumption. We can apply the P-Partition Lemma (Lemma 5.2.20)
and find a grounded induced sub (Z,S)-computation tree T = (V/, E', L', PN V')
with |T|pear < 1 such that every infinite path has an infinite number of P; edges.
Since ¥ is a grounded induced sub computation tree of T it must also start with
(1: (", 2)h).

We now construct a (Uyx X,S)-computation tree T = (V', E', L", P, N V') with
the same underlying tree structure and an adjusted labeling such that p> = p*
for all x € V'. Since the tree structure and the probabilities are the same, we then
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get | T |Leat = [T |Lear- TO be precise, the set of leaves in ¥’ is equal to the set of
leaves in T”, and every leaf has the same probability. Since |T'|pear < 1 we thus
have |T"|rear < 1, which is a contradiction to our assumption that (Uy.x X,S) is
innermost AST.

Py Py
{(t#,e) L: {(t#,2))
/ \ By /
p2 : Aj p1: Af p2: Ay
/ \ bR no/ O\ n
p3.A3 pet Ayl |ps i Af p3: A5 |pa: ALl |ps: AS

i. b

Figure 5.15: Construction for this proof. Every node x € P; is removed from P.

The core idea of this construction is that pairs introduced by rewrite steps at a node
x € P, are not of importance for our computation. The reason for that is that the
rewrite step is done using a dependency tuple from Uy .y Y that is not contained in
Uxex X. By our assumption we know that such a dependency tuple has no
path in the dependency graph to a dependency tuple in . X. Hence, by definition
of the dependency graph, we are never able to use these pairs as a main rewrite pair
for a rewrite step with a dependency tuple from Uy X. We can therefore use the
PTRS S to mirror the rewrite step of the second component of the used dependency
tuple from U, .Y, and we completely ignore the first component. If the second
component is not applicable (e.g., if the projection to the second component of the
used dependency tuple is not contained in S), then we use split-nodes to do nothing
but mirror the tree structure. This means that we are removing every node x € P,
from P, but since every infinite path contains an infinite amount of P; nodes, we
can be sure that the resulting tree still has an infinite amount of P nodes on every
infinite path and thus the resulting tree is a (Uyx X, S)-computation tree.

For example, if we use our DP problem (DT (Ruiv), Raiv) With the dependency graph
shown in [Example 5.4.7| and look at the following (DT (Raiv), Raiv)-computation
tree T:

P

1: {(div¥(4,2),¢))

/ \ B

P
Lo {(div¥(4,2),¢)} 2o {(div¥ (minus(3,1),2),1), (minus*(3,1),1.1) }
1o {(div*(4,2),¢)} L {(div# (minus(3,1),2), 1), (minus#(3,1), 1.1) }

1 {(div* (minus(3,1),2), 1), (minus#(3,1), 1.1) ) | | % : {(div¥* (minus(2,0),2), 1), (minus#(2,0),1.1)}
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We can partition the SCCs of the dependency graph into the sets X = { , }
(the dependency tuples for div¥) and X = {, } (the dependency tuples
for minus#). Then X and Y satisfies our condition (5.22). Our construction
would now instead of the dependency tuples from Y use the PTRS rules
and to evaluate the inner minus subterm instead. This results in the following
(DT (Raiv), Raiw)-computation tree, that does not use any dependency tuples from

Y:

P\
1: {(div¥(4,2),¢))

. / \

Lo f(div*(4,2),¢)) 1 g (div¥* (minus(3,1),2), 1), (minus™(3,1),1.1) )
1 {(div*(4,2),¢)} 1 {(div# (minus(3,1),2),1)}
1 {(div* (minus(3,1),2), 1), (minus*(3,1),1.1) ) 1o {(div* (minus(2,0),2),1)}

For the right node, we use the PTRS rule (5.2) instead of the dependency tuple
DT((5.2)). In this case, we remove the pair (minus® (3, 1), 1). The corresponding

term has a minus” at the root, which means that it can not be used as a main
rewrite pair for a step with a dependency tuple from X. This is indicated by the
dependency graph.

We now construct the new labeling L” for the (Uy.x X,S)-computation tree T"
recursively. Let () C V be the set of nodes, where we have already defined the
labeling L”(x). During our construction, we ensure that the following property holds:

For every node = € Q we have A’ \ Junk(A’, X) C A”. (5.23)

Here, Junk(A/, X) denotes the set of all pairs in A’ that can never be used as a
main rewrite pair for a dependency tuple from X, indicated by the dependency
graph. To be precise, we define (¢,7) € Junk(A’, X) :& (¢,7) € A, and there
isno Z € W with Z >} X for some X € X such that there is a dependency
tuple (¢#.0) — {p1 : (C1,71),...,pr : (Cr,7)} € Z, and a ground substitution
o € Sub (3,V) with ¢ —i>:‘lp(5) (#o, and every proper subterm of (#¢ is in normal
form w.r.t. S.

We start by setting A7 := AL = {(t¥,¢)}). Here, our induction property (5.23) is
clearly satisfied as we have

AL\ Junk(AL, X) C AL = AY

As long as there is still an inner node x € ) such that their successors are not
contained in @), we do the following. Let zE = {y1, ..., yx} be the set of its successors.
We need to define the corresponding terms for the nodes vy, ..., yx.

Since x is not a leaf and ¥’ is a (Z, S)-computation tree, we have

o Py; . A/ Pyg . A/ i Py; . A/ Pyg . A
A Sogs {2 AP A Y or A, e (B AL L P ALY
In one can see the different cases that we have to handle in this
construction.
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Case Subcase Construction

Mirror the rewrite step
with the same dependency tuple,
same main rewrite pair
and same substitution

1) lDZ,S and x € P,

_ Use a split-node
2) ‘oz s and z € P, | Coupled rewrite rule not in 8 to mirror the tree structure,
ignore the rewrite step

Use a split-node
to mirror the tree structure,
ignore the rewrite step

Coupled rewrite rule in S and

i
31) ADZ,S and:z:GPQ _\H(t/,ﬂ'/)EAgZTF/STr

Mirror rewrite step
Coupled rewrite rule in S and with the rule in S

A, 7"y e Al 7' <= and same substitution
at the lowest possible position

3.2) ll>Z,5 and x € Py

) Use a split-node
4.1) Lo -3, 7wy e Al 7' < to mirror the tree structure,
ignore the rewrite step

Mirror rewrite step
with the same rewrite rule
and same substitution
at the lowest possible position

4.2) dog A, 7"ye Al 7' <7

Figure 5.16: Case Distinction for the inductive step

1) If we have A —i>Z73 {% : A;l,...,%f : Aj } using a dependency tuple
(#,0) = {p1 : (Cror1), ..,k (Crymi)} € Uxex X (ie., 2 € P1), a main rewrite
pair (¢,7) € A/, and a ground substitution o € Sub (2, V) such that ¢ = (#o and
all proper subterms of /#¢ are in normal form w.r.t. S. Then

A, ={(g,m)p w M, M| WML

r =

and
A;/j - MJ‘+I W M {(a]rjoly,, x) | (a,x) € My}

for all 1 < 5 <k as in [Definition 5.1.12]

Here, we have (¢#,0) — {p1 : (C1,71),...,pr : (Cryr)} € Uxex X (i-c., we use a
dependency pair that is inside of Uy X), and thus the pair (¢, 7) cannot be inside
of Junk(A/, X). Hence, we must have (¢, 7) € A\ Junk(A), X) C(ra) AZ. Thus, we
can rewrite the set A” using the dependency tuple (¢#,¢) — {p1 : (C1,71),..., D :
(Ck, )} € Uxex X, the main rewrite pair (¢, 7) € A7, and the substitution o as we
have ¢ = ¢#¢ and all proper subterms of {#¢ are in normal form w.r.t. S.

This means that we have A” 1s, g {%  BE, .. P BEY with

Y
T

rew

Az ={(g,m)hw My, o M[wMZ
and
BY = M w M| W {(a[r;o]\,,x) | (a,x) € ML}

for all 1 < j < k as in |Definition 5.1.12] We define the set in the labeling of the
successors ¥y, ..., yx in T’ to be Agj = Bj for all 1 < j < k. Tt remains to show
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that our induction hypothesis is still satisfied for this new labeling, i.e., we have

Ay \ Junk(4; , X) C A7 forall 1 <j <k
Let 1 <j <kand (bp) € A, \ Junk(A;j,Y). We have the following possibilities:

— If (b, p) € M;U, then also (b, p) € M;r” (since M;“/ = M;“” as we are using the
same dependency pair with the same substitution and the same main rewrite
pair) and thus (b, p) € Ay .

— If (b,p) € {(a]rjoly,,®) | (a,a) € M],, D, then we have a pair (a,p) € A! and
a position xy € Nt with p.x = m. By definition, the same rule that we applied
to ¢ is applied to a at position x, so that we result with b = a[r;o],.

If we have (a,p) € Junk(A,, X), then we also have (b,p) = (a[rjoly,p) €
Junk(A;j,Y), since a ) alrjol, = b, and this is a contradiction to
our assumption that (b,p) € A \Junk(A;j,Y). Thus, we have (a,p) €
AL\ Junk(AL,X) Cumy AL, and (a,p) € M/, since p < m. Now the
same rewrite step takes place at the same position as above, so that we get

(b, p) = (a[r;oly,p) € Ay,

— If we have (b,p) € M, then (b,p) € A,. If we have (b,p) € Junk(A, X),
then we would also have (b,p) € Junk(A’yj,X), and this is a contradiction
to our assumption that (b,p) € A) \ Junk(A4) ,X). Thus, we have (b, p) €
AL\ Junk(A”, X)) €y A Furthermore, pLm and thus also (b, p) € M, and

hence (b, p) € Ay .

2) If we have A/ —iDZ@; {% : A;l,...,% : A, } using a dependency tuple

(#.0) = {p1 = (Cr,r1)seeoipr 2 (Croyre)} € Uyer Y \ Uxex X (e, € Py), a
main rewrite pair (¢,7) € A, and a ground substitution ¢ € Sub (3,)) such
that ¢ = (#o, all proper subterms of (#¢ are in normal form w.r.t. S, and
C—=A{pr:ri,...,pr:re} € S. Then

A, = {(g.m)) 8 ML, & M| w ML

T rew

and
r +/ /
Al =MW M|

for all 1 < j <k as in [Definition 5.1.120 In this case, we can simply use a split-node
to do nothing, as this rewrite step is completely irrelevant to our construction. This
means that we set AZJ_ = A/ for all 1 < j < k. It remains to show that our induction

hypothesis is still satisfied for this new labeling, i.e., we have A;j \J unk(A’yj ,X) C Agj
forall 1 <j <k.

Let 1 <j <k and (b,p) € A} \ Junk(A] , X). We have the following possibilities;

— If (b,p) € M;“/, then there is (17, x) € C; C dp(r;) such that (b, p) = (r'o,w.x).
Since our used dependency pair is inside of Y for some Y € Y but not contained
in Uyex X, we know by that Y %% X for all X € X. Intuitively, we
started with a dependency tuple from X, reaching Y, so we cannot reach
any X € X anymore. By definition of the dependency graph, this means
that there is no Z € W with Z >% X for some X € X such that there is a
dependency tuple (¢#,¢') — ... € Z, and a ground substitution o’ € Sub (2, V)
with b —i>;‘lp( s) {#0’, and every proper subterm of £#¢’ is in normal form w.r.t.
S. Hence, we have (b, p) € Junk(A;j,Y) and this is a contradiction to our

assumption that (b, p) € A} \Junk(A;j,Y). Thus, this case is not possible.
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— If we have (b, p) € M/, then (b, p) € A,. If we have (b, p) € Junk(A’, X), then
we also have (b, p) € J unk(Afyj , X), and this is a contradiction to our assumption

that (b, p) € A;J_ \Junk(A;j,X). Thus, we have (b, p) € A, \ Junk(A,, X) C(rm)
A” then we get (b, p) € AL = A;’j by our construction.

3) If we have A L, { L y17“"% : A, } using a dependency tuple

(0#.0) — {p1 : (C1,m1),. ..,pk ; (C’k,m)} € Uyer Y \Uxex X (ie, z € P,), a
main rewrite pair (¢,7) € A/, and a ground substitution ¢ € Sub (X,V) such
that ¢ = (#o, all proper subterms of (#¢ are in normal form w.r.t. S, and
C—A{p1:ri,...,px: 7k} € S. Then

A, ={lgm)hw M, &M w ML

and
A= MW MW {(alrjoly,, ) | (a,x) € M},,}

for all 1 < 5 <k as in [Definition 5.1.12]

We need to differentiate between two possible cases again:

— 3.1) If there is no pair (¢/,7') € A” with a position above 7 (i.e., 7’ < 7), then
we can not perform any rewrite step with our new labeling. Hence, we use a
split-node to mirror the tree structure without changing the sets in the labeling.
This means that we set A” = A" for all 1 < j < k. It remains to show that
our induction hypothesis is still satisfied for this new labeling, i.e., we have
Aj,\ Junk(A yj,X) C Ay foralll1 <j <k

Let 1 < j < k and (b,p) € A, \ Junk(4] ,X). We have the following
possibilities:

« If (b,p) € Mj+/, then there is (7, x) € C; C dp(r;) such that (b,p) =

(r'o,m.x). Since our used dependency pair is inside of Y for some Y € Y but

not contained in Uy 5 X, we know by that Y %% X for all X € X.

Intuitively, we started with a dependency tuple from X, reaching Y, so we

cannot reach any X € X anymore. By definition of the dependency graph,

this means that there is no Z € W with Z >% X for some X € X such that

there is a dependency tuple (£'#,¢') — ... € Z, and a ground substitution

o' € Sub (%,V) with b —i>§p(8) ('#¢’', and every proper subterm of ¢'#¢’ is

in normal form w.r.t. S. Hence, we have (b, p) € Junk(A;j,Y) and this is

a contradiction to our assumption that (b, p) € A) \ Junk(A4 , X). Thus,
this case is not possible.

« If (b,p) € {(a[rjoly..p) | (a,p) € M., D, then we have a pair (a,p) € A,
and a position x with p.x = m. By definition, the same rule that we applied
to t is applied to @ at position x, so that we result with b = a[r;o],. The pair
(a, p) can not be inside of A” (as there is no pair with a position above 7 in
A”), hence we must have (a, p) € Junk(A’, X) by our induction hypothesis.
For the resulting pair (b, p) = (a[rjoly, p), we have a <3,,5) alrjol, = b
and hence, we also have (b, p) € Junk(A;j,Y), and this is a contradiction
to our assumption that (b, p) € A} \Junk(A’yj,Y). Thus, this case is not
possible again.

+ If we have (b, p) € M/, then (b, p) € A,. If we have (b, p) € Junk(4,, X),
then we also have (b,p) € Junk(A'yj,Y), and this is a contradiction

to our assumption that (b,p) € Aj \ Junk(4; ,X). Thus, we have
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(b;p) € Ay \ Junk(Ay, X) Camy A7, then we get (b,p) € A7 = A by

our construction.

— 3.2) If there exists a pair (#',7') € A/ with a position above 7 (i.e., 7’ < ),

then we can mirror the rewrite step at the lowest possible position that is
above m. Let D = {(t',7n") € AY | #’ < w} be the set of all pairs in A? with
a position above 7. Furthermore, let (fmax, Tmax) the pair in D with maximal
position (i.e., there is no pair (¢, 7”) € D with Tyax < 7). We can now mirror
the rewrite step performed in our original computation tree with the main
rewrite pair (fmax, Tmax) i1 our new computation tree. To be precise, let T
be the position such that mp.x.7 = 7. We can then rewrite A’ with the rule
C—{p1 :r1,...,pk : Tk} € S, the main rewrite pair (fmax, Tmax) € A7, the
ground substitution o € Sub (X2, V), and the position 7, since x|, =t = (Fo
and all proper subterms of {#¢ are in normal form w.r.t. S. This means that
we have A” 1sg {%1 By, .. pyk : BY} with

Ag = <{(tmaX>7TmaX)}> & M:“,ew Mi & MZ

and
BY = Mj*” W MY W {(alrjoly,, x) | (a,x) € ML, D

for all 1 < j < k as in [Definition 5.1.17, We define the set in the labeling of
the successors ¥, ...,y in T’ to be A” Bf for all 1 < j < k. It remains to
show that our induction hypothesis is stlll Satlsﬁed for this new labeling, i.e.,

we have 4] '\ Junk(A yj,i) C Ay foralll<j<k.

Let 1 < j < k and (b,p) € A, \ Junk(4] ,X). We have the following
possibilities:

x If (b,p) € Mj*', then there is (', x) € C; C dp(r;) such that (b,p) =

(r'o, m.x). Since our used dependency pair is inside of Y for some Y € Y but

not contained in Uy .z X, we know by that Y #5 X for all X € X.

Intuitively, we started with a dependency tuple from X, reaching Y, so we

cannot reach any X € X anymore. By definition of the dependency graph,

this means that there isno Z € W with Z >% X for some X € X such that

there is a dependency tuple (¢'# ') — ... € Z, and a ground substitution

o’ € Sub (X,V) with b —i>flp(3) ('#¢', and every proper subterm of ¢'#¢’ is

in normal form w.r.t. S. Hence, we have (b, p) € Junk(A;j,Y) and this is

a contradiction to our assumption that (b, p) € A) \ Junk(A4] , X). Thus,
this case is not possible.

« If (b, p) € {(alrjoly..p) | (a,p) € M}, D, then we have a pair (a,p) € A,
and a position y with p.x = m. By definition, the same rule that
we applied to t is applied to a at position y, so that we result with
b = alrjo]y. If we have (a,p) € Junk(A,,X), then we also have
(b,p) = (alrjoly,p) € Junk(A;j,Y), as this means a —,,s) alrjol, = b,
and this is a contradiction to our assumption that (b, p) € A; \Junk(A] , X).
Thus, we have (a,p) € A\ Junk(A,, X) Cuy A2, then we also have
(a,p) € D and p < Tpax. This means that (a, p) € M;’ew and there exists
some position x’ so that p.x" = Tmax and hence (a[r;jol, -, p) € Ay.. But
since p.X'.T = Tmax.T = T, we have x'.7 = x, get a[r;ol.. = a[rjol, = b,
and thus (b, p) € Ay .

« If we have (b,p) € M/, then (b,p) € A, and pLlmp..7. If we have
(b, p) € Junk(A, X), then we also have (b, p) € Junk(4; , X), and this is
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a contradiction to our assumption that (b, p) € A} \ Junk(A] , X). Thus,

we have (b, p) € A, \ Junk(Al, X) Cuy AL Furthermore pJ_7rmax 7 and
thus also p_L7, since myay.x = . We then also get (b, p) € M C AZ],

4) If we have A/ dog {’;y; A .”’pyk A’ .}, then there is a rule £ — {p; :

Y1’
T1,...,Pk ¢ Ty € S, a main rewrite pair (q, m) € A, a ground substitution

o € Sub (3,V), and a position 7 € N* with ¢|, = fo, such that all proper subterms
of fo are in normal form w.r.t. §. Then

Ay ={lg.m)}p oM, oM &M
and
A, =My MW {(alrjoly,, x) | (a,x) € M}, }
for all 1 < 5 < k as in [Definition 5.1.17]

We need to differentiate between two possible cases again:

— 4.1) If we have no pair (#',7’) € A” with a position above 7 (i.e., 7’ < 7), then
we can not perform any rewrite step with our new labeling. Hence, we use a
split-node to mirror the tree structure without changing the sets in the labeling.
This means that we set A” = A for all 1 < j < k. It remains to show that
our induction hypothesis is still satlsﬁed for this new labeling, i.e., we have
Afyj \ Junk(A yj,Y) C A’y’j forall 1 <j <k.

Let 1 < j < k and (b,p) € A, \ Junk(4],X). We have the following
possibilities:

« If (b, p) € Mj’l W {(a[rjoly.,p) | (a,p) € M., D, then we have a pair
(a,p) € A, and a position y with p.y = m. By definition, the same rule that
we applied to t at position 7 is applied to a at position x.7, so that we result
with b = a[r;o],.,. The pair (a, p) can not be inside of A’ (as there is no
pair with a position above 7 in A”), hence we have (a, p) € Junk(A’, X) by
our induction hypothesis. This means that there isno Z € W with Z >5 X
for some X € X such that there is a dependency tuple (#0)— ... €Z,
a ground substitution ¢’ € Sub (3,V), and a 5} E’#U and every
proper subterm of /#¢’ is in normal form w.r.t. S. For the resultmg pair
(b, p) = (a[rjolyr, p), we have a 5,5y alr;joly, = b and hence, we also
have (b, p) € Junk(A;j,Y), and this is a contradiction to our assumption
that (b, p) € A} \Junk(A;j,Y). Thus, this case is not possible.

« If we have (b, p) € M/, then (b, p) € A,. If we have (b, p) € Junk(A’, X),
then we also have (b,p) € Junk(A;j,Y), and this is a contradiction

to our assumption that (b,p) € Aj \ Junk(A; ,X). Thus, we have
(b,p) € AL\ Junk(A}, X) Cirmy AY, then we get (b,p) € A = Aj by

our construction.

— 4.2) If there exists a pair (t/,7') € A with a position above 7 (i.e., 7’ < 7),
then we can mirror the rewrite step at the lowest possible position that is above
7. Let D = {(¢/,n") € A” | #’ < 7} be the set of all pairs in A’ with a position
above 7. Furthermore, let (¢,ax, Tmax) the pair in D with maximal position (i.e.,
there is no pair (", 7”) € D with Ty < 7). We can now mirror the rewrite
step performed in our original computation tree with the main rewrite pair
(tmax, Tmax)- L0 be precise, let x be the position such that mp.x.x = 7. We can
then rewrite A” with the rule £ — {py : r1,...,pg : 1} € S, the main rewrite
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pair (tmax, Tmax) € AJ, the substitution o € Sub (X,V), and the position .7
since tmax|y.r = t|- = o and all proper subterms of o are in normal form w.r.t.
S. This means that we have A} =5 {%4: Bf,..., 2% B} with

A = { (tmaxs Tmax) ) W M, W M @ M

and
BY = M w M| w {(a[rjo]\,.X) | (a.x) € ML}

for all 1 < j < k as in [Definition 5.1.17, We define the set in the labeling of
the successors ¥, ...,y in T’ to be A” Bf for all 1 < j < k. It remains to
show that our induction hypothesis is stlll Satlsﬁed for this new labeling, i.e.,

we have A} -\ Junk(A] , X) C A forall 1 <j <k

Let 1 < j < k and (b,p) € A, \ Junk(4] ,X). We have the following
possibilities:

« If (b,p) € M w {(a[rjoly.. p) | (a,p) € ML,D, then we have a pair
(a,p) € A, and a position x" with p.x’ = m. By definition, the same rule
that we applied to ¢ at position 7 is applied to a at position x’.7, so that
we result with b = a[r;o], ;.

If we have (a, p) € Junk(A’, X), then we also have (b, p) = (a[rjoly .-, p) €
Junk(A; , X), as this means a —ups) alrjoly. = D, a&d this is a
contradiction to our assumption that (b, p) € A; \ Junk(A; , X). Thus, we

have (a, p) € AL\ Junk(A?, X') Cmy A, then we also have (a, p) € D and
we have x < Tpax. This means that (a,p) € M/, and there exists some
position x” so that p.x" = Tmax and hence (a[r;o]y» .-, p) € Ay . But since
p-X"X = Tmax.X = 7, we have x".x = X/, get a[rjoly/ . = a[rjoly .. = b,
and thus (b, p) € Ay .

« If we have (b, p) € M/, then (b, p) € A,. If we have (b, p) € Junk(A’, X),

then we also have (b,p) € Junk(A;j,Y), and this is a contradiction

to our assumption that (b, p) € A, \ Junk(4] ., X). Thus, we have

(b,p) € AL\ Junk(A, X) Cpy A2 Furthermore, pL .. x.7 and thus
also pLm.7, since myax. X = 7. We then also get (b, p) e M C A”

This was the last case and ended the construction and this proof part. We have now

shown that (5.22)) holds.
3. For every X € W, the DP problem (UX%Y Y,S) is innermost AST.

Using ((5.21)) and ([5.22]), by well-founded induction on > we now prove that

for every X € W, the DP problem (Uxsy Y, S) is innermost AST. (5.24)

For the base case, we consider an X € W that is minimal w.r.t. >s. Hence, we have
Uxsyy Y = X. By (5.21)), (X,S) must be innermost AST.

For the induction step, we consider an X € I and assume that every (UY>Zs 2 2,8S)
is innermost AST for every Y € W with X >§ Y. Let Succ(X) ={Y € W | X >4
Y} ={Y1,... Y.} be the set of all direct successors of X. The induction hypothesis
states that (UYP%Z Z,8) is innermost AST for all 1 < u < m. We first prove by
induction that for all 1 <u < m every (Ui<i<y Uy,>57 Z,S) is innermost AST.

In the inner induction base, we have v = 1 and hence (U;<;<, Uy,>1z Z, S) =
(Uyi>5z Z,S). By our outer induction hypothesis we know that (Uy,>: z Z,S) is
innermost AST.



5.4. DP Framework and Processors

In the inner induction step, assume that the claim holds for some 1 < u < m.
Then (Uy, 52 Z,8) is innermost AST by our outer induction hypothesis and
(Ur<i<u Uviszz Z, S) is innermost AST by our inner induction hypothesis. By (5.22),
we know that then (Uj<;j<,11 Uvissz Z, S) is innermost AST as well. The conditions
for are clearly satisfied as we are using the reflexive, transitive closure in both
UicicuUyiszz Z and Uy, 552 2.

Now, we have shown that (U;<;<, Uyiszz Z, S) is innermost AST. We know that
(X,S) is innermost AST by our assumption and that (Uicicm Uy,>z2 Z,S) is
innermost AST. Hence, by we have (Uxsxy Y, S) innermost AST. Again,
the conditions of are satisfied, since X is strictly greater than everything
inside of Uxszy Y wrt. >¢.

4. (P,S) is innermost AST.

Now, in we have shown that (Uxs:y Y,S) for every X € W is innermost
AST. Let X4,...,X,, € W be the maximal elements w.r.t. >g. Finally, we prove by
induction that every (U;<;<, U xis5v ¥, 8 )-chain converges with probability 1 for all
1 <u<mby , analogous to the previous induction. Again, the conditions of
are satisfied as we are dealing with the reflexive, transitive closure of >g. In
the end, we know that (Ui<i<m Ux,>5y Y. S) = (P,S) is innermost AST and this
ends the proof. |

As for the non-probabilistic dependency graph, the construction of the probabilistic
dependency graph is not computable for the same reason, and hence we need to work with
an abstracted version again. Here, we can use the same abstraction function as before
since the definition of the probabilistic dependency graph relies on the non-probabilistic
TRS np(S), just like the non-probabilistic dependency graph.

Definition 5.4.11 (Abstracted Dependency Graph). Let (P,S) be a DP problem. The
abstracted (P,S)-dependency graph is defined as the graph with node set P. There is
an arc from ((# 0) — {p; : (C1,71),...,pr : (Cr,7x)} to (%, 0') — ... if there is a pair
(t,m) € C; for some 1 < i < k such that ¢ and ¢'# are connectable w.r.t. (%.

Here, we can actually use the same proof as in [['heorem 3.3.7| to show that the abstracted
dependency graph is a supergraph of the normal dependency graph. Once again, this
directly implies that the following computable processor is also sound and complete.

Theorem 5.4.12 (Computable Dependency Graph Processor). Let
PrOCCDG(Pa‘S) = {(Q178)7 R (QnaS)}

where Q1,...,Q, are the SCCs of the abstracted (P,S)-dependency graph. Then Procepg
is sound and complete.

Proof. Same proof as for [I'heorem 3.3.7 We only have argue in terms of dependency
tuples (¢#,0) — {p1 : (C1,71),...,px : (Cr,7%)} instead of dependency pairs (# — 7#
in order to show that the abstracted dependency graph is a supergraph of the normal
dependency graph. [ |

Example 5.4.13 (Computable Dependency Graph Processor). Let Ry, be the PTRS from
[Example 5.0.1}and DT (Ra) be the set of its dependency tuples from [Example 5.1.10, The
abstracted (DT (Raiv), Raiv)-dependency graph has the same form as the (DT (Raiv), Raiv)-
dependency graph:
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() ()

DT((2-3)) DT((p-4))
DT ((5.1)) DT((5.2))

U U

The SCCs of this Graph are the four singleton sets {DT((5.1))}, {DT((-2))}, {DT((5-3))}
and {DT((5.4))}. Hence, we get

PrOCCDG((DT<Rdw> Rdw))
= {({PT(ED)}. Raw). (PT(ED)}. Raio). ((PT(ER)}. Raiw). ((PT(ED)}. Rain))

and remain with four smaller DP problems that only contain one dependency tuple.

Usable Pairs Processor

After applying the dependency graph processor, we may have dependency terms in the right-
hand side of a dependency tuple that cannot be rewritten with any remaining dependency
tuple. Hence, we create a new processor similar to the dependency graph processor, but
it only works on the level of the sets inside the right-hand side of a dependency tuple.
Similar to the usable rules processor, we remove every pair that cannot be used as a main
rewrite pair in a —i«>7>,3 step (no matter how we rewrite the term in the pair with §). This
processor was not needed in the non-probabilistic setting because there, we work with
dependency pairs and not dependency tuples. Hence, the corresponding dependency pair
for a not usable pair would already be removed by the dependency graph processor since
it is not in any SCC of the dependency graph.

Example 5.4.14 (Usable Pairs). Let Ry, be the PTRS from [Example 5.0.1{and DT (Ra;v)
be the set of its dependency tuples from [Example 5.1.10] After using the dependency
graph, we get the following 4 DP problems.

{PT(E-I)} Raw). (DT (E-2)} Raiw). (DT (R} Raiw), {DT(E-A)}, Raio)
Let us take a closer look at ({DT((5.4))}, Rasw). Here, we have the only dependency tuple
DT(EA) = (div¥(s(x),s(y)),div(s(z),s()))
((div* (s(0).s(y)). ) b, divis(a). s(y) )
<{(div#(minus(x, v),s(y)), 1), (minus#(;c, ), 1.1)}),
s(div(minus(z, y),5(1))) )}

—-{ 1
1
2

The red pair has the tuple symbol minus” at the root of its term. However, the only
dependency tuple can only rewrite terms with a div?* root symbol. Hence, this pair can
never be used as a main rewrite pair in a ~»p s step, no matter how we rewrite this pair

with S.

Definition 5.4.15 (Usable Pairs). Let (P,S) be a DP problem. Additionally, let
(6#,61) —{p1: (C1,71),. .., ok (Cryri)} € Pand 1 < i < k. We call a pair (t#,7) € C;
usable w.r.t. (P,S) iff there is a dependency tuple (¢§,0,) — ... € P, and ground
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substitutions oy, 0y € Sub (2, V) such that t# o, —i>;"1p( s) @#02 and all proper subterms of

(¥o, and (% o, are in normal form w.r.t. S.

For a set A, let UP(A,P,S) == {(t#,7) € A| (t#,7) usable w.r.t. (P,S)} be the set of
all pairs in A that are usable. The transformation that removes all non-usable pairs in the
right-hand side of all dependency tuples is denoted by:

Top(P,S) = {(t#,0) = {p1 : UP(C,P,8),71),...,px : UP(Cy,P,S), 1)}
| (¢#,0) = {p1: (C1,m1), ... ,pk : (Cy1i)} € P}

Theorem 5.4.16 (Usable Pairs Processor). Let
PI'OCUP(P, S) = {(TUP(P, S), 8)}

Then Procyp is sound and complete.

Proof.

complete: Assume that (Typ(P,S),S) is not innermost AST. By [Theorem 5.2.23] there exists
a (Top(P,S),S)-computation tree T = (V, E, L, P) that converges with probability
< 1 and starts with (1 : {(¢#,)})) such that t# = (¥ for some dependency tuple
(7 0) — {p1 : UP(CL,P,S),r1),....,o1 : UP(CL,P,S), 1)} € Tup(P,S) and
some ground substitution o € Sub (X, V) such that every proper subterm of /#¢ is in
normal form w.r.t. . We will now create a (P, S)-computation tree ' = (V, E, L', P)
that also starts with (1 : {(¢¥,¢)})) with the same underlying tree structure, the
same set P, and an adjusted labeling such that p* = p* for all z € V. Since the
tree structure and the probabilities are the same, we then get |T|pcat = |/ |Leas. TO
be precise, the set of leaves in T is the same as the set of leaves in ', and they have
the same probabilities. Since |¥|pcar < 1 we thus have |T'|pear < 1. Therefore, there
exists a (P,S)-computation tree that converges with a probability < 1 and thus
(P,S) is not innermost AST.

1 {(#.0)) 1 {(#,9)

e s g

Dot Ay p

\ - \

ps @ As c Ay D5 As Ps3 - : Aﬁ; D5 - Air,

I S S

Figure 5.17: Construction in this proof direction.

ES
£

P 2314/2

The core idea of this construction is that adding pairs into the sets of the right-hand
side of a dependency tuple does not impact the rewrite steps. Hence, every rewrite
step without the unusable pairs is possible if we add them again.
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For example, if we use our DP problem ({D7((5.4))'}, Rain) with the dependency
tuple

z),5(y)), div(s(x),s(y)))
((div#(s(a).s(y),€) . div(s(w).59)) )
<{<div#(minus(x, y),s(y)), 1)}), s(div(minus(z, y), s(y))))}

DT(BA) = (divF(s

—{

—~

DO | #—= N |

and look at the following ({DT((5.4))'}, Raiv)-computation tree T:

{(divF(4,2),€)) 1 {(div¥ (minus(3,1),2),1)}
{(dlv (4,2),€)) 1 {{(div#(minus(l%,1)72)7 1)}
1 {(div¥# (minus(3,1),2),1)} 1 {(div¥* (minus(2,0),2),1)}

Then we can also add the missing pair (minus# (z,y), 1) back into our dependency
tuple and thus into the computation tree to get:

P

(dlv (4,2),¢

/\

{ d|v (minus(3,1),2), 1), (minus#(3,1),1.1)}}

qj(jd.v#
/ /

Lo {(div*(4,2),¢)} 1 {(div¥# (minus(3,1),2),1)}

L {(div¥* (minus(3,1),2),1), (minus™(3,1), 1.1) } 1o {(div¥* (minus(2,0),2),1)}

Now, this is a ({DT((6-4))}, Rasw)-computation tree and as one can see the additional
pair does not impact the computation at all.

We now construct the new labeling L' for the (P, S)-computation tree T’ recursively.
Let X C V be the set of nodes, where we have already defined the labeling L'(z).
During our construction, we ensure that the following property holds:

For every node = € X we have A, C A!. (5.25)

We start by setting AL = A, = {(t¥,¢)}). Here, our induction property (5.25) is
clearly satisfied as we have A; = A,.

As long as there is still an inner node z € X such that their successors are not
contained in X, we do the following. Let *E = {1, ..., yx} be the set of its successors.
We need to define the corresponding sets for the nodes vy, .. ., y.
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Slnce x is not a leaf, we have A, _DTUP’PS { s yl,...,% : Ay} oor
p . Py
{”1 yl,...,p—’“.Ayk}.

If we have A, _DTUP P.S),S {p"“ A, % : Ay, } using a dependency tuple

((#.0) — {p1 : UP(C.,P,S), 7’1) ook (UP(Cy, P, S), 1)} € Tup(P,S), a main
rewrite pair (¢, ) € A,, and a ground substitution o € Sub (X, V) such that ¢ = (#o
and all proper subterms of /#¢ are in normal form w.r.t. S. Then

Ay = <{(q,7’[’)}> W Mye, & M, @ M<

and

ij = M;_ WM W é{(a[rja]xw X) | (a,x) € Myew))
for all 1 < 5 <k as in [Definition 5.1.12]
By our induction hypothesis, we get (¢,7) € A, Cmy A,. Thus, we can rewrite
the set A/, using the dependency tuple (¢#,¢) — {p; : (C1,71),...,px : (Cr,m)} €
Tup(P,S), the main rewrite pair (¢,7) € A!, and the substitution o as we have

x?
g = (* 0 and all proper subterms of {#¢ are in normal form w.r.t. S.

This means that we have A top g {’;ﬂ By, Pyk : Bf} with

A, = ((gmpw M, & M| &M,

and
BE = M WM, w{(a[rjo]y, x) | (a,x) € ML)

for all 1 < j < k as in |[Definition 5.1.12 We define the set in the labeling of the
SUCCessors i, ..., yx in ¥ to be A’ = Bf for all 1 < j < k. It remains to show

that our induction hypothesis is stlll satlsﬁed for this new labeling, i.e., we have
A, C A;j forall 1 < j <k.

Let 1 <j <k and (b,p) € A,,. We have the following possibilities:

— If (b,p) € M, then also (b, p) € M (since M;” C M, as we are using the
same dependency tuple, where we have UP(C;, P,S) C C; for the set inside
the right-hand side, the same substitution and the same main rewrite pair) and
thus (b, p) € A .

— If (b, p) € {(a[rjoly.,p) | (a,p) € My}, then we have a pair (a,p) € A, and a
position y with p.xy = m. By definition, the same rule that we applied to ¢ is

applied to a at position y, so that we result with b = a[r;o],.

We have (a,p) € Ay Crmy A, and hence (a, p) € M, since p < m. Now the
same rewrite step takes place at the same position as above, so that we get
(b, p) = (alrjoly, p) € A,

— If we have (b, p) € M, then (b, p) € Ay C(rmy A,. Furthermore, p L7 and thus
also (b, p) € M, and hence (b, p) € A] .

If we have A4, —»4 {%1 CAy, I;L: : Ay, }, then thereisarule ¢ — {py 1 71,...,py :
rr} € S, a main rewrite pair (¢, 7) € A,, a ground substitution o € Sub (%, V), and
a position 7 € NT with ¢|, = ¢o, such that all proper subterms of o are in normal
form w.r.t. §. Then

A, =, m) )W My WM, W M.

and
Ay =M w MW {(alrjoly,, x) | (a,X) € Myew))
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for all 1 < 5 < k as in [Definition 5.1.17]

By our induction hypothesis, we get (¢, 7) € Ay Crmy Al,. Thus, we can rewrite the
set A’ using the rule ¢ — {py : r1,...,px : 1} € S, the main rewrite pair (¢, 7) € A,
the substitution o, and the position 7 as we have ¢|, = fo and all proper subterms
of fo are in normal form w.r.t. S.

This means that we have A ‘s {%1 : By, ... % : BY} with
A, = g m)h W M, & M) W M

and

BY = M w M W {(a[r;oly..x) | (a,x) € ML}

for all 1 < j < k as in |Definition 5.1.17, We define the set in the labeling of the
Successors ¥y, ..., yx in T to be A’ = Bf for all 1 < j < k. It remains to show

that our induction hypothesis is stlll satlsﬁed for this new labeling, i.e., we have
A, C A;j forall 1 <j <k.

Let 1 <j <k and (b,p) € A,,. We have the following possibilities:

— If (b, p) € M;" W {(a[r;oly,,p) | (a,p) € My}, then we have a pair (a, p) € A,
and a position y € N* with p.x = 7. By definition, the same rule that we
applied to ¢ at position 7 is applied to a at position y.7, so that we result with
b=alrjoly.

We have (a,p) € Ay Cmy AL, and hence (a,p) € {(t,7)}) & M]

rews Since p < T
Now the same rewrite step takes place at the same position as above, so that
we get (b, p) = (a[rjoly.r, p) € Ay, .

— If we have (b, p) € M, then (b,p) € A, Cmy Al,. Furthermore, p 7.7 and
thus also (b, p) € M/, and hence (b, p) € A] .

Assume that (P,S) is not innermost AST. By [Theorem 5.2.23] there exists a
T = (V,E,L,P) be a (P,S)-computation tree that converges with probability
< 1 and starts with {(¢#,¢)}) such that t# = (#o for some rule (¢# () — {p; :
(Cy,71), ... yp : (Ck,7)} € P and some ground substitution o € Sub (3,V), and
every proper subterm of /#¢ is in normal form w.r.t. S. We will now create a
(Tup(P,S),S)-computation tree T = (V, E, L, P) that also starts with {(t#,¢)}
with the same underlying tree structure, the same set P, and an adjusted labeling
such that pt = pg for all z € V. Since the tree structure and the probabilities are
the same, we then get | T ecar = |T'|Leat- To be precise, the set of leaves in ¥ is the
same as the set of leaves in ¥', and they have the same probabilities. Since |T|pear < 1
we thus have |%'|pcar < 1. Therefore, there exists a (Tup(P,S), S)-computation tree
that converges with a probability < 1 and thus (Tgp(P,S),S) is not innermost
AST.
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1: {(t#,2)) (1:4(t*,e)})

e s e

P Ay Dot Ay (p1: AY) (P2 : Ay)

N p(\

ps : As Pa Ay D5 As (ps 3

o]

Figure 5.18: Construction in this proof direction.

The core idea of this construction is that pairs that cannot be rewritten to the
left-hand side of a dependency tuple using .5 steps can never be used as a main
rewrite pair for a —i(>'p75 step. This means that we can simply remove those pairs from
the rules and every set in our computation tree and still result in a valid computation
tree. If we use an unusable pair as a main rewrite pair for a I step, then we can
change the main rewrite pair to mirror this step for all usable pairs, or if this step
only impacts unusable pairs, then we can use a split-node to do nothing but mirror
the tree structure. The general construction is similar to the construction used in
the proof of the dependency graph processor (Theorem 5.4.10)).

For example, if we use our DP problem ({DT((5.4))}, Raiv) with the dependency
tuple

DT(EA) = (div¥(s(x),s(y)),div(s(z),s(1)))
{ (div* (minus(z, y), s(y)), 1), (minus? (x,y), 1.1)},
s(div(minus(z, y), s(y))))}

and look at the following ({DT((5.4))}, Raiv)-computation tree T:

P

1: {(div*(4,2),¢)}

{(div¥ (4 ),€)) i {(div#(minus(i’), 1),2),1), (minus¥(3,1),1.1) }
({(dlv (4,2),e)} i {(div#(minus(?), 1),2),1))
L g (div¥# (minus(3,1),2), 1), (minus™(3,1), 1.1) } 1 {(div¥* (minus(2,0),2),1)}

Then we can also remove the unusable pair (minus#(x, Y), 1), so that we are working
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with the dependency tuple DT ((5.4))":
DT(BA) = (div¥(s(z),s(y)), div(s(x),s(1)))
—={ 3: Q(d'v#(S(I),S(y)),ﬁ)}’diV(S(I),S(y)))
Lo (g (div(minus(a, ), s(y)). 1)}),s(div(minus(x,y),s(y))))}

Now, we can remove every pair corresponding to this removed pair (minus# (x,y), 1)
from our tree to get

1: {(div¥(4,2),¢)}

;)}/ \

i {(div#(minus(&l),Q), 1)}

Lo f(div*(4,2),¢)) 1 {(div¥* (minus(3,1),2),1)}

1 {(div¥ (minus(3,1),2),1)} 1 ¢(div# (minus(2,0),2),1)}

And this is a ({DT((5.4))'}, Raiv)-computation tree, and as one can see, removing
the pair does not impact the computation at all since we can not rewrite the pair
anyways with a dependency tuple.

We now construct the new labeling L for the (Tup(P,S),S)-computation tree T’
recursively. Let X C V be the set of nodes, where we have already defined the
labeling L'(x). During our construction, we ensure that the following property holds
for every node x € X:

For every node z € X we have 4, \ Junk(A,) C A/. (5.26)

Here, Junk(A,) denotes the set of all pairs in A, that can never be used as a
main rewrite pair for a dependency tuple from P, as in the soundness proof of
[Theorem 5.4.10, To be precise, we define (¢, 7) € Junk(A,) :< (¢, 7) € A, and there
is no dependency tuple (¢#,¢) — {py : (C1,71),...,px : (Cr,7:)} € P and ground
substitution o € Sub (X, V), such that ¢ —i>:‘lp( s) (#o, and every proper subterm of

(#5 is in normal form.

We start by setting AL = A, = {(t,2)})). Here, our induction property (5.26)) is
clearly satisfied as we have A, = A..

As long as there is still an inner node x € X such that their successors are not
contained in X, we do the following. Let xE = {yi, ..., yx} be the set of its successors.
We need to define the corresponding sets for the nodes vy, ..., yx.

Since x is not a leaf and ¥ is a (P, S)-computation tree, we have

i Pyy . Py, . i Py . Py, .
Ax_bpvs{pT'Ayl""’pT'Ayk}orAx_DS{pT'Ayl’."’pT'Ayk}
i Py . Pyp . -
If we have A, —ps {—p’;l DAy, A, } using a dependency tuple

(#.0) — {py : (C1,71),...,px : (Cr,7x)} € P, a main rewrite pair (¢,7) € A,,
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and a ground substitution o € Sub (X, V) such that ¢ = ¢#¢ and all proper subterms
of (#o are in normal form w.r.t. S. Then

Ay ={(g,m)p & My W M, & M_

and
Ay =M w MW {(alrjoly,, x) | (a,X) € Myew)

for all 1 < j < k as in [Definition 5.1.12

The pair (¢, 7) cannot be inside of Junk(A,). Hence, we must have (¢, 7) €
Ag \ Junk(A;) Sy A,. Thus, we can rewrite the set A’ using the dependency
tuple (¢#,0) — {p1 : (UP(C&,P 8),7r1)y Dk - (UP(Ck,P S),rr)} € Tup(P,S),
the main rewrite pair (¢, ) € A%, and the substitution o as we have ¢ = (#o and
all proper subterms of /#¢ are in normal form w.r.t. S.

This means that we have A’ ‘o7 _(p.s). { By I% : Bf} with

rew

A, = ((gmpw M, & M| &M,

and
Bf = M WM, w{(a[rjo]y.. x) | (a,x) € ML)

for all 1 < j < k as in |[Definition 5.1.12] We define the set in the labeling of the
SUCCessors ¥, ...,y in ¥ to be A’ = By for all 1 < j < k. It remains to show

that our induction hypothesis is stlll satlsﬁed for this new labeling, i.e., we have
Ay, \ Junk(Ay;) € A forall 1 <j <k

Let 1 <j <kand (bp) € 4y, \ Junk(A,,). We have the following possibilities:

— If (b, p) € M, then there is (', x) € C; C dp(r;) such that (b, p) = (r'o, m.x).
If (r',x) € UP(C;,P,S), then we also have (b, p) = (r'o,m.x) € Mj*/ C Afyj
since we use the same substitution and the same main rewrite pair. If
(r',x) € UP(C;, P,S), then there is no dependency tuple (%, (') — ... € P,
and ground substitution ¢’ € Sub (X,V) such that b —i>;p(8) {'#o’, and every
proper subterm of £'#¢’ is in normal form w.r.t. S, by definition of the usable
pairs. Hence, we have (b, p) = (r'o, 7.x) € Junk(A; ) and this is a contradiction
to our assumption that (b, p) € A} "\ Junk(A] ), so this case is not possible.

— If (b,p) € {(a[rjoly.,p) | (a,p) € My}, then we have a pair (a, p) € Al and a
position x € Nt with p.xy = 7. By definition, the same rule that we applied to
t is applied to a at position X, so that we result with b = a[r;o],.

If we have (a, p) € Junk(A’,), then we also have (b, p) = (a[r;oly, p) € Junk(A,,),
as this means a —i>np(3) al[r;o], = b, and this is a contradiction to our assumptlon
that (b,p) € Ay, \ Junk(A,,). Thus, we have (a,p) € A, \ Junk(A,) Cmy A,
and (a,p) € M{new, since p < m. Now the same rewrite step takes place at the

same position as above, so that we get (b, p) = (a[r;oly, p) € A .
— If we have (b,p) € M, then (b, p) € A,. If we have (b,p) € Junk(Agc), then

we also have (b, p) € Junk(A,,), and this is a contradiction to our assumption
that (b, p) € Ay, \ Junk(A,,). Thus, we have (b, p) € A, \ Junk(A,) Crmy A
Furthermore, pL7m and thus also (b, p) € M, and hence (b,p) € A .

If we have 4, ~»5 {% : Ayl,...,%’“ : Ay, }, then thereisarule ¢ — {py :71,...,py :

rr} € S, a main rewrite pair (¢, 7) € A,, a ground substitution o € Sub (%, V), and
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a position 7 € N* with ¢|, = fo, such that all proper subterms of fo are in normal
form w.r.t. §. Then

and

Ay ={(g,m)p W& My W M, & M_

ij = Mj+ WM W {(alrjoly., x) | (a,X) € Myew))

for all 1 < j <k as in [Definition 5.1.17]

We need to differentiate between two possible cases:

— If we have no pair (#,7') € A/, with a position above 7 (i.e., 7’ < ), then

we can not perform any rewrite step with our new labeling. Hence, we use a
split-node to mirror the tree structure. This means that we set A’ = A for
all 1 < j < k. It remains to show that our induction hypothesis is stlll satlsﬁed
for this new labeling, i.e., we have A, \ Junk(4,,) C A forall 1 <j <k.

Let 1 <j <kand (bp) € 4, \ Junk(A,,). We have the following possibilities:

« If (b,p) € Mj"w {(a[rjoly,.p) | (a,p) € My}, then we have a pair
(a,p) € A, and a position x € N* with p.x = 7. By definition, the same
rule that we applied to ¢ at position 7 is applied to a at position x.7, so that
we result with b = a[r;jo],.,. The pair (a, p) can not be inside of A/ (as there
is no pair with a position above 7 in A’), hence we have (a, p) € Junk(A,)
by our induction hypothesis. For the resulting pair (b, p) = (a[r;oly.r, p),
we have a ~5,(s) a[rjo]y.; = b and hence, we also have (b, p) € Junk(A,,),
and this is a contradiction to our assumption that (b, p) € A, \ Junk(A,,).
Thus, this case is not possible.

« If we have (b,p) € M,, then (b,p) € A,. If we have (b,p) € Junk(A,),
then we also have (b,p) € Junk(A4,,), and this is a contradiction to
our assumption that (b,p) € A, \ Junk(A, ). Thus, we have (b,p) €
Ay \ Junk(A4;) Sy A and (b, p) € A, = A} by our construction.

If there exists a pair (¢/,7") € A/ with a position above 7 (i.e., 7’ < 7), then
we can mirror the rewrite step at the lowest possible position that is above 7.
Let D = {(t/,n") € A, | #’ < 7w} be the set of all pairs in A’ with a position
above . Furthermore, let (fmax, Tmax) the pair in D with maximal position (i.e.,
there is no pair (¢, 7") € D with Tya < 7). We can now mirror the rewrite
step performed in our original computation tree with the main rewrite pair
(tmax, Tmax)- 1O be precise, let x € N* be the position such that my..x = 7.
We can then rewrite A! with the rule £ — {py : 71,...,pg : 7%} € S, the main
rewrite pair (fmax, Tmax) € A, the substitution o € Sub (3, V), and the position
X-T since tmax|y.r = t|; = o and all proper subterms of {o are in normal form
w.r.t. S. This means that we have A’ “og {% By, pyk : Bf} with

AL = {(tmax, Tmax) ) W M), W M| & ML

and

Bj = M} & M| W {(alrjoly,. x) | (a,x) € My}
for all 1 < j < k as in [Definition 5.1.17, We define the set in the labeling of
the successors ¥, ...,y in T’ to be A’ = B, for all 1 < j < k. It remains to
show that our induction hypothesis is stlll Satlsﬁed for this new labeling, i.e.,
we have 4, \ Junk(A,;) C A} forall1<j <k
Let 1 <j<kand (bp) € A, \ Junk(A,,). We have the following possibilities:




5.4. DP Framework and Processors

« If (b,p) € Mj" W {(a[rjoly,.p) | (a,p) € My}, then we have a pair

(a,p) € A, and a position x" with p.x’ = m. By definition, the same rule
that we applied to ¢ at position 7 is applied to a at position y’.7, so that
we result with b = a[r;o], ;.
If we have (a, p) € Junk(A,), then we also have (b, p) = (a[rjoly .+, p) €
Junk(A,,), as this means a %,,(s) a[r;oly.; = b, and this is a contradiction
to our assumption that (b,p) € A, \ Junk(A4,;). Thus, we have
(a,p) € A, \ Junk(A,) Cumy AL, and we also have (a,p) € D, and
X < Tmax. This means that (a, p) € M/, and there exists some position
X" so that p.x" = Tmax and hence (a[rjolyny.-,p) € A, . But since
p-X"X = Tmax.Xx = 7, we have x".x = x/, get alrjoly .. = a[rjoly.. =0,
and thus (b, p) € 4] .

« If we have (b,p) € M, then (b,p) € A,. If we have (b,p) € Junk(A,),
then we also have (b,p) € Junk(A4,,), and this is a contradiction to
our assumption that (b,p) € A, \ Junk(A,,). Thus, we have (b,p) €
Ap \ Junk(A,) Cmy AL Furthermore, pLlmyay.x.7 and thus also pLw.7,
since Tmax.x = 7. We then also get (b, p) € M| and thus (b,p) € A) . R

Once again, this definition is not computable, and we have to use our abstraction.

Definition 5.4.17 (Abstracted Usable Pairs). Let (P,S) be a DP problem. Additionally,
let (6#,0) = {p1: (C1,71), ..., pr: (Cr,mp)} € P and 1 <i < k. We call a pair (t,7) € C;
abstract usable w.r.t. (P,S) iff there is another rule (¢'# (') — ... € P, and ground
substitutions oy, 0y € Sub (3, V) such that ¢t and ¢'# are connectable w.r.t. (#.

For a set A, let AUP(A,P,S) = {(t¥,7) € A | (t,7) abstract usable w.r.t. (P,S)} be
the set of all pairs in A that are abstract usable. The transformation that removes all
abstract non-usable pairs in the right-hand side of dependency tuples is denoted by:

Tavp(P,S) = {(t#,0) = {p1 : (AUP(C1,P,S),r1),...,px : (AUP(Cy,P,S),r1)}
| (¢#,0) = {p1 : (C1,m1), ..., ok (Cy1i)} € P}

Theorem 5.4.18 (Computable Usable Pairs Processor). Let
PI'OCCUP(P, S) - {(TAUP(P, S), S)}

Then Proceyp is sound and complete.

Proof. We again use the same proof as in [Theorem 3.3.7| to show that UP(C,P,S) C
AUP(C,P,S) holds for all sets C. We only have argue in terms of dependency tuples
(0#.0) — {p1 : (C1,71),...,pr : (Cy, 1)} instead of dependency pairs £# — r#. This
means that our computable usable pairs processor only removes pairs that would also be
removed by the usable pairs processors of [Theorem 5.4.22] Again, this approximation does
not interfere with the soundness nor the completeness but just with the effectiveness of
this processor. The constructions in both directions of the proof of [Theorem 5.4.16] still
work if we remove fewer pairs. |

Example 5.4.19 (Computable Usable Pairs Processor). Let R be the PTRS from
[Example 5.0.1| and DT (R) be the set of its dependency tuples from [Example 5.1.10]
After the execution of the computable dependency graph processor in [Example 5.4.13| we
get the following four DP problems

{PT(EID)}R), (PT(E)}R). {DPT(E)} R), {PT(EA)}R)
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Let us look at the last one in more detail. Here, we have the dependency tuple
DT(BA) = (div¥(s(x),s(y))
{0 b (v sle).s).€) b divis(a), siw) ).

1 ({(div#(minus(ac7 v),s(y)), 1), (minus#(m, ), 1.1)}),
s(div(minus(z,y), s(y))))}

=
<
—
(%]
—
8
~—
2]
—~
<
~—
~—
~—

As described in [Example 5.4.14] the red pair inside of the right-hand side is not abstract
usable. Hence, we can remove it and result with the following dependency tuple:

z),s(y)), div(s(x), (1))
((div#(s(a).s(y),€) . div(s(w).59)) )
<{(div#(minu5($, y),s(y)), 1)}>, s(div(minus(z, ), s(y))))}

DT(EA) = (div¥(s

= {

—~

N[—= N

Hence, we have
Procerr ({DT((5.4))}, R) = {({DT((5-4)'}, R)}

and remain with a smaller DP problem that contains fewer pairs inside of the sets in the
right-hand side of the dependency tuples. The other three DP problems stay the same, as
every pair is usable.

Usable Rules Processor

The next processor we want to adapt is the usable rules processor. The idea and the
actual definition do not change a lot in the probabilistic setting since it does not rely on
the probabilities but only on the non-probabilistic structure analogous to the dependency
graph. We only have to adjust the recursive definition to regard every term in the support
of the distribution of the right-hand side of a rule.

Definition 5.4.20 (Usable Rules). Let (P,S) be a DP problem. For every f € 3 X#
let Rules(S, f) == {¢ — p € S | root(¢) = f, ¢ has no redex as proper subterm}. For any
term ¢, the set of all usable rules UR(S,t) is inductively defined as

UR(S, ) = g
UR(S, f(t1,...,t,)) = Rules(S, f)UUL, UR(S', ;) U
UZ—),uERules(S,f) UreSupp(u) MR(S/v 7")

where &’ := S \ Rules(S, f). The set of all usable rules for the DP problem (P,S) is
defined by
UR(P,S) = U U U UR(S, 1)

£# — peproj, (P) BESupp(n) (t,m)€B

Here, by proj,(P) we denote the projection to the first component, i.e., we have
projl(P) = {e# — {pl : Cla Y Y Ck} | (£#7€) — {pl : (Chrl)v ey Pl (C]mrk)} S P}

Note that we ignore the projection to the second component of dependency tuples. We
only need to find every rewrite rule that can be used to evaluate the sets in the right-hand
side of a dependency tuple. The additional stored rewrite rule can only be applied if it is
also in S so that we already check it in our recursive definition regarding the usable rules

in S.
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Example 5.4.21 (Usable Rules). Let Ry, be the PTRS from [Example 5.0.1jand DT (Ra;v)
be the set of its dependency tuples from [Example 5.1.10] After the execution of the
computable dependency graph processor in [Example 5.4.13| and the usable pairs processor
in |[Example 5.4.19 we get the following four DP problems

{PT(EI)} Raw), (DT (E2)} Raiw), (DT (B} Raiw), DT (EA)'}, Raio)

Let us look at the last one in more detail. Here, we have the dependency tuple

DT(EA) = (div¥(s(x)s(y)),div(s(x),s(y)))
= { ((div* (s(0).s(y)). ) b divis(a).s(y) ).
({(dlv (minus(x,y),s(y)),1)}),s(div(minus(:c,y),s(y))))}

and still all of the four PTRS rules

1
2
1
2

minus(z, 0) — {3 : minus(z,0), 3 : z} (
minus(s(z),s(y)) — {3 : minus(s(z),s(y)), 3 : minus(z,y)} (5.28
div(O,s(y)) = {3 : div(O,s(y)), 5 : O} (
div(s(z),s(y)) — {5 : div(s(z),s(y)), 5 : s(div(minus(z,y),s(y)))} (

The rules and are usable as the root symbol of the left-hand side of those
rules is minus and occurs in the right-hand side of D7 ((5.4)))’. However, the rules
and are not usable, since div does not occur in the sets of the right-hand side of the
dependency tuple nor in the right-hand side of the rules and . Thus we have

({DT( } Rdw { }

Similar to the non-probabilistic usable rules processor, we only have soundness but no
completeness. The reason is the same as before: the PTRS § in our DP problem (P, S)
has two functionalities. We can use it for a rewrite step, and we use it to determine the
normal forms for our innermost evaluation strategy. If we add an additional TRS Q that
is solely responsible for indicating what kind of normal forms we are interested in, then
the usable rules processor would also be complete.

Theorem 5.4.22 (Usable Rules Processor). Let
Procw(P,S) = {(P,UR(P,S))}

Then Procyg s sound but not complete.

Proof. This proof is similar to the proof of the non-probabilistic usable rules processor
(Theorem 3.3.11]). We only have to adjust it to the new setting.

sound: Assume that (P,S) is not AST. By[Theorem 5.2.23| there exists a (P, S)-computation
tree T = (V, E, L, P) that converges with probability < 1 and starts with {(t%,¢)}
such that t# = (#o for some dependency tuple ((#,¢) — {p, : (C1,71),...,pk :
(Ck,rx)} € P and some ground substitution ¢ € Sub (3,V), and every proper
subterm of /#¢ is in normal form w.r.t. S.

Rules ¢ — ¢ € S that are not usable (i.e., £ — § € UR(P,S)) will never be used in
such a (P,S)-computation tree that starts with the instantiated left-hand side of a
dependency tuple such that every proper subterm is in normal form. Hence, we can
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also view T as a (P,UR(P,S))-computation tree that converges with probability
< 1 and thus (P,UR(P,S)) is not AST.

It remains to prove that there is no node x in T that, together with the labeling
and its successors, represents a rewrite step with a rule from S\ UR(P,S). Assume
for a contradiction that there is some node x € V' in this computation tree that
(together with the successors and the labeling) represents a rewrite step with a rule
from S\UR(P,S). Let t =y, ...y, = x be the path from the root to z. W.Lo.G.
we can assume that all of the used rewrite rules on this path are usable, i.e., there is
no 1 < j < m such that the node y;, together with the labeling and its successors,
represents a rewrite step with a rule from S\ UR(P,S).

Let (a,a) be the main rewrite pair, and p be the position for the rewrite step
at node x. Rewriting with —»s can not introduce new pairs but only rewrite or
remove existing ones. Hence, there must be a pair (a/,«) that was introduced
earlier in the path by some dependency tuple from P and has the same position
as (a, ). Furthermore, we do not rewrite the pair (a/, ) at the root position nor
remove it completely until we reach z in the path. This means that there is some
1 < h < m such that A,, —i>p73 {p1 : Bi,...,pr : By} using a dependency tuple
(0%, 0) — {p1 : (C1,7m1), ...,k : (Cy,7%)}, a ground substitution o € Sub (¥, V) and
a main rewrite pair (¢, 7) € A,, such that and

Ayh - <{<Q77—)}> W Mrew W ML O] M<

and
Bj = M;_ WM, W {(a[rjoly,, x) | (a,X) € Myew))

for all 1 < 5 < k as in |[Definition 5.1.12, Furthermore, we have Ay, . = B; for
some 1 < j < k and (a/,a) € M;", so that there exists a pair (', x) € C; with
(d/,a) = (r'o,7.x). Furthermore, in the rest of the path to z, we only use steps
with a main rewrite pair position that is orthogonal to a or below «. Hence, this
pair does not get removed anymore but only gets rewritten with -+ or remains the
same (so for —i‘>’p73 steps the pair is either inside of M, or M,,., and for I steps the
pair is either inside of M, M, or the main rewrite pair itself). This means that
a —i>;p( s) a’. The symbol a|, can not be inside of every substitution in this rewrite
sequence (due to the innermost property). Hence, at least the root symbol of the
used rewrite rule ¢/ — {p}| : r}, ..., p} : .} for node x must be introduced by some
left-hand side of a rewrite rule or the dependency tuple, but this is a contradiction,
as this would imply that the rule that is used at node x would be usable since every
rule in the path is usable by assumption. |

Example 5.4.23 (Counterexample for completeness). We can use the same counterexample
as in [Example 3.3.12] We only need to adjust it to our new type of dependency tuples.
Consider the signature 3 = {f, a}, a variable set with {z} C V and the PTRS § consisting
of the following rule:

a— {l:a} (5.31)
and a set of dependency tuples P consisting of the following dependency tuple:
(f*(a,2),f(a,2)) = {1+ ({(f(z,2),€)},f(z,2))} (5.32)
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Then, the DP problem (P,S) is innermost AST, since the only
dependency tuple can not be used. The reason is that the
first component in the left-hand side, namely f#(a, r), contains |1 : {(f*(a,a),¢)}
a proper subterm that is not in normal form w.r.t. S, namely
a. However, the rule is not usable since the right-hand
side of the only dependency tuple does not contain a anywhere. |1: {(f#(a,a),e)}
We get Procg(P,S) = {(P,UR(P,S))} = {(P,2)}. Now, the
DP problem (P, @) is not innermost AST anymore since we
have the (P, @)-computation tree ¥, depicted on the right, that
converges with probability 0. The reason here is that the proper Figure 5.19: T
subterm a is now in normal form w.r.t. the empty PTRS.

Example 5.4.24 (Usable Rules Processor). Let Ry, be the PTRS from [Example 5.0.1| and
DT (Rain) be the set of its dependency tuples from [Example 5.1.10] After the execution
of the computable dependency graph processor in [Example 5.4.13| and the computable
usable pairs processor in [Example 5.4.19] we get the following four DP problems

{PT(ED)}R). (PT(ED)} R), (DPT(E3))}R). (DT(EA)'} R)

The usable rules for all four DP problems are

UR{DT(B1)}, Raiw) =

UR{DT(ED)} Raiw) =

UR{DT(BI))}, Rai) =
RUDT(BA)'} Raw) = {E-1). 62}

and thus, we get

Procw((PT((1), Raw)) = {{DT(EI)}, 2)}
Procw((DT((-2), Raw)) = {{PT(E2A)}, 2)}
Procw((DT((-3)), Raw)) = {{DT(E3))}, 2)}
Procea (DT ((B-A)', Raiw)) = {{PT(EA)'} {EI). B2 1}

and remain with four smaller DP problems that all contain fewer rewrite rules.

Reduction Pair Processor

The last processor we want to adapt is the reduction pair processor. Since we are using
a rewrite relation that operates on sets, we have to lift polynomial interpretations from
terms to our positional dependency tuple sets.

Definition 5.4.25 (Polynomial Interpretations for PDTS). Let Pol be a polynomial
interpretation. We lift Pol from terms 7T (3,V) to PDTS by defining

Pol(A) = Y Pol(t)

(t,m)eA

for all A € PDTS. So in particular, Pol(@) = > ; nes Pol(t) = 0. Abusing the notation,
we write Pol for both the ¥-algebra and its lifting to sets in PDTS.
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This lifting to sets already shows the first downside compared to the reduction pair
processor in the non-probabilistic setting. We have to take the sum of the values of every
defined symbol on the right-hand side of a rule into account, as we are working with
dependency tuples and not just pairs anymore. We have seen that both the defined symbols
and their number of occurrences on the right-hand side matter. Hence, we cannot regard
them separately anymore. The second disadvantage is that we have to further restrict the
polynomial interpretations. We have to use multilinear polynomial interpretation as they
are concave, and we need this concavity to “exchange” the expected value and the value of
the polynomial interpretation fp,; for every symbol f € ¥. The idea for this comes from
[2], where they used this idea to prove PAST automatically for a given PTRS.

We first prove the main technical lemma regarding the reduction pair processor and then
prove the real processor itself afterward.

Lemma 5.4.26 (Proving Innermost AST on CTs with Reduction Pair Processor). Let
(P,S) be a DP problem, and let Pol : ’T(Z SN V) — N[V] be a natural, multilinear
polynomial interpretation which is weakly monotonic (i.e., x >y implies fpy(...,x,...) >
froi(- sy, ...) forall f € XUXH). Suppose that we have P = P. WP, and the following
conditions hold.

(1) For every (¢#,0) — {p1 : (C1,71),...,pr : (Cr,7%)} € Po, there exists a1 < j <k
with
Pol((*) > Pol(C})

If ¢ - {p1:ri,....pr:1x} €S, then we additionally require that

Pol(l) > Pol(r;)

(2) For every (0%, 0) — {p1: (C1,71),...,px : (Cr,7%)} € P, we have

(3) For every ¢ — {py:r1,...,px: 1} €S we have

Pol(t) > > p;- Pol(r;)

1<j<k

Let® = (V,E, L, P) be a (P,S)-computation tree. We can partition P = P_WP_ according
to P ="P_wWP.. If T satisfies

(+) Ewvery infinite path has an infinite number of P. nodes.
then ‘T'Leaf =1.

Proof. Remember that the definition of our chains works with ground instances. This
proof proceeds similar to the proof of [Theorem 4.3.1] and thus is based on [27]. The
difference to [I'heorem 4.3.1]is that this time we are talking about computation trees and
we have two different rewrite relations that we need to deal with. All in all, the core steps
of this proof are again the following:

1. We extend the conditions to rewrite steps instead of just rules (and thus, to edges of
a computation tree)
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2. We create a computation tree T=V for any N € N
3. We prove that |T=V|rcr > p" for any N € N
4. We prove that |T=V| . = 1 for any N € N

5. Finally, we prove that |T|pe.s = 1

Part (1.) and (3.) are much more involved in this proof compared to [Iheorem 4.3.1| due
to the more complex rewrite relation that we are dealing with. The other parts are nearly
the same as before. We only have to adjust everything to computation trees instead of
rewrite sequences. Here, p > 0 is the minimal probability that occurs in the rules of P and
S. As P and S both have only finitely many rules and all occurring multi-distributions
have finite support, this minimum is well defined.

1. We extend the conditions to rewrite steps instead of just rules

We start off by showing that the conditions and of the lemma extend to
rewrite steps instead of just rules:

(a) f s€ T(X)and & = {py : t1,...,px : tr.} € FDist(T(X)) with s 155 § using the rule
C—={p1:71,...,pp s 7} € S with Pol({) > Pol(r;) for some 1 < j <k, then we
have Pol(s) > Pol(t;).

(b) If A € PDTSy, and § = {p1 : By,...,px : By} € FDist(PDTS,,) with A —il>7;73 0,
then there exists a 1 < j < k with Pol(A) > Pol(B;).

(c) fseT(X)and 6 = {py : t1,...,pr : tx} € FDist(T (X)) with s -»5 d, then we have
Pol(s) > Y 1<i<x pi - Pol(t;).

(d) If A € PDTSyp and § = {p1 : By,...,px : By} € FDist(PDTS,,) with A —i‘>'p73 0,
then Pol(A) > di<i<k Di - Pol(B;).

(e) If A € PDTS,p and § = {p1 : By, ..., py : By} € FDist(PDTS,,) with A ‘o5 §, then
Pol(A) > Y1<j< pj - Pol(B;).

In this case, there exist a rule £ — {py : 71,...,pp : 7x} € S with Pol(¢) > Pol(r;)
for some 1 < j <k, a ground substitution o € Sub (3, V), and a position 7 of s such
that s|, = fo, all proper subterms of ¢o are in normal form w.r.t. S, and t;, = s[r,o],
forall 1 <h <k.

We perform induction on 7. So in the induction base, let 7 = . Hence, we have
s=Voand § = {py : ryo,...,py : 1o }. By assumption we have Pol(¢) > Pol(r;) for
some 1 < j < k. As these inequations hold for all instantiations of the occurring
variables, for t; = r;0 we have

Pol(s) = Pol(lo) > Pol(r;o) = Pol(t;).

In the induction step, we have m = i.7', s = f(S1,...,8i,---,80), S s {p1 :
tity- o Pk ¢ tig}, and ¢, = f(s1,...,tip,...,8,) forall 1 < h < k. Then by the
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induction hypothesis we have Pol(s;) > Pol(t; ;). For t; = f(s1,...,tij,...,Sn) We
obtain

Pol(s) Pol(f(s1,--ySiy---5n))
froi(Pol(s1),..., Pol(s;),...,Pol(s,))
froi(Pol(s1),. .., Pol(t;;),...,Pol(sy,))
(by weak monotonicity of fp, and Pol(s;) > Pol(t; ;))
= POl(f(Sl, c 7ti,j7 ce 7Sn))
= POl(t])

(AVANI

[B)] In this case, there exist a dependency tuple (¢#.0) — {pi : (Ci,r1),...,pp :

(Ck,rx)} € P, a main rewrite pair (f,7) € A, and a ground substitution
o € Sub (X, V) such that t = (#o and all proper subterms of {#¢ are in normal
form w.r.t. S. Let us first assume that ¢ — {p; : r1,...,px : rx} € S. Then we
have B; = M U {(a[r;oly,,7) | (a,7) € My} U M, as in [Definition 5.1.12|
By Requirement there exists a 1 < j < k with Pol({*) > Pol(C;) and
Pol(f) > Pol(r;). As these inequations hold for all instantiations of the occurring
variables, we have

Pol(A) = qen Pol(a)
= Ygme(wm) Polla) + Xmnem,., Pol(a) + Xgryen, Pollq)
+ Z(q,T)EM< POZ(q)

> Ygne(emy Pold) + Zignen,., Polla) + Xgnenr, Pol(q)
(removing M)

= POl(t) + Z(q,T)EMmu POZ(Q) + Z(q,r)eML POZ(Q)

= Pol(t#0) 4+ X4 ryerten POUG) + X (gmenr, Pol(q)
(ast = ("0)

> POl(CjO’) + Z(q,r)eme Pol(q) + Z(q,T)eML POZ((])
(as Pol((*) > Pol(C;), and hence Pol({*) > Pol(C;0))

= Ygec,o Pol(q) + X4 myem,, Pol(@) + X ryem, Pol(q)

= 2:(6177-)@\@+ Pol(q) + > (q;7)EMrew Pol(q) + > (qr)eM, Pol(q)
(by definition of M;")

> Ygmemr Pollq) + X g men,., Pollalroly) + Xignen, Pol(q)
(by Pol(¢) > Pol(r;) and [(a))

= E(q,T)EBj POZ(Q)

= POZ(B])

If we have £ — {py :11,...,pk : ri} € S, then we have B; = MjJr U M, and hence it
is a subset of B} :== M;" U {(a[rjoly,,7) | (a,7) € Myew}) U ML (B; in the previous
case). Therefore, we get Pol(A) > Pol(B}) > Pol(B;).

In this case, there exist a rule ¢ — {p; : r1,...,pr : 7x} € S with Pol({) >
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Yi<j<k Pj - Pol(r;), a ground substitution o € Sub (X, V), and a position 7 of s such
that s|, = fo, all proper subterms of £o are in normal form w.r.t. S, and t;, = s[r,o],
foralll1 <h <k.

We perform induction on 7. So in the induction base # = ¢ we have s = (o
and 0 = {p1 : 110,...,px : TR0} As Pol(l) > <<k p; - Pol(r;) holds for all
instantiations of the occurring variables, for ¢; = r;o we obtain

Pol(s) = Pol(to) > > p;-Pol(rjo) = > p;- Pol(t;).

1<j<k 1<j<k
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In the induction step, we have m = i.7/, s = f(s1,...,8i,...,5.), 8 s {p1 :
tity-- Pk : tig}, and ¢, = f(s1,...,tip,...,8,) forall 1 < h < k. Then by the
induction hypothesis we have Pol(s;) > 21 <<k p; - Pol(t; ;). Thus, we have

Pol(s)

Pol(f(S1y--ySiy--+5n))
froi(Pol(s1), ..., Pol(s;),..., Pol(sy))

IVl

fpd(POl(Sl), RS Zlgygkpj : POl(tz,J)7 ) POl<8n))
(by weak monotonicity of fpy and Pol(s;) > >21<;<p pj - Pol(t;;))
Z Zlgjgkpi . fpol(P0l(81>, Cey POl(tiJ‘), ey POl(Sn)),

(as fpy is componentwise concave due to multilinearity)

Si<jer Py Pol(f(s1, ... tij, ..., sn))

[[d)] In this case, there exist a dependency tuple (¢#,0) — {pi : (Ci,r1),...,px :
(Cr,re)} € P, a main rewrite pair (t,7) € A, and a ground substitution
o € Sub (3,V), such that t = (#o and all proper subterms of /#¢ are in normal
form w.r.t. S. Let us first assume that ¢ — {p; : r,...,px : 7%} € S. Then
we have B; = M} U {(a[r;oly,,7) | (a,7) € My, }) UM, as in [Definition 5.1.12]
By Requirement , we have Pol((#) > 31« p; - Pol(C;) and by |(3)| we have
Pol(l) > >>1<j<k pj - Pol(r;). As these inequations hold for all instantiations of the
occurring variables, we have

Pol(A) = Z(q,T)EA Pol(q)
- Z(q,T)E{(t,n)} Pol(q) + E(q,T)eme Pol(q) + Z(%T)GMJ_ Pol(q)
+ Z(q,T)EM< POZ(Q)

> Yanetwmy Pol(q) + X g nem., Pol(q) + X nem, Pol(q)
(removing M)

= POl(t) + Z(q,‘r)EMTew pOl(q) + Z(q,T)EMJ_ P0Z<q)
= POZ(E#O-) + Z(q,T)EMmu POZ(Q) + Z(q,T)EML POl(q)
(ast = (*0)
> Yicjenj - Pol(Ci0) + X4 meMy, PoUa) + X mem, Pollq)
(by POZ(K#) > D i<j<kDj - POZ(Cj)7)
and hence Pol({#0) > 3 i<y pj - Pol(Cj0))

= Zlgjgk pj- qucja POZ(Q)) + Z(q,T)EMTew POZ(Q) + Z(q,T)GMJ_ POl(q)

B ZlS]SkJ Pi- Z(q;r)eMJTL POZ((])) + Z(Q7T)6MT'ew POZ(Q) + Z(Q,T)EML POl(q)
(by definition of M;")

Zlﬁjfk pj ’ (Z:(q,‘r)eM;r POZ(Q)) + Z(Q77)6M7~ew (Zlgjgkpj . POl(q[TjO']X)>

+ Z(q,T)GMJ_ POZ((])
(by Pol(€) > X1<j<k pj - Pol(r;) and

= Xi<j<k i (Z((],T)EM;' POl(‘I)) T 2 1<i<h | 2(gm)eMren P - POl(Q[TjU]x)>
+ X (gnem, Pol(q)

= Xigj<kPj- (Z(<1,T)ez\4j+ POZ(Q)) + X<k P (Z(q,r)eMw POZ(Q[TjU]x))
+ 2 (greM, Pol(q)

= Zlgjgk pj- E(qJ)GM;r POZ(Q) + Z(q,T)EMrew POZ(Q[TjU]x))
+ > (gmem, Pol(q)

v
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21<j<k P (Z(q,T)GM;' Pol(q) + X (g.1)eMyeu POZ(Q[TJ‘U]X))

+ 2 1<j<kDj (Z(q,T)EML POZ(‘]))
(as Yi<jarpy = 1)
= YagjrPi ( Zgmenr Pola) + Xignen,., Pollalrioly) + Xigmen, Poz@)

Zlgjgkpj : Z(q,f)ij POl(Q))

<<k Pj - Pol(B;)
If we have ¢ — {py :r1,...,pk : 7x} € S, then we have B; = ]\/.I'jJr U M and hence it
is a subset of B} :== M;" U {(a[rjoly,,7) | (a,7) € Myew}) U ML (B; in the previous
case). Therefore, we get Pol(A) > 2 i<y pi - Pol(B]) > Y 1<i<h, pi - Pol(B;).

In this case, there exist a rule £ — {py : r1,...,pr : 7x} € S, a ground substitution
o € Sub (X,V), and a position 7 € NT such that ¢|, = fo and all proper subterms
of fo are in normal form w.r.t. S. Then B; = M} U {(a[r;joly,.r, x) | (a.x) €
Mo )y U M as in |[Definition 5.1.17, Now, it follows that

POZ(A) - Z(q,T)EA POZ(Q)
= Zneitm Pollq) + X e, Pol(q) + X qmem, Pol(q)
2

+ Z(Q,T)EM< pOl(Q)
> Z(qu)E((tﬂr)} POZ((]) + Z(q,T)Eme POl(q) +
(removing M)

= X(greltmuMu, £01(q) + X g ren, Pol(q)
> Y gmeltm))ube | 1<k Pj - Pol(q[rjoly .-

(by Pol(€) > Y1<j<i pj - Pol(r;
<)<k (Z(q,T)E{(tm)}uva p; - Pol(qlrjoly.r

q,T)EM | POl(q)

)) + 2 (gr)em, Pol(q)
) and [(c))
)

) + X (gmem, Pol(q)

Yi<i<kPi | Zgmettm oM LoUq[riolyr) | + Xgmem, Pol(q)
= Yi<i<kPi | 2(@meltm)IUMren Pol(q[rjoly.+)
(as Yicjcnpj =1)

= Yi<j<kPi | Digneftmiome, Pollalriolys) + Xgrem, POl(Q))

= Zlgjgk pj- Z(q,T)GBj POZ(Q))
= Yi<j<kDj" Pol(B;)

2. We create a computation tree T=V for any N ¢ N

Let € = (V,E, L, P) be a (P, S)-computation tree that satisfies|(+)} Due to our restriction
to ground terms, we can define the value of a node x € V' in our computation tree.

if Leaf
Val:V Nz s | e fea
Pol(A;)+ 1, otherwise
For any N € N, we create a modified tree T=V, where we cut everything below a node
x of the tree with Val(z) > N. Let C == Leaf*™" \ Leaf* be the set of all new leaves in
T=N due to the cut. So for all z € C' we have Val(x) > N.

Our goal is to prove that we have |T|pe.r = 1. First of all, we prove that [TV | = 1 for
any N € N. However, this does not yet prove that || e = 1, which we will show in a
second step.
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3. We prove that |[T<V| ¢ > p" for any N € N

This part of the proof drastically changes from the proof of [I'heorem 4.3.1) due to
the fact that in a rewrite step A —og {p1 : Bi,...,pr : By} (or a rewrite step
A —i1>'p7$ {p1: By,...,pr : Br} with a dependency tuple from P. ), we cannot guarantee
that there exists an 1 < j < k with Pol(A) > Pol(B;). Here, it is also possible to have
Pol(A) = Pol(B;) for all 1 < j < k. Hence, there does not have to be a single witness
path of length N in T=" that shows termination with a chance of at least pV. Instead, we
have to use multiple witness paths of a finite length to ensure that we have |T=V | > p?.
We now first explain how to find such a set of witness paths in a finite induced sub
(P, S)-computation tree that starts with a node from P, and then we prove by induction
that we have |[T=N |1t > p” in a second step.

3.1. We find witnesses in induced sub chain trees of T=V

In this part, we prove a first observation regarding the
existence of certain witnesses that shows a guaranteed
value decrease. For every x € P._, let T}, be the induced
sub chain tree that starts at x and where we cut every
edge after the second node from P.. Since ¥ satisfies
and is finitely branching, we know that T}, must
be finite. We want to prove that for such a tree T,
we have a set of leaves (a set of witnesses) that show
a certain value decrease compared to the root value
Val(z). To be precise, we want to prove that there
exists a set W* C Leaf’ of leaves in T, with the
following two properties:

Figure 5.20: T,

(W-1) For all w € W2 we have Val(w) < Val(x)

(W—Q) ZweWx pgz . pVal(w) > pVal(a:)
Here, we use an adjusted value function Val, so that for every node = € VT we have

This is the same value function as before, except for the nodes in C. For all z € C' we
have Val(z) > N and Val(z) = 0. The first property says that all of our witnesses
have a strictly smaller value than the root. Furthermore, we have to be careful that the
probabilities for our witnesses are not too low. The second property says that the

sum of all probabilities for the witnesses is still big enough. The additional p¥*®) is used
to allow smaller probabilities for our witnesses if the value decrease is high enough.

In order to show the existence of such a set W? we prove by induction on the height H of
T, that there exists a set of nodes W/* such that for all 1 <7 < H we have

(W-1!) For all w € W we have Val(w) < Val(z)
(W-2') ZwGW}' pgr . pm(w) Z pm(:c)

(W-3!) Every w € W7 is a leaf before the i-th depth or at depth ¢ of the tree T,
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Then in the end if + = H is the height of the tree T, we get a set W* := W}, such that
every node in W% is a leaf in T} (i.e., W& C Leaf™) and both [(W-1)| and |(W-2)| are
satisfied.

In the induction base, we consider depth 7 = 0 and look at the rewrite step at the root.
The first edge represents a rewrite step with P.. Let 2 = {y1,...,yr} be the set of the

successors of z. We have A, ~op s {p1: Ay, ....px : Ay, } using a rule from P, .
1: A,
/ \ —i1>'p75 with P,
P Ay, P Ay,

Figure 5.21: Nodes in the induction base

Due tothere isal<j<kwith Pol(A.) > Pol(A,;). This means Pol(A,) — 1 >
Pol(A,,), and hence Val(A,) —1 > Val(A,,), which also 1mphes that Val(x) —1 > Val(y;).
Since 0 < p < 1, we therefore have pYal(@ o1 < pVu;) . Thus we can set W = {y;} and
have [(W-1!) satlsﬁed, since Val(z) — 1 > Val(y;) so Val(y;) < Val(z). Property hW 3!)
is clearly satisfied and holds as well since we have

Pj =P

Z pw Val =p; - pVal(yj) > p- pVal(yj) > p- pVal(x)—l _ pVal(a:)
weW§

In the induction step, we consider depth ¢ > 0. Due to the induction hypothesis, there
is a set W, that satisfies [[W-1T)] [W-21)] and [[W-30)] For every node w € W}, that
is not a leaf, let wE = {y¥,...,y}"} be the set of its successors. We rewrite A,, either
with —il>'p7$ and a rule from P- or with 15 and a rule from S which rewrites A4, to a
multi-distribution {py : Ayw,...,pp+ Ay}

/ h \ —ibp,g with ’Pz or —iDS

PY by Aye | e | DE -l Agp

Figure 5.22: Induction Step

Due to and , we have Pol(Ay,) > Yi<j<rpj - Pol(Ay;_ﬂ). Hence, we either have
Pol(A,) = Pol(Ay;n) for all 1 < j < k or there exists at least one 1 < j < k with

Pol(Ay,) > PoZ(A w). We partition the set W, into the disjoint subsets W/f_(i), W/f_(?),
and W, (1 , Where

w e m”i(}) = we WP, and w a leaf.

we WY o we W, and Pol(A,) = Pol(Ay) forall 1 < j < k.

w € VVf_(f) > w € WL, and there exists a 1 < j < k with Pol(A,) > Pol(Ayv).
We denote this node y3’ by w*.
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In the first case, we already have Val(w) = 0. In the second case, we get Val(w) = Val(y}')
for all 1 < j < k. And in the third case, we have Pol(w) > Pol(w™). So for all of these
nodes, we can be sure that the value does not increase. We can now define W as:

= wy

U Uepee 9t iy

U {w|we W)

W=

7

Intuitively, this means that every leaf remains inside of the set of witnesses (VV;’“}P) and
for every inner node w we have two cases. If there exists a successor w™ with a strictly
smaller value, then we exchange the node w with this successor w™ in our set of witnesses
{w* | w e WP, Otherwise, all of the successors y, . . . ,yp’ of the node w have the
same value that is also equal to the value of the node itself, so that we have to replace w

with all of the successors in our set of witnesses as there is no single node with a guaranteed
value decrease (U, =@ {y1’s - Ui’ })-
i—1

It remains to show that our induction hypothesis is still satisfied for W;*. In order to
see that [(W-1!)| is satisfied, note that we have Val(w) < Val(z), for all w € W&,

by our induction hypothesis. For all w' € W-{q), we have Val(w) = 0 and thus

Val(w') = 0 < Val(z). For all w’ € WY, we have Val(w') = Val(w) for some w € W2,
and thus Val(w') = Val(w) < Val(z). Lastly, for all w’ € W/f_(f), we have Val(w') < Val(w)
for some w € W2, and thus Val(w') < Val(w) < Val(z).

holds as well, since every node w € W;_; that is not a leaf, is at depth ¢ — 1 of the
tree T, by our induction hypothesis. We exchange each such node with one or all of its
successors. The leaves in W,;_; are at a depth of at most ¢+ by induction hypothesis and
remain in W;. Hence, all of the nodes of W; are at a depth of at most i, and the nodes
that are no leaves are at a depth of precisely .

Finally, we regard [((W-2!)l For U, _, =@ {vi’,... 4’} we have:
i—1

Zw’euwewx(z) {w,ypy Pur - P
i—1

= Lewr® Lwrelyr ..y pls . pYel)
- Zwewf”_(? 21<j<k szﬁ - pYel)

- Zwewfj? 2asjsh pZ’T’? pre) (as Val(yy) = Val(w) for all 1 < j < k)
= Zenre Sigjer o PP (as pys = py -l forall 1 < j < k)

- Zwewf_(? P - pYaltw) . > <<k P§

= Lyewr® ple . pYelw) . 1 (85 Siejerp = 1)

= T pTe . pVal(w)

For {w* | w e W} we have:
T, . Val(w
Zw’e{wﬂwewff?)} D - pVal(w )

Ty Val(wt
Y e P pPI)

> e PP p D (as pl > pepyy)
> e P py P’ (as Val(w®) < Val(w) +1)

Val(w)

T
ZwEWizf? Py P
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All in all, we have

Tz Val(w’
Ywrews Py - V)
— To . Val(w'
= Zw/EW:jP pwﬂf -p al(w’)
+ Zw’euwewx@){yiﬂ,...,y;j}pw’ p
i—1 o
Te | Val(w')
+ Zw’E{wﬂwEWﬁ}pw/ p
Val(w)

> T Py P
+ Lo Py PV
To . pVal(w)
+ ZwEWiz_(? pwip o
= Yuews  por - p’
S prae

3.2. We prove that |T=V|i.; > p" for any N € N by induction

We now want to prove that |T<V|j s > p™ holds for any N € N. Let Z; denote the set of
nodes in T=V from P. that have precisely k — 1 nodes from P. above them (so they are
themselves the k-th node from P.). Let Leaf, denote the set of all leaves in T=V that
are reachable through a path that uses less than k& nodes from P.. We show by induction
that for all £ € [1, N + 1], we have

T=N  Val(z N
> py Y >p
x€ZpULeafy AO<Val(z)<N+1—k

Then, for k = N + 1 we finally have:

N o T<N - Val(z)
p < ZIEZN+1ULeafN+1 /\O§Val(:r)§N+17(N+1£z b
= - TN Val(z)
- x€ZNy1ULeaf y 41 AO<Val(z)<0 Dz £
Z - T=N  Val(z)
r€Zn+1ULeaf ny11 AVal(x)=0 Y p
— - TN 1
- ZIEZN+1ULeafN+1 AVal(xz)=0 Pz :
— - TN
- ZQ:EZNJrl ULeaf 41 AVal(z)=0 Pz
TN
ZmeLeafN_,_l U
T<
= Z%E]\%eafzglv Py
- |T_ |Leaf
In the induction base, we have k = 1, and thus
_ TN | Val(a)
erzluLeafl AO<Val(x)<N+1-1 Dz 7 p
_ E - TN Val(z)
= 2€Z,ULeaf; AO<Val(z)<N Pz p
— =N N : Y]
2 ZmEZluLeafl NO<Val(x)<N Pz P (SlnCe Va’l(l') < N)
N TN

b Z:aceZluLeafl ANO<Val(z)<N o
<N

N T=
: erZluLeafl p;r; -y
N : TSN
-1 (SIHCG erZluLeafl Pz - 1)
N

p
p
p
Here, we have 3 .c 7 ULeat; pgsN =1, since Z; U Leaf; are the leaves of the finite, grounded,

induced sub chain tree, were we cut everything below the first node of P. (i.e., we cute
directly after the nodes in 7).
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In the induction step, we assume that the statement is true for some k € [1, N|. Then we
have
IH -
TN Val
r€Z,ULeafy NO<Val(z)<N+1-k Fz ° o
> py PV
sV F—
Y veLeaty, Do - DV + 2veZ, M <Val(x)<N+1—k py o pYe®
- x
2 zeLeafy, Pa -pVele) 2 we Zp M <Val(2)<N+1—k Py Lwews Dot D
existence of the set W* by the previous part and |(W-2
y

- o
ZzeLeafk Pz - pVal(x) + erZM\lSW(@SN«Flfk ZwEWZ pg : pgz ’ pVal(w)
TN Val(w)

ZIGLeafk Dz - pval(gC) + Z:veZk/\lém(m)SN—&-l—k Ywews Dy D
Ty _ TSN)

(as pr~" - plr = pg

3
|

Val(w)

VAN

Now, every node inside of W? is either contained in Leafy,; or contained in Z; ;. The
reason for that is that W* only contains leaves from 7T}, and a leaf in T}, is either also a
leaf in TV so that they are contained in Leaf; |, or contained in P, and thus in Z;,
since x is contained in Z; and there is no other inner node from P, in T,. Furthermore,
we know that Val(w) < Val(x) for all w € W* by Thus we get

TN Vgi(w)

Val(x -
2 weLeaty Pz * D @+ erZkA1§Val(x)§N+17k dwews Py D
TN Val

Val
S X weZisiULeaty i AOSVal(w)<N+1—(kt1) P D" (w)
Now, we have shown that [TV | > p.

4. We prove that |T=V|p s =1 for any N € N

This part is completely analogous to the fourth part of the proof of [Theorem 4.3.1, We
only need to speak in terms of computation trees instead of rewrite sequences. We have
proven that |T=|pe.r > p™ holds for all (P, S)-computation trees that satisfy Hence,
for any N € N, we have

N = inf TN >V >0 533
Py T is a (P, S)-computation tree satisfying (| |L f> =P ( )

We now prove by contradiction that this is enough to ensure py, = 1. So assume that

py < 1. Then we define ¢ := M > 0. By definition of the infimum, pj + ¢ is not a

lower bound of [T=V|1,¢ for all (P, S)-computation trees that satisfy Hence, there
must exist a (P, S)-computation tree ¥ satisfying such that

p}(\[ S |ISN|Leaf < p}(\[ + €. (534)

For readability, we set Z = Leaf™™" to be the set of leaves of the tree T=N and
— <
Z = V=" \ Leaf™ " to be the set of inner nodes of the tree TV. By the monotonicity of

| |Leat W.T.t. the depth of the tree T=V there must exist a natural number m* € N such
that

S ope > (5.35)

xeZNd(z)<m*

For every € V with d(z) = m* and x ¢ Z, we define the induced sub (P, S)-computation
tree starting at node z by T=N(z) := T=N[2(E¥")*]. Then we have

T Vet = Y. pet D P [TV(@) |rears (5.36)

z€ZNd(z)<m* z€ZA(z)=m*

Furthermore, we have

r€ZAd(x)=m* xeZNd(z)<m*
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5. DP Framework for PTRS

SINCe Xy cZnd(w)=m* Pr T 2zezrd(@)<m* Pz = 1, as these are the leaves of the finite, grounded
induced sub chain tree, where we cut every edge after the nodes of depth m*. We obtain

Py €
> |‘ISN|Leaf (by "
= Z Da + Z Pz - |TSN(I)|Leaf (by (5.36) and (5.33)
~————

re€ZAd(z)<m* r€ZAd(x)=m* >
> Z Da + Z Pz ']97\1
r€ZAd(z)<m* z€ZNd(x)=m*

- Z Dz + p?\f ’ Z Pz
z€ZNd(z)<m* r€ZAd(x)=m*
xeZNd(z)<m* z€ZNd(x)<m*

=pyt+ D PPN DL P

z€ZNd(z)<m* z€ZNd(z)<m*

=py+ > P (1-1N)
z€ZNd(z)<m*

>pv+ (1—py) -5 (by (B.39)

=py+e, 4

a contradiction. So py =1 (see [I7, Thm. 2.2]). In particular, this means that for every
N € N and every (P, S)-computation tree ¥ satisfying|(+), we have

|T§N|Leaf =1 (538)

5. Finally, we prove that |T|pc.s = 1

We adjust the value function for this new tree T=V once again and define:

N +1, ifxeC
Val : V" 5 Nz {0, if z € Leaf*
Pol(A,;) +1, otherwise

Now for a node z € V¥" we have 0 < Wl(m) < N + 1. Furthermore, we have
Val(xY) > Val(x™") for the root of T. Let | TN o = Y ctea==N Do+ Val(z). Note that
this sum is monotonic increasing and bounded from above by N + 1, since

Yo opVd@ < Y p-(N+D)=(N+1)- Y p.<(N+1)-1=N+1

< < <
mELeafT—N xGLeafT_N xELeaf‘z—N

and thus absolutely convergent. We have Val(x™") > |g=N |5, because every edge is
either a —»p 5 or <+ step and due to|(d)|and |(e)! - we know that the (expected) value is
non-increasing.

Now we fix N € N and a computation tree ¥ satisfying and obtain the corresponding
transformed tree T=V. Note that by (5.38) we have |T=V|1er = 1 = qn + (1 — qn),
where gy =3 | esv o~ (=0 Do So what is |T=V |57 The probabilities of zero-valued

nodes (i.e., leaves in the original tree) add up to gy, while the probabilities of new
leaves due to a cut add up to probability 1 — qy. So |T= |/\ has at least the value
g -0+ (1 —gn) - (N+1)= (1 —gqn) - (N+1). Thus,

Val(s®) = Val(e™) 2 [T, > (1 - qy) - (N + 1),
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5.4. DP Framework and Processors

which implies gy > 1 — %ﬁf) Note that gy is weakly monotonically increasing
and bounded b}Tf 1 for N — oo. Hence, ¢ := limy_ gy exists and 1 > ¢ >
limy oo (1— V]‘i,lffl)) =1, i.e., ¢ = 1. Hence, we obtain |¥|Lear = limy oo gy = ¢ = 1. Since

we regard the limit of N — oo, this holds for any computation tree satisfying |

We have finally proven the main technical part of the reduction pair processor in the
probabilistic setting. Next, we want to prove the soundness and completeness of the actual
processor, which is fairly easy using our technical lemma from before in addition to the
P-Partition lemma.

Theorem 5.4.27 (Reduction Pair Processor). Let (P,S) be a DP problem, and let
Pol : T (E Shi V) — N[V] be a natural, multilinear polynomial interpretation which is

weakly monotonic (i.e., x >y implies fpo(...,2z,...) > fpo(...,y,...) forall f € XUX#).
Suppose that we have P = P. W P and the following conditions hold:

(1) For every ((#,0) — {p1: (C1,71),...,px : (Cr,7%)} € Po, there exists a 1 < j <k
with
Pol(s) > Pol(C})

If ¢ = {py:ri,....pr:1c} €S, then we additionally require that

Pol(l) > Pol(r;)

(2) For every (¢%,0) — {p1: (C1,71),...,px: (Cr,7%)} € P, we have

(3) For every { — {py:r1,...,px : 1} €S we have

Pol(¢) > Z p; - Pol(r;)

1<5<k

Then
Procge(P,S) = {(P.,S)}

is sound and complete.
Proof.

complete: Every (P.,S)-computation tree is also a (P, S)-computation tree. Hence, if (P, S)
is not innermost AST, then (P, S) is also not innermost AST.

sound: Suppose that every (P, S)-computation tree converges with probability 1. Assume
for a contradiction that there exists a (P,S)-computation tree € = (V, E, L, P)
that converges with probability < 1. We can partition P = P_ W P_, according to
P.wP.. Then we apply the P-Partition Lemma (Lemma 5.2.20]), which means that
there must be a (P, S)-computation tree T with |T'|1ear < 1 such that every infinite
path will have an infinite number of edges corresponding to P, steps. But this is a

contradiction to [Lemma 5.4.26l [ |
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5. DP Framework for PTRS

Example 5.4.28. Consider Ry, and DT (Rg4;,) from [Example 5.0.1{ and [Example 5.1.10]
After applying the usable rules processor in [Example 5.4.24] we have the following four

DP problems left:
{PT(E1)}. 2)
{PT(E2)}. 2)
{DPT(E3))}, 2)
{DPT(EA)H{ED. B2

The constraints of the reduction pair processor for every DP problem are satisfied by the
polynomial interpretation which maps O to 0, s(x) to 2z + 1, minus” (z, y) and div¥ (z, y)
to = + 1, and all other non-constant function symbols to the projection on their first
argument. Hence, we result with

Procge (DT ((5-1)), Raiv)) = {(2, )}
Procee (DT ((5.2)), Raiw)) = {(2,9)}
Procge (DT ((5.3)), Raiv)) = {(2, )}

Procee (DT ((5-4))', Raww)) = {(@,{(G-1), (-2)})}

Example 5.4.29. Consider R4, and DT (Rgi,) from |Example 5.0.1) and [Example 5.1.10}
We are also able to directly use the reduction pair processor to prove innermost AST for
the DP problem (D7 (Ruaiv), Raiv). The constraints of the reduction pair processor, such
that every dependency tuple get removed, are satisfied by the polynomial interpretation
which maps O to 0, s(x) to 3z 4 2, minus?(x,y) and div¥(z,y) to = + 1, and all other
non-constant function symbols to the projection on their first argument.

While for the non-probabilistic reduction pair processor, we have seen that it subsumes
the direct application of polynomial interpretations (Theorem 3.3.17)), it does not seem
likely that a similar result holds for the probabilistic reduction pair processor. The reason
for this is that we are working with dependency tuples instead of dependency pairs in the
probabilistic DP framework. This means that we have to take the sum of the polynomial
values of all occurring subterms with a defined root symbol. This sum may contain the
same subterm multiple times. Now, we can not use the same polynomial ordering as for
the direct application anymore.

Example 5.4.30 (Innermost AST with Data Structures). Consider Ry, from
ple 4.3.3] Here, we get the following dependency tuples: Here, we get DT (Rien) =

{DT(([2.7) DT. } with
DT(E7)=(len” (nil), len(nil))
{1 (q(len#(ni|),g)}>,|en(ni|)>,;:(g,o)}
DT ((2.8) = (Ien#(cons(x, y)), len(cons(z, y)))
({(Ien#(cons(x, v)), 5)}), len(cons(z, y))) ,

{(len*(3). 1) ). s(len(y)))}

We can apply the reduction pair processor with the polynomial interpretation that maps
len(x) to x, s(x) to x, cons(x,y) to y + 1, and both nil and O to 0.

= {

N= N
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5.4. DP Framework and Processors

Final Automatic Innermost AST Proof

Finally, we present the final automatic innermost AST proof for our PTRS Rg;, in the
following figure.

Rdiv

| Chain Criterion |

!

(DT(Rdw) 5 Rdiv)

|

Dep. Graph

(PT(ED} Ra)  (PTED)} Raw) (PT(ED)}Raw)  (PT(ED)} Ras)
| |

| Usable Rules | | Usable Rules | | Usable Rules | | Usable Pairs |

! |
(PT(ED)}2)  (PTED}Le)  (DTEDL2)  (DT(ED)). Ran)

|

Red. Pair Red. Pair | Usable Rules |
(2,) (2,2) (2,9)  {DT(ED)}{ED, ED))

In. AST In. AST In. AST

Figure 5.23: Automatic Innermost Ast Proof for Ry,
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6 Comparison of the Frameworks

In this chapter, we will illustrate the differences between the two frameworks in more
detail. To do so, we use the TRS for the integer division Ry;, from [Example 3.0.1| First,
let us specify the TRS here again and also present a PTRS variant of it. Consider the
signature Y4, = {O,s, minus, div}, a variable set with {z,y} C V, and the following TRS
Raiv that computes the integer division of two natural numbers:

minus(z, O) — (6.1)
minus(s(z),s(y)) — mlnus(x Y) (6.2)
div(O,s(y)) — (6.3)
div(s(x),s(y)) = s (d'V(mmUS(w y),s(y))) (6.4)
The corresponding PTRS variant Sy, has the form:
minus(z, O) — {1: x} (6.5)
minus(s(x),s(y)) — {1 : minus(z,y)} (6.6)
div(O,s(y)) — {1: O} (6.7)
div(s(x),s(y)) — {1 : s (div(minus(z,y),s(y)))} (6.8)
Dependency Pairs
We get the following three dependency pairs in the non-probabilistic framework:
minus” (s(z),s(y)) — minus? (z,7) (6.9)
div? (s(x),s(y)) — minus™ (xz,y) (6.10)
div (s(z),s(y)) — div? (minus(z,%),s(y)) (6.11)

and the following four dependency tuples in the probabilistic framework:

DT((6:5)) = (minus”(z,0), minus(z, ©))
>{ 1: (2,2)}
DT((6-6))= (minus®(s(z),s(y)), minus(s(z),s(y)))
—{ 1: (({(minus#(x,y),a)},minus(x,y))}
DT([ED) = (div¥F(O,s(y)).div(O.5(y)))
—{ 1: (@,O)}
DT(ER) = (divF(s(x),s(y)), div(s(x),s(y)))
—{ 1: (({(div#(minus(x,y),s(y)), 1), (minus” (z,),1.1)},
s(div(minus(w,y),s(y))))}

The main difference here is that we are working with dependency tuples instead of
dependency pairs in the probabilistic framework. We create an own dependency tuple for
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6. Comparison of the Frameworks

each of the four rules and include all of the defined symbols on the right-hand side of the
rule. However, the dependency pairs DT ((6.5))) and DT ((6.7)) only have an empty set
in the distribution on the right-hand side. Hence, those two rules will be automatically
removed by our dependency graph processor. More importantly, we have stored both of
the defined symbols from the right-hand side of in a single dependency tuple in the
probabilistic framework, while we generate two separate dependency pairs for them in the
non-probabilistic framework. We now go over each processor and explain the differences
in both frameworks.

Dependency Graph Processor and Usable Pairs

For the non-probabilistic framework, we get the following (DP(Raiv), Raiv)-dependency
graph:

Q

div¥ (s(z),s(y)) — div? (minus(z, y),s(y))

div¥#(s(z),s(y)) — minus(z, )

minus™ (s(z),s(y)) — minus™ (x,y)

U

Here, we have two SCCs and get

Procoe(DP(Raiv), Rai) = { ({9}, Raiv ), ({EID}, Raiv )}

For the probabilistic framework, we get the following (DT (Syiv), Saiv)-dependency graph:

Q
DT((6.7)) DT((6.8))

/

DT((6.5)) DT((6.6))
U

Here, we have two SCCs as well and get
Procs(DT (San), Saiw) = {({DT(B)}, Suww), ({DT ()} S}

We can see that the dependency pairs with an empty set in the distribution on the right-
hand side get removed. The difference for both frameworks is that in the non-probabilistic
framework, we got rid of the dependency pair div¥(s(z),s(y)) — minus®(z, %) as it is not
contained in any SCC. In the probabilistic framework, we coupled the two dependency
pairs together in the dependency tuple for the fourth rule, which means that we are still
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keeping track of the dependency term minus (z,y) in the set of the right-hand side of
DT((6.8)). Here comes our new processor, the usable pairs processor, into the play. Using
the usable pairs processor, we can remove the pair (minus#(x7 ), 1.1) from the right-hand
side of DT ((6.8)) in the DP problem ({DT((6.8))}, Raiv) so that we result with

Proces({DT(EH)}, Raw) = {({DT(GH)'}, R}
with

DT(EF) = (div¥(s(x),s(y)), div(s(z),s()))
INEY (<{(div#(minus(x,y),s(y)), 1)}>,s(div(minus(x,y),s(y))))}

All in all, we get the same result for both frameworks w.r.t. the dependency graph. This is
not a big surprise since the definition of the probabilistic dependency graph, and the usable
pairs processor only looked at the non-probabilistic structure of the PTRS. Furthermore,
we use the same abstraction for both frameworks for the computable dependency graph
processor, so there is also no difference in that regard.

Usable Rules Processor

The usable pairs processor is completely the same for both frameworks, as we are again
using the non-probabilistic structure of the PTRS and the dependency tuples in the
probabilistic framework. In the non-probabilistic framework, we get

ProcUR<{},Rdw ={ {},@>}
Proces ({10} Rawr) = {({EID}{ED. 62})}

and in the probabilistic framework, we get

Procu ({DT()}, Sdivg = {E{DT()}v @>}
ProcUR({DT()'},de ={({P7T(E3)}.{E-3 })}

Reduction Pair Processor

The reduction pair processor is the only processor where we have a fundamental difference
between both frameworks. Besides the obvious disadvantage that we are only allowing
multilinear polynomial interpretations in the probabilistic setting, there is also a difference
based on the fact that we are working with dependency tuples instead of dependency pairs.
Let us once again look at the DP problems (DP(Ruiv), Raiv) and (DT (Saiv), Saiv)- If we
want to remove all of the dependency pairs using the reduction pair processor, then in the
non-probabilistic framework, we need to find a polynomial interpretation such that

Pol(minus® (s(x),s(y))) > Pol(minus™ (z,y)) (6.12)
Pol(div¥ (s(z),s(y))) > Pol(minus® (z,y)) (6.13)
Pol(div? (s(z),s(y))) > Pol(div¥ (minus(z,y),s(y))) (6.14)

In the probabilistic framework, we would need to find a polynomial interpretation such
that
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6. Comparison of the Frameworks

Pol(minus® (x, O
Pol(minus” (s(z), s(y)
Pol(div* (O, s(y)
Pol(div¥ (s(z), s(y)

) > Pol(2) = (6.15)

) > Pol(mlnus#(a: v)) (6.16)

)) > Pol(@) = (6.17)

) > Pol(({(dlv (minus(z,y),s(y)), ) (mlnus#(x, y), 1 )}}) (6.18)
= Pol(div¥ (minus(z,),s(y))) + Pol(minus®(z,y))

Y

This is strictly harder to satisfy than the three inequations (6.12] and ( - due
to the fact that we have the sum of Pol(div¥(minus(z,v), (y))) and Pol(mmus#(x y)) in
the inequations for the probabilistic RPP, while we have to independent inequations for
the non-probabilistic RPP. The reason for this difference is that in order to prove AST,
we have to take the number of occurrences of a defined symbol into account, while for a
termination proof, we only have to show the existence of an infinite path.
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/ Conclusion

In this thesis, we developed new results in the research areas of probabilistic rewriting and
automatic termination analysis of probabilistic programs. For probabilistic rewriting, we
used the definition of a probabilistic term rewriting system of Avanzini et al. [2]. We adapted
different rewrite strategies like innermost rewriting and leftmost innermost rewriting to
the probabilistic setting. Here, we have shown that in contrast to the non-probabilistic
setting, we have no equality between leftmost innermost almost-sure termination and
innermost almost-sure termination. We also created a new way to view rewrite sequences
as a tree and characterized almost-sure termination with this new tree representation.

Regarding the automatic termination analysis for probabilistic term rewriting systems,
we first developed a technique to prove AST automatically by finding a polynomial
interpretation that satisfies certain inequalities. In addition to this direct application of
polynomial interpretations, we were able to adapt the dependency pair framework to the
probabilistic setting. This adaption includes a new definition of dependency tuples and
chains. For this new probabilistic dependency pair framework, we were able to adapt
three of the most important processors (the reduction pair processor, the dependency
graph processor, and the usable rules processor) to the probabilistic setting. It seems very
likely that we will also be able to adapt further processors to the probabilistic setting
in the future. Furthermore, we introduced two new processors specifically designed for
the probabilistic setting (the usable pairs processor and the not probabilistic processor).
We were able to prove the soundness and completeness of all processors, except for the
usable rules processors. To create a complete usable rules processor, we need a third
component in our DP problem, which we omitted for readability in this thesis. With
all those processors, we can now split a huge DP problem into simpler ones until we
prove innermost AST for all of them. Since the DP framework is very powerful in the
non-probabilistic setting, we expect that also the probabilistic DP framework will be
very effective. We are currently implementing our new probabilistic DP framework into
the Automated Program Verification Environment (AProVE) to test its applicability in
practice and compare it to other existing tools that analyze PTRSs, which currently only
is the tool of Avanzini et al. [2].

Whether there exist syntactic properties which guarantee that innermost almost-sure
termination and almost-sure termination are equal remains an open question that we plan
to address in the future. If there exist such properties similar to the ones in the non-
probabilistic setting, then we can also prove almost-sure termination w.r.t. an arbitrary
evaluation strategy using our newly developed techniques for innermost almost-sure
termination. An important open problem for future research is adapting our probabilistic
DP framework for innermost AST to a probabilistic DP framework for AST with an
arbitrary evaluation strategy so that we do not rely on the syntactic properties mentioned
before. The critical problem here is the definition of our probabilistic dependency tuples.
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7. Conclusion

To allow arbitrary evaluation strategies, we have to adjust the definition of the dependency
tuples and the PPTRS to create a sound chain criterion in this case. If we manage to do
this, the processors must also be adapted to this new setting. Note that the usable rules
processor only works w.r.t. innermost evaluation, but all of the other processors also work
w.r.t. an arbitrary evaluation strategy in the non-probabilistic setting.

Currently, we cannot prove that a given PTRS is not innermost AST automatically,
as there exists no probabilistic processor to do so. If we can adapt a processor from
the non-probabilistic setting that shows non-termination, then we can also use our DP
framework and all of its processors to disprove AST since every processor we have so far
is also complete (except for the usable rules processor that can be made complete with
an additional third component in our DP problem). And if we are able to disprove AST
automatically, then it would also be interesting to adapt our DP framework to prove that
a given PTRS converges only with a probability below some fixed bound and to compute
this bound automatically. Another important question is whether we can adapt our DP
framework to prove positive almost-sure termination. For such a task, we would need to
adapt our DP framework more drastically since PAST is not compositional, while AST
is, and one of the core lemmas (the P-Partition Lemma for our probabilistic DP
framework heavily relies on the compositionality of AST. Since we want to analyze arbitrary
probabilistic programs, it is also an important task to adapt the transformation of other
programming languages like Java into term rewriting systems to the probabilistic setting
so that we also can analyze more complex probabilistic programming languages. Finally,
another interesting task is to create a framework that automatically analyzes the expected
runtimes of probabilistic term rewriting systems. Here, we have an existing framework
in the non-probabilistic setting that analyzes the complexity of a given TRS and already
works with dependency tuples. It is also tempting to use our new definitions of coupled
positional dependency tuples to revisit this complexity analysis in the non-probabilistic
setting.

158



Bibliography

[11]

[12]

[13]

[14]

Thomas Arts and Jiirgen Giesl. Termination of term rewriting using dependency
pairs. Theoretical Computer Science, 236:133-178, 2000.

Martin Avanzini, Ugo Dal Lago, and Akihisa Yamada. On probabilistic term rewriting.
Science of Computer Programming, 185, 2020.

Franz Baader and Tobias Nipkow. Term rewriting and all that. 1999.

Raven Beutner and Luke Ong. On probabilistic termination of functional programs
with continuous distributions. In Proceedings of the 42nd ACM SIGPLAN
International Conference on Programming Language Design and Implementation,
pages 1312-1326, 2021.

Marc Bezem, JW Klop, and Roel de Vrijer. Term rewriting systems. 2003.

Olivier Bournez and Florent Garnier. Proving positive almost-sure termination. In
Term Rewriting and Applications, pages 323-337, 2005.

Aleksandar Chakarov and Sriram Sankaranarayanan. Probabilistic program analysis
with martingales. In Computer Aided Verification, pages 511-526, 2013.

Krishnendu Chatterjee, Hongfei Fu, and Amir Kafshdar Goharshady. Termination
analysis of probabilistic programs through positivstellensatz’s. In Computer Aided
Verification, pages 3-22, 2016.

Ugo Dal Lago and Charles Grellois. Probabilistic termination by monadic affine sized
typing. In Programming Languages and Systems, pages 393-419, 2017.

Nachum Dershowitz. Orderings for term-rewriting systems. Theoretical computer
science, 17:279-301, 1982.

Claudia Faggian. Probabilistic rewriting and asymptotic behaviour: on termination
and unique normal forms. Logical Methods in Computer Science, 18, 2022.

Jurgen Giesl and Aart Middeldorp. Innermost termination of context-sensitive
rewriting. In Developments in Language Theory, pages 231-244, 2003.

Jirgen Giesl, René Thiemann, and Peter Schneider-Kamp. The dependency pair
framework: Combining techniques for automated termination proofs. In Logic for
Programming, Artificial Intelligence, and Reasoning, pages 301-331, 2005.

Jiirgen Giesl, René Thiemann, Peter Schneider-Kamp, and Stephan Falke. Mechaniz-
ing and improving dependency pairs. Journal of Automated Reasoning, 37:155-203,
2006.

159



Bibliography

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[31]

160

Shafi Goldwasser and Silvio Micali. Probabilistic encryption. Journal of Computer
and System Sciences, 28:270-299, 1984.

Bernhard Gramlich. Abstract relations between restricted termination and confluence
properties of rewrite systems. Fundamenta Informaticae, 24:2-23, 1995.

Sergiu Hart, Micha Sharir, and Amir Pnueli. Termination of probabilistic concurrent
program. ACM Transactions on Programming Languages and Systems, 5:356-380,
1983.

S. Kamin and J.-J. Lévy. Two generalizations of the recursive path ordering. 1980.

Benjamin Lucien Kaminski, Joost-Pieter Katoen, and Christoph Matheja. On the
hardness of analyzing probabilistic programs. Acta Informatica, 56:255-285, 2019.

Benjamin Lucien Kaminski, Joost-Pieter Katoen, Christoph Matheja, and Federico
Olmedo. Weakest precondition reasoning for expected runtimes of randomized
algorithms. Journal of the ACM, 65:1-68, 2018.

Dexter Kozen. Semantics of probabilistic programs. Journal of Computer and System
Sciences, 22:328-350, 1981.

M.R.K. Krishna Rao. Some characteristics of strong innermost normalization.
Theoretical Computer Science, 239:141-164, 2000.

Dallas S. Lankford. Canonical algebraic simplification in computational logic.
Technical Report ATP-25, 1975.

Dallas S. Lankford. On proving term rewriting systems are Noetherian. Memo MTP-3,
1979.

Lorenz Leutgeb, Georg Moser, and Florian Zuleger. Automated expected amortised
cost analysis of probabilistic data structures. In Computer Aided Verification, pages
70-91, 2022.

Z. Manna and S. Ness. On the termination of Markov algorithms. In Proceedings of
the 3rd Hawaii International Conference on System Science, pages 789-792, 1970.

Annabelle Mclver, Carroll Morgan, Benjamin Lucien Kaminski, and Joost-Pieter
Katoen. A new proof rule for almost-sure termination. In Proceedings of the ACM on
Programming Languages, volume 2, pages 1-28, 2017.

David Monniaux. An abstract analysis of the probabilistic termination of programs.
In International Static Analysis Symposium, pages 111-126, 2001.

Lars Noschinski, Fabian Emmes, and Jirgen Giesl. Analyzing innermost runtime
complexity of term rewriting by dependency pairs. Journal of Automated Reasoning,
51:27-56, 2013.

Carsten Otto, Marc Brockschmidt, Christian von Essen, and Jiirgen Giesl. Automated
Termination Analysis of Java Bytecode by Term Rewriting. In Proceedings of the
21st International Conference on Rewriting Techniques and Applications, volume 6,
pages 259-276, 2010.

Michael O Rabin. Probabilistic algorithm for testing primality. Journal of Number
Theory, 12:128-138, 1980.



Bibliography

[32] Di Wang, David M. Kahn, and Jan Hoffmann. Raising expectations: Automating
expected cost analysis with types. In Proceedings of the ACM on Programming
Languages, volume 4, 2020.

161



	Abstract
	Erklärung der Urheberschaft
	Acknowledgements
	Contents
	Introduction
	Term Rewriting
	Syntax, Semantic and Evaluation Strategies
	Direct Application of Polynomial Interpretations

	DP Framework for TRS
	Dependency Pairs and Chains
	Chain Criterion
	DP Framework and Processors
	Dependency Graph Processor
	Usable Rules Processor
	Reduction Pair Processor
	Final Automatic Innermost Termination Proof


	Probabilistic Term Rewriting
	Syntax, Semantics, and Evaluation Strategies
	Computation Trees
	Direct Application of Polynomial Interpretations

	DP Framework for PTRS
	Dependency Pairs
	Computation Trees and Chains
	Chain Criterion
	DP Framework and Processors
	Not Probabilistic Processor
	Dependency Graph Processor
	Usable Pairs Processor
	Usable Rules Processor
	Reduction Pair Processor
	Final Automatic Innermost AST Proof


	Comparison of the Frameworks
	Dependency Pairs
	Dependency Graph Processor and Usable Pairs
	Usable Rules Processor
	Reduction Pair Processor


	Conclusion
	Bibliography

