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Program transformation is a common practice in computer science, and its many applications can
have a range of different objectives. For example, a program written in an original high level lan-
guage could be either translated into machine code for execution purposes, or towards a language
suitable for formal verification. Such compilations are split into several so-called passes which gen-
erally aim at eliminating certain constructions of the original language to get a program in some
intermediate languages and finally generate the target code. Rewriting is a widely established for-
malism to describe the mechanism and the logic behind such transformations. We propose here an
approach where the function symbols corresponding to the transformations performed in a pass are
annotated with the patterns they are supposed to eliminate and show how we can check that the
transformation is consistent with the annotations and thus, that it eliminates the respective patterns.

1 Introduction

Rewriting is a well established formalism widely used in both computer science and mathematics.
Rewriting has turned out to be particularly well adapted to describe program semantics [23]] and pro-
gram transformations [20} [6]. In the context of compilation, the complete transformation is usually
performed in multiple phases, also called passes, in order to eventually obtain a program in a different
target language. Most of these passes concern transformations between some intermediate languages
and often aim at eliminating certain constructions of the original language. These transformations could
eliminate just some symbols, like in desugaring passes for example, or more elaborate constructions, like
in code optimization passes.

To guarantee the correctness of the transformations we could of course use runtime assertions but
static guarantees are certainly preferable. When using typed languages, the types can be used to guarantee
some of the constraints on the target language. In this case, the type of the function implicitly expresses
the expected result of the transformation. The differences between the source and the target language
concern generally only a small percentage of the symbols, and the definition of the target language is
often tedious and contains a lot of the symbols from the source type. For example, for a pass performing
desugaring we would have to define a target language using the same symbols as the source one but the
syntactic sugar symbols.

Formalisms such as the one proposed for NanoPass [[16] have proposed a method to eliminate a lot
of the overhead induced by the definition of the intermediate languages by specifying only the symbols
eliminated from the source language and generating the corresponding intermediate language.

Let’s consider expressions which are build out of (wrapped) integers, (wrapped) strings and lists:

Expr = mt(lnt)- List = mil)
| str(String) .
| Ist(List) | cons(Expr,List)

If, for some reason, we wand to define a pass encoding integers by strings then, the target language
in NanoPass would be Expr—™  i.e. expressions build out of strings and lists. Note that in this case the
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tool (automatically) removes the symbol int from Expr and replaces accordingly Expr with the new type
in the type of cons.

This kind of approaches reach their limitations when the transformation of the source language goes
beyond the removal of some symbols. For example, if we want to define a transformation which flattens
the list expressions and ensures thus that there is no nested list, the following target type should be con-
sidered:

Expr = lit(Literal) Literal = int(Int) List = nil()
| Ist(List) | str(String) | cons(Literal, List)

Functional approaches to transformation [22] relying on the use of fine grained typing systems which
combine overloading, subtyping and polymorphism through the use of variants [[11] can be used to define
the transformation and perform (implicitly) such verifications. While effective, this method requires to
design such adjusted types in a case by case basis.

We propose in this paper a formalism where function symbols are simply annotated with the patterns
that should be eliminated by the corresponding transformation and a mechanism to statically verify that
the underlying rewriting system is consistent with the annotations. The method is minimally intrusive:
for the above example, we should just annotate the flattening function symbol with the (anti-)pattern
cons(Ist(l1), 1) as detailed in Section[4.3]

First, in the next section, we introduce the basic notions and notations used in the article. We intro-
duce then, in Section[3] the notion of pattern-free terms together with their ground semantics and we state
the pattern-free properties a rewriting system should satisfy to be consistent with the pattern annotations.
Section 4| describes a method for automatically checking pattern-free properties We finally present some
related work and conclude.

2 Preliminary notions

We define here the basic notions and notations used in this paper; more details can be found in [4} 25].

A many-sorted signature ¥ = (S,F), consists of a set of sorts S and a set of symbols F. We
distinguish constructor symbols from function symbols by partitioning the alphabet F into D, the set of
defined symbols, and C the set of constructors. A symbol f with domain Dom (f) =s1x ... xs, € S* and
co-domain CoDom (f) = s € S is written fis1X ... Xs,—s; we may write f; to indicate explicitly the
co-domain. We denote by C;, resp. Ds, the set of constructors, resp. defined symbols, with co-domain s.
Variables are also sorted and we write x:s or x, to indicate that variable x has sort s. The set X denotes a
set of variables of sort s and X' = (J;c s X is the set of sorted variables.

The set of terms of sort s € S, denoted 7;(F,X') is the smallest set containing X; and such that
f(tr,...,ty) is in To(F,X) whenever fis1X...xs,+—s and t; € T5,(F,X), i € [1,n]. We write t:s to
indicate that the term 7 is of sort s, i.e. when t € To(F,X). The set of sorted terms is defined as
T(F,X) =Uses Ts(F,X). Var(t) denotes the set of variables occurring in t € T (F,X). If Var(t) is
empty, ¢ is called a ground term. T;(F) denotes the set of all ground terms of sort s and 7 (F) denotes
the set of all ground terms. Terms in 7 (C) are called values. A linear term is a term where every variable
occurs at most once. The linear terms in 7 (C, X)) are called constructor patterns or simply patterns.

A position of aterm ¢ is a sequence of positive integers describing the path from the root of ¢ to the
root of the subterm at that position. The empty sequence representing the root position is denoted by &.
!|» TESP. t(®), denotes the subterm of ¢, resp. the symbol of ¢, at position ®. ¢[s], denotes the term ¢
with the subterm at position @ replaced by s. Pos (¢) denotes the set of positions of ¢.
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We call substitution any mapping from X’ to 7 (F, X)) which is the identity except over a finite set of
variables called its domain. A substitution ¢ extends as expected to an endomorphism ¢’ of 7 (F,X).
To simplify the notations, we do not make the distinction between ¢ and ¢’. Sorted substitutions are
such that if x:s then o (x) € T4(F,X’). Note that for any such sorted substitution o, ¢:s iff 6(¢):s. In what
follows we will only consider such sorted substitutions.

Given a sort s, a value v : s and a constructor pattern p, we say that p matches v (denoted p < v) if
it exists a substitution ¢ such that v = o (p). Since p is linear, we can give an inductive definition to the

pattern matching relation:
x X v xekX

c(pry..,pn) < c(viy...,v) iff AL pi<v;, forceC

Starting from the observation that a pattern can be interpreted as the set of its instances, the notion
of ground semantics was introduced in [8] as the set of all ground constructor instances of a pattern
p € T(C,X): [p] ={0o(p) | o(p) € T,(C)}. Tt was shown [8] that, given a pattern p and a value v,
v € [p] iff p < v. We denote by _L the pattern whose semantics is empty, i.e. matching no term.

A constructor rewrite rule (over ¥) is a pair of terms @(ly,...,l,) = r € Ts(F,X) x To(F,X) with
seS,0eD,1y,...,l, € T(C,X)and such that ¢(/y,...,1,) is linear and Var (r) C Var (l). A constructor
based term rewriting system (CBTRS) is a set of constructor rewrite rules R inducing a rewriting relation
over T (F), denoted by —> and such that 1 —x ¢ iff there exist / — r € R, @ € Pos(t), and a
substitution ¢ such that 1, = o(I) and ¢’ = t[0(r)]e. The reflexive and transitive closure of —x is
denoted by —»%.

3 Pattern-free terms and corresponding semantics

We want to ensure that the normal form of a term, if it exists, does not contain a specific constructor
and more generally that no subterm of this normal form matches a given pattern. The sort of the term
provides some information on the shape of the normal forms since the precise language of the values of
a given sort is implicitly given by the signature. Sometimes the normal forms satisfy constraints stronger
than those induced from the sorts but these constraints cannot be always determined statically only from
the sorts but also depend on the underlying CBTRS.

To guarantee these constraints we annotate all defined symbols with the patterns that are supposed to
be absent when reducing a term headed by the respective symbol and we check that the CBTRS defining
the corresponding functions are consistent with these annotations.

We focus first on the notion of pattern-free term and on the corresponding ground semantics, and
explain in the next sections how one can check pattern-free properties and subsequently verify the con-
sistence of the symbol annotations with a given CBTRS.

3.1 Pattern-free terms

We consider that every defined symbol f~7 € D is now annotated with a pattern p € 7, (C,X) =
T(C,X)U{L} and we use this notation to define pattern-free terms. Intuitively, a ground term of
the form f~P(z,...,t,) should ultimately be reduced to a value containing no subterms matched by
p- Given the example given in the introduction, we can consider two function symbols, flattenE™? :
Expr — Exprand flattenL™? : List — List, with p = cons(Ist(l),1,), to indicate that the normal forms
of any term headed by one of these symbols contains no nested lists. The annotation of the function sym-
bol for the concatenation, concat~* : List x List — List, indicates that no particular shape is expected for
the reducts of the corresponding terms. For readability, we generally omit the | pattern annotation.
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Definition 3.1 (Pattern-free terms). Given p a constructor pattern or L,
e avaluev € T(C) is p-free iff Yo € Pos (v) , p # V|
e apatternt € T(C,X) is p-free iff VO such that o (t) € T (C), o(t) is p-free.
o atermt(f; 1(t1,...,tn)]o € T(F,X) is p-free iff t|v] is p-free Vv € T5(C) q-free;

A value is p-free if and only if p matches no subterm of the value. For constructor patterns, verifying
a pattern-free property comes to verifying the property for all the ground instances of the term. Finally,
a general term is p-free if and only if replacing (all) the subterms headed by a defined symbol f; by
any g-free value of the same sort s results in a p-free term. Intuitively, this corresponds to considering
an over-approximation of the set of normal forms of an annotated term. While pattern-free properties
can be checked for any value by exploring all its subterms, this is not possible for a general term since
the property has to be verified by a potentially infinite number of values. We present in Section [4.2] an
approach for solving this problem.

3.2 Generalized ground semantics

The notion of ground semantics presented in Section [2]and the approach proposed in [§] to compute dif-
ferences (and thus intersections) of such semantics can be used to compare the shape of two constructor
patterns p, ¢ (at the root position). More precisely, when [p] N [¢] = 0 we have that Vo,0(g) ¢ [p] and
therefore, we can establish that Vo, p <4 6(g). We can thus compare the semantics of a given pattern p
with the semantics of each of the subterms of a constructor pattern ¢ in order to check that ¢ is p-free.

Example 3.1. Consider the signature X with S = {s1,s2,53} and F =C = {c1 : s2 X8| > §1,¢2: 53 —

§1,C3 5] F> §2,C4 153 > §2,C5 153 > 83,C6 1> 53 }. We can compute [c1(ca(cs),ys, )] N [e1(x;,,¢2(c6))] =
[c1(ca(cs),c2(co))] and thus neither c1(ca(cs), Yy, ) is c1(x,c2(ce))-free nor ci(xq,,c2(cs)) is c1(ca(cs),y)-
free. Similarly, we can check that [c3(c2(z,,))| N [ca(zy, )] = 0 and [ca(z,, )| N [ca(z,, )] = 0 and, as a term

of sort s3 can only contain constructors cs and cg, we can deduce that c3(ca(zy,)) is c4(z)-free.

We want to establish a general method to verify pattern-free properties for any term and we propose
an approach which relies on the notion of ground semantics introduced in [8]] extended to take into
account all terms in 7 (F, X):

Definition 3.2 (Generalized ground semantics). Given a sort s € S, a pattern p € T, (C,X), a symbol
fs Pisix ... xsyrss € Dy, a pattern u € T(C,X), and a term t[fs P (t1,...,ty)]e € T(F,X) with t; €
Ts,(F,X),i € [1,n],

o [ul ={o(u) o) eT(C)};
o [tlfs P(t1,.. tn)]w] = {u € [tV]w] | Vv € T5(C) p-free}.

Note that the ground semantics of a variable x, is the set of all possible ground patterns of the
corresponding sort: [x,] = 75(C), and since patterns are linear we can use a recursive definition for the
non-variable patterns: [c(p1,...,pn)] = {c(vi,...,va) | (V1,..,vn) € [P1] X ... x [pa]} for all ¢ € C.
Moreover, it is easy to check that [f; 7 (t1,...,t,)] = {v € T;(C) | v p-free}.

The generalized ground semantics of a term rooted by a defined symbol represents an over-approxi-
mation of all the possible values obtained by reducing the term with respect to a TRS preserving the
pattern-free properties. For convenience, we consider also annotated variables whose semantics is that
of any term headed by a defined symbol with the same co-domain as the sort of the variable:

[xs 7] = {v|v e T,(C) Av p-free}
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Thus, [f; 7(t1,-..,t.)] = [xs 7], Vfs ¥ € Ds. Note that x; * has the same semantics as x,. We denote by
X? the set of annotated variables.

Moreover, given a term ¢t € T (F,X), we can systematically construct its symbolic equivalent T €
T (C,X“) by replacing all the subterms of 7 headed by a defined symbol f; by a fresh variable of the
corresponding sort and annotated by the same pattern: V¢t € T (F,X), [t] = [f]. We can thus restrict in
what follows to patterns using annotated variables and we consider extended patterns built out of this
kind of patterns:

p = X c(ql,-qn) | PrEP2  PI\P2 | P1Xp2| L

with p, p1,py : s for some s € S,c:s1x...Xxs, — s €Cand Vi € [1,n],q; : s;.
The pattern matching relation can be extended to take into account disjunctions, conjunctions and
complements of patterns:
pi+p <X v iff pr<kvV pp=<v pIXpy X v iff pr=<kv A pp<v
pi\p2 < v iff pr<v A pp<4v L <4 v

Intuitively, a pattern p; 4+ p, matches any term matched by one of its components while a pattern
p1 X p> matches any term matched by both its components. The relative complement of p, w.r.t. py,
p1 \ p2, matches all terms matched by p; but those matched by p,. L matches no term. x has a higher
priority than \ which has a higher priority than +.

The notion of ground semantics can be also adapted to handle such patterns:

[pi+p2] = [p1]Ulp2] [P\ p2d =[]\ [p2]
[p1xp2] =[]0 [p2]l  [L]=0

In this context, if an extended pattern contains no _L it is called pure, if it contains no x and no \ it
is called additive, and if it contains no +, no x and no \, i.e. a term of 7 (C,X?), it is called symbolic.
We call regular patterns that contain only variables of the form x~. And finally, we call quasi-additive
patterns that contain no x and only contain \ with the pattern on the left being a variable and the pattern
on the right being a regular additive pattern.

Proposition 3.1. Lett € T(F,X),p € T (C,X), tis p-free iff Vv € [t],v is p-free.

Pattern-freeness can thus be checked by exploring the semantics of the term. We will see later on
how this can be done and for now we focus on semantics preserving CBTRSs and on their properties.

3.3 Semantics preserving CBTRS

Generalized ground semantics rely on the symbol annotations and assume thus a specific shape for the
normal forms of reducible terms. This assumption should be checked by verifying that the CBTRSs
defining the annotated symbols are consistent with these annotations, i.e. check that the semantics is
preserved by reduction.

Definition 3.3 (Semantics preservation). A rewrite rule | — r is semantics preserving iff [r] C [I]. A
CBTRS is semantics preserving iff all its rewrites rules are.

Semantics preservation carries over to the induced rewriting relation:
Proposition 3.2. Given a semantics preserving CBTRS R we have

Vt,v € T(F), ift —»rv, then [v] C [f].

As an immediate consequence we obtain the pattern-free preservation:
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Corollary 3.1. Given a semantics preserving CBTRS R we have
Vi,ve T(F),peT(C,X), ift p-free and t —» v, then v p-free.

Note that the rules of a CBTRS are of the form f~7(ly,...,l,) — r and thus, as an immediate con-
sequence of Defintion [3.2] the semantics of the left-hand side of the rewrite rule is the set of all p-free
values. Therefore, according to Proposition (3.1} such a rule is semantics preserving if and only if its
right-hand side r is p-free. We will see in the next section how pattern-freeness can be statically checked.

Example 3.2. We consider the signature from Example enriched with the defined symbols D =
{f7P sy = 51,8 72055 — so} with py = ¢1(ca(2),y) and py = c4(z), and the CBTRS:

flei(ey)) — ci(gx), £ () 8(ca(z)) — es(ca(2))
flea(z)) = (2) 8(e3(y) = a3(f(v)

We have seen in Example3.1|that c3(c2(x)) is pa-free and we can thus conclude that the rule g(c4(z)) —
c3(ca2(z)) is semantics preserving. We introduce in the next section a method to statically check the
corresponding pattern-freeness for the other right-hand sides and conclude that the CBTRS is semantics
preserving.

4 Deep semantics for pattern-free properties

The ground semantics was used in [8]] as a means to represent a potentially infinite number of instances
of a term in a finite manner and to subsequently check, for example, that a pattern matches (or not) a term
by computing the intersection between their semantics. For pattern-freeness, we should check not only
that the term is not matched by the pattern but also that none of its subterms is matched by this pattern.
We would need thus a notion of ground semantics closed by the subterm relation.

We introduce next an extended notion of ground semantics satisfying the above requirements, show
how it can be expressed in terms of ground semantics, and provide a method for checking the emptiness
of the intersection of such semantics and thus, assert pattern-free properties.

4.1 Deep semantics

The notion of deep semantics is introduced to provide more comprehensive information on the shape of
the (sub)terms comparing to the ground semantics which describes essentially the shape of the term at
the root position.

Definition 4.1 (Deep semantics). Let t be an extended pattern, its deep semantics {t]} is as:
{t} = {u|w |uet],o € Pos(u)}

Note first that, similarly to the case of generalized ground semantics, it is obvious that we can always
exhibit a symbolic pattern equivalent in terms of deep semantics to a given term, i.e. Vt € T (F,X),{t]} =
{7]}; consequently, we can focus on the computation of the deep semantics of extended patterns. Follow-
ing this observation and as an immediate consequence of the definition we have a necessary and sufficient
condition with regards to pattern-free properties:

Proposition 4.1. Let p € T(C,X),t € T(F,X), tis p-free iff {{} N [p] = 0.
To check the emptiness of the above intersection we express the deep semantics of a term as a
union of ground semantics and then check for each of them that the intersection with the semantics of the

considered pattern is empty. First, since the deep semantics is based on the generalized ground semantics,
we can easily establish a similar recursive definition for constructor patterns:
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Proposition 4.2. For any constructor symbol ¢ € C and extended patterns ty, ... ,t,, such that Dom(c) =
SIX...XS,andty :S1,...,t, . Sy, we have:

o IfVic [1,n],[t] £ 0, then {c(t1,....ta)} = [c(t1,...,ta)]U (91 {M) .
e If3ic [L,n],[t;] =0, then {c(t1,...,t,)]} =0.

If we apply the above equation for the non-empty case recursively we eventually have to compute
the deep semantics of annotated variables and for this we use the algorithm getReachable given in

Appendix [Al
Proposition 4.3. Givens € S,p € T, (C,X) and r : s a sum of constructor patterns, we have

= U I"\r1

(s'.p')eR
with R = getReachable(s, p,0,r). Moreover, we have {x; "\ r} = 0 iff R = 0.

Propositions and guarantee that the deep semantics of any symbolic pattern and thus, of
any term, can actually be expressed as the union of ground semantics of quasi-additive patterns. We
introduce in the next section a method to automatically verify that the corresponding intersections with
the semantics of a given pattern p are empty and check thus that a term is p-free.

4.2 Establishing pattern-free properties

As we have already mentioned, an approach was proposed in [8]] to compute the intersection of ground
semantics for constructor patterns. In our case we just need to check pattern-freeness and thus, that the
intersection of the semantics of a symbolic pattern ¢ with the semantics of the given constructor pattern
p is empty: to put it simply, we want a TRS that reduces a pattern of the form ¢ x p to L if and only if its
ground semantics is empty.

To this end, we introduce the TRS R, presented in Figure (I} The rules generally correspond to their
counterparts from set theory where | corresponds to the empty set, a variable x; - corresponds to all
terms of sort s, constructor patterns correspond to cartesian products and the other extended patterns to
the obvious corresponding set operations.

We have seen that the ground semantics of an annotated variable is obtained by considering, for
each constructor of the appropriate sort, the set of all terms having this symbol at the root position
complemented by the pattern in the annotation and taking the union of all these sets. R, uses this
property in the rule P1 to expand annotated variables allowing thus for the triggering of the other rules
for conjunction. Note that z; are fresh variables generated automatically. The rules P2, P3 and P4 express
the respective behaviour of conjunction over complements (AN (B\C) = (A\C)NB = (ANB)\C).

Finally, we can observe that, thanks to the algorithm getReachable we can determine if {{X; ” \ v} =
(0. Moreover, by definition, {¢} = @ if and only if [¢] = 0. Therefore, the TRS is finalized by the rule P6,
which eliminates (when possible) annotated variables. Note that, in order to apply P6 exhaustively, R,
also needs a rule to perform some \-factorization around variables, resulting in the rule P5.

Proposition 4.4 (Semantics preservation). For any extended patterns p,q, if p—»r, q then [p] = [q].

While we cannot provide a simple description of the normal forms obtained by reduction of a general
extended patterns, R, can be used to establish the emptyness of a given intersection:

Proposition 4.5. The rewriting system R, is confluent and terminating. Given a quasi-additive pattern
t and a constructor pattern p, we have t x p—»r,, L if and only if [t x p] = 0.
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Remove empty sets:

(A1) l4+v =79

(A2) v+l =79

Distribute sets:

(E1) ovi,...,L,...,vy) = L

(E2) 1lxv= 1

(E3) vx L= 1

(S1) SOV, Vit Wiy, V) = SOV, Viy e V) 8 (VE, oo, Wy, V)

(S2) (Wi +w2) XV = (W1 X V) + (w2 X V)

(S3) wx (vi+v2) = (Wxvp)+ (wxn)

Simplify complements:

MI) \ L= 1

(M2) 1=

(M3) (v +V2) W= (v \w)+ (2 \ W)

(M5) v= 1

(M6) Vi, V) \ (VW) = (a(vi,... . va) \ V) \W

oM7) a(v,.. v,,)\oc(tl, ) = (V1 \E, e V) oV Ve \ )

M8) a(vr, .. vn) \B(wr,..., m) = a(V1,...,Vn) with o # B

Simplify COIlJllllCthIlS

(T1) Vxx L=V

(T2) X txv=79

(T3) A(V1y.eey V) X AW,y W) = OQU(V] X W, ..., Vg X W)

(T4) o (Vi,..., V) X BWI,...,Wnm) = L with o £ B

Simplify p-free:

(P1) XU X (V.. y) = ZC c(zish s szms’ ) ¥ (@(V1, ..., V) \ P) with m = arity(c)

cely

(P2) A(VT,- V) X (X P\T) = (@7, 7) x % D)\ if {x; 7\ 7} £ 0

(P3) % Ix (®%P\1) = (% Ixx P)\7 if {x, 7 \7)} £ 0

(P4) & P\T)xV = (% 7" x¥)\7 if {x, 7 \7) #£0

(P5) & P\D\d = % P\ (7+70) if {x, 7 \7)} £ 0

(P6) P\ = L if X, 7\7} =0
Figure 1: 'R, : reduce pattern of the form ¢ X p; v,vy,...,V,, W,wy,...,w, range over quasi-additive
patterns, u,f range over pure regular additive patterns, 71,...,f, range over pure symbolic patterns, p,g

range over constructor patterns, X ranges over pattern variables. «, expand to all the symbols in C, o
expands to all symbols in C">°.

4.3 Establishing semantics preserving properties

The approach proposed in the previous section allows the systematic verification of patern-free properties
for any term in 7 (F,X’) and can thus be used to check that a CBTRS is semantics preserving.

Example 4.1. We apply the approach to check that the CBTRS in Example [3.2]is semantics preserving.
For this we need to prove that c\(g"*(x,), f "' (yy,)) and ca(zy,) are pi-free, and that c3(ca(zy,)) and
c3(f7P1(yy,)) are py-free.
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In order to prove that ry = c1(g P2(x,,), f P (yy,)), it is p1-free, we first use getReachable to
compute the deep semantics of i = c¢1(x5,7*,v5,"") as the union of [c1 (x5, y5,")] [P 1 [zss ' [xs.”"\
2], [%.72] [vs,”2] and [z,"*]. For all the terms in the union we compute their conjunction with py using
‘R, which reduces them all to 1. Hence, by Proposition ry is p1-free.

Similarly, we can check that c;(z,) is pi-free, and c3(c2(z,)) and c3(f(yy,)) are py-free. Thus,
the CBTRS is semantics preserving. It is easy to check that it is also terminating and consequently, the
normal form of any term f(t), t € Ty, (F), is p1-free and the normal form of any term g(u), u € Ts,(F),
is pa-free.

We can now come back to the initial flattening example presented in the introduction. We con-
sider a signature consisting of the sorts and constructors already presented in the introduction to which
we add the defined symbols D = { flattenE~P : Expr v Expr, flattenL™P : List + List,concat™" :
Listx List — List}. with p = conc(Ist(l;),11), to indicate that the corresponding functions defined by
the following CBTRS aim at eliminating this pattern:

flattenE (str(s)) str(s)
flattenE (Ist(1)) Ist(flattenL(1))
flattenL(nil()) nil ()

flattenL(cons(str(s),l))
flattenL(cons(Ist(1),12))
concat(cons(e,ly),1p)

L concat(nil(),1)

cons(str(s), flattenL(l))
flattenL(concat(ly,1))
cons(e,concat(l1,1))

)

R EEERE

Thanks to the method introduced in the previous section we can check that the right-hand sides of the
first 5 rules are p-free and hence, as explained in Section that the CBTRS is semantics preserving.
This CBTRS is clearly terminating and complete and thus, we can guarantee that the normal form of
such terms are p-free values.

The implementatio takes an input a file defining the signature and the CBTRS to be checked and
returns the (potentially empty) set of non pattern-free preserving rules (i.e. rules that do not satisfy the
pattern-free requirements implied by the signature). For each such rule we provide a set of terms whose
ground semantics is included in the deep semantics of the right-hand side of the rule and that do not
satisfy the pattern-free property required by the left-hand side.

5 Related work

While the work presented in this paper introduces an original approach to express and ensure a particular
category of syntactical guarantees associated to program transformation, other approaches presenting
methods to obtain some guarantees for similar classes of functions exist in the literature.

Tree automata completion Tree automata completion consists in techniques used to compute an ap-
proximation of the set of terms reachable by a rewriting relation [[12]]. The application of this approach
is nevertheless usually conditioned by the termination of both the TRS and the set of equational approx-
imations used [24, 13]]. Thus, while providing a more precise characterization of the approximations of
the normal forms, these techniques are constrained by these termination conditions. Therefore we be-
lieve the formalism presented in this paper provides a viable and original alternative to such techniques,
particularly in the context of verification of pass transformations [16]].

Icode available at https://github.com/plermusiaux/pfree_check; online version available at http://
htmlpreview.github.io/?https://github.com/plermusiaux/pfree_check/blob/webnix/out/index.html


https://github.com/plermusiaux/pfree_check
http://htmlpreview.github.io/?https://github.com/plermusiaux/pfree_check/blob/webnix/out/index.html
http://htmlpreview.github.io/?https://github.com/plermusiaux/pfree_check/blob/webnix/out/index.html
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Recursion schemes Some formalism propose to deal with higher order functions through the use of
higher order recursion schemes, a form of higher order grammars that are used as generators of (possibly
infinite) trees [[17]. Higher order recursion scheme have also been extended to include pattern match-
ing [21]] and provide the basis for automatic abstraction refinement. These techniques address in a clever
way the control-flow analysis of functional programs while the formalism proposed in our work is more
focused on providing syntactic guarantees on the shape of the tree obtained through a pass-like transfor-
mation. The use of the annotation system also contributes to a more precise way to express and control
the considered over-approximation.

Tree transducers Besides terms rewriting systems, another popular approach for specifying transfor-
mations consists in the use of tree transducers [[18]]. Transducers have indeed been shown to have a
number of appealing properties when applied for strings, even infinite [2], and most notably can provide
an interesting approach for model checking certain classes of programs thanks to the decidability of gen-
eral verification problems [1]]. Though the verification problems we tackle here are significantly more
strenuous for tree transducers, Kobayashi et al. introduced in [18] a class of higher order tree transduc-
ers which can be modeled by recursion schemes and thus, provided a sound and complete algorithm to
solve verification problems over that class. We claim that annotated CBTRSs are easier to grasp when
specifying pass-like transformations and are less intrusive for expressing the pattern-free properties.
Refinement types Formalisms such as refinement types [9] can be seen as an alternative approach for
verifying the absence, or presence, of specific patterns. Notions such as constructor subtypes [ could
be used to construct complex type systems whose type checking would provide guarantees similar to the
ones provided by our formalism. This would however result in the construction of multiple type systems
in order to type check each transformation as was the case in the original inspiration of our work [16].

6 Conclusion and perspectives

We have proposed a method to statically analyse constructor term rewrite systems and verify the absence
of patterns from the corresponding normal forms. We can thus guarantee not only that some constructors
are not present in the normal forms but we can also be more specific and verify that more complex
constructs cannot be retrieved in the result of the reduction. Such an approach avoids the burden of
specifying an intermediate language for each of the so-called passes in a compilation process, the user
being just requested to indicate the patterns that should be eliminated by the respective transformation.

Different termination analysis techniques [13, [15} [14] and corresponding tools like AProVE [10]] and
TTT2 [[19] can be used for checking the termination of the rewriting systems before applying our method
for checking pattern-free properties. On the other hand, our approach applies also for CBTRS which
are not complete or not strongly normalising and still guarantees that all the intermediate terms in the
reduction are pattern-free; in particular, if the CBTRS is weakly normalising the existing normal forms
are pattern-free.

We believe this formalism opens a lot of opportunities for further developments. In the current
version, the verification relies on an over-approximation of the set of reducts and thus, can lead to false
negatives. For example, if in the CBTRS in Section .3] we replace the right-hand side of the third
rule for flattenL by concat(flattenL(l}), flattenL(l)) then the rule would be reported as non pattern-
preserving. Although we conjecture that such false negatives indicate some isues in the conception of
the CBTRS, we work on an alternative approach allowing for a finer-grain analysis. We also intend to
extended and use the approach in the context of automatic rewriting rule generation techniques, such as
the one introduced in [7]], in order to implement transformation approaches of passes such as in [[16]].
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A Algorithm getReachable

The deep semantics of annotated variables can be computed using the algorithm getReachable intro-
duced in Figure
Intuitively, the algorithm uses the definition of the deep semantics of a variable {x; ]} = {u, | u €

[xs 7], ® € Pos(u)} and the observation that the ground semantics of an annotated variable can be also

defined as:
[ 1= U L@, .7\ Pl (1)

ceCy

By distributing the complement pattern p on the subterms, the algorithm builds a set Q.(p) of tuples
q=(q1,-..,qu) of patterns, with each ¢; being either L or a subterm of p, such that

[e(xi?s-ox; I\l = U eGP \ais--x.7 \ )] )

q€0.(p)
We have thus
{7} = {u|w|u6[[x;p]]w6730s(u)}
— {uolue U U [\ g\l 0 € Poste) |
c€Cs g0, (p)
= U U {uoluelets\qr...x.”\g)l.0 € Pos(w) |
c€Cs q€Q.(p)
= U U {etx5"\q1,---,x5"\ qn)]}(def. of deep semantics) 3)
c€CsqeQc(p)
= U U [[c(xs_,p\ql, xSn \Qn)]] U U U U{[xs, \%]}
ceCysqeQ.(p) c€Csq€Q;(p) i=
= [xs 7] u U U U{[xs,' \ gil

c€CsqeQ(p) i=1

with Q¢(p) € Qc(p) s.t. Vg = (g1, ,4n) € Qu(p), [xs." \ ai] # 0,i € [1,n].
Note that x; ? is the same as x; * \ L and thus, in order to express the deep semantics of annotated
variables as a union of ground semantics the algorithm computes a fixpoint for the equation

n
=\ auly U Ul \al
c€CsqeQ;(r+p)i=1
Example A.1. We consider the symbolic patterns from Example and express their deep semantics
as explained above. According to Proposition we have {Fi] = {c1(x,",y5,")]} = [e1 (x5, y5, 7 )] U
I B U{ys,”' ]} and we should expand {x;,"*}} and {ys,"']}.

To expand {y;,"']} the sets Qc(pl) are computed for each ¢ € Cy, = {cl,cz} First, following equa-
sion (I, D] = [e1 (i v\ ex(ealz Doy DIV [ea(a™) \ ex(ealzg D)y )] and we can easily
see that the complement relation in term of ground semantics corresponds to set differences of cartesian
products: [e1(x”, v ") \ e1(calzy ™), y5, )] = fer (4" \C4(Zsz ) ys") U fe1 (v \ vy )] We
get thus, [i] = o1 (6" \ calz ) ve U o1 (6" 3" \ v U fea (@], Hence, following
equation ). Qo (p1) = {(c4(z52), 1), (L3, )} = {(p2s L), (Loyy)} and Qos(p1) = {(L)}. Moreover
[e1 (.M \ p2,ys,™)] and [ca(zs;"™)] are not empty (c1(c3(c2(cs)),c2(ce)) and ca(ce) belong respectively
to each of them) while [c1(xs,”" v, \ y5,")] is clearly empty. Thus, we have

s = D" TO "\ p2l Uy P T Uz )
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Function getReachable(s,p,S,r)

s: current sort,

p: pattern of the pattern-free property,
S: set of couples (s, p’) reached,

r: resulting pattern

Data:

Result: set of couples (s, p’) reachable from x; '\ r
ifp:sthenr<+—r+p
if [x, \ r] = 0 then return 0
if 3(s,r’) € S,[F'] = [r] then return S
R<+— SU{(s,r)}
reachable <— False
for c € C; do

f—"m\ﬂ
O «— {(L,..., 1)} withm = arity(c)
fori=1tonwithr= irido

i=1

if /(@) = c then
tQc<—0
for (q1,...,qm) € Oc,k € [1,m] do tQ..add((q1,
Qc <10

or (q1,...,qm) € Q. do
subRset +— 0

fori=1tomdo
subR <— getReachable (Dom (c)[i], p,R,qi)
if subR # (0 then subRset.add (subR)
if |subRset| = m then
reachable «— True
for subR € subRset do R +— RU subR
if reachable then
| return R

else
| return 0

)

-~-an+”i\k7-~an))

Figure 2: Compute deep semantics of quasi-additive terms as

[vs,"] and [z,"].

a union of ground semantics.

The getReachable algorithm continues the expansions until a fixpoint is reached. More precisely,
we get {ys,"' )} = [ys" U [zss ' T U [x7"\ p2]l and {x,7*} = [x,72] U [vs,2] U 253 2], and therefore, the
deep semantics of i = c1(xs,”,y5,"") is the union of [c1(x,”, y5,"" )], [y, [, [z"']. [x,” \ p2]l. [x,"],
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B Proofs
Proposition 3.1. Lett € T(F,X),p € T (C,X), tis p-free iff Vv € [t],v is p-free.

Proof. Ift € T(C), then [¢] = {t}, hence the relation.

Ift € T(C,X), t is p-free iff Vo such that o(r) € T(C), o(t) is p-free. Thus, by definition of the
generalized ground semantics, ¢ is p-free iff Vv € [t],v is p-free.

Finally, for r € T (F,X), we proceed by induction on the number n of defined symbols inz. If n =0,
thenr € T(C,X), thus ¢ verify the property. We suppose that Vu € T (F,X’) with k < n defined symbols,
u is p-free iff Vv € [u],v is p-free. We now consider t = u[f~9(t1,...,tm)|w € T(F,X) with n+ 1
defined symbols and f € D;. By definition, t is p-free iff Vv € T((C) g-free, u[v], is p-free. Moreover,
Vv € T5(C) g-free, the number of defined symbols in u[v], is less or equal to n, thus the inductive property
guarantees that u[v], is p-free iff Vw € [u[v]e] is p-free. Hence, 1 is p-free iff Yw € {w € [u[v]o] |
Vv € T5(C) g-free},w is p-free, i.e. iff Vw € [t],w is p-free. Hence, by induction t € T (F,X), is p-free
iff Vv € [t],v is p-free. O

Proposition 3.2. Given a semantics preserving CBTRS R we have

Vt,v € T(F), ift —»rv, then [v] C [f].

Proof. For all constructor rewrite rules [ — r, [ is of the form f(l,...,l,), thus we have Vo, [c(r)] C
[rlClil=To(f(l,...,1,))]- Moreover, ¥t € T (F),Yu,v e T (C) [v] C [u] implies Vo € Pos (t) [t[v]w]
[t[#]w]. Therefore, by definition of the rewriting relation induced by such a semantics preserving rule,
we have Yu,v € T(F), u —x v implies [v] C [u]. O

Proposition 4.1. Let p € T(C,X),t € T(F,X), tis p-free iff {{} N [p] = 0.

Proof. By definition, {7} = {u, | u € [f], @ € Pos (u)} = {u)e | u € [t], @ € Pos ()}, thus {ff N [p] =0
if and only if Vu € [t], @ € Pos(u),p # u, i.e. Yu € [t],u is p-free. Therefore, thanks to Proposi-
tion[3.1] # is p-free if and only if {7} N [p] = 0. O

Proposition 4.2. For any constructor symbol ¢ € C and extended patterns ty, ... ,t,, such that Dom(c) =
SIX...XS,andty :81,...,t, : S, we have:

o IfVi e [1,n],[6] £ 0, then {c(tr,....0)} = [e(tr,. .. 6)] U (g} I1));
o If3ic[L,n],[t;] =0, then {c(t1,...,t,)]} = 0.
Proof. 1If 3i € [1,n],[t;] = 0, then [c(z1,...,t,)] = 0. Hence, {c(t1,...,t,)]} = 0.

Otherwise, Vi € [1,n],[t;] # 0, and we consider the inclusions in the 2 directions separately. If
t€fc(tr,...,tn)]), then Ju € [e(ty,. .. ,ta)], @ € Pos (u) such thatt = u,,. If @ =&, thent € [c(ty,. .., 1:)].

otherwise @ = i.@’ with i € [1,n] and therefore Ju’ € [1;] such that r = u" o e t € {ti}. Hence the
direct inclusion. For the indirect inclusion, we can first remark that any v € [c(t1,...,#,)] is also in
{e(t,...,t.)]. Let’s now consider v € {t;]} for some i, i.e. Ju; € [t;], ® € Pos (u;) such that v = u;,, then

for all u = c(uy,...,u,) such that Vj # i,u; € [t;], v=uwj . i.e. v € {c(t1,...,;)]}. Hence the indirect
inclusion. O
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In order to prove Proposition [4.3] we introduce some auxiliary notions and prove some intermediate
results.

First we analyse the deep semantics {x; ” \ r}. We can observe that [x; 7\ 7] C [, \ (r+ p)], therefore
if the latter is empty so is the first. Otherwise, we know that none of the patterns in (r + p) is x;.
Moreover, for any c,c’ € Cy, we have [c(pi,...,pn) \ c(q1,---sqn)] = [Xreic(P1y-- i\ Gis-- -, Pn)]
and [c(p1,...,pn)\(q1s---,qm)] = [c(P1,-..,pn)]. Therefore, given ¢,r and p we can construct a set
denoted Q.(r+ p) of n-tuples ¢ = (q1,...,qn), with n the arity of ¢, by successively distributing the
patterns of 7+ p that have the given constructor ¢ as head (denoted 7', ..., %), as follows:

[exs,”s - X, IIN (4 p)] = [e(x,,”, - Hn)\(r+ A+
=[G\ L PN DN e\ (P 7]

< .,xs_l,p\r},...,x;”\J_)> \(e(rt, i)+ 4+

( \J_ Yj”\r]z,...,x;l’\ril’._ s,lp\i)>\(r3+...+rk)]]
16[] n]

= [[ Z c(xs_lp\qlv"'?xs_,,p\qn)]]

q€Qc(r+p)

Thus as shown in development (3)), we get:

- 0 if [x,\ (r+p)] =0VvVceC,Q.(r+p)=0
P\t =¢ [P\ U U U U {x;”\aqi]} else

c€C, qeQL(r+p) i€(Ln]

with Q¢ (u) = {q | g € Qc(u) AVi € [L,n], [xs,” \ ¢i] # 0}

Given Q. (u) and Q'c(u) defined above, we can now introduce the following abstractions for the deep
semantics:
Definition B.1. Let p € T, (C,X), a couple (s,r), with s € S and r a sum of constructor patterns such
thatr = L Vr:s, and S a finite set of such couples,

. 0 if[x,\ (r+p)]=0VvVc e, Q.(r+p)=0
o x"\rj=94 {(s,r)} U U U U [x;"\qi] else

c€CyqeQ(r+p)i€(ln]
Such that, as shown above, we have {x; "\ r} = U ey [x,”\p'] and |x;"\r| = 0 iff
[ ?\r] = 0. Thus Q¢(u) = {q | g € Qc(u) AVi € [L,n], |x;,"\ qi] # 0}
0 i [x\r+p)]=0
S elseif 3(s,r)e S [F]=1]r]
o [x,"\rls=¢ 0 elseif VceC, 03 (r4p)=0
{s,1)} U U U U Lx;p\QiJSu{(s,r)} else

¢€C, 4o Sy i€ (L]
with Q3 (u) ={q | q € Qe(u) Vi € [Ln], |\ r|s # 0}
Moreover, we note {x; "\ rhg = U [x,”\ P

(s".p)E(Lxs P\ s\S)
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Lemma B.1. Let p € T, (C,X), a couple (s,r), with s € S and r a sum of constructor pattern such that
r= 1 orr:s, and S afinite set of such couples. We have |x; "\ r| # 0 if and only if |x; "\ r]o # 0

Proof. We consider the following (possibly infinite) tree structure: N = ((s',p’),¢,q,L) such that c :
S1X...xXsp —= 5" €C,q € Qc(p'+ p) and L = [Ny,...,N,] with Vi, N; is of the form ((s;,r;),[...]) with
[ri] = [4i]. We remark that Q.(p" + p) is correctly defined if and only [x, \ (p'+ p)] # 0, then if such a
tree exists, we have, for all nodes ((s', p’),[...]), [x, \ (¢ +p)] # 0.

As [r] =[] implies [x; ?\ r] = [x; ¥ \ ], by construction, if {x; '\ 7]} # 0, then there exists such
a tree. And conversely, if there exists such a tree, as for all nodes ((s',p’),[...]),[x, \ (¢ + p)] # 0,
then we can construct a term ¢ by assigning to each node the value of the constructor label, such that, by
construction, ¢ : s and  is p-free, hence ¢ € [x; 7\ r], and thus {x; "\ r]} # 0.

We prove now that |x; 7\ ]p # 0 if and only if there exists such a tree. If there exists such tree, we
can prove that for each node N = ((s, p’), [...]) of this tree [x,” \ p’]s % 0 with S the set of pairs (£, p) of
each node in the path from the root of the tree to N. If the tree is finite, this is obviously true for each leaf.
Otherwise, there is at least one infinite branch, and as each p’ is a sum of a subterm r and subterms of p,
there is only a finite number of such terms with a different ground semantics (as [u + u] = [u]). Hence,
for each infinite branch, there is a node N = (({,p),[...]) such that the path from the root of the tree
to N contains a node (({,p’),[...]) with [p] = [p'], hence |x,”\ p’|s. We can then prove by induction
that this holds for each node. Thus, we have, for the root node, |x;”\r]g # 0. If |x; 7\ 7o # 0, by
construction of |x;”\ r|p, we can build a tree such that for each node N = ((s', p’),[...]) of this tree
lx,”\ p']s # 0 with S the set of pairs ({,p) of each node in the path from the root of the tree to N, with
each branch of the tree terminating on a node (({,p),c,][...]) such that ¢ is of arity O or there exists a
node ((&,p’),[...]) with [p] = [p’] in which case we can repeat infinitely the path between the 2 nodes
to get the desired tree.

Thus we have |x; ”\ r| # 0 if and only if [x; 7\ r|g # 0. O

Lemma B.2. Let p € T, (C,X), a couple (s,r), with s € S and r a sum of constructor patterns such that
r=_1Vr:s, and S a finite set of such couples. We have:

LIf [xs P\ rls # 0 then ¥(s', p') with q : s or g = L, |x5 "\ rlsuqe pyy # 05

2. Y(s', p") with p:s"or p= L, if |x; "\ r]sug(y p)) 7 O then V'S’ such that |x ;"\ p'lg #0, |xs 7\ r]sus #
0;

3.9(s,p'), withp s or p= L, if [x,”\ p'|s # 0, then {x; "\ rh\sug(s pyy € {5\ s
4. 5(s',p"), withp:s orp= L, if |x,”\ p'|s #0, then {x; "\ rlns € {xs " \ rlh\sugspy Ul \ s

Proof. We consider P(u) the set of all patterns that we can construct by sum of subterms of « and p,
and Pg(u) = {t |t € P(u) ANV(s',p") € S,[t] # [p']}. Thanks to this, we can prove the 4 properties by
induction on S and r, such that P g(r) is strictly decreasing.

The base case is for S and r such that 3(s,7’) € S with [r] = [#], in this case |x; 7\ r|s = S, and
thus all 4 properties hold. Let now S be a set such that V(s',7’) € S,s # 5"V [r] # [r'], we suppose that
Ve € C5,Vq € Q.(r+ p), the properties hold for all s;,q; and SU{(s,r)}, and we want to prove that they
hold for S and r. Indeed, as g; is a sum of subterms of r and p, we have P(g;) C P(r), and we have

r € Pg(r) but r & P guq(s,r)}(4i), hence P sy, (qi) C Rs(r).

LIf [x P\ r)s # O then V(s', p') with g : s or g = L, [x; "\ r]suqs pyy 7# 05
If s = s and [p'] = [r], then the property is obviously true. Otherwise, as |x; 7\ 7|5 # 0, we know
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that [x, \ (r+ p)] # 0 and that 3¢ € C, such that Q51" (r + p) £ 0, i.e. 3g € Qc(r+ p) such that
Vi e [1,n],[x," \ gi]suf(s,)) 7 0. We can then apply the inductive property for SU{(s,r)}, hence
Vie [1,7’[], Lx;p\qu SU{(s,r)U{(s",p")} # 0, and thus Lx;P\ JSU{ )} # 0.

V(s',p") with p:s"or p= L, if |x; "\ r]sup(s, )y 7 0 then VS such that [x,”\ p'|g #0, |x; 7\ r]sus #
0;
We proceed the exact same way.

V(s p'), with pos’or p= L, if [x,”\ p'|s # 0, then {x; "\ rlhsugspyy © {67\ rhss

If s =s and [p'] = [r], then the property is obviously true. Otherwise, as |x,”\ p']s # 0,
we have, thanks to the previous 2 properties, V(s”, p” ) [x,"\ P Jsug(s,ryy # O if and only if
lx."\ p' jsu{ (s,r).(s",p)} 7 0. Thus, for all ¢ € C; QSU{ S5 }(r+p) Q‘E.U{(S/’p/)}(r—i—p). There-
fore if one is empty, so is the other, and both semantics then verify the property. Finally, if neither
[x,\ (r+ p)] nor all Q3(r+ p) are empty, we have:

s P\ rhsugepy = P\l U U U U " \ailhsogesr. .0}

C€Cs 4 gBAGAE I 4 €[]
= [x"\r] U U U U "\ aib\sugesn o0
ceCy qEQSU{ (rer) i€[1,n]
C [x"\r] U U U U {xs” \ gil\su(s,} by induction
¢€Cy e g6 (p il
And so {x; "\ rh\sug(v.g)) € 67\ s

V(s',p'), with p:s"or p= L, if [x,”\ p'|s #0, then {x; ” \ r\s € {ois "\ rhysug )y VR 7\ P s
We procede the exact same way.
O

Proposition 4.3. Given s € S,p € T (C,X) and r : s a sum of constructor patterns, we have

= U "\P1

(s'.p')ER

with R = getReachable(s, p,0,r). Moreover, we have {x; '\ |} = 0 iff R = 0.

Proof. 1If |x; 7\ r|s # 0, thanks to Lemma we have:

and:

P\rhs = "\l U U U U "\ aihsugsny
) ceCy qufU{(SJ) (r+p) i€[1,n]
= [[XS P \ r]] u u U U {[XY: \QI]}\SU{ (s,r)}

ceCy geQ3(r+p) i€(1,n]

["\rp v U U U " \aihs

c€Cs qeQS(r+p) ic [1 n|

N

e P\rhs = [\r] U U U U " \aihsugesn
) ceCy qEQfU{(-N)} (r+p) i€[1,n]
= IIXS P \ }"]] U U U {[sz \QI]}\SU{ (s,r)
c€Cys qeQ3(r+p) i€(l,n]
= [[x;p \rl U U U ({[xs, \‘Iz]}\su{ (s,r)} Y {[xs \ r]}\S)
ceCsqeQi(r+p) 16[1 ]
o [\l u U U U s"\aihs

c€Cs geQ8(r+p)i€(l,n]

C
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Therefore, we then have:

"\ hs=x"\Au U U U 6" \ahs

c€CyqeQ(r+p)i€[ln]
And thus, for § = 0 and since [x; " \r]p =0 <> [x;"\r] =0

0 ifx,\(r+p)]=0VVcel,Q.(r+p) =0
= [\ U U U U "\l else

c€Cs geQL(r+p) i€(l,n]

This relation is equivalent to the one for {x; ”\ r], hence: {x; "\ rhg = {x; "\ 7}

Finally, by looking at the algorithm, we can observe that getReachable(s, p,S,r) = |x; '\ r|s. To do
so, we reference each return case of the algorithm by (R1),(R2), (R3) and (R4), in order of appearance.

The algorithm starts by conflating r with »+ p when p : s (otherwise, p has no effect), thanks to the
first if of the algorithm. Thanks to the second if we then have an empty return on (R1) when [x,\ r] =
And the third if leads to returning S on (R2) when 3 (s,7) € S, [/] = [r].

If the algorithm did not return on (R1) or (R2), we then have, with the conflated r, [x; 7\ r] =
[Yeec, c(xs”, ... .x5P) \ r]. Thus the algorithm loops on ¢ € C;. The first nested for loop computes
the set Q.(r) obtained, as mentioned, by successively distributing the patterns of r that have the given
constructor ¢ as head. The second for loop then recursively calls getReachable on the couples (s;,¢;)
obtained this way, and updates R with the results obtained.

Moreover, by considering P4 (u) = {t |t € P(u) AY(s',p’) € A, [t] # [P']}, with P(u) the (finite) set
of all patterns that we can construct by sum of subterms of # and p, we can remark that Vc € C;,q €
Qc(r),i < arity(c) we have P, g((s,})(qi) & Ps(r), thus guaranteeing the termination of all recursion
chains. Indeed, as g; is a sum of subterms of r and p, we have P(gq;) C P(r ) and, as the algorithm did
not return on (R2), we have r € P g(r) but r & P su(s,r)} (gi), hence P gy (5,3 (9i) & Ps(7)

Finally, as the algorithm did not return on (R1) we have [xs P\ r] = 0if and only if, Vc €C,0L(r) =
0, hence the boolean variable reachable that stays false when Ve € Cs, oS r)}(r) = 0, resulting in an
empty return (R4). Similarly, [c(x5,” \ q1,---,x;," \ ¢)] is empty if and only if 3i such that [x;,” \ ¢;] =
0, so R is updated with the result of the recursive calls for a given ¢ € C; and g € Q. (r) only if none of
these recursive calls returns an empty result. We thus have the concatenated result as described in the
definition of |x; ” \ r|s on return (R3).

O

Proposition 4.4 (Semantics preservation). For any extended patterns p,q, if p—»r, q then [p] = [q].

Proof. We prove that the ground semantics of the left-hand side and right-hand side of the rewrite rules
of R, are the same.

In the case of the rule (E1), as we have [6(p1,...,pn)] ={6(t1,...,t0) | (t1,...,tn) € [P1] X ... X
[pn]} and the ground semantics of L is empty, so is the semantics of §(vy,...,L,...,v,). Hence the
equality of ground semantics of the 2 sides of the rule. For the rule (S1), we have:

[S(vi,...,vi+wi,...,v)] = {6(n,... tn)|(tl,...,tn)e[[vl]]x...x[[vi+w,-]]><...><[[vn]]}
= {0(t1,... tn) | (t1y.. s ty) € 1] X oo X Vi Uwi] X ... x [va] }
= {0(t1,....tn) | (t1,.. - ta) € 1] x ..o x [wi] X ... x [va]}

U{S(t1,....t0) | (t1,-- - tn) € 1] X oo x [wi] X ... X [va]}
= [6(viyeeeyVigeo oy V) JULO(V1ye ey Wiy ooy vi)]



20 Preservation of Pattern-free Properties for Constructor TRS

For rules (M7) and (T3), we consider both inclusions separately:

M7): Ifve[a(vi,...,vo)\o(t1,...,t;)], thenv e [a(vy,...,vy)] and v & [a(ty,...,t,)]. As[a(p1,...,pa)] =
{oc(wiyeoswn) | (Wiyeooswp) €[p1] X ... X [pa]}, v=a(wi,...,w,) such that Vi € [1,n],w; € [v]
and 3j € [1,n],w; € [t;]. Therefore, w; € [v;] \ [¢;] and thus v € [a(vi,...,v;\t,...,va)],
and finally v € [Yrepi o @(vis--- vk \ t, .., va)]. Hence the first inclusion. We can show that
if v € [Lre(in @15V \ ks - -, va) ]|, thenv € [a (v, ...,va) \ &(t1,. .., 1,)] similarly in order to
prove the second inclusion.

(T3): If v € [ot(vi,...,vp) X O(wi,...,wy)], then v € [a(vi,...,v,)] and v € [ot(wi,...,wy)]. As
[a(pr,.-,pn)] ={a(ty,....ta) | (t1,.. . tn) € [p1] X ... X [pn]}, v = a(t1,...,1,) such that Vi €
[1,n],; € [vi] and t; € [w;]. Therefore, Vi € [1,n],; € [vi] N [w;] and thus v € ot (vi X wy, ..., v, X
wy)]. Hence the first inclusion. Similarly, we can show that if v € [a(v; X wy,...,v, X w,)], then
veE [a(vi,...,vy) X a(wi,...,w,)], to prove the second inclusion.

For the rest of the rules but (P1), the definition of ground semantics of extended patterns and proper-
ties of set operations give us the equality between the ground semantics of 2 side of each rule in a fairly
straightforward manner. In particular, in the case of rules (M1), (T1) and (T2), we can remark that, as
we only consider well-sorted extended patterns, in these 3 rules we have v : s and therefore [v] C [x; *].
Hence the equality of ground semantics of the 2 sides of these rules.

Finally, for (P1), we first prove that:

2
[xs ] cgc'; [e(xs”s - x5.”)\ Pl (1)
Let’s consider both inclusion separately. Let t € U.ec,[c(xs,”, ..., x5,”) \ pll, i.e. Ic € C such that
t € elxsls .., x,P)] and t ¢ [p]. Thus 3(¢1,...,t,) € [x5,"]% ... [xs,/] such that p 41 = c(t1,...,1).
Therefore, 7 : s and V& € Pos (), p 4 1o, L.e. 1 is p-free. Hence ¢ € [x; 7] Lett € [x; "], then 7 : s and ¢
is p-free. Thus Jc:s1x ... X8, = 5, (t1,...,1,) € T5, (C)x ... xT;,(C) such thatt = ¢(ty,...,t,) with Vi €
[1,n],t; is p-free. Therefore, 1 € [c(xy,”,...,x;,")] and, as p4t,1 ¢ [p]. Hence t € [c(x5,7,...,x5,")\ ]
and finally 1 € Uec [c(x5,”, ..., x,7) \ P]-
Therefore, we have [x; 7] = [Leec, c(x5,7,- .., x5,7) \ p] hence

[xs 7 x ot(vy,...,v0)] = [[(Zcecsc(xs_]p,...,x;p)\p> X O(Viy..eyvn)]
= U [[c(x;p,...,x;,p)\p]]> Nla(viy...,vy)]

c€eCs
- (Y fe(xs”,- xsf)]]\[[Pﬂ) Mo, i)l
= cg [[C(x?l ’e xSnp)ﬂ N ([[OC(VI, )]\ [[P]])
= [[‘GZ clxgly. . x5,0) x (Ot(vl,...,vn)\p)]]

Lemma B.3 (Convergence). The rewriting system R, is confluent and terminating.

Proof. A meta-encoding of a complete approximation of the rule schema R, is provided in Appendix E}
Automatic termination proof tools such as TTT2 and AProVE have been used to prove that this meta-
encoding is terminating and we can thus directly conclude to the termination of R,
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We show the local confluence of the system by proving that all critical pairs induced by rewrite rules
of the system converge. We have the following critical pairs:
(Al) (A2) (converge directly),
Al) —(S1) and (A2) — (S1) (converge with E1 and A1/A2),
) —(S2) and (A2) — (S2) (converge with E2 and A1/A2),
) —(S3) and (A2) — (S3) (converge with E3 and A1/A2),
) — ) and (A2) — (M3) (converge with M5 and A1/A2),
) — (M6) and (A2) — (M3) (converge with M2),
) — ) (converge with M5 and E1, twice M5),
) — (M7) only left poss1b1e (converge with M5 and M2, n times E'1, n times A1/A2),
) — (M8)
) = (M8) ri

o
N

(converge directly),
) and (E3) — (S2) (converge with twice S2/S3, A1/A2),
Tl) and (E3) — (T2) (converge directly),
— (M®6) (converge with M3, twice M6 and S1, twice M3),
M) only left possible (converge with M3, twice M7 and M3, n times S1),
— (M8) left (converge with M3, twice M8 and S1),
— (M8) right (converge with M6, twice M8),
) left (converge with S2, twice T3 and S2, S1),
T3) right (converge with S3, twice 73 and S3, S1),
) left (converge with S2, twice T4, A1/A2),
T4) right (converge with S3, twice T4, A1/A2),
) (converge with S3, twice P1 and S1, M3, S3),
S3) (converge with S3 and S2),
(converge with twice T'1),

U1 W

)= (

)= (

) — (P6) (converge directly),

) — (M3) (converge with twice M1),
) — (MS5) (converge directly),

) ) (converge directly),

) — (P4) (converge with T'1),
) )

(converge with T2). O]

/\/\/\/‘\/\/—\/\/—\f\/‘\/\/\/\/\/—\/\/—\/\/—\f\/—\/\/\/\/\/—\/\/—\/\/‘\/‘\/‘\/\

In order to prove Proposition4.5] we first prove the conservation of the regular property with Lemma
and we introduce the notion of depth of an extended pattern, in order to show Lemmas and

Lemma B.4. Let u and v extended patterns such that u —R, V, then
u regular — v regular

Proof. We can first remark that no rule in R, modifies variable annotation, and the only rule that intro-
duce new annotated variables, i.e. (P1), annotates the new variables with a pattern annotation from the
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origin term, i.e. L for a regular term. Moreover, forall extended pattern t and u, V@ € Pos (t) ,t[u] reg-
ular implies u regular and forall regular extended v, t[v]y is regular. Thus all rules preserve the regular
property. 0
Definition B.2 (Depth). We define the notion of depth of an extended pattern:

depth(xs ") = depth(x;? \w) = depth(1) =1

depth(c(ti,...,tn)) = 1 +maxc; ) (depth(t;))
depth(t; +1ty) = max(depth(t;),depth(t,))
depth(t) \ty) = depth(t))

Lemma B.5. Ift is a (quasi-)additive pattern, thent |z, is a (quasi-)additive pattern s.1. depth(t iR,,)
< depth(t).

Moreover the normal form t |, = v is either L or a pure term such that Vo, € Pos(v),v(@;) =
+=Vo < o,v(w) =+ and [t] =0 if and only ifv= L.

Proof. We can first observe that the only rule that apply on an additive pattern are Al, A2, E1 and S1
(and the same rules plus M1 and P6 for quasi-additive patterns). Moreover, for each rule, it reduces a
(quasi-)additive pattern into a (quasi-)additive pattern. Therefore, the normal form of an (quasi-)additive
pattern, is indeed an (quasi-)additive pattern.

Moreover, the depth measure induces a monotonic ordering over quasi-additive patterns with regard
to the < operators, i.e. depth(u) < depth(v) implies depth(t[u]y) < depth(t[v]e). Finally, as the depth
is decreasing on all applicable rules, we know that depth(t |z,) < depth(t).

Let’s now suppose that v =17 |z, contains a sum below a constructor, i.e. contains a subterm of the
form c¢(vy,...,vi +u;,...,v,), which would be a redex for S1, and thus v would not be a normal form.
Therefore, v does not contain a sum below a constructor.

Finally, if # |z, = L then Proposition (4.4{ensures that [t] = [ L] = 0. We note v =1 |, once again
we know that [¢t] = [v], let’s prove that if [v] = @ then v = L. We suppose that v # L and we prove by
induction that v is not in normal form.

If v=1x,"\uand [v] = 0, then rule P6 applies, thus v is not in normal form. If v = v; +v,, then
[vi] = [v2] = 0, thus by induction, either vi = v, = | in which case both A1 and A2 applies, or at least
one of them is not in normal form. In both cases, v is not in normal form. Finally, if v=c(vi,...,v,),
then 3i € [1,n] such that [v;] = 0, thus by induction, either v; = L and rule E1 applies or v; is not in
normal form. In both cases, v is not in normal form.

Therefore, if v # L is a quasi-additive such that [v] = 0, then v is not in normal form. Thus, if [¢] = 0,
thent |g,= L. O

Lemma B.6. If t a quasi-additive pattern and u a regular additive pattern, then v = (t \u) lr, is a
quasi-additive pattern such that depth(v) < depth(t \ u).

Proof. We can remark that R, preserves the regular property of a pattern, thus, thanks to Lemma [B.5]
we can suppose, by confluence, that ¢ and u are in normal form, we then prove this lemma by induction
on the form of # and u.

In the case when u = x; *, rule M1 applies to ¢ \ « and reduces it to v = | which cannot be reduced
furthermore. Moreover depth(L) =1 < depth(t\ u). In the case when u = L, rule M2 applies to 7 \ u
and reduces it to 7, and as we supposed ¢ in normal form, it cannot be reduced anymore. Moreover
depth(t) = depth(t\ u).

In other cases, we proceed by induction:
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e if u = uj +up, we have to consider the different form of 7. If t = x; ”, the only rule that can
apply is P6, which, if it does, reduces 7 \ u to L, thus, either way, the term v obtained cannot be
reduced furthermore and is quasi-additive pattern with depth(v) = 1 =depth(t\u). If t = x; "\ o/,
the only rules that can apply are P5 and P6. If P5 applies, it reduces 7 \ u to x; 7\ (¢’ +u) for
which only P6 can apply. If P6 applies, it reduces # \ u to L\ u, which is then reduced to L by
M5, and x; ”\ («' 4+ u) to L. In all cases, the term v obtained cannot be reduced furthermore and
is quasi-additive pattern with depth(v) = 1 = depth(t \ u). If t = c(ty,...,t,), rule M6 applies
to ¢\ u and reduces it to (t\ u1) \ u. Moreover, by induction on u, v' = (¢\ u;) |z, and v =
(V'\u2) [, are both quasi-additive patterns such that depth(v) < depth(v') < depth(t\u). Hence,
by confluence, v = (t \ u) |,. Finally, if # = #; + 12, then rule M3 applies to ¢ \ u and reduces it
to (t1 \ u) + (2 \ u). Moreover, by induction on ¢, vi = (t; \ u) lr, and v2 = (f2 \ u) |, are both
quasi-additive patterns such that depth(vy) < depth(t\u) and depth(v2) < depth(t\ u). Therefore,
depth(vi +vy) < depth(t\)u, and t \ u —»*R, V1 + V2. S0 as v| +v; is a quasi-additive pattern we
know, thanks to Lemma|B.5| that v = (v +v2) {r,= (t\ u)r, is a quasi-additive pattern such that
depth(v) < depth(vi +v2) < depth(t\ u).

o if u=c(uy,...,u,), with Vi € [1,n],u; a regular symbolic pattern (as u is in normal form), we
have to consider the different form of ¢. If t = x; ”, the only rule that can apply is P6, which,
if it does, reduces ¢\ u to L, thus, either way, the term v obtained cannot be reduced further-
more and is quasi-additive pattern with depth(v) = 1 = depth(t \ u). If t = x; 7 \ «/, the only
rules that can apply are P5 and P6. If P5 applies, it reduces 7 \ u to x; '\ (&/ + u) for which only
P6 can apply. If P6 applies, it reduces 7\ u to L \ u, which is then reduced to L by M5, and
x5 7\ (' +u) to L. In all cases, the term v obtained cannot be reduced furthermore and is quasi-
additive pattern with deprh(v) = 1 = depth(t \ u). For the case when t = ¢/(ty,...,1,), if ¢ # ¢/,
rule M8 applies to 7 \ u and reduces it to #. Otherwise rule M7 applies to 7 \ u and reduces it to
Yiefnc(t,- - ti \ i, ..., 1y), and by induction on t, Vi,v; = (; \ u;) IR, a quasi-additive pattern
such that depth(v;) < depth(t;\ u;). Therefore, t \u —»x, Yic(1 5 c(t1,- -, Vi, .,1,) and by mono-
tonicity, depth(Yic(1 ) €(t1,-- -, Vis- - ta)) < depth(t\u). Moreover, w = Yic(j y €(t1,- -, Viy- - 1n)
is a quasi-additive pattern, so according to Lemma v=w R, is a quasi-additive pattern such
that depth(v) < depth(w). Hence, by confluence, v = (¢ \ u) |z, and depth(v) < depth(t \ u).
Finally, if t = t; +t,, we proceed identically as for u = u; + u».

O

Lemma B.7. Ift a quasi-additive pattern and u a regular quasi-additive pattern, then (t X u) IR, isa
quasi-additive pattern.

Proof. We can remark that R, preserves the regular property of a pattern, thus, thanks to Lemma
we can suppose, by confluence, that ¢t and u are in normal form, we then prove this lemma by induction
on the depth of u and the form of ¢ and u.

The base case is for u such that depth(u) = 1. We proceed by induction on the form u such that
depth(u) = 1. If u = x; -, the only rule that applies to ¢\ u is T2, which reduces it to 7.

If u = x;+\ v with v a regular additive pattern, we proceed by induction on ¢. If t = ¢(ty,...,,) or
t =x; " ort =x; 7\ w the only rules that applies to ¢ \ u are, respectively, P2 or P3 or P4, which with T1
reduces it to ¢ \ v. And thanks to Lemma we know that (t\v) |z, is a quasi-additive pattern. Finally,
if t =1, + 1, then rule S2 applies to 7 \ u and reduces it to (¢; X u) + (2 X u). Moreover, by induction
ont and tr, vi = (f; X u) Ir, and vy = (ta X u) I®, are both quasi-additive patterns. So, as v; +vy is a
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quasi-additive pattern, we know, thanks to Lemma that (vi +v2) Ir,= (¢ \u) |®, is a quasi-additive
pattern.

If u = c(), we proceed by induction on the form of ¢. If t = ¢(), then rule T3 applies to 7 x u and
reduces it to ¢(). If r = ¢/(11,...,8,) with ¢/ # ¢, then rule T4 applies to 7\ u and reduces it to L. If
t = x; ", then rule P1 applies to 7 x u and reduces it to Y gcc, d (x5, ..., x;,") % (¢() \ p). If p=¢(), then
rule M7 applies to ¢() \ p and reduces it to L, leading to rule E2 applying and ultimately reducing 7 \ u to
L. If p={(p1,...,pn) with ¢’ # ¢, then rule M8 applies to ¢() \ p and reduces it to ¢(), and because we
only consider well sorted extended patterns, ¢ € C;, thus repeatedly applying S3, T4, A1/ A2 and finally
T3 ultimately reduces 7 \ u to ¢(). Finally, if r = t; +1,, we proceed exactly the same way as in the case
when u = x; 1\ v to prove the induction step on the form of 7.

Finally, if u = u; + up with depth(u,) = depth(uy) = 1, then rule S3 applies to 7 \ # and reduces it
to (¢ X uy) + (¢ X uz). Moreover, by induction on ul and up, vi = (t X u1) Iz, and vo = (¢ X ua) |, are
both quasi-additive patterns. So as vi + v, is a quasi-additive pattern we know, thanks to Lemma [B.5]
that (v +v2) r,= (¢ \u)R, is a quasi-additive pattern.

We now suppose depth(u) = n > 1 and for all quasi-additive pattern v such that depth(v) < n, for
all quasi-additive pattern 7, (T\ ) |z, is quasi-additive pattern. Let’s prove by induction on the form of
t and u that, for all quasi-additive pattern ¢, (# \ u) |z, is a quasi-additive pattern.

If u=c(ui,...,u,) with Vi € [1,m],depth(u;) < n, we proceed by induction on the form of 7. For
the case when ¢t = ¢/(ty,...,t,), if ¢ # ¢, then rule T4 applies to 7\ u and reduces it to L. Otherwise,
rule T3 applies to ¢ x u and reduces it to c(f; X uy,...,t, X u,,). Moreover, by induction on the depth
of u we know that Vi € [1,m],v; = (t; X u;) |r,, is a quasi-additive pattern, thus c(vy,...,v,) is a quasi-
additive pattern and we know, thanks to Lemma that c(vy,...,vm) IR, = (t\u) I %, is a quasi-additive
pattern. If 7 = x; ¥, then rule T4 applies to 7\ u and reduces it to ¥ gee, d(x5,”, ..., x; V) x (u\ p). Thanks
to Lemma we know that (u\ p) |, is a quasi-additive pattern which depth is less than or equal to
n, and we can easily show that its either L or a sum of quasi-additive patterns of the form c(wy,...,wy),
with Vi € [1,m],depth(w;) < n. If (u\ p) lr,= L, then rule E3 applies and thus (t x u) | R, = L.
Otherwise, by applying recursively S2/S3, T4/T3, and A1/A2 we gett X u —»R, Y (g xwi, .. xg P x
Wnm). Moreover, by induction on the depth of u we know that Vi € [1,m],v; = (t; x w;) | %, is a quasi-
additive pattern, thus Y c(vy,...,vy) is a quasi-additive pattern and we know, thanks to Lemma that
(Xcvis--svm)) dr,= (t \u) Iz, is a quasi-additive pattern. Finally, if z = #; 4-1,, we proceed exactly
the same way as in the case when u = x; = \ v to prove the induction step on the form of z.

Finally, if u = u; + uy, we proceed exactly the same way as in the case depth(u) = 1 to prove the
induction step on the form u when depth(u) > 1. O

Proposition 4.5. The rewriting system R, is confluent and terminating. Given a quasi-additive pattern
t and a constructor pattern p, we have t x p—»r,, L if and only if [t x p] = 0.

Proof. Confluence and termination are proved in Lemma[B.3]

Based on Lemma we know that (t X p) |%, is a quasi-additive pattern. Moreover, according to
Proposition 4.4} the semantics of ¢ x p is empty if and only if the semantics of its normal form is empty,
hence, thanks to Lemma|[B.5] if and only if its normal form is L. O
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C Meta encoding of the rewriting system R,

The meta encoding of the rule schemas in Figure|l|is given below in a syntax usable by AProVE/TTT2.
Both AProVE and TTT2 can be used to prove the termination of this rewriting system.
(VARuul w2vvliv2wifglulvl lacc nm i tail sig p q)
(RULES
plus(bot,v) -> v
plus(v,bot) -> v

appl(f,1lv) -> split(f,lv,nil)

split(f,cons(u,lu),1lv) -> split(f,lu,cons(u,lv))
split(f,cons(bot,lu),1lv) -> bot
split(f,cons(plus(ul,u2),lu),lv) ->

plus (Appl(f,rest(lu,cons(ul,1lv))),

Appl(f,rest(lu,cons(u2,1v))))

split(f,nil,1lv) -> frozen(f,rest(nil,lv))
rest(lu,nil) -> lu
rest(lu,cons(u,1lv)) -> rest(cons(u,lu),lv)

times(bot,v,sig) -> bot
times(v,bot,sig) -> bot

times (plus(ul,u2),v,sig) ->
plus(times(ul,v,sig),times(u2,v,sig))

times(v,plus(ul,u2),sig) ->
plus(times(v,ul,sig),times(v,u2,sig))

minus(v, var(n,bot)) -> bot

minus(v, bot) -> v

minus(plus(vl,v2), w) ->
plus(minus(vl, w), minus(v2, w))

minus(bot, appl(f,lv)) -> bot

minus (appl(f,lu), plus(v,w)) ->
minus (minus (appl(f,lu),v),w)

minus (appl(f,lu), appl(f,lv)) ->
genm7 (f,1u,1lv,len(1lu))
genm7 (f,1u,1lv,z) -> bot
genm? (f,1u,lv,suc(i)) ->
plus(genm7(f,1lu,lv,i),
appl(f,diff(lu,lv,suc(i))))
diff(nil,nil,i) -> nil
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diff (cons(u,lu),cons(v,1v),s(s(i))) ->
cons (u,diff (lu,1lv,s(i)))

diff(cons(u,lu),cons(v,1v),s(z)) ->
cons (minus (u,v) ,1u)

len(nil) -> z

len(cons(u,lu)) -> s(len(lu))

minus (appl(f,1lu), appl(g,lv)) -> appl(f,lu)
times(v, var(n,bot), sig) -> v
times(var(n,bot), v, sig) -> v

times (appl(f,lu), appl(f,lv), sig) -> dist(appl(f,nil), prod(lu,lv,nil,sig)))
prod(cons(u,lu),cons(v,1lv),lacc,sig) -> prod(lu,lv,cons(times(u,v,sig),lacc),sig)

dist(appl(f,1), prod(nil,nil,nil,sig)) -> appl(f,1)
dist(appl(f,1l), prod(nil,nil,cons(u,lu),sig)) -> dist(appl(f,cons(u,l)), prod(nil,nil,lu,s

times (appl(f,lu), appl(g,lv), sig) -> bot

times(var(n,p), appl(f,lv), sig) ->
times (gensum(sig,p) ,minus(appl(f,1lv), p), sig)
gensum(nilsig,p) -> bot
gensum(conssig(f,n,tail),p) ->
plus(appl(f,genvar(n,p)), gensum(tail,p))
genvar(z,p) -> nil
genvar(s(n),p) -> cons(var(s(n),p),genvar(n,p))

times(appl(f,lu), minus(var(m,p), t), sig) -> minus(times(appl(f,lu), var(m,p), sig), t)
times(var(n,p), minus(var(m,q), t), sig) -> minus(times(var(n,p), var(m,q), sig), t)

times (minus(var(n,p),v), t, sig) -> minus(times(var(n,p),v,sig), t)
minus (minus(var(n,p),v), t) -> minus(var(n,p),plus(v,t))

minus(var(n,p),v) -> bot
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