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Abstract. Recently, we adapted the well-known dependency pair (DP)
framework to a dependency tuple framework in order to prove almost-sure
innermost termination (1AST) of probabilistic term rewrite systems. While
this approach was incomplete, in this paper, we improve it into a complete
criterion for iAST by presenting a new, more elegant definition of DPs for
probabilistic term rewriting. Based on this, we extend the probabilistic
DP framework by new transformations. Our implementation in the tool
AProVE shows that they increase its power considerably.

1 Introduction

Termination of term rewrite systems (TRSs) has been studied for decades and
TRSs are used for automated termination analysis of many programming languages.
One of the most powerful techniques integrated in essentially all current termi-
nation tools for TRSs is the dependency pair (DP) framework [2, 17, 18, 24] which
allows modular proofs that apply different techniques in different sub-proofs.

In [8, 9], term rewriting was extended to the probabilistic setting. Probabilistic
programs describe randomized algorithms and probability distributions, with ap-
plications in many areas. In the probabilistic setting, there are several notions of
“termination”. A program is almost-surely terminating (AST) if the probability of
termination is 1. A strictly stronger notion is positive AST (PAST), which requires
that the expected runtime is finite. While numerous techniques exist to prove
(P)AST of imperative programs on numbers (e.g., [1, 4, 10, 14, 21, 25-27, 33-36]),
there are only few automatic approaches for programs with complex non-tail re-
cursive structure [7, 11, 12]. The approaches that are also suitable for algorithms
on recursive data structures [0, 32, 40] are mostly specialized for specific data
structures and cannot easily be adjusted to other (possibly user-defined) ones, or
are not yet fully automated. In contrast, our goal is a fully automatic termination
analysis for (arbitrary) probabilistic TRSs (PTRSs).

Up to now, only two approaches for automatic termination analysis of PTRSs
were developed [3, 28]. In [3], orderings based on interpretations were adapted to
prove PAST. However, already for non-probabilistic TRSs such a direct application
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of orderings is limited in power. To obtain a powerful approach, one should combine
such orderings in a modular way, as in the DP framework.

Indeed, in [28], we adapted the DP framework to the probabilistic setting in
order to prove innermost AST (1AST), i.e., AST for rewrite sequences which follow
the innermost evaluation strategy. However, in contrast to the DP framework
for ordinary TRSs, the probabilistic dependency tuple (DT) framework in [28] is
incomplete, i.e., there are PTRSs which are iAST but where this cannot be proved
with DTs. In this paper, we introduce a new concept of probabilistic DPs and
a corresponding new rewrite relation. In this way, we obtain a novel complete
criterion for iAST via DPs while maintaining soundness for all processors that were
developed in the probabilistic DT framework of [28]. Moreover, our improvement
allows us to introduce additional more powerful “transformational” probabilistic
DP processors which were not possible in the framework of [28].

We recapitulate the DP framework for non-probabilistic TRSs in Sect. 2. Then,
we present our novel ADPs (annotated dependency pairs) for probabilistic TRSs in
Sect. 3. In Sect. 4, we show how to adapt the processors from the framework of [28]
to our probabilistic ADP framework. In addition, our framework allows for the
definition of new processors which transform ADPs. As an example, in Sect. 5 we
adapt the rewriting processor to the probabilistic setting, which benefits from our
new, more precise rewrite relation. The implementation of our approach in the
tool AProVE is evaluated in Sect. 6. We refer to App. A for all proofs. In App.
B we show how the other transformational processors of the DP framework can
also be adapted to the probabilistic setting. Finally, in App. C we present selected
examples from our new set of benchmarks.

2 The DP Framework

We assume familiarity with term rewriting [5] and recapitulate the DP framework
with its core processors (see e.g., [2, 17, 18, 24] for details). We regard finite
TRSs R over a finite signature X' and let 7 (X, V) denote the set of terms over
27 and a set of variables V. We decompose Y = D W C such that f € D if f =
root(¢) for some ¢ — r € R. The symbols in D are called defined symbols. For
every f € D, we introduce a fresh annotated symbol f# of the same arity." Let
D# be the set of all annotated symbols and X# = D# w X. For any t = f(t,
coty) € T(Z,V) with f € D, let t# = f#(t1,...,t,). For every rule £ — r
and every (not necessarily proper) subterm ¢ of r with defined root symbol, one
obtains a dependency pair (DP) £# — t#. DP(R) denotes the set of all dependency
pairs of R. As an example, consider Rex = {(1), (2)} with its dependency pairs
DP(Rex) = {(3), (4)}. To ease readability, we often write F instead of f# etc.

f(s(z)) —=c(f(g(z))) (1) F(s(z)) = F(g(x)) (3)

g(z) —s(x) (2) F(s(z)) = G(z) (4)
The DP framework uses DP problems (P,R) where P is a (finite) set of DPs
and R is a TRS. A (possibly infinite) sequence to, t1,t2, ... with t; =p g 0 =% tit1

! The symbols f# were called tuple symbols in the original DP framework [18] and also
in [28], as they represent the tuple of arguments of the original defined symbol f.
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for all ¢ is an (innermost) (P, R)-chain which represents subsequent “function
calls” in evaluations. Here, “o” denotes composition and steps with %p,R are
called p-steps, where %p,n is the restriction of —p to rewrite steps where the
used redex is in NF (the set of normal forms w.r.t. R). Steps with —3% are called
r-steps and are used to evaluate the arguments of an annotated function symbol. So
an infinite chain consists of an infinite number of p-steps with a finite number of
r-steps between consecutive p-steps. For example, F(s(z)), F(s(z)), ... is an infinite
(DP(Rex), Rex)-chain, as F(s(z)) Bpp(r.) r.. F(g(2)) i%;‘aex F(s(x)). Throughout
the paper, we restrict ourselves to innermost rewriting (“-z”), because our
adaption of DPs to the probabilistic setting relies on this evaluation strategy.

A DP problem (P, R) is called innermost terminating (iTerm) if there is no
infinite innermost (P, R)-chain. The main result on DPs is the chain criterion
which states that there is no infinite sequence t; —g ts —x ..., i.e., R is iTerm,
iff (DP(R),R) is iTerm. The DP framework is a divide-and-conquer approach,
which applies DP processors to transform DP problems into simpler sub-problems.
A DP processor Proc has the form Proc(P,R) = {(P1,R1),...,(Pn,Rn)}, where
P,P1,...,P, are sets of DPs and R,R1,...,R, are TRSs. A processor Proc is
sound if (P, R) is iTerm whenever (P;, R;) is iTerm for all 1 <4 < n. It is complete
if (P;,R;) is iTerm for all 1 < i < n whenever (P, R) is iTerm.

So given a TRS R, one starts with the initial DP problem (DP(R),R) and
applies sound (and preferably complete) DP processors repeatedly until all sub-
problems are “solved” (i.e., sound processors transform them to the empty set).
This yields a modular framework for termination proofs, as different techniques
can be used for different sub-problems (P;, R;). The following three theorems
recapitulate the three most important processors of the DP framework.

The (innermost) (P, R)-dependency graph is a control flow graph that indicates
which DPs can be used after each other in a chain. Its set of nodes is P and there
is an edge from Ef — tf& to éf — tf if there exist substitutions oy, 0y such that
tféal i)% Zfag and é?al,@&ag € NFr. Any infinite (P, R)-chain corresponds to
an infinite path in the dependency graph, and since the graph is finite, this infinite
path must end in some strongly connected component (SCC).? Hence, it suffices to
consider the SCCs of this graph independently.

Theorem 1 (Dependency Graph Processor). For the SCCs Py,..., P, of
the (P, R)-dependency graph, Procpe(P,R) = {(P1,R),...,(Pn,R)} is sound and
complete.

Example 2 (Dependency Graph). Consider the TRS Rgg ={(5)} with DP(Rs) =
{(6),(7),(8)}. The (DP(Rssg), Rerg)-dependency graph is on the right.

2 Moreover, already in the non-probabilistic setting, the restriction to innermost rewriting
makes termination analysis with DPs substantially more powerful, e.g., by allowing
the application of additional techniques like usable rules and rewriting of DPs [17, 18].
Indeed, we also adapt these techniques in our novel ADP framework for probabilistic
rewriting. Nevertheless, we conjecture that ADPs are also suitable for an adaption to
analyze full instead of innermost AST, and we will investigate that in future work.

3 Here, a set P’ of DPs is an SCC if it is a maximal cycle, i.e., it is a maximal set such
that for any ¢ — t¥ and ¢ — 7 in P’ there is a non-empty path from ¢ — t¥ to
(% — 7 which only traverses nodes from P’.
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F(f(g(2))) = F(g(f(s(f(x))))) (6)
f(f(g(x)) > f(g(f(g(f(x)))) (5) F(f(g(x)))—F(g(f(x))) (7) g
F(f(g(x))) = F(x) (8 @

While the exact dependency graph is not computable in general, there exist
several techniques to over-approximate it automatically, see, e.g., [2, 18, 24]. In our
example, Procpg(DP (Rrg), Rerg) yields the DP problem ({(8)}, Ritg)-

The next processor removes rules that cannot be used for right-hand sides of
dependency pairs when their variables are instantiated with normal forms.

Theorem 3 (Usable Rules Processor). Let R be a TRS. For every f€ X% let
Rulesg (f) = {¢ — r € R | root({) = f}. For any t € T (X#,V), its usable rules
Ur(t) are the smallest set such that Ur(x) = @ for allx € V and Ur (f (t1, ..., tn))
= Rulesg (f) U Uiz Ur(t:) U Ursyrerutese (p) UR (7). The usable rules for the
DP problem (P,R) are U(P,R) = Uy _scpUr(t#). Then Procw(P,R) =
{(P,U(P,R))} is sound but not complete.*

Procyr ({(8)}, Resg) vields the problem ({(8)}, @), i.e., it removes all rules, be-
cause the right-hand side of (8) does not contain the defined symbol f.

A polynomial interpretation Pol is a XY-algebra which maps every function
symbol f € X to a polynomial fpo € N[V] over the variables V with coefficients
from N, see [31]. Pol(t) denotes the interpretation of a term ¢ by the X-algebra Pol.
An arithmetic inequation like Pol(¢1) > Pol(t2) holds if it is true for all instantiations
of its variables by natural numbers. The reduction pair processor® allows us to
use weakly monotonic polynomial interpretations that do not have to depend on
all of their arguments, i.e., x >y implies fpoi(...,2,...) > fpol(...,y,...) for all
f € X7#. The processor requires that all rules and DPs are weakly decreasing and
it removes those DPs that are strictly decreasing.

Theorem 4 (Reduction Pair Processor). Let Pol: T (¥#,V) — N[V] be a
weakly monotonic polynomial interpretation. Let P = P> WP with P> # & such
that:

(1) For every £ — r € R, we have Pol(¢) > Pol(r).
(2) For every (% — t# € P, we have Pol(£#) > Pol(t#).
(3) For every £# — t# € Ps., we have Pol({#) > Pol(t7).

Then Procgp(P,R) = {(P>,R)} is sound and complete.

For ({(8)}, @), one can use the reduction pair processor with the polynomial
interpretation that maps f(z) to  + 1 and both F(z) and g(z) to x. Then,
Procge ({(8)}, @) = {(@,9)}. As Procpe(@,...) = @ and all processors used are
sound, this means that there is no infinite innermost chain for the initial DP
problem (DP(Rfrg), Rerg) and thus, R is innermost terminating.

4 See [17] for a complete version of this processor. It extends DP problems by an additional
set to store the left-hand sides of all rules (including the non-usable ones) to determine
whether a rewrite step is innermost. We omit this here for readability.

5 In this paper, we only regard the reduction pair processor with polynomial interpreta-
tions, because for most other classical orderings it is not clear how to extend them to
probabilistic TRSs, where one has to consider “expected values of terms”.
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3 Probabilistic Annotated Dependency Pairs

In this section we present our novel adaption of DPs to the probabilistic setting. As
in [3, 9, 13, 28], the rules of a probabilistic TRS have finite multi-distributions on
the right-hand sides. A finite multi-distribution p on a set A # @ is a finite multiset
of pairs (p : a), where 0 < p <1 is a probability and a € A, with Z(p:a)Eu p=1.
FDist(A) is the set of all finite multi-distributions on A. For p € FDist(A), its
support is the multiset Supp(u)={a | (p:a) € p for some p}.

A pair £ — p e T (X,V) x FDist(T (X,V)) such that £ ¢ V and V(r) C V(¥)
for every r € Supp(u) is a probabilistic rewrite rule. A probabilistic TRS (PTRS)
is a finite set of probabilistic rewrite rules. As an example, consider the PTRS
Rew with the rule g(z)— {1/2: g(g(z)), /2 : z}, which corresponds to a symmetric
random walk. Let g?(z) abbreviate g(g(z)), etc.

A PTRS R induces a rewrite relation —g C T (X,V) x FDist(T (X, V)) where
s =g {p1:t1,...,pk : tg} if there is a position 7 of s, arule £ = {py : 71,..., Pk :
rr} € R, and a substitution ¢ such that s|, = o and t; = s[rjol, forall 1 < j <k.
We call s = g an innermost rewrite step (denoted s 5 p) if o € ANFg, where
ANFr is the set of all terms in argument normal form w.r.t. R, i.e., t € ANFp iff
t' € NF for all proper subterms ¢’ of t.

To track all possible rewrite sequences (up to non-determinism) with their
probabilities, we lift > to (innermost) rewrite sequence trees (RSTs). An (inner-
most) R-RST is a tree whose nodes v are labeled by pairs (p,, t,) of a probability
py, and a term t, such that the edge relation represents a probabilistic inner-
most rewrite step. More precisely, ¥ = (V, E,L) is an (innermost) R-RST if
(1) (V,E) is a (possibly infinite) directed tree with nodes V # @ and directed
edges E C V x V where vE = {w | (v,w) € E} is finite for every v € V,
(2) L : V — (0,1] x T(X,V) labels every node v by a probability p, and a
term t, where p, = 1 for the root v € V of the tree, and (3) for all v € V: if
vE = {wy,...,w,} # @, then t, S {pp% Y AR p;l’“ ¢, }- For any innermost
R-RST T we define [T|ear = Y, creas Pv» Where Leaf is the set of T's leaves. An
RST ¥ is innermost almost-surely terminating (iAST) if |T|Lear = 1. Similarly,
a PTRS R is 1AST if all innermost R-RSTs are iAST. While |T|icar = 1 holds
for every finite RST ¥, for infinite RSTs ¥ we may have |T|iear < 1, and even
|¥|Leas = 0 if T has no leaf at all. This notion is equivalent to the notions of AST in
[3, 28], where one uses a lifting to multisets instead of trees. For example, the infinite

Rw-RST T on the side has |¥|Lear = 1. In fact,

R 18 1AST, because |T|iear = 1 holds for all

innermost Rw-RSTs T. |1/2 | g2(x)| [1/2]=]
As shown in [28], to adapt the DP framework .

in order to prove iAST of PTRSs, one has to
regard all DPs resulting from the same rule at =
once. Otherwise, one would not be able to distinguish between the DPs of the
TRS with the rule a — {2 : b,1/2 : c(a,a)} which is iAST and the rule a —
{Y/2:b,1/2 : c(a,a,a)}, which is not iAST. For that reason, in the adaption of the
DP framework to PTRSs in [28], one constructs dependency tuples (DTs) whose
right-hand sides combine the right-hand sides of all dependency pairs resulting
from one rule. However, a drawback of this approach is that the resulting chain

[vilet@]  [va]e@]
4 N VY
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criterion is not complete, i.e., it allows for chains that do not correspond to any
rewrite sequence of the original PTRS R.
Ezample 5. Consider the PTRS Rincpl with the rules

a—{1:f(h(g),g)} (9) h(by) = {1:a}  (11)

g — {Y2:by,2: by} (10) f(z,by) = {1:a} (12)
and the Rinepi-RST below. So a can be rewritten to the normal form f(h(bz),b;)
with probability 1/4
and to the terms
f(a,by) and a that
contain the redex a

ith a probability of
‘1};4 N 1/52 1, Inythe [1/a]fh(b1), b0) ][ 174 fh(b2), 1) [ [1/a] Fh(b1), ba) | [1/2 ] F(h(b2), b5) |

N2 N2
term f(a, bs), one can normal form [1/4]f(a,b2) ] [v4]a]
rewrite the subterm A A
a, and if that ends in a normal form, one can still rewrite the outer f which will
yield a again. So to over-approximate the probability of non-termination, one could
consider the term f(a,bs) as if one had two occurrences of a. Then this would
correspond to a random walk where the number of a symbols is decreased by 1
with probability 1/4, increased by 1 with probability 1/4, and kept the same with
probability /2. Such a random walk is AST, and since a similar observation holds
for all Rincpi-RSTS, Rincpi is 1AST (we will prove 1AST of Rincpr with our new ADP
framework in Sect. 4 and 5).

In contrast, the DT framework from [28] fails on this example. As mentioned,
the right-hand sides of DTs combine the right-hand sides of all dependency pairs
resulting from one rule. So the right-hand side of the DT for (9) contains the term
comy(F(h(g),g),H(g), G, G), where comy is a special compound symbol of arity 4.
However, here it is no longer clear which occurrence of the annotated symbol G
corresponds to which occurrences of g. Therefore, when rewriting an occurrence of G,
in the “chains” of [28] one may also rewrite arbitrary occurrences of g simulta-
neously. (For that reason, in [28] one also couples the DT together with its original
rule.) In particular, [28] also allows a simultaneous rewrite step of all underlined
symbols in com(F(h(g), g),H(g), G, G) even though the underlined G cannot corre-
spond to both underlined g symbols. As shown in Lemma 28 in App. A, this leads
to a chain that is not iAST and that does not correspond to any Rincpl-rewrite
sequence. To avoid this problem, one would have to keep track of the connections
between annotated symbols and the corresponding original subterms. However,
such an improvement would become very complicated in the formalization of [28].

Therefore, in contrast to [28], in our new notion of DPs, we annotate defined
symbols directly in the original rewrite rule instead of extracting annotated subterms
from its right-hand side. This makes the definition easier, more elegant, and more
readable, and allows us to solve the incompleteness problem of [28].

Definition 7 (Annotations). Let t € T (X#,V) be an annotated term and for
X' C X%, let poss.(t) be all positions of t with symbols from X'. For a set of
positions & C posp p# (L), let #4(t) be the variant of t where the symbols at
positions from @ in t are annotated and all other annotations are removed. Thus,
pospx (#a(t)) = @, and #4(t) removes all annotations from t, where we often
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write b(t) instead of #4(t). We extend b to multi-distributions, rules, and sets of
rules by removing the annotations of all occurring terms. We write #p(t) instead
of #posp () (t) to annotate all defined symbols in t, and #.(t) instead of # - (t)
to annotate just the oot symbol of t. Moreover, let bl (t) result from removing all
annotations from t that are strictly above the position 7. Finally, we write t <y s
if there is a m € pospx(s) and t =b(s|:), i.e., t results from a subterm of s with
annotated root symbol by removing its annotation.

Ezample 8. So if g € D, then we have #1y(g(g())) = #{13(G(G(x))) = g(G(x)),
#n(8(8(r))) = #c1(8(8(2))) = G(G(z)), and H(G(G(x))) = g(g(x)). Moreover,
b1(G(G(x))) = g(G(x)) and g(x) Dy g(G(x)).

Next, we define the canonical annotated dependency pairs for a given PTRS.

Definition 9 (Canonical Annotated Dependency Pairs). For a rule { —
pw=A{p1:71,...,pk : Tk}, its canonical annotated dependency pair (ADP) is

DP(l —p) = L= A{p1:#p(r1), ..,pr: #o(re)} ™
The canonical ADPs of a PTRS R are DP(R) = {DP({ — u) | { - u € R}.

Ezample 10. For R,,, the canonical ADP for g(z) — {2 : g(g(z))), Y2 : z} is
g(x) = {1/2: G(G(z)), /2 : x}"™* instead of the (complicated) DT from [28]:

DT (Rew) = {(G(), g(x)) — {V/2: {coma(G(g(x)), G(x)),g*(x)), /2 : {como, ) }}

So the left-hand side of an ADP is just the left-hand side of the original rule.
The right-hand side of the ADP results from the right-hand side of the original
rule by replacing all f € D with f#. Moreover, every ADP has a flag m € {true,
false} to indicate whether this ADP may be used for an r-step at a position below
the next p-step. (This flag will later be modified by our usable rules processor.) In
general, we work with the following rewrite systems in our new framework.

Definition 11 (Annotated Dependency Pairs, <—>7;) An ADP has the form
= A{p1:ri,...,pr:rpt™, where £ € T (X,V) with £ ¢ V, m € {true,false}, and
for all 1 < j < k we have r; €T (2%,V) with V(r;) C V(¢).

Let P be a finite set of ADPs (a so-called ADP problem). An annotated term
s € T (Z#,V) rewrites with P to p = {p1 : t1,...,px : ti} (denoted s <>p p) if
there is a rule £ — {p1 : r1,...,pk : Tk}™ € P, a substitution o, and a position
T € pospup#(8) such that b(s|;) = o € ANFp, and for all 1 < j < k we have

ti=  s[rjols  if ™ € pospx(s) and m = true (pr)
t; =bl(s[rjolz)  ifm € pospx(s) and m = false (p)
ti=  sp(rj)olr if ™ € pospx(s) and m = true (r)
t; = bl (shb(rj)olx) if ™ & pospx(s) and m = false (irr)

To highlight the position m of the redex, we also write s <i—>73}7r t. Again, ANFp is the
set of all terms in argument normal form w.r.t. P.

Rewriting with P can be seen as ordinary term rewriting while considering
and modifying annotations. In the ADP framework, we represent all DPs resulting
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from a rule as well as the original rule by just one ADP. So for example, the
ADP g(z) — {1/2: G(G(x)), /2 : }'"® for the rule g(z) — {1/2: g(g(x)), /2 : =}
represents both DPs resulting from the two occurrences of g on the right-hand
side, and the rule itself (by simply disregarding all annotations of the ADP).

As in the classical DP framework, our goal is to track specific reduction sequences
where (1) there are p-steps where the root symbol of the redex is annotated and
a DP is applied, and (2) between two p-steps there can be several r-steps where
rules are applied below the position of the next p-step.

A step of the form (pr) in Def. 11 can represent both p- and r-steps. All
annotations are kept during this step except for annotations of the subterms that
correspond to variables of the applied rule. These subterms are always in normal
form due to the innermost evaluation strategy and we erase their annotations in
order to handle rewriting with non-left-linear rules correctly. A (pr)-step at posi-
tion 7 plays the role of an r-step for terms in multi-distributions where one later
rewrites an annotated symbol at a position above 7, and for all other terms it plays
the role of a p-step. As an example, for a PTRS Rexp with the rules g(z, z) — {1:
f(z)} and f(a) — {1 :f(b)}, we have the canonical ADPs g(z,z) — {1: F(z)}"e
and f(a) — {1: F(b)}*™™<, and we can rewrite G(F(b),f(b)) QDP(RM) {1:F(f(b))}
using the first ADP. Here, we have © = ¢, b(s|.) = g(f(b),f(b)) = fo where o
instantiates  with the normal form f(b), and r; = F(x).

A step of the form (r) rewrites at the position of a non-annotated defined symbol.
So this represents an r-step and thus, we remove all annotations from the right-hand
side 7;. As an example, we have G(F(b),f(a)) QDP(RM) {1: G(F(b),f(b))} using
the ADP f(a) — {1: F(b)}te.

A step of the form (p) represents a p-step. Thus, we remove all annotations
above the position 7, because no p-steps are possible above 7. So if P contains
f(a) — {1: F(b)}®"*e then G(F(b),F(a)) <i—>73 {1: g(F(b),F(b))}.

Finally, a step of the form (irr) is an r-step that is irrelevant for proving
iAST, because due to m = false, afterwards there cannot be a p-step at a position
above. For example, if P again contains f(a) — {1 : F(b)}f", then G(F(b),f(a))
<5 {1 :g(F(b),f(b))}. Such (irr)-steps are needed to ensure that all rewrite steps
with R are also possible with the ADP problems P that result from DP(R) when
applying ADP processors. These processors only modify annotations, but keep the
rest of the rules unchanged. So for all these ADP problems P, we have R = b(P)
and b(t) € ANFr, iff ¢ € ANFp for all t € T (X#,V), i.e., the innermost evaluation
strategy is not affected by the application of ADP processors. This is different from
the classical DP framework, where the usable rules processor reduces the number
of rules. This may result in new redexes that are allowed for innermost rewriting.
Thus, the usable rules processor in our new ADP framework is complete, whereas
in [17], one has to extend DP problems by an additional component to achieve
completeness of this processor (see Footnote 4).

Now, s =g {p1 : t1,...,pr : i} essentially® implies #p(s) <i—>DP(R) {p1 :
#p(t1),...,pr : #p(tr)}, and we got rid of any ambiguities in the rewrite relation

5 We have #p(s) <i—>D7,(R) {p1:t1,...,pk : t} where t; and #p(t;) are the same up to
some annotations of subterms that are DP(R)-normal forms. The reason is that as
mentioned above, annotations of the subterms (in normal form) that correspond to
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that led to incompleteness in [28]. While our ADPs are much simpler than the DTs
of [28], due to their annotations they still contain all information that is needed to
define the required DP processors.

Instead of chains of DPs, in the probabilistic setting one works with chain trees
[28], where p- and r-steps are indicated by P- and R-nodes in the tree. Chain trees
are defined analogously to RSTs, but the crucial requirement is that every infinite
path of the tree must contain infinitely many steps of the forms (pr) or (p). Thus,
in our setting ¥ = (V, E, L, P) is a P-chain tree (CT) if

1. (V,E) is a (possibly infinite) directed tree with nodes V # @ and directed
edges E CV x V where vE = {w | (v,w) € E} is finite for every v € V.

2. L:V — (0,1] x T (X#,V) labels every node v by a probability p, and a term
t,. For the root v € V of the tree, we have p, = 1.

3. P C V \ Leaf (where Leaf are all leaves) is a subset of the inner nodes to
indicate whether we use (pr) or (p) for the next rewrite step. R = V'\ (Leaf UP)
are all inner nodes that are not in P, i.e., where we rewrite using (r) or (irr).

4. For all v € P: if vE = {wy,...,wy}, then t, <>, {P;: : twl,...,p;)’:)k St b
using Case (pr) or (p).

5. For all v € R: if vE = {wy,...,ws}, then t, <>, {p}"‘“vl : twl,...,p;;’f s by }
using Case (r) or (irr).

6. Every infinite path in ¥ contains infinitely many nodes from P.

Let |T|iear = D ycrear Po- We define that P is iAST if [T|iear = 1 for all P-CTs T.
So Conditions 1-5 ensure that the chain tree corresponds to an RST and Condition
6 requires that one may only use finitely many r-steps before the next p-step. This
yields a chain criterion as in the non-probabilistic setting, where (in contrast to
the chain criterion of [28]) we again have “iff” instead of “if”.

Theorem 12 (Chain Criterion). R is iAST iff DP(R) is iAST.

Our chain criterion is complete (“only if”), because ADPs only add annotations
to rules. Hence, every DP(R)-CT can be turned into an R-RST by omitting all
annotations. So in contrast to [28], the step from the original PTRS to ADPs
does not affect the “potential power” of the approach. Moreover, in the future this
may also allow the development of techniques to disprove iAST within the ADP
framework. To prove soundness (“if”), one has to show that every R-RST can
be simulated by a DP(R)-CT. As mentioned, all proofs can be found in App. A.

4 The ADP Framework

Our new (probabilistic) ADP framework again applies processors to transform an
ADP problem into simpler sub-problems. An ADP processor Proc has the form
Proc(P) = {P1,...,Pn}, where P, Py,..., P, are ADP problems. Proc is sound if
P is iAST whenever P; is iAST for all 1 < i < n. It is complete if P; is iAST for
all 1 <4 <n whenever P is iAST. For a PTRS R, one starts with the canonical

variables of the rule are erased. So for example, rewriting G(F(b), F(b)) with DP(Rex2)
yields {1 : F(f(b))} and not {1 : F(F(b))}.
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ADP problem DP(R) and applies sound (and preferably complete) ADP processors
repeatedly until the ADPs contain no annotations anymore. Such an ADP problem
is trivially iAST. The framework again allows for modular termination proofs,
since different techniques can be applied on each sub-problem P;.

We now adapt the processors from [28] to our new framework. The (innermost)
P-dependency graph is a control flow graph between ADPs from P, indicating
whether an ADP « may lead to an application of another ADP ' on an annotated
subterm introduced by «. This possibility is not related to the probabilities. Hence,
we can use the non-probabilistic variant np(P) = {£ —b(r;) | € = {p1 :71,...,pk :
rp}te € P,1 < j <k}, which is an ordinary TRS over the signature X. Note that
for np(P) we only need to consider rules with the flag true, since only such rules
can be used at a position below the next p-step.

Definition 13 (Dependency Graph). The P-dependency graph has the nodes
P and there is an edge from 01 — {p1 :T1,...,pg : T} to by — ... if there are
substitutions 01,02 and at Ju 1; for some 1 < j <k such that t#oq i—>;p(7,) @#02
and both 101 and 205 are in ANFp.

So there is an edge from an ADP « to an ADP « if after a step of the form (pr)
or (p) with « at position 7 there may eventually come another step of the form
(pr) or (p) with o’ on or below 7. Hence, for every path in a P-CT from a P-node
where an annotated subterm f#(...) is introduced to the next P-node where the
subterm f#(...) at this position is rewritten, there is a corresponding edge in
the P-dependency graph. Since every infinite path in a CT contains infinitely
many nodes from P, every such path traverses a cycle of the dependency graph
infinitely often. Thus, it suffices to consider the SCCs of the dependency graph
separately. In our framework, this means that we remove the annotations from
all rules except those that are in the SCC that we want to analyze. As in [28], to
automate the following two processors, the same over-approximation techniques as
for the non-probabilistic dependency graph can be used.

Theorem 14 (Probabilistic Dependency Graph Processor). For the SCCs
Pi, ..., Py of the P-dependency graph, Procpg(P) = {P1Ub(P\P1),..., P, Ub(P\
Pn)} is sound and complete.

Ezample 15. Consider the PTRS Rincpl from Ex. 5 with the canonical ADPs
a— {1:F(H(G),G)}e (13) h(by) — {1:A}™e  (15)
g — {1/2:by,1/2: by}t (14) f(x,by) — {1: A} (16)
The DP(Rincpl)-dependency graph can be seen on the right. As (14) :
is not contained in the only SCC, we can remove all annotations from

(14). However, since (14) already does not contain any annotations,
here the dependency graph processor does not change DP(Rincpl)-

To remove the annotations of non-usable terms like G in (13) that lead out of
the SCCs of the dependency graph, one can apply the usable terms processor.

Theorem 16 (Usable Terms Processor). Let {; € T (X,V) and P be an ADP
problem. We call t € T (X#,V) with root(t) € D¥ usable w.r.t. £, and P if there
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are substitutions 01,02 and an lo — ps € P where us contains an annotated
symbol, such that #(t)o1 %:p(p) E;’Lag and both 101 and €05 are in ANFp. Let
bep(s) result from s by removing the annotations from the roots of all its subterms
that are not usable w.r.t. £ and P, i.e., pospx (bsp(s)) = {m € pospx(s) | 8|« is
usable w.r.t. £1 and P }. The transformation that removes the annotations from
the roots of all non-usable terms in the right-hand sides of ADPs is Tyr(P) =
{0—={p1 :bep(r1), . e bep(re)}™ [ €= {p1 : 71, pr t Ti}™ € P} Then
Procyr(P) = {Tur(P)} is sound and complete.

So for DP(Rincpt), Procyr replaces (13) by a — {1: F(H(g),g)}™e (13').

As in Thm. 3 of the ordinary DP framework, the idea of the usable rules proces-
sor remains to find rules that cannot be used below steps at annotations in
right-hand sides of ADPs when their variables are instantiated with normal forms.

Theorem 17 (Prob. Usable Rules Processor). For an ADP problem P and
feX#, let Rulesp(f) = {¢ — p'™ € P | root() = f}. For any teT (X#,V), its
usable rules Up(t) are the smallest set with Up(xz) = & for all x € V and Up(f(t1,

o ’tn)) = RUIESP (f) U U?:l Z/[P (tl) U UE—HL"“&ERuIesP (f),reSupp(p) Z/{P(b(’f')), other-
wise. The usable rules for P are U(P) = U[%;LmEP,TESupp(M),tﬂ#rup(t#)‘ Then
Procyg(P) = {UP)U {€ — pfl | ¢ — y™ € P\U(P)}} is sound and complete,

i.e., we turn the flag of all non-usable rules to false.

Ezample 18. For our ADP problem {(13'),(14), (15), (16)}, (16) is not usable be-
cause neither f nor F occur below annotated symbols on right-hand sides. Hence,
Procyg replaces (16) by f(z,by) — {1 : A}s¢  (16/). As discussed after Def. 11, in
contrast to the processor of Thm. 3, our usable rules processor is complete since
we do not remove non-usable rules but only set their flag to false.

Finally, we adapt the reduction pair processor. Here, (1) for every rule with
the flag true (which can therefore be used for r-steps), the expected value must be
weakly decreasing when removing the annotations. Since rules can also be used
for p-steps, (2) we also require a weak decrease when comparing the annotated
left-hand side with the expected value of all annotated subterms in the right-hand
side. Since we sum up the values of the annotated subterms of each right-hand
side, we can again use weakly monotonic interpretations. As in [3, 28], to ensure
“monotonicity” w.r.t. expected values we have to restrict ourselves to interpretations
with multilinear polynomials, where all monomials have the form c¢- 7' - ... at»
with ¢ € N and ey, ...,e, € {0,1}. The processor then removes the annotations
from those ADPs where (3) in addition there is at least one right-hand side r;
whose annotated subterms are strictly decreasing.”

" In addition, the corresponding non-annotated right-hand side b(r;) must be at least
weakly decreasing. The reason is that in contrast to the original DP framework, we
may now have nested annotated symbols and thus, we have to ensure that they behave
“monotonically”. So we have to ensure that Pol(4) > Pol(B) also implies that the
measure of F'(A) is greater than F(B). Every term r is “measured” as Etﬂ#r Pol(t#),
i.e., F(A) is measured as Pol(F(a)) + Pol(A). Hence, in this example we must ensure
that Pol(A) > Pol(B) implies Pol(F(a)) + Pol(A) > Pol(F(b)) + Pol(B). For that
reason, we also have to require Pol(a) > Pol(b).
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Theorem 19 (Probabilistic Reduction Pair Processor). Let Pol: T(X#,
V) — N[V] be a weakly monotonic, multilinear polynomial interpretation. Let

P = P> W Ps with P> # & such that:

(1) For every £ — {p1 :7r1,...,pk : T 1™ € P, we have
Pol(¢) > Z1gj<kpj - Pol(b(r;)).
(2) For every £ = {p1:71,...,pk : T }™ € P, we have
Pol(¢#) > Z1§jgkpj : Ztg#rj Pol(t#).
(8) For every £ — {p1 : r1,...,pr : re ™ € P>, there exists a 1 < j < k with
Pol(¢#) > Ztﬂ#” Pol(t#).
If m = true, then we additionally have Pol(¢) > Pol(b(r;)).

Then Procee(P) = {P> Ub(P~)} is sound and complete.

Ezample 20. In Sect. 5, we will present a new rewriting processor and show how
the ADP (13’) can be transformed into

a— {Ya:f(H(b1),b1),Y/4: f(h(b2),b1), /4 : F(H(b1),b2), /4 : F(h(b2),b2)}™ (13")
For the resulting ADP problem {(13”), (14), (15), (16")} with
g — {/2:b1,1/2:bo}™ (14) h(b1) — {1:A}™ (15) f(z,ba) — {1: A} (16)

we use the reduction pair processor with the polynomial interpretation that maps A,
F, and H to 1 and all other symbols to 0, to remove all annotations from the a-ADP
(13"), because it contains the right-hand side f(h(bz), b;) without annotations and
thus, Pol(A) =1 > Ztﬂ#f(h(m),bl) Pol(t#) = 0. Another application of the usable
terms processor removes the remaining A-annotations from (15) and (16’). Since
there are no more annotations left, this proves iAST of Rincpl-

Finally, in proofs with the ADP framework, one may obtain ADP problems P
that have a non-probabilistic structure, i.e., every ADP has the form ¢ — {1 :r}™.
Then the probability removal processor allows us to switch to ordinary DPs.

Theorem 21 (Probability Removal Processor). Let P be an ADP problem
where every ADP in P has the form £ — {1 : r}™. Let dp(P) = {{# — t# |
= {1:r}"™ e P, t <y r}. Then P is iAST iff the non-probabilistic DP problem
(dp(P),np(P)) is iTerm. So the processor Proces(P) = & is sound and complete
iff (dp(P),np(P)) is iTerm.

5 Transforming ADPs

Compared to the DT framework for PTRSs in [28], our new ADP framework is
not only easier, more elegant, and yields a complete chain criterion, but it also has
important practical advantages, because every processor that performs a rewrite
step benefits from our novel definition of rewriting with ADPs (whereas the rewrite
relation with DTs in [28] was an “incomplete over-approximation” of the rewrite
relation of the original TRS). To illustrate this, we adapt the rewriting processor
from the original DP framework [18] to the probabilistic setting, which allows us
to prove 1AST of Rinepi from Ex. 5. Such transformational processors had not been
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adapted in the probabilistic DT framework of [28]. While one could also adapt the
rewriting processor to the setting of [28], then it would be substantially weaker,
and we would fail in proving iAST of Rincpi. We refer to App. B for our adaption
of the remaining transformational processors from [18] (based on instantiation,
forward instantiation, and narrowing) to the probabilistic setting.

In the non-probabilistic setting, the rewriting processor may rewrite a redex in
the right-hand side of a DP if this does not affect the construction of chains. To
ensure that, the usable rules for this redex must be non-overlapping (NO). If the
DP occurs in a chain, then this redex is weakly innermost terminating, hence by
NO also terminating and confluent, and thus, it has a unique normal form [22].

In the probabilistic setting, to ensure that the probabilities for the normal forms
stay the same, in addition to NO we require that the rule used for the rewrite
step is linear (L) (i.e., every variable occurs at most once in the left-hand side and
in each term of the multi-distribution p on the right-hand side) and non-erasing
(NE) (i.e., each variable of the left-hand side occurs in each term of Supp(u)).

Definition 22 (Rewriting Processor). Let P be an ADP problem with P =
P w{l = {p1:ri,....,pr s re}™}. Let T € posp(r;) for some 1 < j < k such
that r;|; € T (X,V), i.e., there is no annotation below or at the position 7. If
rj =% {qirer, ..., qnien}, where —E'S is defined like <i—>7;.7T but the used redex
il does not have to be in ANFp and the applied rule from P must have the flag
m = true, then we define

Proc(P) = {P' UL = {p1 :5(r1), ... pn s 50},
= A{pr:r,. o pe ek \{p; 75}
U{pj-qi:er,...,pj-qn:en}™} }

In the non-probabilistic DP framework, one only transforms the DPs by rewrit-
ing, but the rules are left unchanged. But since our ADPs represent both DPs
and rules, when rewriting an ADP, we add a copy of the original ADP without
any annotations (i.e., this corresponds to the original rule which can now only be
used for (r)-steps). Another change to the rewriting processor in the classic DP
framework is the requirement that there exists no annotation below 7. Otherwise,
rewriting would potentially remove annotations from r;. For the soundness of the
processor, we have to ensure that this cannot happen.

Theorem 23 (Soundness® of the Rewriting Processor). Proc, as in Def. 22
is sound if one of the following cases holds:

1. Up(rj|+) is NO, and the rule used for rewriting r;|+ is L and NE.

2. Up(rj|+) is NO, and all its rules have the form ' — {1 : r'}tme.

3. Up(rj|+) is NO, 7j|+ is a ground term, and r; <‘—>7,7T {q1:€e1,...,qn : en} is an
imnermost step.

We refer to App. A for a discussion on the requirements L and NE in the first
case (see the counterexamples in Ex. 35 and 36). The second case corresponds to

8 For completeness in the non-probabilistic setting [18], one uses a different definition of
“non-terminating” (or “infinite”) DP problems. In future work, we will examine if such
a definition would also yield completeness of Proc, in the probabilistic case.
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the original rewrite processor where all usable rules of 7|, are non-probabilistic. In
the last case, for any instantiation only a single innermost rewrite step is possible
for r;|-. The restriction to innermost rewrite steps is only useful if 7|, is ground.
Otherwise, an innermost step on r;|, might become a non-innermost step when
instantiating r;|.’s variables.

The rewriting processor benefits from our ADP framework, because it applies
the rewrite relation <. In contrast, a rewriting processor in the DT framework
of [28] would have to replace a DT by multiple new DTs, due to the ambiguities in
their rewrite relation. Such a rewriting processor would fail for Rincpl Whereas with
the processor of Thm. 23 we can now prove that Rincpl is iAST.

Ezxample 2. After applying the usable terms and the usable rules processor to
DP(Rincpl), We obtained:

a— {1:F(H(g),g)}"™ (13 h(by) — {1: A}™  (15)

g — {/2: by, /2: b} (14) f(x,by) — {1: A} (16')

Now we can apply the rewriting processor on (13’) repeatedly until all gs are

rewritten and replace it by the ADP a — {1/a : F(H(b1),b1),%/a : F(H(b2),b1), /4 :
F(H(b1),b2), /4 : F(H(b2), b2)}™* as well as several resulting ADPs a — ... without
annotations. Now in the subterms F(. .., b;) and H(by), the annotations are removed
from the roots by the usable terms processor, as these subterms cannot rewrite
to annotated instances of left-hand sides of ADPs. So the a-ADP is changed to
a— {/a:f(H(b1),b1),/a: f(h(b2),b1),/a: F(H(b1),bs), /4 : F(h(b2), b))} (13"). This
ADP corresponds to the observations that explain why Rincp is iAST in Ex. 5: We
have two terms in the right-hand side that correspond to one A each, both with
probability 1/4, one term that corresponds to a normal form with probability 1/4,
and one that corresponds to two As with probability 1/4. So again this corresponds
to a random walk where the number of As is decreased by 1 with probability 1/4,
increased by 1 with probability 1/4, and kept the same with probability /2. Then
we use the reduction pair processor as in Ex. 20 to prove iAST for Rincpl-

6 Conclusion and Evaluation

We developed a new ADP framework, which advances our work in [28] into a
complete criterion for almost-sure innermost termination by using annotated DPs
instead of dependency tuples, which also simplifies the framework substantially.
Moreover, we adapted the rewriting processor of the classic DP framework to
the probabilistic setting. We also adapted the other transformational processors
of the non-probabilistic DP framework, see App. B. The soundness proofs for
the adapted processors are much more involved than in the non-probabilistic
setting, due to the more complex structure of chain trees. However, the processors
themselves are analogous to their non-probabilistic counterparts, and thus, existing
implementations of the processors can easily be adapted to their probabilistic
versions.

We implemented our new contributions in our termination prover AProVE
[19] and compared the new probabilistic ADP framework with transformational
processors (ADP) to the DT framework from [28] (DT) and to AProVE’s techniques
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for ordinary non-probabilistic TRSs (AProVE-NP), which include many additional
processors and which benefit from using separate dependency pairs instead of ADPs
or DTs. For the processors in Sect. 4, we could re-use the existing implementation
of [28] for our ADP framework. The main goal for probabilistic termination analysis
is to become as powerful as termination analysis in the non-probabilistic setting.
Therefore, in our first experiment, we considered the non-probabilistic TRSs of
the TPDB [38] (the benchmark set used in the annual Termination and Com-
plezity Competition (TermComp) [20]) and compared ADP and DT with AProVE-
NP, because at the current TermComp, AProVE-NP was the most powerful tool for
termination of ordinary non-probabilistic TRSs. Clearly, a TRS can be represented
as a PTRS with trivial probabilities, and then (innermost) AST is the same as
(innermost) termination. While both ADP and DT have a probability removal
processor to switch to the classical DP framework for such problems, we disabled
that processor in this experiment. Since ADP and DT can only deal with innermost
evaluation, we used the benchmarks from the “TRS Innermost” and “TRS Standard”
categories of the TPDB, but only considered innermost evaluation for all examples.
We used a timeout of 300 seconds for each example. The “TRS Innermost” category
contains 366 benchmarks, where AProVE-NP proves innermost termination for 293,
DT is able to prove it for 133 (45% of AProVE-NP), and for ADP this number rises to
159 (54%). For the 1512 benchmarks from the “TRS Standard” category, AProVE-
NP can prove innermost termination for 1114, DT for 611 (55% of AProVE-NP),
and ADP for 723 (65%). This shows that the transformations are very important
for automatic termination proofs as we get around 10% closer to AProVE-NP’s
results in both categories.

As a second experiment, we extended the PTRS benchmark set from [28] by 33
new PTRSs for typical probabilistic programs, including some examples with
complicated probabilistic structure. For instance, we added the following PTRS
Rgsrt for probabilistic quicksort. Here, we write r instead of {1 : r} for readability.

rotate(cons(x, zs)) — {!/2 : cons(z, xs), 1/2 : rotate(app(xs, cons(z, nil)))}
gsrt(zs) — if(empty(zs), low(hd(zs),tl(zs)), hd(zs), high(hd(zs),tl(zs)))
if (true, zs, x, ys) — nil empty(nil) — true empty(cons(z, zs)) — false
if (false, zs, x, ys) — app(qsrt(rotate(ms)), cons(z, gsrt(rotate(ys))))
hd( cons(a: acs)) tl(cons(z, zs)) — zs

The rotate-rules rotate a list randomly often (they are AST, but not termina-
ting). Thus, by choosing the first element of the resulting list, one obtains random
pivot elements for the recursive calls of gsrt in the second if-rule. In addition to
the rules above, Rqse contains rules for list concatenation (app), and rules such
that low(z, zs) (high(x, zs)) returns all elements of the list xs that are smaller
(greater or equal) than x, see App. C.1. In contrast to the quicksort example in [28],
proving iAST of the above rules requires transformational processors to instantiate
and rewrite the empty-, hd-, and tl-subterms in the right-hand side of the gsrt-rule.
So while DT fails for this example, ADP can prove iAST of Rqg.

90 of the 100 PTRSs in our set are iAST, and DT succeeds for 54 of them
(60 %) with the technique of [28] that does not use transformational processors.
Adding the new processors in ADP increases this number to 77 (86 %), which
demonstrates their power for PTRSs with non-trivial probabilities. For details on



16 J.-C. Kassing, S. Dollase, J. Giesl

our experiments and for instructions on how to run our implementation in AProVE
via its web interface or locally, see:

https://aprove-developers.github.io/ProbabilisticADPs/

On this website, we also performed experiments where we disabled individual
transformational processors of the ADP framework, which shows the usefulness
of each new processor. In addition to the ADP and DT framework, an alter-
native technique to analyze PTRSs via a direct application of interpretations
was presented in [3]. However, [3] analyzes PAST (or rather strong AST), and a
comparison between the DT framework and their technique can be found in [28]. In
future work, we will adapt more processors of the DP framework to the proba-
bilistic setting. Moreover, we work on analyzing AST also for full instead of inner-
most rewriting and already developed criteria when iAST implies full AST [30].
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Appendix

In App. A we give all proofs for our new results and observations. Then in App. B
we adapt further transformational DP processors to the probabilistic setting. More
precisely, we consider the instantiation, forward instantiation, and the narrowing
processor. Because the original narrowing processor turns out to be unsound in
the probabilistic setting, the probabilistic narrowing processor only instantiates
variables according to the narrowing substitutions. Hence, we call it the rule overlap
instantiation processor. Finally, in App. C, we present some examples from our
collection of benchmarks that demonstrate certain aspects of our new contributions.

A Proofs

We start by showing that Rincpi is a counterexample for completeness of the DT
framework from [28]. First, we introduce the framework and all needed notation.

For any term t € T (X, V) with f € D, we say that ¢ is the flattened copy of t¥.
In the probabilistic adaption of the DP framework from [28], for any term r in the
right-hand side of a rule, one has to consider all subterms of r with defined root
symbol at once. In order to deal just with terms instead of multisets, one defines
s dt transformation dt(r) = com, (t7,... t#), if {t1,..., t,} are all subterms of
r with defined root symbol. Here, C is extended by fresh compound constructor
symbols com,, of arity n for every n € N. To make dt(r) unique, one uses the
lexicographic ordering < on positions where ¢; = r|,, and 7 < ... < 7,. As an
example, dt(g?(z)) = coma(G(g(x)), G(x)).

To abstract from nested compound symbols and from the order of their ar-
guments, the following normalization is introduced. For any term ¢, its content
cont(t) is the multiset defined by cont(com,,(t1,...,t,)) = cont(t1) U. ..U cont(t,)
and cont(t) = {t} for other terms t. For any term t with cont(t) = {t1,...,tn},
the term com,, (1, ...,t,) is a normalization of t. For two terms ¢,t', one defines
t ~ t' if cont(t) = cont(t'). So for example, comz(x,z,y) is a normalization of
comg(comy (x), comz(y, z)). One does not distinguish between terms that are equal

w.r.t. &= and writes com,,(t1,...,t,) for any term ¢ with a compound root symbol
where cont(t) = {t1,...,tn}, i.e., all such ¢ are considered to be normalized.
For every rule £ — u = {p1 : r1,...,pr : T}, the corresponding dependency

tuple (DT) relates ¢# with {py : dt(r1),...,px : dt(ry)}. However, in addition,
DTs also store the original rule £ — u. As shown in [28], this is needed for
the soundness of the approach, because otherwise, one cannot simulate every
possible rewrite sequence with dependency tuples. So one defines DT (£ — pu) =
(#F 0y — {py : (dt(r1),r1), ...,k : (dt(rg),71)}. DT(R) denotes the set of all
dependency tuples of a PTRS R. For example, DT (Rw) = {(G(z),g(x)) — {1/2:
(coma(G(g()), G()),g2(x)), /2 : (comg,z)}}. This type of rewrite system is called
a probabilistic pair term rewrite system (PPTRS).

Definition 25 (PPTRS, —> p ). Let P be a finite set of rules of the form (¢# ()
— {p1:{di,m1), ..., pr : {dp, )} For every such rule, let proj,(P) contain (# —
{p1:d1,...,px : dp} and projy(P) contain £ — {p1 : r1,..., 0k : Tk }. If projy(P)
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is a PTRS and cont(d;) C cont(dt(r;)) for all1 < j <k, then P is a PPTRS.

A normalized term comy,(s1,. .., $p) rewrites with the PPTRS P to {p1 : by, ...,
pr @ bg} w.r.t. a PTRS R (denoted ~»pr) if there are an ((#,6) — {p; :
(di,71),.,pk = (di,mi)} € P, a substitution o, and an 1 < i < n with s; =
(#g € ANFr, and for all 1 < j < k we have b; = com,,(t],...,t},) where:

(a) t] = djo for all 1 < j <k, i.e., we rewrite the term s; using proj, (P).
(b) For every 1 <i' <mn with i’ # i we have
(i) t, =sy foralll1<j<k or
(ii) , = siu[rjol, for all 1 < j <k,
if si|lr = Lo for some position T and if £ — {p1 :71,..., Pk T} ER.
So sy stays the same in all b; or one can apply the rule from proj,(P) to
rewrite sy in all b;, provided that this rule is also contained in R. Note that
even if the rule is applicable, the term sy can still stay the same in all b;.

Now one can simulate the rewrite step g*(z) -, {!/2: g*(x),1/2 : g(x)} by
comz(G(g(2)), G(2)) —> DT (Rp),Ro, {1/2 : cOm3(G(g”(2)), G(g()), G(x)), /2 : comy(G(x))}
using DT (Rew). In com2(G(g(z)), G(x)), due to (a), the (underlined) second ar-
gument s; = so = G(x) is rewritten with proj, (DT (Rw)) to comy(G(g(z)), G(x))
or comg, both with probability 1/2. At the same time, due to (b)(ii), the (twice
underlined) subterm g(x) of the first argument s;; = s1 = G(g(z)) is rewritten

using the original rule g(z) — {l/2 : g%(z), 1/2 : x} to g(x) or =, both with
probability 1/2. So when rewriting s; = s = G(x) one can also perform the cor-
responding rewrite step on its flattened copy inside sy = s1 = G(g(x)). But the

ambiguity in Def. 25 also allows the step coms(G(g(z)), G(2)) —> pT(Rw) R 11/2
coms(G(g(x)), G(g(x)), G(x)), 1/2:com1(G(g(x)))} that does not simulate any origi-
nal rewrite step with R,,. Therefore, the approach of [28] is not complete in the
probabilistic setting.

In [28], there is also an analogous rewrite relation for PTRSs, where one can
apply the same rule simultaneously to the same subterms in a single rewrite step.

Definition 26 (—> ). For a normalized term comy,(si,...,s,) and a PTRS R,
let comy, (51, ..., 8,) —> R {P1:b1y ..y Dr bk} if there are L—{p1:71,... . pp:7r} € R,
a position 7, a substitution o, and an 1<i< n with s;|r =lo € ANFg, and for all
1< j< k we have b; = com,,(t],...,tJ) where

(a) t] = si[rjolx for all1 < j <k, i.e., we rewrite the term s; using R.
(b) For every 1 <i' <mn with i’ # i we have

(i) t], =sy foralll1<j<k or

(ii) ), = si[rjol. for all1 < j <k, if sy|. = Lo for some position T.

The DT framework of [28] works on (probabilistic) DT problems (P, R), where
P is a PPTRS and R is a PTRS. To analyze a PTRS R, one starts with the DT
problem (DT (R),R). For the chain criterion for DTs, one uses a notion of chain
trees that is defined as follows. € = (V, E, L, P) is a (P, R)-chain tree (CT) if

1. (V,E) is a (possibly infinite) directed tree with nodes V # @ and directed
edges E CV x V where vE = {w | (v,w) € E} is finite for every v € V.
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[\V]

LV = (0,1 x T (Z]#, V) labels every node v by a probability p, and a term
t,. For the root v € V of the tree, we have p, = 1.

3. P C V \ Leaf (where Leaf are all leaves) is a subset of the inner nodes to

indicate whether we use P or R for the next rewrite step. R =V \ (Leaf U P)

are all inner nodes that are not in P. Thus, V = PW R W Leaf.

4. For all ve P: If vE={wy, ..., wi}, then t, —>px {p][’)wl Sty 2 okt b

5. For allv € R: If vE = {wy,...,ws}, then t, —> {PZ;? N pka Sty b
6. Every infinite path in ¥ contains infinitely many nodes from P.

Again, one defines |T|Lear = Y, crear Po and says that (P, R) is iAST if |T|Lear = 1
for all (P, R)-CTs T. This yields a chain criterion which is only incomplete, i.e.,
here we only have “if” instead of “iff”.

Theorem 27 (Chain Crit. of [28]). A PTRS R is iAST if (DT (R),R) is iAST.

Lemma 28 (Incompleteness of Chain Criterion for Rinp). The DT Problem
(DT(RincpI);Rincpl) is not 1AST.

Proof. Consider Rincpl from Ex. 5 with the rules

a—{1:f(h(g),g)} h(by) = {1:a}
g — {/2:by,1/2: by} f(z,by) — {1:a}

The set DT (Rincpl) consists of the dependency tuples

— {1 : {comy(F(h(g),g), H(g), G, G),f(h(g).8))}
— {1/2: (comg, by}, /2 : (comg, ba)}

— {1: (comi(A),a)}

— {1: (comy(A),a)}

Now we obtain the following (DT( incpl)s Rincpl)-chain tree T with |T|iear = 0 that
uses both —> p7(Ri) Rine A0 —> R, for the edge relation:

(Aa

(G,
(H(b ) h(b )

\/\/\/\/

incpl

comy (F(h(z), £). H(g), . ©) |

[+

coma(F(h@,bl)‘H(bl),g)| |1/2

| 12

comg (F(h(g), ba), H(bg), G) |

|1/4 ComQ(F(h(b1)=b1>‘H(b|))||1/4 com2<F<h<b2>,b1>,H<bm|1/4 com2<F<h(b.>,b2>,H<b2>>||1/4 comz(F(h<b2>.bz>,H<b2>>|
1

|1/4 comz(F(h(bl),bl),A)l |1/4 comQ(F(h(bz),bl),A)l ’ comz(A,H(bz))
J

comg (A, H(bg))

The part marked with a circle has the following form:
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| 1| coma (F(a, bp), H(b2)) |
i\

com3 (F(F(h(8). £). b2). H(b2)) |

[

comy (F(F(h(g), b1), b), H(b2)) | [1/2

| 1/2

coma (F(F(h(g). b) . b2), H(b2)) |

A —
comg (F(f(h(b1), b2), b2), H(b2))

N
| 1/4 |coma (F(f(h(b1), b1), ba), H(bo)) | 1/4

|1/4 comy (F(f(h(bg), ba), bg), H(b2))

coms (F(f(h(bg), b1) . b), H(b3)) | [1/4

NF.
7?'incpl

| 1/4

comy (F( 1b2) H(b3) | /4

comy (F( +bz) H(b2)) |

| 1/4

comg (F(2, bz). Hibp)) |

This tree has the form of the RST from Ex. 5 with the additional context
comy(F(O, by), H(by)) around it. Again, the part inside this context will reach
a normal form with probability 1 and afterwards, e.g., at the node labeled with
coms(F(f(h(b2),b1),b2),H(bs2)), we can rewrite F(...) with the DT to A, which
yields comy (A, H(b2)) in the gray node. In this way, one obtains infinitely many
nodes labeled with coms (A, H(bs)) whose probabilities add up to /4 (in the tree
we depicted this by a gray node instead).

Note that this tree satisfies the conditions (1)-(5) of a CT, but it does not satisfy
condition (6) as the part corresponding to the circle contains infinite paths without
P nodes. We have to additionally cut these infinite paths to create a valid CT T
and show that we still have |¥|ieas < 1. Since these infinite subtrees of the parts
that do not use any DTs are all iAST, we can use the same idea as in the proof of
the P-Partition Lemma of [29, Lemma 50] (see also Lemma 33). The variant of
the P-Partition Lemma that we apply here is called Cutting Lemma (Lemma 30)
below. Then we obtain the desired (DT (Rincpt); Rincpt)-CT T with |T|rear < 1.

The problem with this CT is that when applying a DT to rewrite the underlined
G in the child of the root, then one should not rewrite both flattened copies g in
comy(F(h(g),g),H(g),G,G). The reason is that G either corresponds to the two
flattened copies g in the arguments of h and H or to the flattened copy g in the second
argument of F. This “wrong” rewriting yields terms like coma(F(h(b2), b1), H(b1))
which do not correspond to any terms in the original RST since the arguments of h
and H are different. Indeed, while the corresponding term f(h(bz),by) in the RST
is a normal form, coms(F(h(bs),b1),H(by)) contains the subterm H(b;) which is

not a normal form. 0

We first recapitulate the notion of a sub-chain tree from [29].

Definition 29 (Subtree, Sub-CT). Let (P,R) be a DT problem and let T =
(V,E, L, P) be a tree that satisfies Conditions (1)-(5) of a (P,R)-CT. Let W CV
be non-empty, weakly connected, and for all x € W we have ctENW = & or
xENW =aE. Then, we define the subtree (or sub-CT if it satisfies Condition (6)
as well) TW] by TW] = (W, EN (W x W), LW PN (W \ Wieat)). Here, Wicas
denotes the leaves of the tree GXWI = (W, En (W x W)) so that the new set
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PN (W \ Wieat) only contains inner nodes. Let w € W be the root of GV, Ty
ensure that the root of our subtree has the probability 1 again, we use the labeling

LYV (x) = (;’—g :t%) for all nodes x € W. If W contains the root of (V, E), then we

call the sub-chain tree grounded.

The property of being non-empty and weakly connected ensures that the
resulting graph G*["1 is a tree again. The property that we either have ztENW = @
or tE NW = zE ensures that the sum of probabilities for the successors of a node
x is equal to the probability for the node x itself.

We say that a CT (or RST) ¥ converges (or terminates) with probability p € R
if we have |T|Lear = p. Now we can prove the cutting lemma that is needed for the
proof of Lemma 28.

Lemma 30 (Cutting Lemma). Let (P,R) be a DT problem, let T = (V,E, L, P)
be a tree that only satisfies Conditions (1)-(5) of a (P,R)-CT, and let T converge
with probability < 1. Assume that every subtree that only contains nodes from R
converges with probability 1. Then there exists a subtree T’ that converges with

probability < 1 such that every infinite path has an infinite number of nodes from
P, ie., T is avalid (P,R)-CT as it now also satisfies Condition (6).

Proof. Let ¥ = (V, E, L, P) be a tree that only satisfies Conditions (1)-(5) of a
(P, R)-CT with |¥|Lear = ¢ < 1 for some ¢ € R. Since we have 0 < ¢ < 1, there is

an € > 0 such that ¢+ ¢ < 1. Remember that the formula for the geometric series
is:

Z<1> :L foralldERsuchthati<1

— d d—1’ |d|
Letd:%—i—Z. Now, we haveé: %i_z < 1 and:
1 1 1 1 1 = /1\"
—+l< 42 -—+l<de -<d-1e—<e& -] < 17
€+ 5+ 5+ € d—1°° nz::l<d) e (7)

We will now construct a subtree ¥ = (V/, E’, L', P’) such that every infinite path
has an infinite number of P nodes and such that

) 00 1 n
‘S ‘Leaf S |‘I‘Leaf + Z (d (18)

n=1

and then, we finally have

, (18) = /1\" = /1\" an
|T|Leaf < |{Z|Leaf+n;<d> C+;<d> < c+e<l

The idea of this construction is that we cut infinite subtrees of pure R nodes as
soon as the probability for normal forms is high enough. In this way, one obtains
paths where after finitely many R nodes, there is a P node, or we reach a leaf.

The construction works as follows. For any node « € V, let £L(z) be the number
of P nodes in the path from the root to . Furthermore, for any set W C V and
keN/let LW,k)={zeW |L(x) <kV(zePALEx)<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 © € £(W, k) is not in P, then we have at most k nodes from P
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in the path from the root to x and if x € £(W, k) is in P, then we have at most
k 4+ 1 nodes from P in the path from the root to . We will inductively define a set
Ur C V such that Uy € £(V, k) and then define the subtree as T = T[U,cy Url-

We start by considering the subtree Ty = T[£(V,0)]. This tree only contains
nodes from R. While the node set £(V,0) itself may contain nodes from P, they
can only occur at the leaves of ¥y, and by definition of a subtree, we remove every
leaf from P in the creation of Ty. Using the prerequisite of the lemma, we get
|%olLear = 1. In Fig. 1 one can see the different possibilities for Ty. Either Ty is
finite or ¥ is infinite. In the first case, we can add all the nodes to Uy since there
is no infinite path of pure R nodes. Hence, we define Uy = £(V,0). In the second
case, we have to cut the tree at a specific depth once the probability of leaves is
high enough. Let dg(y) be the depth of the node y in the tree ¥y. Moreover, let
Dy(k) ={z € £(V,0) | do(y) < k} be the set of nodes in Ty that have a depth of
at most k. Since |Tp|reasr = 1 and |+ |reas IS monotonic w.r.t. the depth of the tree
%o, we can find an Ny € N such that

1
> Py =1

z€Leaf¥0,do ()< No

Here, Leaf® and p> denote the set of leaves and the probability of the node x in
the tree T, resp.

We include all nodes from Dg(Ng) in Uy and delete every other node of Tp. In
other words, we cut the tree after depth NVy. This cut can be seen in Fig. 1, indicated
by the dotted line. We now know that this cut may increase the probability of
leaves by at most é. Therefore, we define Uy = Do(Np) in this case.

(a) T, finite (b) T, infinite

Fig. 1: Possibilities for T,
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For the induction step, assume that we have already defined a subset U; C £(V, ).
Let H; ={x € U; |z € P,L(x) =i+ 1} be the set of leaves in T[U;] that are in P.
For each x € H;, we consider the subtree that starts at x until we reach the next
node from P, including the node itself. Everything below such a node will be cut.
To be precise, we regard the tree T, = (Vi, E;, Ly, Py) = T[L(xE*, i+ 1)]. Here,
xE* is the set of all nodes that are reachable from z by arbitrary many steps.

First, we show that [T, |Lear = 1. For every direct successor y of x, the subtree
T, = T,[yE}] of T, that starts at y does not contain any nodes from P. Hence,
we have |Ty|rear = 1 by the prerequisite of the lemma, and hence

|iz|Leaf = Z py : |‘3:y|Leaf = Z py 1= Z py =1

yexk yexE yeExE

For the construction of U; 1, we have the same cases as before, see Fig. 1. Either
T, is finite or T, is infinite. Let Z, be the set of nodes that we want to add to our
node set U;11 from the tree T,. In the first case we can add all the nodes again
and 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) = {z € V,; | dy(2) < k} be the set of nodes
in T, that have a depth of at most k. Since |T;|rear = 1 and | - |Lear IS monotonic
w.r.t. the depth of the tree ¥,, we can find an N, € N such that

NN o1
e >1— | - :
Z by = <d) |H;|

yE€Leat¥= ,d; (y) <N,

We include all nodes from D, (N,) in U;;1 and delete every other node of T,. In
other words, we cut the tree after depth INV,. We now know that this cut may increase

the probability of leaves by at most (é)ﬂrl . ﬁ Therefore, we set Z, = D, (N,).

We do this for each € H; and in the end, we set U; 1 = U; U Ueri .

It is straightforward to see that | J, .y Uy satisfies the conditions of Def. 29, as we
only cut after certain nodes in our construction. Hence, ( J oy Ur is non-empty and
weakly connected, and for each of its nodes, it either contains no or all successors.
Furthermore, ¥ = | J; cy Uk is a sub-chain tree which does not contain an infinite
path of pure R nodes as we cut every such path after a finite depth.

It remains to prove that |¥'|reat < [Tlreat + 2 ey (é)n holds. During the i-th
iteration of the construction, we may increase the value of |¥|Leas by the sum of all
probabilities corresponding to the new leaves resulting from the cuts. As we cut
at most |H;| trees in the i-th iteration and for each such tree, we added at most

a total probability of (é)wrl . |I_},‘ for the new leaves, the value of |¥|1ear might

1 i+1 1 1 i+1
H|- (= . (=
il (d) H (d)

in the i-th iteration, and hence in total, we then get

00 1 n
!
|‘I |Leaf S |‘Z|Leaf + nzl (d) )

increase by
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as desired (see (18)). O

Next, we want to prove our new chain criterion for ADPs (Thm. 12), which is
both sound and complete. Due to our new definition of ADPs, this proof is easier
than for the probabilistic chain criterion that is only sound from [28] (Thm. 27).
We start by defining an important set of positions that we will use throughout the
proof.

Definition 31 (posp.s). Let R be a PTRS. For a termt € T (X,V) we define
POSpoes(t, R) = {7 | m € posp(t),t|x ¢ NFr}. Here, NFr again denotes the set of
all normal forms w.r.t. R.

S0 pOSpyes(t, R) contains all positions of subterms of ¢ that may be used as
a redex now or in future rewrite steps, because the subterm has a defined root
symbol and is not in NFg.

Ezample 32. Consider the following PTRS R over a signature with D = {f, g} and
C = {a,s} with the rules f(a,a) — {1 :s(f(g,g))} and g — {1 : a}. For the term
t = s(f(g,g)) we have posp,.(t, R) = {1,1.1,1.2}.

Finally, for two (possibly annotated) terms s,¢ we define s = ¢ if b(s) = b(¢).
Theorem 12 (Chain Criterion). R is iAST iff DP(R) is iAST.

Proof. In the following, we will often implicitly use that for an annotated term
t €T (X#,V), we have b(t) € ANFr iff t € ANFpp () since a rewrite rule and its
corresponding canonical annotated dependency pair have the same left-hand side.

Soundness: Assume that R is not iAST. Then, there exists an innermost R-RST ¥ =
(V, E, L) whose root is labeled with (1 : t) for some term ¢ € T (X, V) that converges
with probability < 1. We will construct a DP(R)-CT ' = (V,E, L',V \ Leafrr')
with the same underlying tree structure and an adjusted labeling such that p? = p¥

for all x € V| where all the inner nodes are in P. Since the tree structure and the
probabilities are the same, we then get |¥|ieasr = |T'|reas. T0 be precise, the set of
leaves in ¥ is equal to the set of leaves in ¥, and they have the same probabilities.
Since |¥|Leasr < 1, we thus have |T|reas < 1. Hence, there exists a DP(R)-CT ¥’
that converges with probability < 1 and DP(R) is not iAST either.

We construct the new labeling L’ for the DP(R)-CT inductively such that for
all inner nodes x € V \ Leaf with children nodes zE = {y1,...,yx} we have

tl, <i—>DP(R) {Z;’l : t;l,...,% tty, }- Let X €V be the set of nodes z where we
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have already defined the labeling L’ (x). During our construction, we ensure that
the following property holds:

For every node z € X we have t, = ¢/, and posp,s(tz, R) C pospx (t,,). (19)

This means that the corresponding term ¢, for the node z in ¥ has the same
structure as the term ¢/, in ¥’, and additionally, all the possible redexes in t,
are annotated in ¢/.. The annotations ensure that we rewrite with Case (PR) of
Def. 11 so that the node x is contained in P. We label the root of " with #p(t).
Here, we have t = #p(t) and posp,(t,R) C posp(t) = posp# (#p(t)). As long
as there is still an inner node z € 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;l yeen ,tfyk for the nodes y1,...,yk. Since
x is not a leaf, we have t, 5 {%1 Tlypy s %
rule £ — {p1 : r1,...,pk : Tk} € R, a position 7, and a substitution o such that
ty|x = Lo € ANFr. Furthermore, we have t,, = t,[r;o], for all 1 < j < k. So the
labeling of the successor y; in T is L(y;) = (py - pj : tz[rjoly) forall 1 < j < k.

The corresponding ADP for the rule is £ — {p1 : #p(r1), ..., 0k : #p(rg) }™e.
Furthermore, 7 € pospss(tz; R) S(rar) Posp# (t,) and t, =1 t,,. Hence, we can
rewrite ¢/, with £ — {py : #p(r1),..., 0k : #p(rE) }'™e, using the position = and
the substitution o, and Case (PR) of Def. 11 applies. We get ¢/, <i—>DP(R) {p1:
typs oDk ¢ by, b with ¢ = ¢, [#p(rj)olx by (PR). This means that we have
ty, = t;ﬁ. It remains to prove posp(ty,, R) € posps (t;j) for all 1 < j < k. For all
pOsitions 7 € pPOSpygs(ty;, R) = POSpyss(tz[7j0]x, R) that are orthogonal or above
7, we have 7 € pospss(tz, R) S(ra) Posp# (1), and all annotations orthogonal or
above 7 remain in t;j as they were in t/,. For all positions 7 € posp.(ty,, R) =
POSposs(tz[10]x, R) that are below 7, we know that, due to innermost evaluation,
at least the defined root symbol of a term that is not in normal form must be
inside 7, and thus 7 € posp« (1), ), as all defined symbols of r; are annotated in
ty, = ty[#np(rj)olr. This ends the induction proof for this direction.

: ty, }. This means that there is a

Completeness: Assume that DP(R) is not iAST. Then, there exists a DP(R)-
CT ¥ = (V,E, L, P) whose root is labeled with (1 : ¢) for some annotated term
teT (Z# , V) that converges with probability < 1. We will construct an R-RST
%' = (V, E, L") with the same underlying tree structure and an adjusted labeling
such that pT = pX for all z € V. Since the tree structure and the probabilities are
the same, we then get |%'|1eas = |T|Lear < 1. Therefore, there exists an R-RST ¥’
that converges with probability < 1. Hence, R is not 1AST either.

We construct the new labeling L’ for the R-RST inductively such that for
all inner nodes x € V \ Leaf with children nodes zE = {y1,...,yx} we have
t e {’% S % :ty, }- Let X CV be the set of nodes x where we have
already defined the labeling L’(x). During our construction, we ensure the following
property:

For every node = € X we have t, = ¢/, and pospx(t,,) = @. (20)
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This means that the corresponding term ¢, for the node z in ¥ has the same
structure as the term ¢/, in ¥', and additionally, it contains no annotations. We
label the root of ¥ with b(t). Here, we have ¢t = b(t) and posp«(b(t)) = @. As long
as there is still an inner node z € X such that its successors are not contained in
X, we do the following. Let F = {y1,...,yx} be the set of its successors. Since
is not a leaf, we have t, ci—>DP(R) {% o AP % : ty, ;. This means that there
is an ADP ¢ — {p1 : #p(r1),..., 0k : #p(rr)}'™ € DP(R), a position 7, and a
substitution o such that b(t,|,) = fo € ANFr. Furthermore, we have t,, = t;[r;o],
or t,, = t[#p(rj)o]z forall 1 <j < k.

The original rule for the ADP is £ — {py : r1,...,pi : 7 }. Furthermore, we
have t, =gy t,,. Hence, we can rewrite t, with £ — {py : 71,...,px : 71}, using
the position 7 and the substitution o, since t |, = fo € ANFr (as pospx (t),) = @).
We get t! S {p1: By > Dk o ty, } with ¢, =t} [r;0]. This means that we have
ty, =(rm) ty, and pospx (ty ) = @ for all 1 < j <k, which ends the induction proof
for this direction. O

Next, we prove the theorems regarding the processors that we adapted from
[28] to our new ADP framework. We will see that the proofs become way more
readable compared to [28] (even though they are still more complicated than in
the non-probabilistic setting). First, we repeat two lemmas from [28] and prove the
theorems on the processors afterwards. We start with the P-partition lemma. This
lemma was proven in [28] and still applies to our new ADP problems, since the
structure of CTs are the same as in [28].

Lemma 33 (P-Partition Lemma, [28]). Let P be an ADP problem and let
T = (V,E,L,P) be a P-CT that converges with probability < 1. Assume that we
can partition P = Py W Py such that every sub-CT that only contains P-nodes from
Py converges with probability 1. Then there is a grounded sub-CT %' that converges

with probability < 1 such that every infinite path has an infinite number of nodes
from Py.

Proof. Analogous to the proof for Lemma 30. O

Next, we recapitulate the starting lemma. W.l.o.g., we will often assume that
we label the root of our CT with (1 : t) for an annotated term t such that
b(t) = sf € ANFp for a substitution 6 and an ADP s — ... € P, and pospx(t) = {e}.

Lemma 34 (Starting Lemma, [28]). If an ADP problem P is not iAST, then
there exists a P-CT T with |¥|reasr < 1 that starts with (1 : t) with b(t) = s € ANFp
for a substitution 0 and an ADP s — ... € P, and posp«(t) = {¢}.
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Proof. We prove the contraposition. Assume that every P-CT T converges with
probability 1 if it starts with (1 : ¢) and b(¢t) = sf € ANFp for a substitution
and an ADP s — ... € P, and pospx(t) = {¢}. We now prove that then also
every P-CT T that starts with (1 : ¢) for some arbitrary term ¢ converges with
probability 1, and thus P is iAST. We prove the claim by induction on the number
of annotations in the initial term t.

If ¢ contains no annotation, then the CT starting with (1 : ¢) is trivially finite
(it cannot contain an infinite path, since there are no nodes in P) and hence, it
converges with probability 1. Next, if £ contains exactly one annotation at position
7, then we can ignore everything above the annotation, as we will never use a P-step
above the annotated position. If ¢|, is in normal form, then the claim is again
trivial. If we have t|; = so for some ADP s — ... € P and some substitution o
such that ¢|, = s0 € ANFp and posp# (t|z) = {€}, then we know by our assumption
that such a CT converges with probability 1. Otherwise, we can rewrite below .
However, in this case, we have to eventually rewrite at position 7 in every infinite
path of the tree (as this is the only annotation in the beginning), hence again, such
a CT converges with probability 1 by assumption.

Now we regard the induction step, and assume that for a term ¢ with n > 1
annotations, there is a CT ¥ that converges with probability < 1. Here, our
induction hypothesis is that every P-CT ¥ that starts with (1 : ¢'), where ¢/
contains m annotations for some 1 < m < n converges with probability 1. Let
@1 = {7} and 3 = {x € pospx(t) | x # 7} for some T € pospx(t) and consider the
two terms #4, (t) and #4,(t), which contain both strictly less than n annotations.
By our induction hypothesis, we know that every P-CT that starts with (1 : #g, (¢))
or (1: #4,(t)) converges with probability 1. Let €1 = (V, E, L1, P1) be the tree
that starts with (1 : #g¢,(¢)) and uses the same rules as we did in . We can
partition P into the sets P; and P, = P\ P;. Note that every sub-CT of T such
that every infinite path has an infinite number of Pj-nodes is a P-CT again. In
order to use the P-Partition Lemma (Lemma 33) for the tree ¥, we have to show
that every sub-CT ¥} of ¥ that only contains P-nodes from P; converges with
probability 1. Let ) = (V', E', L', P") be a sub-CT of ¥ that does not contain
nodes from P». There exists a set W satisfying the conditions of Def. 29 such that
T} = Z[W]. Since T and ¥; have the same tree structure, T1[W] is a sub-CT of T;.
Moreover, 1 [W] is a P-CT, since the set W does not contain any inner nodes from
P,. Finally, since T1[W] is a sub-CT of a P-CT that converges with probability 1,
we know that T;[IW] must be converging with probability 1 as well.

Now, we have shown that the conditions for the P-Partition Lemma (Lemma 33)
are satisfied. We can now apply the P-Partition Lemma to get a grounded sub-CT
T of T with |T'|rear < 1 such that on every infinite path, we have an infinite
number of P, nodes. Let Ty be the tree that starts with #4,(¢) and uses the same
rules as we did in ¥'.

Again, all local properties for a P-CT are satisfied. Additionally, this time we
know that every infinite path has an infinite number of Py-nodes in ¥’, hence we
also know that the global property for ¥, is satisfied. This means that T is a P-CT
that starts with #g¢,(¢t) and with |Ta|ieasr < 1. This is our desired contradiction,
which proves the induction step. 0O
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Now we show soundness and completeness for all processors.

Theorem 14 (Probabilistic Dependency Graph Processor). For the SCCs
Pi, ..., Py of the P-dependency graph, Procpg(P) = {P1Ub(P\P1),..., P, Ub(P\
Pn)} is sound and complete.

Proof. Let X = X Ub(P\ X) for X C P.

Completeness: Every P;-CT is also a P-CT with fewer annotations in the terms. So
if some P; is not iAST, then there exists a P;-CT ¥ that converges with probability
< 1. By adding annotations to the terms of the tree, we result in a P-CT that

converges with probability < 1 as well. Hence, if P; is not iAST, then P is not
iAST either.

Soundness: Let & be the P-dependency graph. Suppose that every P;-CT converges
with probability 1 for all 1 <4 < n. We prove that then also every P-CT converges
with probability 1. Let W = {Py,...,P,} 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. The core steps of this proof are the following:

1. We show that every ADP problem X with X € W is iAST.
2. We show that composing SCCs maintains the iAST property.
3. We show that for every X € W, the ADP problem UX>%Y Y is iAST by

induction on >¢.
4. We conclude that P must be iAST.

Here, for two X7, Xy € W we say that X, is a direct successor of X; (denoted
X1 > Xo) if there exist nodes v € X; and w € X5 such that there is an edge
from v to w in &.

1. Every ADP problem X with X € W is iAST.
We start by proving the following;:

Every ADP problem X with X € W is iAST. (21)

To prove (21), note that if X is an SCC, then it follows from our assumption that
X is iAST. If X is a singleton set of a node that does not belong to any SCC,
then assume for a contradiction that X is not iAST. By Lemma 34 there exists an
X-CT T = (V,E, L, P) that converges with probability < 1 and starts with (1 : ¢)
where b(t) = sf € ANFp for a substitution 6 and some ADP s — {p; : 71,...,pg :
r6}™ € X, and pospx(t) = {e}. If s — ... ¢ X, then the resulting terms after
the first rewrite step contain no annotations anymore and this cannot start a CT
that converges with probability < 1. Hence, we have s — ... € X. Assume for a
contradiction that there exists a node € P in ¥ that is not the root and introduces
new annotations. W.1.o.G., let « be reachable from the root without traversing
any other node from P. This means that for the corresponding term ¢, for node x
there is a t' dy t, such that ¢’ = so’ € ANFp for some substitution ¢’ and the only
ADP s — ... € X (which is the only ADP that contains any annotations in the
right-hand side). Let (2o, ..., 2m) with z,, =  be the path from the root to z in
¥. The first rewrite step at the root must be s6 fi—>f {p1:7m0,...,pr: r0}. After
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that, we only use steps at non-annotated positions in the path since all the nodes
21, .-+, 2m—1 are contained in R. Therefore, we must have an 1 < j < k and a
t” <y r; such that ¢"#0 L):P(P) s#¢’, which means that there must be a self-loop
for the only ADP in X, which is a contradiction to our assumption that X is a
singleton consisting of an ADP that is not in any SCC of &.

Now, we have proven that the X-CT T does not introduce new annotations.
By definition of a P-CT, every infinite path must contain an infinite number of
nodes in P, i.e., nodes where we rewrite at an annotation. Thus, every path in T
must be finite, which means that ¥ is finite itself, as the tree is finitely branching.
But every finite CT converges with probability 1, which is a contradiction to our
assumption that ¥ converges with probability < 1.

2. Composing SCCs maintains the iAST property.
Next, we show that composing SCCs maintains the iAST property. More precisely,
we prove the following:

Let X C W and Y C W such that there are no X1, Xo ceXandYeY
which satisfy both X; >§ Y >§ Xo and Y € X, and such that there are
no Y1,Ys €Y and X € X which satisfy both Y7 >% X >% Yo and X ¢ V. If
both [Jyc ¢ X and Uy oy YV are iAST, then (Jy ¢ X UUy gy Y is 1AST.

(22)

To show (22), we assume that both |Jyc ¢ X and Jyoy Y are iAST. Let Z =

Uxex X UUyey Y. The property in (22) for X and Y says that a path between
two nodes from |J xex X that only traverses nodes from Z must also be a path
that only traverses nodes from (Jy.¢ X, so that (Jy .y Y cannot be used to
“create” new paths between two nodes from cx X, and vice versa. Assume for a
contradiction that Z is not iAST. By Lemma 34 there exists a Z-CT T = (V, E, L, P)
that converges with probability < 1 and starts with (1 : ¢) where b(t) = sf € ANFp
for a substitution # and an ADP s — ... € Z, and posp« (t) = {e}.

Ifs = ... ¢ Uxex XUUy ¢y Y, then the resulting terms contain no annotations
anymore and this cannot start a CT that converges with probability < 1. W.l.o.g.,
we may assume that the ADP that is used for the rewrite step at the root is in
Uxex X. Otherwise, we simply swap (Jy ¢ X with [Jy .y Y in the following.

We can partition the set P of our Z-CT ¥ into the sets

e P :={z € P| x together with the labeling and its successors represents a step
with an ADP from (Jy ¢ X}
[ ] P2 =P \ P1

Note that in the case of x € P, we know that = together with its successors and
the labeling represents a step with an ADP from P \ Uy X. We know that

every Jy ¢y Y-CT converges with probability 1, since [y oy Y is iAST. Thus, also

every Uy ¢y Y \ Uxex X-CT converges with probability 1 (as it contains fewer
annotations than (Jy .y Y). Furthermore, we have |T|.ear < 1 by our assumption.
By the P-Partition Lemma (Lemma 33) we can find a grounded sub Z-CT ¥’ =
(V',E',L’, P") with |¥'|Leas < 1 such that every infinite path has an infinite number
of Pj-edges. Since ¥ is a grounded sub-CT of ¥ it must also start with (1 : ¢).
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We now construct a | Jy ¢ X-CT T = (V', £/, L", P") with PyN P’ C P" that
has the same underlying tree structure and adjusted labeling such that all nodes
get the same probabilities as in T'. Since the tree structure and the probabilities
are the same, we then get |T'| ear = |T”|reas- T be precise, the set of leaves in ¥’
is equal to the set of leaves in ", and every leaf has the same probability. Since
|% |Leas < 1 we thus have |T”|peas < 1, which is a contradiction to our assumption
that ¢ X is iAST.

Fig. 2: Construction for this proof. Some nodes x € P> in ¥’ are removed from P,
which yields ¥”.

The core idea of this construction is that annotations introduced by rewrite
steps at a node x € P, are not important for our computation. The reason is that
if annotations are introduced using an ADP from (J, .y Y that is not contained
in Uy X, then by the prerequisite of (22), we know that such an ADP has no
path in the dependency graph to an ADP in (. ¢ X. Hence, by definition of the
dependency graph, we are never able to use these terms for a rewrite step with
an ADP from J cx X to introduce new annotations. We can therefore apply the
non-annotated ADP from J, .y Y to perform the rewrite step.

We now construct the new labeling L for the |y ¢ X-CT T” recursively. Let
Q C V be the set of nodes where we have already defined the labeling L”. During
our construction, we ensure that the following property holds:

For every € Q we have t/, =t/ and posp (t,)\ Junk(t,, X) C posps (t”). (23)

Here, for any term ¢/, let Junk(#,,, X) denote the positions of all annotated subterms
s <y t!, that can never be used for a rewrite step with an ADP from X , as indicated
by the dependency graph. To be precise, we define © € Junk(té,)?):(:) there is
no A € W with A >% X for some X € X such that there is an ADP £ — {p; :
T1,..., Pk : Tk} € A, and a substitution o with #. (¢, |x) I_>f1p(7>) (%0 € ANFp.
We start by setting ¢/ = ¢!, for the root v of ¥’. Here, our property (23) is clearly
satisfied. As long as there is still an inner node = € @ such that its successors are
not contained in @, we do the following. Let zF = {y1,...,yx} be the set of its

successors. We need to define the corresponding terms for the nodes y, ..., yx in
%", Since z is not a leaf and ¥’ is a Z-CT, we have ¢/, <'—>7 {I;ﬂ e Z;ﬂ tty b

and hence, we have to deal with the following two cases:
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1. If we use an ADP from UXeX X in ¥/, then we perform the rewrite step with
the same ADP, the same position 7, and the same substitution in ¥”. Since we
have 7, = (1) ty, we also get ¢}, =ty for all 1 < j < k. Furthermore, since we

rewrite at position 7 it cannot be in Junk(¢,, X), and hence, if 7 € pospx (t,),
then also m € pospx(t)) by (23). Thus, whenever we create annotations in
the rewrite step in ¥’ (a step with (p) or (pr)), then we do the same in T
(the step is also a (p) or (pr) step, respectively), and whenever we remove
annotations in the rewrite step in T’ (a step with (p) or (irr)), then we do
the same in ¥’ (the step is also either a (p) or (irr) step). Therefore, we also
get pospx () \Junk(t;j,f() C pospx(ty,) for all 1 < j < k and (23) is again
satisfied.

2. If we use an ADP from P\ Uy.x X in ¥, and we use the ADP £ — {p; :
Tly.., Pk ¢ Tk}, then we can use £ — {p; : b(r1),...,pr : b(rx)}"™ instead,
with the same position 7, and the same substitution. Note that if 7 € posp# (),
then all the annotations introduced by the ADP are in Junk(t; ,X) for all
1 <j <k, since the used ADP is not in |y ¢ X and by (22) we cannot use
another ADP to create a path in the dependency graph to a node in (Jy . ¢ X
again. Otherwise, we remove the annotations during the application of the rule
anyway. Again, (23) is satisfied.

We have now shown that (22) holds.

3. For every X € W, the ADP problem UX>%Y Y is iAST.
Using (21) and (22), by induction on > we now prove that

for every X € W, the ADP problem Jy. .y Y is iAST. (24)

Note that > is well founded, since & is finite.

For the base case, we consider an X € W that is minimal w.r.t. >¢. Hence, we
have UX>:;5Y Y = X. By (21), X is iAST.

For the induction step, we consider an X € W and assume that UY>% 4z 2 is
iAST for every Y € W with X >& V. Let Succ(X) = {Y e W | X > Y} =
{Y1,...Y,,} be the set of all direct successors of X. The induction hypothesis states
that UYu>Zs 5 Z is iAST for all 1 < u < m. We first prove by induction that for all
IL<u<m, U<z, UYi>’&ZZ is 1AST.

In the inner induction base, we have u = 1 and hence J;<;<, Uy~ Z =
<i<u VYi>y

UY1>Z,)Z Z. By our outer induction hypothesis we know that UY1>’[,5Z Z is iAST.

In the inner induction step, assume that the claim holds for some 1 < u < m.
Then UY Z is iAST by our outer induction hypothesis and
Ui<i<u UngZ Z is 1AST by our inner induction hypothesis. By (22), we know
that then U;<;<,, 41 UYD%Z Z is 1AST as well. The conditions for (22) are clearly
satisfied, as we use the reflexive, transitive closure >§ of the direct successor
relation in both |, <, <, UY»;Z Z and UYu+1>gZ Z.

Now we have shown that (J;<;<,, UYi>’g,Z Z is iAST. We know that X is iAST

by our assumption and that (U, <;<,, UYi>gZ Z is 1AST. Hence, by (22) we obtain

H1> Z
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that UX>:;5Y Y iAST. Again, the conditions of (22) are satisfied, since X is strictly

greater w.r.t. >JQg than all Z with Y; >% Z.

4. P is iAST.

In (24) we have shown that (Jy. . Y for every X € W is iAST. Let X,..., X,,
&

€ W be the maximal elements of W w.r.t. >g. By induction, one can prove that
Ui<i<u UXi>gY Y is 1AST for all 1 < u < m by (22), analogous to the previous

induction. Again, the conditions of (22) are satisfied as we use the reflexive,
transitive closure of >¢. In the end, we know that J, -, -, UXi>*®Y Y =P isiAST
and this ends the proof. O

Theorem 16 (Usable Terms Processor). Let {1 € T (X,V) and P be an ADP
problem. We callt € T (E#, V) with root(t) € D# usable w.r.t. £1 and P if there
are substitutions o1,09 and an o — ps € P where py contains an annotated
symbol, such that #.(t)oq i—>;p(7,) @Eag and both 101 and ¢20o are in ANFp. Let
be p(s) result from s by removing the annotations from the roots of all its subterms
that are not usable w.r.t.  and P, i.e., pospx (brp(s)) = {m € pospx(s) | sl is
usable w.r.t. 1 and P }. The transformation that removes the annotations from
the roots of all non-usable terms in the right-hand sides of ADPs is Tyr(P) =
{l—={p1 : bep(r1),....0k = bep(ri)}™ | L —={p1 : r1,...,0k : 7i}™ € P}. Then
Procyr(P) = {Tur(P)} is sound and complete.

Proof.

Completeness: Every Tyr(P)-CT is also a P-CT with fewer annotations in the
terms. So if Tyr(P) is not iAST, then there exists a Tyr(P)-CT T that converges
with probability < 1. By adding annotations to the terms of the tree, we result in
a P-CT that converges with probability < 1 as well. Hence, if Tyr(P) is not iAST,
then P is not iAST either.

Soundness: Let P be not iAST. Then by Lemma 34 there exists a P-CT T =
(V,E, L, P) that converges with probability < 1 whose root is labeled with (1 : ¢)
and b(t) = sf € ANFp for a substitution § and an ADP s — ... € P, and
pospx(t) = {e}. We will now create a Tyr(P)-CT ' = (V, E, L', P), with the same
underlying tree structure, and an adjusted labeling such that pX = p¥ for all
x € V. Since the tree structure and the probabilities are the same, we then get
|Z |Leas = |T|rear < 1, and hence Tyr(P) is not iAST either.

We now construct the new labeling L’ for the Tyr(P)-CT T’ recursively. Let
X C V be the set of nodes where we have already defined the labeling L’. During
our construction, we ensure that the following property holds for every node = € X:

For every x € X we have ¢, = t,, and pospx(t;) \ Junk(¢,) C posp«(t,). (25)

Here, for any annotated term t,, let Junk(¢,) denote the set of all positions of
annotations in ¢, that will never be used for a rewrite step in . To be precise,
we define Junk(t,) recursively: For the term ¢ at the root, we define Junk(t) = @.

For a node y; for some 1 < j < h with predecessor = such that ¢, <i—>7; {Z;*% :
Pyp,

byry oo P ty, } at a position 7, we define Junk(t,,) = {p | p € Junk(t,), 7 £ p}
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if 7 ¢ posp#(t,), and otherwise, we define Junk(t,,) = {p | p € Junk(t,), 7 £ p}
U Junk((tz)i,‘l). Here, we have p € Junk((tm)i,‘f), if p=m.7 and 7 € pospx(7;),
for the used ADP ¢ — {p1: P1yoe oy Ph fh}m/, and there is no (not necessarily
direct) successor node in ¥ that rewrites at position p without rewriting above
position p before.

We start with the same term ¢ at the root. Here, our property (25) is clearly
satisfied. 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 2 E = {y1,...,yr} be the set of its
successors. We need to define the terms for the nodes y1, ...,y in T'. Since z is not
a leaf and T is a P-CT, we have t, S {’;’; N I;’f : ty, }- If we performed a
step with < using the ADP ¢ — {py : r1,...,px : 7£}™, the position 7, and the
substitution o in ¥, then we can use the ADP £ — {p1 : by p(r1), ...,k : Do, p(ri)}™
with the same position 7 and the same substitution o. Now, we directly get ¢, = t;j
and posp# (ty,) \ Junk(ty,) C posps(ty ) for all 1 < j < k since the original rule
contains the same terms with more annotations, but all missing annotations are in
Junk(t;) by definition of by p(r;) for each 1 < j < k. O

Theorem 17 (Prob. Usable Rules Processor). For an ADP problem P and
feX#, let Rulesp(f) = {¢ — p'™ € P | root() = f}. For any teT (X#,V), its
usable rules Up(t) are the smallest set with Up(x) = @ for all x € V and Up(f(t1,

costn)) = Rulesp (f) UUZ, Up (i) U Uy, jinecrutesp (1) resupp(u) UP (0(1)), other-
wise. The usable rules for P are U(P) = UZ%#,HGPWGSHPP(M@#TUp(t#). Then
Procg(P) = {UP) U {l — pflse | £ — y™ € P\U(P)}} is sound and complete,
i.e., we turn the flag of all non-usable rules to false.

Proof. Let P =U(P)U{l — pfle | ¢ — ™ € P\U(P)}.

Completeness: Every P-CT is also a P-CT with fewer annotations in the terms.
So if P is not iAST, then there exists a P-CT T that converges with probability
< 1. By adding annotations into the terms of the tree, we result in a P-CT that

converges with probability < 1 as well. Hence, if P is not iAST, then P is not iAST
either.

Soundness: Assume that P is not iAST. Then by Lemma 34 there exists a P-CT
% = (V,E, L, P) that converges with probability < 1 whose root is labeled with
(1:¢) and b(t) = sf € ANFp for a substitution 6 and an ADP s — ... € P, and
pospy (t) = {<}.

By the definition of usable rules, as in the non-probabilistic case, rules ¢ — p € P
that are not usable (i.e., £ — pu € P) will never be used below an annotated symbol
in such a P-CT. Hence, we can also view T as a P-CT that converges with
probability < 1 and thus P is not iAST. |

Theorem 19 (Probabilistic Reduction Pair Processor). Let Pol: T(X%#,
V) — N[V] be a weakly monotonic, multilinear polynomial interpretation. Let
P = P> WPs with P> # & such that:

(1) For every £ — {p1 :7r1,..., Dk : 7 1™ € P, we have
Pol(£) = 31 <j<i pj - Pol(b(r)).



36 J.-C. Kassing, S. Dollase, J. Giesl

(2) For every £ — {p1 :71,...,pk : 1™ € P, we have
Pol(¢#) > Z1§jgkpj ‘ Ztg#rj Pol(t#).

(3) For every £ — {p1 : T1,...,pk : Tk}™ € Ps, there exists a 1 < j < k with
Pol(¢#) > Ztﬂ#” Pol(t#).
If m = true, then we additionally have Pol(£) > Pol(b(r;)).

Then Procee(P) = {P> Ub(P~)} is sound and complete.

Proof. Let P = P> Ub(P-).
Completeness: Every P-CT is also a P-CT with fewer annotations in the terms. So
if P is not iAST, then there exists a P-CT T that converges with probability < 1.

By adding annotations to the terms of the tree, we result in a P-CT that converges
with probability < 1 as well. Hence, if P is not iAST, then P is not iAST either.

Soundness: This proof uses the proof idea for AST from [33]. The core steps of the
proof are the following:

(I) We extend the conditions (1), (2), and (3) to rewrite steps instead of just rules
(and thus, to edges of a CT).

(IT) We create a CT T=V for any N € N.

(III) We prove that TN |peas > pN. for any N € N.

(IV) We prove that |T<V | eas = 1 for any N € N,

(V) Finally, we prove that |T|Lear = 1.

Parts (IT) to (V) remain completely the same as in [28]. We only show that we can
adjust part (I) to our new rewrite relation and new annotated dependency pairs.
(I) We extend the conditions to rewrite steps instead of just rules

We set V(s) = Etg#s Pol(¢#), and show that the conditions (1), (2), and (3) of
the lemma extend to rewrite steps instead of just rules:

(a) If s = {p1 : t1,...,pr : tx} using a rewrite rule £ — {p1 : r1,...,pk : T}
with Pol(¢) > Pol(r;) for some 1 < j < k, then we have Pol(s) > Pol(t;).

(b) If a <i—>73 {p1:b1,...,pk : by} using the rule £ — {p1 : r1,...,px : rx}™ € P>
at a position m € pospx(s), then V(a) > V(b;) for some 1 < j < k.

(c) If s = {p1 : t1,...,pk : t} using a rewrite rule £ — {py : 71,...,pp : T}
with Pol(0) > >7, < ;. pj - Pol(r;), then Pol(s) > 37, ;<) pj - Pol(t;).

(d) If @ <=5 {p1 : b1,...,pr : by} using the rule £ — {p1 : ry,...,pp : 76}™ € P,
then V(a) = >y ;< pj - V(b)).

(a) In this case, there exist a rule £ — {py : r1,...,pi : 7} with Pol(¢) > Pol(r;)

for some 1 < j < k, a substitution o, and a position 7 of s such that s|, =
lo € ANFp, and t; = s[rjol, forall 1 <j <k.
We perform structural induction on 7. So in the induction base, let 7 = €.
Hence, we have s = {o — {p; : r10,...,py : Tk0'}. 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;o we have

Pol(s) = Pol(¢o) > Pol(r;o) = Pol(t;).
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In the induction step, we have 7 = i.7’, s = f(51,...,54,...,5n), f € X, 5; =
{pl : ti71, ey PR ti,k}? and tj = f(Sl, . ,t1'7j, ey Sn) with ti,j = Si[’f‘j(f}ﬂ./ for
all 1 < j < k. Then by the induction hypothesis we have Pol(s;) > Pol(t; ;).
For t; = f(s1,...,tij,...,5n) We obtain

Pol(s) = Pol(f(s1,---,Siy---,8n))
= fpa1(Pol(s1),...,Pol(s;),...,Pol(sy,))
> frol(Pol(s1),...,Pol(t;;),...,Pol(sy))
(by weak monotonicity of fpo and Pol(s;) > Pol(t; ;))
= POl(f(Sl, .o ati,jv ey Sn))
= POl(tJ)

In this case, there exist an ADP ¢ — {p; : r1,...,pr : 7 }™ € P>, a substitution
o, and position m € pospx(a) with b(alr) = fo € ANFp and b; = a[r;o]. First,
assume that m = true. Let I; = {7 € posp«(a) | 7 < 7} be the set of positions
of all annotations strictly above 7, Iy = {7 € posp#(a) | 7 > 7} be the set of
positions of all annotations strictly below 7, and let Is = {7 € pospx(a) | 7 L7}
be the set of positions of all annotations orthogonal to 7. Furthermore, for each
1 € I let 7; be the positions such that i.7; = 7. By Requirement (3), there
exists a 1 < j < k with Pol(¢#) > Dty Pol(t#) and, additionally, Pol(¢) >
Pol(b(r;)) since m = true. As these inequations hold for all instantiations of
the occurring variables, we have

V(a) = ESS#QPOI(S#)
= Pol(#:(s|x)) + X, Pol(#e(ali)) + Xirer, Pol(#:(alir)) + 35/ ep, Pol(F#<(alir))
> POI(#E(S‘,\-)) + Ziell POI(#E(‘I“)) + Zi’elg POI(#E(‘I‘U))
= POI(#E(E)U) + Ziefl POI(#E(ali)) + Zi’elg POI(#E(a|i’))
(as #<(s|x) = #:(£)0)
> Yigyr; Pl(F#e(8)0) + 3 ic ) Pol(#e(ali)) + 205 ¢y Pol(#e(alir))
(as Pol(#<(¥)) > Z-?S#Tj Pol(#-:(s)), hence Pol(#.(¢)o) > ZSS#TJ' Pol(#-:(s)o))
2 Y ybyle POUFHe(8)) + 2ier, Pol(#e(alilrjolr;)) + 2y ey Pol(#e(alir)
(by Pol(£) > Pol(r;) and (a))

In case of m = false we additionally remove ), ; Pol(#:(ali[r;o]r,)), so that
the inequation remains correct.

In this case, there exists a rule £ — {p1 : r1,...,px : 7%} with Pol({) >
> 1<j<k Pj - Pol(r;), a substitution o, and a position 7 of s such that s[, =
lo € ANFp, and t, = s[rpo], for all 1 < h < k.

We perform structural induction on 7. So in the induction base m = & we have
s=Lo = {p1:710,...,pr 1 1o }. As Pol(£) > 37, pj - Pol(r;) holds for all
instantiations of the occurring variables, for t; = r;o we obtain

Pol(s) = Pol(¢o) > Z pj - Pol(rjo) = Z p; - Pol(t;).

1<j<k 1<j<k

In the induction step, we have m = 0.7/, § = f(S1,...,8i,..,5n), 8 — {p1 :
tit,o o Drtik),and t; = f(s1,.. .t ,...,8y) With ¢; j = s;[rjol foralll <
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j < k. Then by the induction hypothesis we have Pol(s;) > >, -, p;-Pol(t; ;).
Thus, we have o

Pol(s) = Pol(f(s1,--+,Siy---,Sn))
= fpol(Pol(s1),...,Pol(s;),...,Pol(sy,))
> fpo(Pol(s1), ..., Zlgjgkpj -Pol(t; ;),...,Pol(s,))
(by weak monotonicity of fpol and Pol(si) > 37, ;<) pj - Pol(ti ;)

— E1§j§kpj - fro1l(Pol(s1), ..., Pol(t; ;), ..., Pol(sy))
(as fpo is multilinear)

= Zlgjgkpj . POl(f(Sl7 e 7ti,ja .. 75n))
= Zlgjgkpj . POl(t])

(d) In this case, there exist an ADP ¢ — {p1 : r1,...,pr : 7:}™ € P, a substitution
o, and position 7 with b(a|,) = fo € ANFp and b; = a[rjo],. First, assume
that m = true and 7 € pospx(a). Let Iy = {7 € pospx(a) | 7 < 7w} be the set
of positions of all annotations strictly above 7, Iy = {7 € pospx(a) | 7 > 7}
be the set of positions of all annotations strictly below 7, and let I3 = {7 €
pospx(a) | 7L} be the set of positions of all annotations orthogonal to .
Furthermore, for each ¢ € I; let 7; be the position such that i.; = 7. By

Requirement (2), we have Pol(#:(£)) > 32, < <5 P - Etg#rj Pol(#.(t)) and by
(1) we have Pol(€) > 37, ;. pj - Pol(b(r;)). As these inequations hold for all
instantiations of the occurring variables, we have

V(a) = Ztﬂ#aPol(t#)
Pol(#<(alx)) + 2y, Pol(#e(ali)) + X, Pol(#c(aly)) + 3251 ¢ g, Pol(#e(alir))
Pol(#c(alx)) + Ziezl Pol(#c(al:)) + Ei’613 Pol(#c(al;))
Pol(#:(£)o) + Z(iell IPOI(##;(((J;;)))+ > irerg Pol(#e(aly))
2 <<k Pi Etﬂ#rja Pol(#c (1)) + X2;¢1, Pol(#<(ali)) + i/ 1y Pol(#<(alir))
(by Pol(#¢(£)) > Zlgjgk pj - Ztﬁ#rj POI(#a(t))v
hence Pol(#c(£)o) > Z1§j§k pj - Ztg#rja Pol(#:(t)))
> Zlgjgk pj - Ztg#rja Pol(#(t)) + Zie]l Zlgjgk pj - Pol(#s(ah[rja].,-i))
+ 2 irery Pol(#:(alir))
(by Pol(£) > Elgjgk p; - Pol(r;) and (c))
= Z1§j§k pj - Ztg#rja Pol(#(t)) + Z1§j§k Zz‘ell pj - POI(#E(ah[TjU}W))
+ > ire sy Pol(#e(alir))
=2 i<j<kPi- Ztg#rjo Pol(#<(t)) + 2 1<j<i Pi - 2oier, Pol(#e(alilrjols,))
+ Zi’613 Pol(#<(al;/))
= Z1§jgk pj - Zts]#/rjg Pol(#(t)) + Zlgjgk pj - Zie}l Pol(#a(ah[rjo},.i))
+ Zlgjgk pj - Zi’elg Pol(#<(al;1))
= 2aginPi (Ciayr, o Pol#e (1)) + Xier, Pol(#elalilrjolr,)) + i ey Pol(#e(alir)))
=2 i<j<kPi- Etg#bj Pol(t#)
= V(b;)

[IAvAI]

In case of 7 ¢ pospx(a), we remove Ztg#rjo Pol(t+#) in the end, and in case
of m = false we remove Zieh Pol(#:(al;[rjo]7))-

The rest is completely analogous to the proof in [28]. 0O
Finally, we prove soundness of the new rewriting processor.

Theorem 23 (Soundness of the Rewriting Processor). Proc, as in Def. 22
is sound if one of the following cases holds:
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1. Up(rj|+) is NO, and the rule used for rewriting r;|; is L and NE.

2. Up(rj|+) is NO, and all its rules have the form £’ — {1 : 1"} for some ', r'.

3. Up(rjl,) is NO, 7|, is a ground term, and rj <> {q1 : e1,...,qn : en} is an
mnermost step.

Proof. Let P’ =P UNU{l — {p1:b(r1),...,px : b(rx)}™} and P =P’ U {l —
{p1:71, - ok i1k }™} We call £ = {py : 71,...,pr : 7x}™ the old ADP, we call
C—={pr:r,.,pk et \{pj i} U{pj -q1:e1,...,pj - qn : ep}™ the new ADP,
and £ — {py : b(r1),...,pr : b(rg) }™ is called the non-annotated old ADP.

First Case

We start with the case where Up(r;|,) is NO and the used rule C— {p1:P1,.. pne
7} is L and NE. First, note that the rule used for rewriting ;| in the rewrite
processor is contained in Up(r;|,).? Since Up(r;|,) is NO, we can therefore be sure
that there is only a single rule applicable at position 7.

Let P be not iAST. Then there exists a P-CT T = (V, E, L, P) that converges
with probability ¢ < 1. We will now create a P’-CT ¥’ = (V', E’, L', P') such that
|T’|Leas < |T|rear < 1, and hence P’ is not iAST either.

The core steps of the proof are the following:

1. We iteratively remove usages of the old ADP using a construction ¢(o). The
limit of this iteration, namely () is a P’-CT that converges with probability
at most ¢ < 1, hence, P’ is not iAST.

1.1. For a P-CT ¥, that uses the old ADP at the root x at a position
7 € pospx(tz), we create a new P-CT &(T,) that uses the new ADP
at the root.

1.2. For a P-CT ¥, that uses the old ADP at the root x at a position
7 & pospx (t,), we create a new P’-CT &(T,) that uses the non-annotated
old ADP at the root.

This proof structure will also be used in the other cases for soundness.

1. We iteratively remove usages of the old ADP

W.lo.g., in ¥ there exists at least one rewrite step performed at some node x
with the old ADP (otherwise, T would already be a P’-CT). Furthermore, we can
assume that this is the first such rewrite step in the path from the root to the node
z and that x is a node of minimum depth with this property. We will now replace
this rewrite step with a rewrite step using the new ADP such that we result in a
CT M with the following connections between ¥ and (V). Here, for an infinite
path p = vy,v9,...in a CT T = (V, E, L, P), by C(p) = wy, wa, ... we denote the
sequence of {P, R}-labels for these nodes, i.e., we have w; = P if v; € P or w; = R
otherwise for all 7.

(a) |T(1)|Leaf S ‘T|Leaf =C, and

(b) for every infinite path p in T we can find an infinite path p’ in T such that
C(p) and C(p') only differ in a finite number of R-nodes, i.e., we can remove
and add a finite number of R-nodes from C(p’) to get C(p).

9 The rules that are applicable at position 7 do not have to be applicable in an innermost
RST, see [16, Sect. 6] and [39, Ex. 5.14].
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This construction only works because Up(7;|-) is NO and there exists no annotation
below 7, and the resulting CT has only at most the same probability of termination
as the original one due to the fact that i {p1:71,...,Dn: fh}m' is also L and
NE. Let ¥, be the induced sub-CT that starts at node z, i.e. ¥, = T[zE*]. The
construction defines a new tree ¢(%,) such that (a) and (b) w.r.t. T, and &(T,)
holds, and where we use the new ADP at the root node z instead of the old one (i.e.,
we pushed the first use of the old ADP deeper into the tree). Then, by replacing
the subtree T, with the new tree #(T,) in ¥, we get a P-CT T with (a) and
(b) w.r.t. T and T, and where we use the new ADP at node z instead of the old
one. We can then do this replacement iteratively for every use of the old ADP, i.e.,
we again replace the first use of the old ADP in T to get T(?) with (a) and (b)
w.r.t. U and T2, and so on. In the end, the limit of all these CTs lim;_, o, T
is a P’-CT, that we denote by T(>) and that converges with probability at most
¢ < 1, and hence, P’ is not iAST.

To see that T(>) is indeed a valid P’-CT, note that in every iteration of the
construction we turn a use of the old ADP at minimum depth into a use of the
new one. Hence, for every depth H of the tree, we eventually turned every use of
the old ADP up to depth H into a use of the new one so that the construction will
not change the tree above depth H anymore, i.e., there exists an my such that
() and T#) are the same trees up to depth H. This means that the sequence
lim; 00 T really converges into a tree that satisfies the first five conditions of a
P’-CT. We only have to show that the last condition of a CT, namely that every
infinite path in lim;_,.. T contains infinitely many nodes from P, holds as well.
First, by induction on n one can prove that all trees T for all 1 < i < n satisfy
Condition (6), because due to (b) we can find for each infinite path p € T an
infinite path p’ in ¥ such that C(p) and C(p') only differ in a finite number of
R-labels. Hence, if p contains no nodes from P, then p’ contains no nodes from P,
which is a contradiction to T satisfying Condition (6). Moreover, we only replace
subtrees after a node in P, the node itself remains in P, and after we replaced the
subtree at a node v, we will never replace a predecessor of v anymore. This means
that the subsequence between the i-th and (i + 1)-th occurrence of P in p and the
subsequence between the i-th and (i + 1)-th occurrence of P in p’ only differ in a
finite number of R nodes again, for every i. Now, let p = vy, vs,... be an infinite
path that starts at the root in T(°) and only contains finitely many nodes from P,
i.e., there exists an 1 <4 such that v;,v;11, ... contains no node from P. Again,
let my € N such that T(>°) and T(™#) are the same trees up to depth H. The
path v1,...,vg must be a path in T("#) as well. For two different H;, H, with
i < Hy < Hy we know that since the path v;,..., vy, contains no node from P,
the path must also exist in T("#1). We can now construct an infinite path in T(7)
that contains no nodes from P, which is a contradiction.

Next, we want to prove that we really have |T(>)| . < c. Again, by induction
on n one can prove that \S(Z) |Leas < ¢ for all 1 <4 < n. Assume for a contradiction
that T(°) converges with probability greater than c, i.e. \‘I(‘X’)|Leaf > c¢. Then
there exists an H € N for the depth such that ZIELeafg<w)7d(m)§pr > c. Here,

d(x) denotes the depth of node x. Again, let mpy € N such that () and T("#)
are the same trees up to depth H. But this would mean that |T(mH )|Leaf >



A Complete DP Framework for iAST of PTRSs 41

ZzeLeafT(mH),d(x)ngl' = ZzELeaff(w),d(m)ng“‘ > ¢, which is a contradiction to

|(£(mH)|Leaf S C.
It remains to show the mentioned construction @(o).

1.1. Construction of ¢(o) if m € pospx (tz)

Let T, be a P-CT that uses the old ADP at the root node z, i.e, t, <+p {py, :
tyrs---sDPys © ty,r using the ADP ¢ — {py : r1,...,pg @ 7%}, the position =
with 7 € posp«(t,), and a substitution o such that b(¢,|,) = fo € ANFp. Then
ty, = ta[rjols if m = true, or t,, = bl (t;[r;o]x), otherwise.

1.1.1 General construction of ¢(%,)

Instead of applying only the old ADP at the root x

where we use an arbitrary rewrite step at node y; afterwards, we want to directly
apply the rewrite rule at position 7.7 of the term ¢, in our CT, which we performed
on 7; at position 7 to transform the old into the new ADP, to get

and this is equivalent to applying the new ADP. Note that the rewrite step at
position 7.7 may not be an innermost rewrite step in the CT.

The subtrees that start at the nodes
Yis-- - Yj—1,Yj+1,- - -, Yk Temain completely the
same. We only have to construct a new subtree for
node y;, i.e., the node that really changed when
applying the rewriting processor. To be precise, let
Ty, = Te[y;E*] be the subtree starting at node
y;. The construction first creates a new subtree
¥(%,,) such that (a) and (b) hold w.r.t. T, and
¥(T,,), and that directly performs the first rewrite :
step at position 7.7 at the root of the tree, by pushing it from the orlgmal position
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in the tree T, to the root. This can be seen in the diagram above. Again, this
push only results in the exact same termination probability due to our restriction
that ¢ — {p1:71,...,Pn : 7r} is L and NE. Then, by replacing T, by ¥(%,,) in
T, we result in a tree T, such that (a) and (b) hold w.r.t. ¥, and T/, and such
that we perform the desired rewrite step at node y;. Finally, we contract the edge
(x,y;) in T, in order to get ¢(%,). Again, (a) and (b) hold w.r.t. T, and &(%,),
and we use the new ADP at the root = in $(%,). It only remains to explain the
construction of ¥ (T, ).

1.1.2. Construction of ¥(T,)

We will move the first rewrite step that takes place at position 7.7 from the original
tree T, (example on the left below) to the top of the new tree ¥(%T,,) (example
on the right below) and show that (a) and (b) both hold after this construction.
Below, the circled nodes represent the nodes where we perform a rewrite step at
position m.7.

w(T,,)

7

1 Vo

|11}1 |1v2 |1U3|

f

We will define the P-CT ¥(%,;) that satisfies the properties (a) and (b) w.r.t.
T,, and ¥(%T,,), and that dlrectly performs the rewrite step t,, <vp . {p1 :

tys sy Dbt tyjh}, with the rule ¢ — {pr: 71, P Put™ € 73, a substitution
, and the position 7.7, at the new root 9. Here, we have b(t,,|r.-) = b(rjo|;) =
b(rjlr0) = €6. Let Z be the set of all nodes v of T, where we did not perform a
rewrite step at position 7.7 in the path from the root x to the node v, or v is the
first node in the path that performs a rewrite step at position 7.7. In the example
we have Z = {wvp,...,v6} \ {va}. For each of these nodes z € Z and each 1 < e < h,
we create a new node e.z € V' with edges as in T, for the nodes in Z, e.g., for the
node 1.v3 we create an edge to 1.v5 and 1.vg. Furthermore, we add the edges from
the new root ¢ to the nodes e.y; for all 1 < e < h. Remember that y; was the root
in the tree ¥, and has to be contained in Z. For example, for the node o we create
an edge to 1.vg. For all these new nodes in Z, we show that the following holds:

(T1) t.[Fe)n.r = t, . for the substitution v such that b(t,|.,) = fy

(T2) posp# (L2 [p(Fe)Vlx.r) € pospx (L. )
W(‘IU]) Tyj A
(T3) DPe.z =Pz " - Pe
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Note that we only regard the subtree of the j-th child of the root. Because of the
prerequisite in the definition of the rewrite processor (there is no annotation below
or at position 7), there are no annotations on or below 7.7 for all nodes in Z.
Now, for a leaf e.z € V' either z € V is also a leaf (e.g., node vy) or we
rewrite the position 7.7 at node z in T, (e.g., node vy). If we rewrite ¢, <i—>7,’7”

{P1 : twy,---sDn  tw,}, then we have t,, = t,[b(fc)v]r.r if m = true or t,, =

bl _(to[p(fe)7¥]x.r), otherwise. In both cases, we get tw, = tg[P(Fe)V]r.r =(11) t. .,
. w(T,) T, .

POSp# (twe) Cc POSp# (tz[b(re)’y]w.'r) Q(T2) POSp# (t/e_z) and DPe.z U= D=z ’ *Pe =(T3)

pii’j , and we can again copy the rest of this subtree of T, in our newly generated
tree ¥(T,,). In our example, v; has the only successor vy, hence we can copy the
subtree starting at node vy, which is only the node itself, to the node 1.v; in ¥(%,, ).
For vs5 we have the only successor v7, hence we can copy the subtree starting at
node vy, which is the node itself together with its successor vg, to the node 1.v5 in
¥(T,,;). So essentially, we just have to define the part of the tree before we reach
the rewrite step in ¥, and then, we have to show that (a) and (b) for ¥, and
¥(%,,) are satisfied. We show the latter first, and then explain the proof that this
label gives us indeed a valid P-CT.

We start by showing (a) for T, and ¥(%,;). Let u be a leaf in ¥(T,,). If
u = e.v for some node v € Z that is a leaf in T, (e.g., node 1.v3), then also e.v
must be a leaf in ¥(T,) for every 1 < e < h. Here, we get > ;. pggzyj) (I3)
D i<e<h Pfyj “Pe = Pfyj Y i<ecn Pe = pfyj 1= pfyj. If u = e.v for some node
v € Z that is not a leaf in i;j (e.g., node 1.v;), then we know by construction
that all successors of v in T, are not contained in Z and are leaves. Here, we get

W(T,.) (T3) T, T,
pe,(v v) (1) Po? - Pe = pu’ for the (unique) e-th successor w of v. Finally, if u
W(T,, T,
does not have the form u = e.v, then u is also a leaf in T, with pu( vi) pu’

Note that these cases cover no leaf of T, twice. This implies that we have

(T,

Z plp(fzyj )

v .
vE€Leaf (Ty])
Z 7 (Ty;) U(Ty.) ()
= Pew '+ E Pew ° + E pu
c.vELeat” (FY5) e.veLeat” (F¥;) veLeas” (Fy5)
veEZ vewEvwgZ,weZ vGLeaflIyJ' ———

U(Ty,.) W (Ty.) V(%)
J J J
< § § Pe.v + E Pe.v + g Dv
Ty Ty Ty
vELeaf  YJ I<e<h vELeat Vi, 1<e<h 'UELeafLyJ
veZ vewE vwgZ,weZ vewE,w¢Z
Ty Ty Ty
J J J
S E p’v + E p'u + E pv
Ty Ty Ty
vELeaf  YJ vELeat Vi vELeaf  YJ
veZ vewEvgZ,weZ vewE,wgZ

Ty
kel
E DPv
vELeaf i

:lgyj |Leaf
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Next, we show (b) for T,, and ¥(%T,,). Let p = ug,u1, ... be an infinite path in
¥(%,,) that starts at the root 0. If for all 1 < we have u; = e.v; for some node
v; € Z and 1 < e < h, then p = vy, ... is our desired path in T,,. Otherwise, there
is a maximal 1 < o such that for all 1 < ¢ < 0 we have u; = e.v; for some node
v; € Z and 1 < e < h. Then our desired path is vy,...,v,, W, Uo+1, . ... Here, w is
the e-th successor of v, in T,,. Note that in the first case, we remove one R-label
at the start of our path, while in the other case, we just move an R-label from the
first position to a later one in the path. This shows that (b) is satisfied.

Finally, we prove that ¥(T, ) is a valid P-CT. We only need to prove the
construction that satisfies all of our conditions for the nodes in Z. As the rest of
the tree is copied, we can be sure that all Conditions (1)-(5) of a P-CT are satisfied.
Additionally, due to (b) w.r.t. T, and ¥(%,,), we get (6) as well, because T,
satisfies (6).

At the root, after applying the old ADP, we directly perform the rewrite step
ty, —p {D1: tlyyo- o Dh t;l'yj}, with the rule £ — {py : #1,...,pn : Pp}" € P,
a substitution &, and the position 7. Then, t..,, = t, [b(7c)d]r, if m = true or
tw, = 0L (ty,[P(Fe)0]x.7), otherwise. Here, the conditions (T1)-(T3) are clearly
satisfied. We now construct the rest of this subtree by mirroring the rewrite steps
in the original tree (which is always possible due to the fact that Up(r;|,) is NO),
and once we encounter the rewrite step that we moved to the top, i.e., once we
use a rewrite step at position w.7, we skip this rewrite step and directly go on
with the e-th successor if we are in a path that went to the e-th successor in the
initial rewrite step, as described above. In the following, we distinguish between
two different cases for a rewrite step at a node u:

(A) We use a step with fi—_>7; in T, at a position orthogonal to 7.7.
(B) We use a step with <, in T, at a position below m.7. Note that this is the
more interesting case, where we need to use the properties L and NE.

Note that we cannot rewrite above 7.7 before rewriting at position 7.7 due to the
innermost restriction.

(A) If we have t, <5 {% O p;f : tg}, then there is a rule £ — {p :
Fl,..., Dy 7} € P, a substitution 6, and a position ¢ € N* with b(t,|c) = €
ANFp. Furthermore, let ¢ L7.7. Then, we have t; ¢ =71) tu[feV]r.rlc = tulc for

the substitution « such that ¢, |, , = @y, and we can rewrite ¢, using the same rule,
same substitution, and same position. Then (T3) is again satisfied. Furthermore,

we have té‘g’) =1, ,[red]cif ¢ € POSp# (/t’eu) fmd m = true, te.g, = bZ(t/e.u[fe(ﬂC) if
¢ € pospy (te.,) and m = false, t; . =t ,[0(7e)d]¢ if ¢ & pospx(t;.,) and m = true,

orty . = bg(tg.u[b(fe)é]g) if ¢ ¢ pospx(t, ,,) and m = false. In all four cases we get
(T1) (using the same substitution ) and (T2) as well.

(B) If we haVE ty <p 1;9: S FA IZT : g}, then there is a rule 0 — {p :
Fi,...,0p : T} € P, a substitution ¢, and a position ¢ € NT with b(t,|¢) =

00 € ANFp. Furthermore, let { > 7.7. Since 0 {p1 : #1,...,Pn : Pn} is L and
NE, we know that { contains exactly the same variables as 7. and all of them
exactly once. Furthermore, since Up(r;|;) is non-overlapping, we know that the
rewriting must be completely inside the substitution v for the substitution -~y
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such that t,|, = fv, i.e., there is a position a. of a variable ¢ in / and another
position (. with 7m.7.a..8. = {. Let p.(c¢) be the (unique) variable position of ¢
in 7. Then, we have t; ,|x 7. (¢).8. =(11) tulfedmrlnrou(e) s = Feloe) s =
v(e)lg, = €6la,p. = tulrra.p., and we can rewrite ¢/, using the same rule,
same substitution, and position 7.7.¢¢(c).B.. Again, in all four cases (T1)-(T3) are
satisfied.

1.2. 7 ¢ posp# (tz)

If we have 7 ¢ pospx(t;), then we can simply use the non-annotated old ADP
instead of the old one. Since we would remove all annotations in the right-hand
side of the rule anyway, due to 7 ¢ posp«(t,.), this leads to the same labels in the
resulting P-CT.

Second Case
Next, we prove the theorem in the case where Up(r;|.) is NO and all rules in
Up(r;|+) have the form ¢ — {1 :r'} for some terms ¢ and r’.

The proof uses the same idea as in the first case but the construction of @(o) is
easier since Up(r;|-) is non-probabilistic. First assume that Up(r;|;) is not weakly
innermost terminating. This means that after using the ADP ¢ — {py : r1,...,px :
rp}™ as we did in the soundness proof for the first case, every subterm at a
position above 7.7 will never be in NFp in the subtree starting at the j-th successor
yj. Furthermore, since all rules in Up(r;|-) have the form ¢/ — {1 : 7'}, we can
simply remove all nodes that perform a rewrite step below m.7. To be precise, if
there is a node v that performs a rewrite step below position 7.7, then we have
ty <>p {1 :t,} for the only successor w of v. Here, we have t,, = t,[r'c]; for the
used substitution o and position ¢ below 7.7. The construction ¥(%,,) contracts
all edges (z,y) where we use a rewrite step at a position below 7.7. This only
removes R-nodes, as there is no annotation below or at position m.7. Furthermore,
we adjust the labeling such that the subterm at position 7.7 remains the same for
the whole CT. Finally, we exchange the rewrite step at the root x from using the
old ADP to using the new ADP. Since all subterms at a position above 7.7 will
never be reduced to normal forms in the original CT, it does not matter which
subterms really occur. It is easy to see that (%) is a valid P-CT and that (a)
and (b) hold w.r.t. €, and ¢(%,), and this ends the proof if Up(r;|,) is not weakly
innermost terminating.

If Up(rj|;) is weakly innermost terminating, then it follows directly that it
is also confluent and terminating [23, Thm. 3.2.11]. We can use the construction
V(o) from the first case to iteratively push the next innermost rewrite step that is
performed below position 7.7 to a higher position in the tree, until we reach the
node that performs the rewrite step at position 7.7. Note that we do not need the
conditions L or NE for the used rule here, because only Case (A) of the construction
can happen. There is no rewrite step below possible (Case (B)), since we move an
innermost rewrite step further up and there is no rewrite step above possible, since
before doing this construction it was a valid innermost P-CT. Since Up(r;|,) is
terminating, this construction ends after a finite number of ¥(o)-applications in

a tree ng."). Now ‘Ig(f;o) first rewrites below or at position 7.7 until it is a normal
form. Since all rules in Up(r;|,) have the form ¢ — {1 : '}, these rewrite steps are
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a single path in Séjo), and it does not matter how long the path is. Furthermore,
it does not matter which rewrite strategy we use, since Up(r;|,) is confluent. We
will always reach the same normal form at the end of this path. Hence, we can
replace the steps with the old ADP and the corresponding innermost rewrite steps
in the CT by a step with the new ADP (where the rewriting does not necessarily
correspond to the innermost strategy), i.e., we move this non-innermost step directly
to the point where the ADP is applied. We will reach the same normal form and
can copy the rest of the tree again.

Third Case

Finally, we prove the theorem in the case where Up(r;|;) is NO, r;|; is a ground
term, and we have D; Q’P,TF.T {q1 : E1,...,qn : Ey}, i.e., it is an innermost step.

Once again, we use the same idea as in the proof for the second case but the
construction of ¢(o) is, again, easier. Note that if Up(r;|,) is non-overlapping, ;
contains no variable below position 7, and we perform an innermost rewrite step,
then this is always an innermost rewrite step in every possible CT and this is the
only possible rewrite step at this position. Hence, we can move this innermost step
directly after the use of the ADP using the construction ¥ (o). Again, here only
Case (A) can happen. The reason is that we have to perform this rewrite step
eventually if we want to rewrite above position 7, and all other rewrite steps that
we can perform in such a situation would be at orthogonal positions. So we get the
same normal forms in the leaves with the same probability. 0O

Next, we show why the rewriting processor needs the new requirement L
that was not imposed in the non-probabilistic setting. More precisely, we give
counterexamples for soundness if the used rule is not left-linear, i.e., a variable
occurs more than once in the left-hand side, and if the used rule is not right-linear,
i.e., a variable occurs more than once in a term on the right-hand side. The other
new requirement, namely NE, is currently used in the soundness proof, but we
were unable to find a counterexample to soundness if the used rule is not NE.
In fact, we conjecture that one can omit this requirement, but then one needs a
much more complicated construction and estimation of the resulting termination
probability in the soundness proof. The reason is that with only L we can guarantee
that performing this rewrite step at a (possibly) non-innermost redex can only
increase the probability of innermost termination for the rewritten subterm but not
decrease it. Increasing the probability of termination for a proper subterm without
any annotations means that we have a higher probability to apply a rewrite step at
the position of an annotated symbol. Remember that we have to rewrite redexes
with annotated root symbol on each path of the CT infinitely often (the nodes that
are labeled P), hence a higher probability of termination of the proper subterm
leads to a lower probability of the leaves in the actual CT as the probability to
rewrite redexes with annotated root is higher. However, proving this requires a
much more involved approximation of the probability for termination than our
current proof, where we additionally require NE.
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Ezample 35 (Left-Linearity is Required for Soundness). To see why left-linearity
is required for soundness in the probabilistic setting, consider the ADP problem!?
with
f(z,2) — {1:e(f(a,a))}™e
f 1:d(G(f f f false
(F(z. ) — {1+ d(G(f(a, ), G(f(a, 2)), G(f(a, 2)))} @ (12 by 1o bae

This example could also be made non-erasing by adding = as an additional argument
to e and by instantiating x,y by all possible values from {by, bo} in the g-rule. This
ADP problem is not iAST, as it allows for the following CT whose leaves have a
probability < 1.

[Va]st®ib)]  [va[6(fkiba)]  [/a]G(Fbaibi))]  [1/2]G(F(ba,b2))]

J 1 J
1][cdean]  [vi]c6@a) ]
1 1

Here,G3(f(a,a)) is an abbreviation for the term d(G(f(a,a)), G(f(a,a)), G(f(a,a))).
The paths starting in G(e(f(a,a))) can never use a rewrite step with the g-ADP
anymore and therefore, they converge with probability 1 in our CT. So we can
rewrite a single G-term to a leaf with a probability of 1/2 and to three copies of
itself with a probability of 1/2. Hence, this CT corresponds to a random walk that
terminates with probability < 1. But without the restriction to left-linearity, we
could apply the rewriting processor and replace the g-ADP by g(f(z,y)) — {1 :
d(G(e(f(a,a))), G(e(f(a,a))), G(e(f(a,a))))}™*. Now in every path of the CT this ADP
can be used at most once and hence, the resulting ADP problem is iAST, which
shows unsoundness of the rewriting processor without left-linearity.

Ezample 36 (Right-Linearity is Required for Soundness). For right-linearity con-
sider the ADP problem!! P with

e d(@) = {1 e(a,2)}™
fe(br,b1)) — {1 : h(F(d(g)), F(d(g)), F(d(g)), F(d(g)))}

g— {Y2:b1,Y2: bg}true

Note that for the term d(g) we have the following innermost P-rewrite sequence
tree:

10 Here, we have already applied the usable rules processor to turn the flag of the g-ADP
to false, and we have moved the f-ADP with F on its right-hand side to another ADP
problem via the dependency graph processor.

11 Again, this ADP problem results from an actual PTRS, where we already applied the
usable rules processor and the usable terms processor before.
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Hence, the term F(d(g)) can rewrite to F(e(by,b1)) and then to four occurrences
of F(d(g)) again with a chance of 1/2, or it reaches a leaf with a chance of 1/2
as it can never rewrite an annotated redex again. This is once again a random
walk that terminates with probability < 1, so that our ADP problem is not
iAST. But without the restriction to right-linearity of the used rule, it would be
possible to apply the rewriting processor and replace the f-ADP by f(e(by, b)) —
{1:h(F(e(g,8)), F(e(g, 8)), F(e(g,8)), F(e(g, g)))}™'*°. The term e(g, g) can now be
rewritten to the term e(by,b;) with a probability of 1/4, whereas one obtains a
term of the form e(b;,b;) with ¢ # 1 or j # 1 with a probability of 3/2. Hence,
now F(e(g,g)) can rewrite to a term with four subterms F(e(g,g)) only with a
probability of 1/4, or it reaches a leaf with a chance of 3/4. This is now a random
walk that terminates with probability 1 and the same happens for all possible
CTs. Hence, the resulting ADP problem is iAST, which shows unsoundness of the
rewriting processor without right-linearity.

As mentioned in Footnote 8, the rewriting processor is complete in the non-
probabilistic setting. The reason is that there one used a different definition to
determine when a DP problem (P, R) is “not terminating” (in [18], this was called
“infinite” ). There, a problem is not only considered to be non-terminating if there
is an infinite (P, R)-chain, but also if R is not terminating. In the future, we will
examine whether such a modified definition is also useful in the probabilistic setting.
However, as in [18], this modified definition would mean that there can be ADP
problems that are both “/AST” and “non iAST”.

B Further ADP Transformation Processors

Now we present three further transformational ADP processors which we adapted
to the probabilistic setting, viz., the instantiation, forward instantiation, and rule
overlap instantiation processors. The latter is a weaker version of the narrowing
processor, which is unsound in the probabilistic setting in general, as we will see in
Ex. 42.

B.1 Instantiation

In the non-probabilistic setting [18], the idea of the instantiation processor is to
consider all possible predecessors s — t of a dependency pair v — v in a chain and
to compute the skeleton Cap(t) of ¢ that remains unchanged when we reduce to to
uo, i.e., when going from one DP in a chain to the next. Then Cap(t) and u must
unify with some mgu 9§, and to i—>;‘3 uo implies that ¢ is an instance of §. Hence,
the instantiation processor replaces the DP v — v by ud — v4.

As in [18], Capp(t) results from replacing all those subterms of ¢ by different
fresh variables whose root is a defined symbol of P. Here, multiple occurrences
of the same subterm are also replaced by pairwise different variables. So if g € D
and c € C, then Capp(c(g(x),g(x))) = c(x1,x2). There exist several improvements
in order to replace this definition of Cap, by more precise approximations of the
“skeleton”, see, e.g., [18, 24, 39]. Moreover, one could also improve Capp by only
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regarding the root symbols of left-hand sides of ADPs with the flag m = true as
“defined” .

To adapt the instantiation processor to ADPs, we consider all terms in the
distributions on the right-hand sides of all predecessors. Note that in the ordinary
DP framework, one only instantiates the DPs, but the rules are left unchanged.
Since our ADPs represent both DPs and rules, when instantiating an ADP, we
add a copy of the original ADP without any annotations (i.e., this corresponds to
the original non-instantiated rule which can now only be used for R-steps). In the
following, vr(P) is a variable-renamed copy of P where all variables are replaced
by fresh ones.

Theorem 37 (Instantiation Processor). Let P be an ADP problem with
P=PwW{l—{p1:ri,...,pk: 76} }. Then Proc; is sound and complete, where
Proc; (P)={P'UNU{l = {p1:0(r1),...,pk : b(rx)}™}} with
N ={l6 = {p1:7r10,...,pk : TKO}™
C = {p, Y eve(P),1<j <h,
t <y 1}, 6 = mgu(Capp (t#),0#),{'5, (5} C ANFp

Ezample 38. Consider the PTRS R with the rules f(x,y,2z) — {1 : g(x,y,2)}
and g(a,b,u) — {2 : f(u,u,u),/2 : g(a,b,u)}. Its ADPs are f(z,y,z) — {1 :
G(z,y,z)}"™e and g(a,b,u) — {1/2 : F(u,u,u), /2 : G(a,b,u)}™e. Using only the
processors of Sect. 4, we cannot prove that R is iAST. However, we can apply the
instantiation processor on the f-ADP.

There is a term ¢t = F(u,u,u) in the right-hand side of the g-ADP. As it
does not contain defined symbols, we have Capg (#:(t)) = Capg () = t. For the
left-hand side ¢ = f(z,y, 2), 6 = mgu(t, #:(¢)) = mgu(t,F(x,y, z)) instantiates z,
y, and z by u. So the instantiation processor replace the f~-ADP by f(u, u,u) —
{1 : G(u,u,u)}™ (and moreover, we add f(z,y,z) — {1 : g(x,y,z)}"™e). We
can now remove the annotation in the transformed f-ADP by the dependency
graph processor, and afterwards remove the annotation in the g-ADP by applying
the reduction pair processor with the polynomial interpretation that maps every
function symbol to the constant 0 except for G that is mapped to 1. As we removed
all annotations, DP(R), and hence R must be iAST.

Before we can prove soundness and completeness of the new instantiation
processor, we start with a corollary that expresses the essential property of the
Capp-function.

Corollary 39 (Property of Capp). Let t,u € T (X#,V). If to i—>:p(7,) u for
some substitution o, then uw = Capp(t)d for some substitution § which only differs
from o on the fresh variables that are introduced by Capp.

Proof. Let to —rnp(p).p; Ul —np(P),ps -+ —Fnp(P)pn Un = U. Let {m1,..., 7y} be
the set of positions where Capp replaces the subterms of ¢ by corresponding fresh
variables x1, ..., Z,,. By the definition of Cap for each p; there is a higher position
m; < p;. Hence, u can at most differ from ¢to on positions below a 7;. We define ¢
to be like o but on the fresh variables 1, ..., z, we define 6(x;) = u|,,. Then by
construction Capp(t)d = v and ¢ and o differ only on the fresh variables. O
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We now prove Thm. 37, i.e., we prove soundness and completeness of the
instantiation processor.

Proof. We will use the following two observations. As in the proof of Thm. 23,
let P’ =P UNU{l — {p1 :b(r1),...,pk : b(re)}™} and P = P' U {l — {p; :
T1,...,pk T} )} First, note that ANFp = ANFz = ANFg;, since the left-hand
sides in P and P’ are either already from rules in P or instantiated left-hand
sides from P. So it suffices to consider only ANFp. Second, assume that there
exists a P-CT ¥ that converges with probability < 1 whose root is labeled with
(1:t) and b(t) = sf € ANFp for a substitution # and an ADP s — ... € P, and
pospx (t) = {e}. If in addition, the ADP ¢ — {p; : r1,...,p : ;™ may only be
used at the root, then we know that not only P is not iAST but also that P’ is not
iAST. The reason is that if only the root = uses the ADP £ — {py : r1,...,pk : 76 }™
then all the subtrees starting at one of its direct successors *F = {y1,...,yx} are
P’-CTs. Furthermore, since ¥ converges with probability < 1, there must be at
least one subtree T[y; E*] that starts at the node y; for some 1 < i < k and also
converges with probability < 1.
Soundness: Let P be not iAST. Then by Lemma 34 there exists a P-CT T =
(V,E, L, P) that converges with probability < 1 whose root is labeled with (1 : ¢)
and b(t) = s € ANFp for a substitution § and an ADP s — ... € P, and
posp«(t) = {e}. We will now create a P-CT ¥’ = (V, E, L', P), with the same
underlying tree structure, and an adjusted labeling such that p; = pfl for all
x € V. Furthermore, we will at most use the ADP ¢ — {p1 : r1,...,pg : 71 }™ at
the root. Since the tree structure and the probabilities are the same, we then get
|7/ |Lear = |T|Lear < 1, and hence, using our previous discussion, P’ is not iAST
either.

The core idea is that every rewrite step with £ — {p1 : r1,...,pr : 7 }™ at
a node v that is not the root can also be done with a rule from N, or we can
use £ — {p1 : b(r1),...,px : b(rx)}™ if the annotations do not matter, e.g., we
rewrite at a position that is not annotated. We construct the new labeling L’ for
the P-CT ¥ inductively such that for all nodes x € V' \ Leaf with children nodes

zFE = {y1,...,yn} we have t; <i—>f {pp%l N % : t, } and for all non-root
nodes in P we even have ¢/, f'—>W {% Tl % tty, }- 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 we have t, =t/ and pospx (t) C posp# (t},). (26)

This means that the corresponding term ¢, for the node z in ¥ has the same
structure as the term ¢/, in ¥’, and additionally, every annotation in ¢, also exists
in t/,. The second condition ensures that if we rewrite using Case (p) or (pr) of
Def. 11 in ¥, we do the same in ¥, i.e., the corresponding node x remains in P in
%’. We label the root of ¥’ by (1 :t). Here, (26) obviously holds. As long as there
is still an inner node = € X such that its successors are not contained in X, we do
the following. Let *E = {y1,...,yn} be the set of its successors. We need to define

the corresponding terms t;;w e ,t’ym for the nodes ¥y, ..., yx. Since z is not a leaf
and T is a P-CT, we have t, <, {% Tlypy s p;: : ty, }. We have the following

three different cases:
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(A) We have ¢, <L>P {% 5ty17~-~a% Sy, } with an ADP ¢ — {p1 : 7], ...,pp :
r;L}m/ that is either different to £ — {p1 : 71,...,pg : i }™ or the node z is the root,
using the position 7, and a substitution o such that b(t;|,) = ¢o € ANFp. Then,
te =(1m) t, and hence also b(t)|r) = fo € ANFp. Thus, we can rewrite the term ¢,
using the same ADP, the same position and the same substitution. This means
that we have t, ‘%f {% : t;l,...,p;: ity ) Let 1 < j < h If m € posps(ts),
then also m € posp#(t,) by (26). Whenever we create annotations in the rewrite
step in ¥ (a step with (p) or (pr)), then we do the same in ¥’ (the step is also a
(p)- or (pr)-step, respectively), and whenever we remove annotations in the rewrite
step in T’ (a step with (r) or (irr)), then we do the same in ¥ (the step is also
either a (r)- or (irr)-step). Therefore, we also get pospx (ty,;) C pospx (t;,,) for all
1 < j <k and (26) is again satisfied.

(B) We have t, <i—>7, {% : tyl,...,% : ty, } using the ADP £ — {p1 :71,...,px :
T}, the position 7, and a substitution o such that b(t;|,) = fo € ANFp, and
T & posp#(ty). Since t, =gy t,, we can rewrite the term ¢, using the ADP

£ — {p1 :b(r1),..-,pk : b(rx)}"™, the same position, and the same substitution.
This means that we have #/, < {24 ¢/ . P ¢ 1 and (26) is again satisfied.
P oy Y1 Dz Yk

In order to prove this, one can do a similar analysis as above. Note that only cases
(irr) and (r) can be applied in ¥ (since m & pospx (t)), and we would remove the
annotations of the terms r; anyway in those cases.

(C) Finally, we have t, <, {% Slyys e % : ty, } using the ADP ¢ — {p; :
T1,..., Pk : 'p '™, the position 7, and a substitution o such that b(t,|,) = o € ANFp,
T € posp# (tz), and x is not the root. Then ¢, = bl (t,[rjolx) if m = false and
ty, = tz[r;jolx, otherwise.

We now look at the (not necessarily direct) predecessor v of x that is in P,
where an ADP is applied on a position above or equal to m, and where in the path
from v to x, no ADP is applied on a position on or above 7. There is always such a
node v. The reason is that x is not the first node in P and by the Starting Lemma
(Lemma 34) we can assume that a step at the root of the term takes place at the
root of the CT, i.e., t, results from right-hand sides of P. Furthermore, we only use
rules with the flag m = true as otherwise, the position m would not be annotated
in t,. We show that the path from v to x can also be taken when using one of the
new instantiations of £ — {py : r1,...,pk : 7 }™ instead.

Let this predecessor v € P use the ADP ¢ — {p} : r}{,...,p}, : r,,}"™, the
position 7/, and the substitution ¢’. Furthermore, let 7 be the position such that
7'.7 = 7. Because we never rewrite at a position above m before reaching node =z,

we have #. (|, )0" = #<(ty|x) T—>;k1p(7>) H#e(tz|r) = #:(l)o.

From #. (r}|,)o’ %ZP(P) #<(¢)a, Cor. 39 implies #. (¢)o = Capp(#<(rj|,))d for
some substitution ¢ that differs from ¢’ at most on the variables that are introduced
by Capp. W.l.o.g. we can assume that o’ is equal to § on all these fresh variables, and
since the ADPs are variable-renamed, we can also assume that o is equal to ¢ on all
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the fresh variables and all the variables from ¢'. Hence, #(£)d = Capp(#<(j|-))d
shows there is an mgu v of #.(f) and Capp(#-(rj|;)) with o = 7 for some
substitution ¢. Moreover, the property {¢'c’,fo} C ANFp must remain true when
replacing o and ¢’ by the more general substitution v, i.e., {£'~y, £y} C ANFp. Hence,
we can apply the new ADP ¢y — {p1 : r17,...,px : 7 y}™ € N with the position

7 and the substitution ¢. This means that we have ¢/, <, {Z;’l Sty ]Zfl’f iy,

with ¢, = ¢, [r;y(]x if m = true, or ¢} = oIt [rjvClx), otherwise. Since, o = (¢
we directly get ¢, = ¢, and pospx(ty;) C pospx(t) ) so that (26) is satisfied
again, and this ends the proof.

Completeness: Let P’ be not iAST. Then there exists a P’-CT T = (V, E, L, P) that
converges with probability < 1. We will now create a P-CT ' = (V, E, L, P), with
the same underlying tree structure, and an adjusted labeling such that p> = pgl
for all € V. Since the tree structure and the probabilities are the same, we then
get [T |eas = |Tlrear < 1, and thus P is not iAST either.

The core idea of this construction is that every rewrite step with an ADP from
N or the ADP ¢ — {py : b(r1),...,pr : b(ry)}™ is also possible with the more
general ADP ¢ — {p; : m1,...,pr : 1 }"™ that may also contain more annotations.
We construct the new labeling L’ for the P-CT ¥’ inductively such that for
all inner nodes € V' \ Leaf with children nodes zF = {y1,...,¥m} we have
th <p {% N % :ty, }- Let X C'V be the set of nodes x where we have
already defined the labeling L/(z). During our construction, we ensure that the
following property holds (analogous to the soundness construction):

For every node z € X we have t, = t/, and pospx (tz) C pospx (). (27)

We label the root of ¥’ exactly as the root of T. Here, (27) obviously holds. 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,...,yn} be the set of its successors. We
need to define the corresponding terms t; ,...,t, for the nodes yi,...,yxs. Since
x is not a leaf and T is a P’-CT, we have t, ‘i—>ﬁ {Z;’Ll Slyrs ey p};f tty, }. We
have the following three different cases:

(A) If it is a step with fi—>7, using an ADP from P’ in ¥, then we perform a rewrite
step with the same ADP, the same position, and the same substitution in ¥.
This is analogous to Case (A) of the soundness proof.

(B) If it is a step with <, using the ADP £ — {p; : b(r1),...,px : 0(rx)}™ in %,
then we use the ADP ¢ — {py : r1,...,px : 7t} that contain more annotations
in ¥’. Since we use the same rule but with more annotations, we end up with
ty, =t,, and pospx(ty,) C pospx(t) ) again.

(C) If it is a step with <> using an ADP from N in T, then we use the more
general ADP £ — {py : r1,...,px : 75} in ¥’ For this rewrite step, we use
the substitution § such that vé = o.

O

B.2 Forward Instantiation

Next we adapt the forward instantiation processor and prove its soundness and
completeness. In the non-probabilistic setting, the idea of the forward instantiation
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processor [18] is to consider all possible successors u — v of a DP s — ¢ in a chain,
again, in order to find the skeleton that remains unchanged when rewriting to to uo.
To find this skeleton, we reverse the rules of the TRS and then proceed as for the
instantiation processor. Moreover, we can restrict ourselves to the (reversed) usable
rules of ¢t. Note that these reversed rules might violate the variable conditions of
TRSs, i.e., the right-hand side of a rule may contain variables that do not occur in
the left-hand side or the left-hand side may be a variable.

Theorem 40 (Forward Instantiation Processor). Let P be an ADP problem
with P =P W{l = {p1:r1,...,pk : 7™ }. Then Procs is sound and complete,
where Procs ={P'UN U{l — {p1 :b(r1),...,px : b(ri)}™}}. Here,

N = {66 — {pl 17"15,... , Pk - de}m

O = Pt rt D Y™ € vi(P),1 < 5 <kt gy,
Q = (npUr(t#))) ", }
§ = mgu(t?, Capo (¢'%)), {€5,¢'5} C ANFp

Ezxample /1. Consider the PTRS P with the rules
f(z) = {/2: g(z), /2 : h(z)}
g(a) - {1+ f(a(a)} a(@) = 1 ve)
h(b) - {1+ f(a(b))} alb) = {10}

After the usable rules and the usable terms processor, we obtain the ADPs
f(z) — {1/2: G(x), /2 : H(z)}""
s q(a) — {1:a}"e
g(a) = {1:F(a(a))} true
ke q(b) — {1:b}
h(b) = {1: F(a(b))}
In this case, the instantiation processor is useless because both, the mgu of
Capp(F(q(a))) = F(y) and F(x), and the mgu of Capp(F(q(b))) = F(z) and
F(x), do not modify F(x). However, the forward instantiation processor can re-
place the original f-ADP with f(a) — {1/2: G(a), /2 : H(a)}*¢ and f(b) — {1/2:
G(b),1/2 : H(b)}fke. We can now remove the annotations of the normal forms G(b)
and H(a) with the usable terms processor and apply the reduction pair processor
with the polynomial interpretation that maps every function symbol to the constant
1, in order to remove all annotations of both new f-ADPs. Finally, we can remove
all remaining annotations and prove iAST using the dependency graph processor.
Note that without the forward instantiation processor, we would have to find a
polynomial interpretation that is at least linear.

Ex. 41 shows that the processors that instantiate a given ADP are not only
needed in some cases for a successful innermost almost-sure termination proof (as
in Ex. 38), but sometimes they can also ease the search for polynomials in the
reduction pair processor, the most time-consuming part of the ADP framework.

We now prove Thm. 40, i.e., soundness and completeness of Thm. 40. The
construction in the proof is very similar to the one for the proof of Thm. 37.

Proof. As in the proof of Thm. 37, let P’ = P'UN U {{ = {p1 : b(r1),...,px :
b(ri)}"and P=P U{l = {p1:r1,...,pp s i} }
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Soundness: The core proof idea, the construction itself, and even the induction
hypothesis are completely the same as for the soundness proof of Thm. 37, only
the third case (C) changes.

(C) If we have t, —, {pyl : tyw...,z; : ty, } using the ADP ¢ — {p; :
T1,...,Dk : Tpt™, the position m € pospx(s), and a substitution o such that

b(tylr) = lo € ANFp7 and z is not the root, then t,, = bl (t,[rjolx) if m = false
and t,, = t,[rjo]., otherwise.

First consider the case, where there is no successor v of  where an ADP is
applied at a position 7 > m with 7 € posp« (¢, ), or an ADP is applied on a position
above 7 before reaching such a node v. Then, we can use £ — {p1 : b(r1),...,pk :
b(r)}™ instead, because the annotations will never be used.

Otherwise, there exists a successor v of x where an ADP is applied at a position
T > m with 7 € pospx (), and no ADP is applied on a position above m. We
show that the path to this successor can also be taken when using one of the
new instantiations of £ — {py : 71,...,pr : 7% }™ instead.'? At node v we use an
ADP V' — {p} :r},...,p} : r;l}m', a position 7 with 7 > 7 and 7 € pospx (ty), a
substitution ¢/, and on the path from x to v there is no ADP used with a position
above 7, and no ADP used with a position below 7 that has a flag m = false. This
means we have #.(r;|.)o %zp(P) #.(0)o'

Let Q' = np(Up(#:(r;]+))) and let Q = Q'~'. Note that #.(r;|,)o i%*Q, #.(0o!
and hence, #.({')o' =5  #(rjl)o. By Cor. 39 one obtains
#c(rjlr)o = Capg(#:(¢'))0 for some substitution ¢ that differs from o at most
on the variables that are introduced by Capgy. W.l.o.g. we can assume that ¢’ is
equal to § on all these fresh variables, and since the ADPs are variable-renamed,
we can also assume that o is equal to § on all the fresh variables and all the
variables from #.(¢'). Hence, #.(r;|;)o = Capg(#:(¢'))o shows there is an mgu
of #.(r;|) and Capg(#:(¢')) with o = ~( for some substitution ¢. Moreover, the
property {{o,¢'c’} C ANFp must remain true when replacing o and ¢’ by the more
general substitution 7, i.e., {¢y, ¢} C ANFp. Hence, we can apply the new ADP
by = {p1: 7y, Pk rk’y}m € N with the position 7 and the substitution (.
This means that we have t <, {p“ Sl % ty, } with ), = =bl (¢, [rfy{] )
if m = true, or tj, = 17 [r;v(]x, otherw1se Since, 0 = 7( we dlrectly get ty, =1,

and posp# (t ) C posp# (ty,) so that (26) is satisfied again, and this ends the proof
for this case. The rest of the proof is completely analogous to the one of Thm. 37.

Completeness: Completely the same as for Thm. 37. ]

12 1t suffices to consider only one of those successors v of  to find an instantiation of the
ADP that could be used instead of the old ADP in order to reach all such successors.
The reason is that this instantiation is equal or more general than the actual concrete
instantiation of the ADP that was used to perform the ADP-step in the actual CT.
Hence, every other such successor can also be used with the more general instantiation
of the ADP.
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B.3 Narrowing

The narrowing processor [2, 18] can only be used in a weaker version in the
probabilistic setting. Let P = P’ W{l — {p1 : r1,...,pk : rx}™} be an ADP
problem. For each 1 < j < k and each ¢t < 7}, we define its narrowing substitutions
and its narrowing results (as in [37], where narrowing was adapted to dependency
tuples for complexity analysis of ordinary term rewriting). If we have to perform
rewrite steps on (an instance of) ¢ in order to reach the next ADP usage at an
annotated position, then the idea of the narrowing processor is to perform the
first step of this reduction already on the ADP ¢ — {p1 : r1,...,px : 76}™. So
whenever there is a t <Jx r; and a position 7 in ¢ such that t|; unifies with the
left-hand side ¢ of some rule ¢/ — {py : 7}, ..., pr : 7} € vr(P) using an mgu
0 such that £6,¢'6 € ANFp, then 6 is a narrowing substitution of t. While the
corresponding narrowing result could also be defined for probabilistic rules, to
simplify the presentation let us assume for the moment that the rule just has the
form ¢ — {1 : r'}. Then the corresponding narrowing result is s = t[r'];d if we
rewrite at an annotated position of ¢, and s = t[p(r")];d otherwise.

If 61, ..., d4 are all narrowing substitutions of £ with the corresponding narrowing
results s1, ..., sq4, then one would like to define a narrowing processor that replaces
L= {p1:r1,...,pk Tk} by €0 — {p1 : T10e,.--,Dj : Sey- .., Pk ¢ TEOe}, for all
1<e<d.

In addition, there could be another subterm ¢’ <4 r; (with t’ # t) which was
involved in a CT (i.e., t#o %:‘lp(?) ¢'c’ for some substitutions o, ¢’), but this CT is
no longer possible when instantiating ¢’ to /01, ...,t'd5. We say that t’ is captured
by d1,...,0d4 if for each narrowing substitution p of ¢, there is a d, with 1 < e < d
such that . is more general than p (i.e., p = d.p’ for some substitution p’). So the
narrowing processor has to add another ADP £ — {p1 : #capt, (5,,....560)(T1)5 -+, Pk
Fcapty (51,...,64) (Tk) }™, Where capt;(d1,...,d4) contains all positions of subterms
t" <y r; which are not captured by the narrowing substitutions d1,...,d4 of t.
(Therefore, in contrast to instantiation and forward instantiation, here we do not
have to add another copy of the original rule without annotations.)

However, the main idea of the narrowing processor, i.e., performing the first
rewrite step directly on the ADPs, is unsound for probabilistic ADP problems, as
shown by the following example.

Ezample 42. Consider the PTRS R with the rules
f(bi,d1) — {1:f(a,e)}
f(be,d2) — {1:f(a,e)}

a— {1/2:b1,1/2: bo}

e — {1 : dl}
e — {1 : dQ}
This PTRS is not iAST. The usable rules and the usable terms processor transform
the initial ADP problem into P with
f(by,d1) — {1: F(a,e)}™
f(ba,ds) — {1: F(a,e)}""
a— {1/2:by,1/2: by }™
Indeed, this ADP problem allows for the CT below on the left without any leaves.

e—{1: d1}true
e — {1 : dz}tme
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Note that all occurring terms are ground terms, hence all narrowing substitutions
are just the identity function.
But if we apply the narrowing processor to the ADPs in order to rewrite e, then
we obtain the four new ADPs
f(b1,d1) — {1: F(a,d1)}™* f(bz,d2) — {1: F(a,d1)}"™*

f(b1,d1) — {1: F(a,da)}™ f(bz,d2) — {1: F(a,d2)}™

This new ADP problem is iAST, as we will reach a normal form with a probability
of 1/2 after each application of an ADP. For example, if we use the first ADP, then
we get the CT below on the right. There we reach the normal form F(by,d;) with
probability 1/2.

oo

The difference is that when narrowing the ADP, we have to decide how to rewrite
e before we split the term into different ones with a certain probability, i.e., before
we rewrite a to {1/2: by, 1/2: by }.

Thus, in the probabilistic setting, we can only transform the ADP by applying
a rewrite rule if we can ensure the same conditions as for the rewriting processor.
So in the probabilistic setting, the narrowing processor can only instantiate the
ADP by the narrowing substitutions, but it must not perform any rewrite step.
Instead, the rewrite steps have to be done via the rewriting processor afterwards.
Thus, instead of calling it narrowing processor, we call it rule overlap instantiation
processor as it only instantiates the ADPs but does not perform any rewrite steps.

Theorem 43 (Rule Overlap Instantiation Processor). Let P be an ADP
problem with P = P ' W{l — {p1 : ri,...,pk : 1i}™}, let 1 < j < k, and let
t <y rj. Let 61,...,04 be all narrowing substitutions of t, where d > 0. Then
Proco; ={P’' U N} is sound and complete, where

N =106, — {p1:7r10¢,..., Pk : Tilc} ‘1 Segd}
U 3 €= {p1: Feapt, (51,0.,60) (T1)s -+ s Pr * Freapty (51,...60) (TR) }" }

Ezxzample /4. Consider R with

a 1:d(a
F(d(x)) = (s e(f(g(a)), Flh(x)), s a) e

The usable rules and the usable terms processor transform the initial ADP problem
into P with

a 1:d(a)}true
f(d(z)) - (34 e(Flg(e), F(h(a), Y : 2} I



A Complete DP Framework for iAST of PTRSs 57

The ADP problem P (and thus also the original PTRS R) is iAST because for
every instantiation, at most one of the two “recursive F-calls” in the right-hand
side of the f-ADP can be applied. The reason is that we can either use the g-rule
if the variable x is instantiated with a, or we can apply the h-rule if the variable
is instantiated with b, but not both. We apply Proc,,; using the term F(g(x)),
whose only narrowing substitution is 6 = {z/a}. The other subterm F(h(z)) with
annotated root is not captured by this substitution, and hence, we have to generate
an additional ADP where this second subterm is annotated. Thus, we replace the
former f-ADP by the following two new ADPs.

f(d(a)) — {%4: e(F(g(a)), F(h(a))), }/a : a}*
f(d(x)) = {3/ : e(f(g(x)), F(h(x))), /4 : a} ™

Now one can remove the annotation of F(h(a)) from the first ADP by the usable
terms processor and then apply the reduction pair processor with the polyno-
mial interpretation that maps F to 1 and all other symbols to 0 to remove all
annotations, which proves iAST. Again, proving iAST with such a simple polyno-
mial interpretation would not be possible without the rule overlap instantiation
processor.

We now prove Thm. 43, i.e., soundness and completeness of the rule overlap
instantiation processor.

Proof.

Soundness: We use the same idea as in the proof of soundness for Thm. 40 but at
a node v that uses the position m € posps (t;) we do not look at the next node
that rewrites at an annotated position below or equal to 7, but at all such nodes
that can be either annotated or not.

Let P be not iAST. Then by Lemma 34 there exists a P-CT ¥ = (V,E, L, P)
that converges with probability < 1 that starts with (1:¢) and ¢t = sf € ANFp for
a substitution 6 and an ADP s — ... € P, and posp#(t) = {e}. Let P’ = P’ U N.
We will now create a P'-CT ¥ = (V,E,L’, P), with the same underlying tree
structure, and an adjusted labeling such that py = pg, for all z € V. Since the tree
structure and the probabilities are the same, we then get |T|easr = |T|rear < 1,
and hence P’ is not iAST either.

The core idea of this construction is that every rewrite step with ¢ — {p; :
T1,...,Pk : rpt™ can also be done with a rule from N. If we use ¢ — {p; :
Feapty (51,.,00) (T1)s -2 Pk Feapt, (51,....64) (")} € N, we may create fewer anno-
tations than we did when using the old ADP ¢ — {p; : r1,...,px : 7, }™. However,
we will never rewrite at the position of the annotations that do not get created
in the CT ¥, hence we can ignore them. We construct the new labeling L’ for the
P’-CT ¥ inductively such that for all nodes z € V' \ Leaf with 2F = {y1,...,ym}
we have t/, fi—>ﬁ {% Sty p;;;“ :ty, . Let X CV 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 x € X we have ¢, = t,, and pospx(t;) \ Junk(t,) C posp«(t,). (28)
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Here, we define Junk(t,) as in the proof of Thm. 16.
For the construction, we start with the same term at the root. Here, (28)
obviously holds. 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 *F = {y1,...,ym} be
the set of its successors. We need to define the corresponding sets t;l, . ,t;m for
the nodes y1, ..., ym- Since x is not a leaf and ¥ is a P-CT, we have ¢, <L>P {% :
bypseens 2 Lo 1y, }. We have the following three cases:

(A) Ifit is a step with (i—>7, using an ADP that is different from £ — {py : 71,...,pg :
rp ™ in ¥, then we perform a rewrite step with the same ADP, the same redex,
and the same substitution in ¥’. Analogous to Case (A) of the soundness proof
for Thm. 37, we can show (28) for the resulting terms.

(B) If it is a step with <i—>7; using the ADP ¢ — {py : r1,...,pr : ™ at a po-
sition m ¢ pospx(t;) in T, then we perform a rewrite step with ¢ — {p; :
#captl(él,...,éd)(rl)v Y2 #captk(él,...,éd)(rk)}ma same redex, same substitu-
tion, and same position in ¥’. Analogous to Case (B) of the soundness proof for
Thm. 37, we can show (28) for the resulting terms. Note that the rule that we
use contains fewer annotations than the original rule, but since 7 ¢ posp«(ts),
we remove all annotations from the rule during the application of the rewrite
step anyway.

(C) If it is a step with <i—>7, using the ADP ¢ — {py : r1,...,px : 7, }™ at a position
T € pospx (tz) in T, then we look at specific successors to find a substitution §
such that 6 — {p1 : r10,...,pr : 70}™ € N or we detect that we can use the
ADP £ = {p1 : #capt, (51,..,62) (T1)s -+ s Pk Feapt,, (61,....64) (Tk)}™ and perform
a rewrite step with this new ADP in ¥'.

So it remains to consider Case (C) in detail. Here, we have t, <, {%

tyl,...,% : ty, } using the ADP ¢ — {p1 : ri,...,px : rip}™, the position
T € posps (t4), and a substitution o such that b(t,|;) = fo € ANFp.

We first consider the case where there is no successor v of x where an ADP
is applied at an annotated position below or at 7, or an ADP is applied on a
position above 7 before reaching such a node v. Then, we can use £ — {p; :
Feapt, (51,0,52) (T1)5 -+ s Pk * Feapt, (61,...,64) (k) } " instead, because the annotations
will never be used, so they do not matter.

Otherwise, there exists a successor v of z where an ADP is applied at an
annotated position below or at 7, and no ADP is applied on a position above
7 before. Let vy,...,v, be all (not necessarily direct) successors that rewrite
below position 7, or rewrite at position 7, and on the path from x to v there
is no other node with this property, and no node that performs a rewrite step
above 7. Furthermore, let t1,...,t, be the used redexes and p1, ..., p, be the used
substitutions.

— (C1) If none of the redexes t1,...,t, are captured by ¢, then we use the ADP
l— {pl : #captl(&,u.,éd)(rl)v <o Pk #captk(éh...,éd)(rk)}m with the position
T € posp# (tz) \ Junk(t,) C(rmy posp# (t,,) and the substitution o. Once again,
(28) is satisfied for our resulting terms.

— (C2) If t = t; for some 1 < i < n, then we can find a narrowing substitution
0. of t that is more general than o, i.e., we have d.v = o. Now, we use the
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ADP 05, — {p1 : m10e,..., Dk : TKO.}™ with the position m € pospx(ts) \
Junk(t,) C(rmy posp# (t,) and the substitution v such that b(t.|,) = £d.y =
lo € ANFp. Once again, (28) is satisfied for our resulting terms.

—(C3) If t # t; for all 1 < i < n but there is an 1 < ¢ < n such that ¢; is
captured, then, since t; is captured, there exists a narrowing substitution J. of ¢
that is more general than p;, i.e., there exists a substitution k; with d.x1 = p;,
and since we use p; later on we additionally have that p; is more general than o,
i.e., there exists a substitution xo with p;x2 = 0. Now, we use the ADP /. —
{p1:710c, ... pr 2 TR0} with the position 7 € posps (tz) \ Junk(tz) C(rm
posp# (t7) and the substitution x1k2 such that b(t;|;) = £der1k2 = bo € ANFp.
Once again, (28) is satisfied for our resulting terms.

Completeness: The proof is analogous to the completeness proof of Thm. 37. We

can replace each ADP ¢5. — {p1 : 710e, ..., Pk : T0c}™ with the more general one
C—{p1 71, pk )™, and each ADP £ — {p1 1 #capt, (61,.60) (T1)5 -+ 5 Dk
H#eapt, (51,....6,) (7))} can be replaced by £ — {p1 : 71,...,pk : 11 }™ as well, leading
to more annotations than before. 0O

C Examples

In this section, we present several examples to illustrate specific strengths and
weaknesses of the new transformational processors.

C.1 Probabilistic Quicksort

In Sect. 6 we have already seen a version of the probabilistic quicksort algorithm
where iAST can only be proved if we use the new transformational processors. The
following PTRS represents the full implementation of this probabilistic quicksort
algorithm.
rotate(nil) — {1 : nil}
rotate(cons(z, zs)) — {1/2 : cons(z, zs), 1/2 : rotate(app(zs, cons(z, nil))) }
empty(nil) — {1 : true}
empty(cons(z, zs)) — {1 : false}
gsrt(zs) — {1 : if(empty(zs), low(hd(zs), tl(zs)), hd(zs), high(hd(zs), tI(zs)))}
if (true, zs, z, ys) — {1 : nil}
if (false, zs, z, ys) — {1 : app(qsrt(rotate(zs)), cons(z, gsrt(rotate(ys))))}
hd(cons(z, zs)) — {1 : z}
tl(cons(z, zs)) — {1 : zs}
low(z, nil) = {1 : nil}
low(z, cons(y, ys)) — {1 : ifLow(leq(z, y), z, cons(y, ys)) }
ifLow(true, z, cons(y, ys)) — {1 : low(z, ys)}
ifLow(false, z, cons(y, ys)) — {1 : cons(y, low(z, ys))}
high(z, nil) — {1 : nil}
high(z, cons(y, ys)) — {1 : ifHigh(leq(z, y), z, cons(y, ys)) }
ifHigh(true, z, cons(y, ys)) — {1 : cons(y, high(z, ys))}
ifHigh(false, z, cons(y, ys)) — {1 : high(z, ys)}
leq(0, z) — {1 : true}
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leq(s(z),0) — {1 : false}
leq(s(x),s(y)) = {1 : leq(z, y)}
app(nil, ys) = {1 : ys}
app(cons(z, zs), ys) — {1 : cons(z, app(zs, ys))}

This quicksort algorithm searches for a random pivot element using the first
two rotate rules. Here, we rotate the list and always move the head element to the
end of the list. With a chance of 1/2 we stop this iteration and use the current
head element as the next pivot element. The rest of the rules represents the
classical quicksort algorithm without any probabilities. Here, app computes list
concatenation, low(x, zs) returns all elements of the list s that are smaller than
x, and high works analogously. Furthermore, hd returns the head element of a list
and tl returns the rest of the list without the head. Finally, empty checks whether
the list is empty or not.

Using our new ADP framework with the new transformational processors,
AProVE can automatically prove that this PTRS Rge is iAST. In particular, we
need the transformations (i.e., the rewriting processor) to evaluate the hd, tl, and
empty functions, and we need the rule overlap instantiation processor to determine
all possible terms that these functions can actually be applied on, e.g., we need to
detect that if we have the term empty(z) for a variable z, then in order to apply any
rewrite step, the variable z needs to be instantiated with either nil or cons(y, ys)
for some new variables y and ys.

C.2 Moving Elements in Lists Probabilistically

Another interesting probabilistic algorithm that deals with lists is the following: We
are given two lists L1 and Ls. If one of the two lists is empty, then the algorithm
terminates. Otherwise, we either move the head of list L; to Lo or vice versa,
both with a chance of 1/2, and then we repeat this procedure. This algorithm is
represented by the following PTRS.

or(false, false) — {1 : false}
or(true, z) — {1 : true}
or(x, true) — {1 : true}
moveElements(zs, ys) — {1 : if (or(empty(zs), empty(ys)), zs, ys)}
if(true, zs, ys) — {1 : zs}
if (false, zs, ys) — {1/2 : moveElements(tl(xzs), cons(hd(zs), ys)),
1/2 : moveElements(cons(hd(ys), zs), tl(ys))}
empty(nil) — {1 : true}
empty(cons(z, zs)) — {1 : false}
hd(cons(z, zs)) = {1 : =}
tl(cons(z, zs)) — {1 : zs}

This algorithm is iAST (and even AST) because we can view this as a classical
random walk on the number of elements in the first list that is both bounded from
below by 0 and from above by the sum of the length of both lists. In order to prove
this automatically, we again have to use some kind of instantiation processor, e.g.,
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the rule overlap instantiation processor, to find all possible terms that the functions
hd, tl, and empty can actually be applied on. In addition, we also need the rewriting
processor again to then evaluate these functions. Once the moveElements-ADP
contains the symbols cons and nil in the left-hand side, we can detect the structure
of the random walk using an application of the reduction pair processor that
removes all annotations of this ADP. After that, there is no SCC in the dependency
graph left, and we have proven iAST.

C.3 Conditions on Numbers

Another important task of termination analysis is to be able to handle conditions
on numbers. These occur in nearly every program and often impact the termination
behavior. The same is true for probabilistic programs. For a successful proof of
iAST without transformations, we need that the rules of the PTRS have these
conditions integrated in their left-hand sides of the rules, i.e., if one wants to check
whether a number is zero or not, then one needs two different rules f(0) — ... and
f(s(z)) — ... to perform this case analysis. However, in programs, conditions are
mostly implemented by an if-construct, where one could use, e.g., an additional
function gt to check whether a number is greater than another. The same is true
for conditions on other data structures than numbers, as we have seen above. If
one wants to check whether the list is empty or not, then without transformations,
one needs two rules (for nil and cons), whereas with transformations, one can use
conditions and auxiliary functions like empty.

The following PTRS depicts the classical random walk, but we check the
condition z > 0 not directly in the left-hand side of the rule but with an additional
function gt(z,y) which checks whether 2 > y. Additionally, in order to decrease
the value of a number by one, we use the predecessor function p(z) = = — 1.

gt(0,0) — {1 : false}
gt(s(z),0) — {1 : true}
gt(0,s(y)) — {1 : false}
gt(s(z), s(y)) = {1 : gt(=z,y)}
p(0) {1 0}
p(s(z)) =+ {1 : z}
loop(z) — {1 : if(gt(z,0),x)}
if(false, z) — {1 : stop}
if(true, ) — {1/2 : loop(p(x)), 1/2 : loop(s(x))}

In this case, we need the rewriting processor to evaluate the functions gt and p
and once again we need the rule overlap instantiation processor to check for all
possible terms that these functions can actually be applied on.

C.4 Limits of the Instantiation Processors

Whenever we have an ADP where the left-hand side of the rule is also contained
in the support of the right-hand side, then instantiations become useless, because
we will always have at least the same ADP again after applying the processor.
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For example, we need to apply one of the instantiation processors in order to
prove termination for the TRS with the rules f(x,y, z) — g(x,y, z) and g(a, b, z) —
f(z, z, z). If we make the rules probabilistic by adding the possibility to do nothing
in a rewrite step with the probability 1/2, then we result in the following PTRS.

f(z,y,2) = {12 g(z,y,2), /2 : f(x,y,2)}
g(a,b,z) = {Y2:1(z,2,2),Y/2: g(a,b, 2) }

This PTRS is iAST (since the original TRS was innermost terminating) but we
are unable to show this using the instantiation processor, because if one tries to
instantiate any of the rules, this will result in at least the same rule after the
processor. In contrast, in Ex. 38 we had nearly the same PTRS but the first rule
remained non-probabilistic. There, we were able to apply the instantiation processor
and prove iAST using the ADP Framework. (However, while instantiation does not
help in our example above, we can prove iAST using the rule overlap instantiation
processor.)

C.5 Transformations do not Suffice for Inductive Reasoning

Transformational processors are useful to perform a case analysis, but they do
not suffice for PTRSs where one needs inductive reasoning for the termination
analysis. For example, we cannot show iAST of the following PTRS even though
the if-structure seems similar to the one of the probabilistic quicksort example. This
example was proposed to us by Johannes Niederhauser at the 0-th probabilistic
termination competition in August 2023.

even(0) — {1 : true} even(s(0)) — {1 : false}
even(s(s(z))) —{1: even(z)} loop(z)— {1 : if(even(z),z)}
if (false, z) — {1 : stop} if (true, z) — {1/2 : loop(x), /2 : loop(s(x))}

The idea here is that the recursion of loop stops if its argument contains an even
number. If it is not even, then we either increase the value by 1 or use the same
value again. Here, a simple case analysis does not suffice, but we actually have to
show (inductively), that if a number z is odd, then 2 +1 is even. This is not possible
with the new transformational processors but needs other types of processors for
inductive reasoning (e.g., as in [15] for the non-probabilistic DP framework).
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