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Reachability Analysis of Innermost Rewriting

Thomas Genet* Yann Salmon’

February 10, 2014

Approximating the set of terms reachable by rewriting finds more and more
applications ranging from termination proofs of term rewriting systems, cryp-
tographic protocol verification to static analysis of programs. However, since
approximation techniques do not take rewriting strategies into account, they build
very coarse approximations when rewriting is constrained by a specific strategy.
In this work, we propose to adapt the Tree Automata Completion algorithm to
accurately approximate the set of terms reachable by rewriting under the inner-
most strategy. We prove that the proposed technique is sound and precise w.r.t.
innermost rewriting. The proposed algorithm has been implemented in the Timbuk
reachability tool. Experiments shows that it noticeably improves the accuracy of
static analysis for functional programs using the call-by-value evaluation strategy.
In particular, for some functional programs needing lazy evaluation to terminate,
the computed approximations are precise enough to prove the absence of innermost
normal forms, i.e. prove non termination of the program with call-by-value.

1. Introduction

For a Term Rewriting System (TRS) R and a set of terms Ly C T(X), the set of reachable terms
is R*(Lg) = {t eT(X) | dse Ly, s =% t}. This set can be computed for specific classes of R but, in
general, it has to be approximated. Applications of the approximation of R*(Lj) are ranging
from cryptographic protocol verification [GK00, ABB*05], to static analysis of various pro-
gramming languages [BGJL07, KO11] or to TRS termination proofs [Mid02, GHWZ05]. Most
of the techniques compute such approximations using tree automata as the core formalism to
represent or approximate the (possibly) infinite set of terms R*(Lj). Most of them also rely on
a Knuth-Bendix completion-like algorithm to produce an automaton A" recognising exactly, or
over-approximating, the set of reachable terms. As a result, these techniques can be refered as
tree automata completion techniques [Gen98, TKS00, Tak04, FGVTT04, BCHK09, GR10, Lis12].

Surprisingly, very little effort has been paid to computing or over-approximating R};,,;(Lo),
i.e. set of reachable terms when R is applied with a strategy strat. To the best of our knowledge,
Pierre Réty and Julie Vuotto’s work [RV02] is the first one to have tackled this goal. They give
some sufficient conditions on Ly and R for R;;,,,(Lg) to be recognised by a tree automaton A",
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where strat can be the innermost or the outermost strategy. Innermost reachability for shallow
TRSs was studied in [GGJ08]. However, in both cases, those restrictions on R are strong and
generally incompatible with programs seen as TRS. Moreover, the proposed techniques are
not able to over-approximate reachable terms when the TRS are outside of this class.

In this paper, we define a tree automata completion algorithm over-approximating the set
Ri (L) for all left-linear TRSs R and all regular set of input terms L. As the completion
algorithm of [GR10], it is parameterised by a set of term equations E defining the precision
of the approximation. We prove the soundness of the algorithm: for all set of equation E, if
completion terminates then the resulting automaton A" recognises an over-approximation of
R{, (Lo). Then, we prove a precision theorem: A" recognises no more terms that the set of terms
reachable by innermost rewriting with R modulo equations of E. Finally, we show on a simple
example that the precision of this innermost completion can improve a lot the accuracy of the
analysis for functional programs.

This paper is organised as follows. Section 2 recalls some basic notions about TRSs and tree
automata. Section 3 defines tree automata completion. Section 4 explains how to adapt com-
pletion so as to take innermost strategy into account. Section 5 states and proves the soundness
of this method. Section 6 demonstrates how our new technique can effectively give more
precise results on functional programs thanks to the tool TimbukSTRAT, an implementation of
our method in the Timbuk reachability tool [Tim14]. Section 7 states a precision theorem.

2. Basic notions and notations

2.1. Terms
Definition 1 (Signature).

A signature is a set whose elements are called function symbols. Each function symbol has
an arity, which is a natural integer. Function symbols of arity 0 are called constants. Given a
signature X and k € N, the set of its function symbols of arity k is noted Xy. 14

Definition 2 (Term, ground term, linearity).
Given a signature X and a set X whose elements are called variables and such that X N&" = &,
we define the set of terms over X and X, T(X,X), as the smallest set such that :

1. XCT(X,X)and
2. VkeNVf e X, Vty,... .t € T(Z,X), f(ty,..., 1) € T(X,X).

Terms in which no variable appears, i.e. terms in T(X, ), are called ground; the set of
ground terms is noted T(X).

Terms in which any variable appears at most once are called linear.!

24
Definition 3 (Substitution).

A substitution over T(X, X') is an application from & to T(X, X'). Any substitution is induc-
tively extended to T(X,X) by o(f (t1,...,tx)) = f(0o(t1),...,0(tx)). Given a substitution ¢ and a
term f, we note to instead of o(¢). 3«

n particular, any ground term is linear.



Definition 4 (Context).

A context over T(X,X) is a term in T(X U X, {0J}) in which the variable [J appears exactly
once. A ground context over T(X,X') is a context over T(X). The smallest possible context, [J,
is called the trivial context. Given a context C and a term ¢, we note C[t] the term Co;, where
o;: Ot 14

Definition 5 (Position).
Positions are finite words over the alphabet N. The set of positions of term ¢, Pos(t), is
defined by induction over ¢:

1. for all constant c and all variable X, Pos(c) = Pos(X) = {A} and

2. Pos(f(ty,...,tx)) ={A}U| Ni}.Pos(t;). 54

1C~

Definition 6 (Subterm-at-position, replacement-at-position).
The position of the hole in context C, Pos(C), is defined by induction on C:

1. Posq(d)= A

2. Posp(f(Cy,...,Cy)) = i.Posy(C;), where i is the unique integer in [1; k] such that C; is a
context.

Given a term u and p € Pos(u), there is a unique context C and a unique term v such
that Pos5(C) = p and u = C[v]. The term v is noted u,, and, given another term ¢, we note
ult], = C[t]. |

2.2. Rewriting

Definition 7 (Rewriting rule, term rewriting system).

A rewriting rule over (X, X) is a couple ({,r) € T(X,X) x T(X, X), that we note £ — r, such
that any variable appearing in r also appears in €. A term rewriting system (TRS) over (X, X) is
a set of rewriting rules over (X, X). 74

Definition 8 (Rewriting step, redex, reducible term, normal form).

Given a signature (X,X), a TRS R over it and two terms s,t € T(X), we say that s can be
rewritten into t by R, and we note s —p t if there exist a rule { — r € R, a ground context C
over T(X) and a substitution o over T(X,X) such that s = C[¢o] and t = C[ro].

In this situation, the term s is said to be reducible by R and the subterm ¢o is called a redex
of s. A term s that is not reducible by R is a normal form of R. The set of normal forms of R is
noted IrRr(R).

We note —} the reflexive and transitive closure of —g. s <

Definition 9 (Set of reachable terms).
Given a signature (X,X’), a TRS R over it and a set of terms L C T(X), we note R(L) =

(teT(X)|IseL,s g thand R'(L)={te T(X)|Is € Ls >y t}. ) <

Definition 10 (Left-linearity).
A TRS R is said to be left-linear if for each rule ¢ — r of R, the term ¢ is linear. 10«



Definition 11 (Constructors and defined symbols, sufficient completeness).

Given a TRS R over (X, &), there is a partition (C,D) of X such that all symbols occurring
at the root position of left-hand sides of rules of R are in D. D is the set of defined symbols
of R, C is the set of constructors. Terms in T(C) are called data-terms. A TRS R over (X, X) is
sufficiently complete if for all s € T(X), R*({s}) N T(C) = @. 114

2.3. Equations

Definition 12 (Equivalence relation, congruence).

A binary relation over some set S is an equivalence relation if it is reflexive, symmetric and
transitive.

An equivalence relation = over T(X) is a congruence if for all k e N, for all f € X, for all
t1,. sty S1,---, 5k € T(X) such that Vi € [1; k], t; =s;, we have f(t1,...,t) = f(S1,...,5k)- 124

Definition 13 (Equation, =g).

An equation over (X, X') is a pair of terms (s,t) € T(X,X)x T(X, X'), that we note s = t. A set E
of equations over (X, X') induces a congruence =g over T(X) which is the smallest congruence
over T(X) such that for all s = ¢ € E and for all substitution 6 : X — T(X), s =g t0. The classes
of equivalence of =g are noted with [-]g. 13«

Definition 14 (Rewriting modulo E).

Given a TRS R and a set of equations E both over (X, X'), we define the R modulo E rewriting
relation, —p/f, as follows. For any u,v € T(X), u —g/g v if and only if there exist u’,v" € T(X)
such that u’' =g u, v =g vand u’ —zv’.

We define —% ¢, (R/E)(L) and (R/E)*(L) for L C T(X) as in Definitions 8 and 9. 14«

2.4. Tree automata

Definition 15 (Tree automaton, delta-transition, epsilon-transition, new state).

An automaton over X is some A = (X, Q, Qr, A) where Q is a finite set of states, QF is a subset
of Q whose elements are called final states and A a finite set of transitions. A delta-transition
is of the form f(qy,...,qx) — g’ where f € X and q,...,qx,q’ € Q. An epsilon-transition is of
the form g — ¢g" where q,9" € Q. A configuration of A is a term in T(X, Q).

A state g € Q that appears nowhere in A is called a new state. A configuration is elementary
if each of its subconfigurations at depth 1 (if any) is a state. A configuration is trivial if it is
just a state. 15«

Remark. We simply write A to denote an automaton, write Q 4 for the set of states of .A. We
assimilate an automaton with its set of transitions. When taking a “new state”, we silently
expand Q 4 if needed. We are only rarely interested in Qp, the set of final states.

Definition 16.
Let A =(X,Q,QpF,A) be an automaton and let ¢,¢’ be configurations of A. We say that A
recognises ¢ into ¢’ in one step, and note ¢ e ¢ if there a transition 7 — p in A and a context

C over T(X,Q) such that ¢ = C[t] and ¢’ = C[p]. We note >i> the reflexive and transitive closure

of = and, forany g€ Q, Z(A,q) = {t eT(X) ' t >i> q}. We extend this definition to subsets of
Q and note .Z(A) = Z(A, Q). 16



Example 17.

Let X be defined with Xy = {n,0}, X1 = {s,a, f}, £, = {c} where 0 is meant to represent integer
zero, s the successor operation on integers, a the predecessor (“antecessor”) operation, n the
empty list, ¢ the constructor of lists of integers and f intended to be the function on lists
that filters out integer zero. Let R = {f(n) — n, f(c(s(X),Y)) — c(s(X), f(Y)), f(c(a(X),Y)) —
c(a(X), f(Y)), f(c(0,Y)) = f(Y),a(s(X)) = X,s(a(X)) = X}. Let Ag = {n— q,,,0— qo,5(q0) —
s, (qs) = qar (qar Gn) = qc £ (4c) — qr}. We have Z(Ag, g¢) = {f (c(a(s(0)),n))} and R(Z(Ao, q5)) =
{£(c(0,n)),¢(a(s(0)), f (m))}. 174

Definition 18 (Determinism, Completeness, Accessibility).

An automaton is deterministic if it has no epsilon-transition and for all delta-transitions
7— pand " — p/, if T = 7" then p = p’. An automaton is complete if each of its non-trivial
configurations is the left-hand side of some of its transitions. A state g of automaton A is
accessible if Z(A,q) # @. An automaton is accessible if all of its states are. 18 «

. « - .\ R .
Remark. Transitions may have “colours”, like R for transition g — q’. We will use colours R
and k.

Definition 19.
Given an automaton A and a colour R, we denote by AX the automaton obtained from .4 by
removing all transitions coloured with R. 19«

Definition 20.
Given two states g, 4" of some automaton A and a colour £, we note g = g’ when we have
A

E E
both g — ¢’ and ¢’ — q. 20 <
171 701
Ee . Er , L, Ex o B2 . .
Remark. g = q is stronger than (g 2 Aq 2 q). = is an equivalence relation over Q 4.
A A

This relation is extended to a congruence relation over T(X, Q). The equivalence classes are
noted with [-]¢.

Definition 21.
Let A=(X,Q,Qf, A) be an automaton and £ a colour. We note A/ the automaton over X
whose set of states is Q/z, whose set of final states if Qr/t and whose set of transitions is

{flale o lanle) = [T | £ q0) — 4" € A
U{[q]E>—>[q']E|q>—>q/€A/\[q]E¢[q/]E}. 21

Remark. For any configurations c,c’ of A, we have ¢ — ¢ if and only if [c]; — [¢]¢. So the
y ) A y E g e

languages recognised by A and A/ are the same.

We now give notations used for pair automata, the archetype of which is the product of two
automata.

Definition 22 (Pair automaton).
An automaton A = (X, Q, Qf, A) is said to be a pair automata if there exists some sets Q; and

Q; such that Q = Q; x Q5. 2«



Definition 23 (Product automaton).
Let A=(X,Q,QF,Ay) and B = (X, P, P, Ag) be two automata. The product automaton of A
and Bis AxB=(X,QxP,Qr x Pr, A) where

A={f(qup1)s kG0 ) = @2V f@1- Q) — ' € AAA (1o pk) — p € Ap)
U{(a.p)— (@ Py a—q e Aafuf(ap) —(a.p)|p—p € Ag}. o

Definition 24 (Projections).

Let A=(X,Q,Qf, A) be a pair automaton, let 7 — p be one of its transitions and (g, p) be
one of its states. We define I1; ((g,p)) = q and extend IT; (-) to configurations inductively:
I (f(y1,-- 0 vk) = fUI (71),... . IT; (k). We define IT, (1 — p) = I1; (1) — I1; (p). We define
IT, (A) = (X, I1; (Q),IT, (Qf), IT; (A)). IT,(-) is defined on all these objects in the same way for
the right components. 2

Remark. Using Iy (A) amounts to forgetting the precision given by the right components of
the states. As a result, Z(IT; (A),q) 2 Z(A,{q,p))-

2.5. Innermost strategies

In general, a strategy over a TRS R is a set of (computable) criteria to describe a certain
subrelation of —. In this paper, we will be interested in innermost strategies. In these strate-
gies, commonly used to execute functional programs (“call-by-value”), terms are rewritten by
always contracting one of the lowest reducible subterms.

Definition 25 (Innermost strategy).
Given a TRS R and two terms s, f, we say that s can be rewritten into f by R with an innermost
strategy, and we note s —p _t,if s —p t and each strict subterm of the redex in s is a R-normal

form. We define —>*Rin, Rin(L) and R; (L) as in Definitions 8 and 9. 25«
Example 26.
Let us go on with Example 17: Ry,(-Z(Ag, q5)) = {f(c(0,n))}. 26 <

Remark. It is in fact sufficient to check whether subterms of s at depth 1 are in normal form
to decide whether s can be rewritten with an innermost strategy.

To deal with innermost strategies, we will have to discriminate normal forms. This is
possible within the tree automaton framework when R is left-linear.

Theorem 27 ([CR87]).
Let R be a left-linear TRS. There is a deterministic and complete tree automaton ZrrR(R)

whose states are all final except one, noted p..q and such that Z(Zrr(R)) = Irr(R) and
Z(IRR(R), pred) = T(X) N IRr(R). i |

Remark. From determinism and the property of p..q follows that for any state p different
from preq, -Z(ZRR(R), p) C IRR(R).

Remark. If a term is reducible, any term built upon it is also reducible. Thus any transition
of ZrRrR(R) where p,.q appears in the left-hand side will necessarily have p,.q4 as its right-hand
side. Therefore, for brevity, these transitions will always be left implicit when describing the
automaton ZrRr(R) for some TRS R.



Example 28.

In Example 17, ZrRR(R) needs, in addition to p..q4, a state pj;; to recognise lists of integers, a
state p, for terms of the form af(...), a state p; for s(...), a state p, for 0 and a state p,,, to recog-
nise terms that are not subterms of lhs of R, but may participate in building a reducible term by
being instances of variables in a lhs. We note P = {pjist, Po, Pas Pss Pvar} @nd Py = {po, pa, ps}- The
interesting transitions are thus 0 — py, Upep\{pa}{s(p) — Ps} Upep\{ps}{a(p) — Da} s M= Plists

Upel—"i,,t,p’ep{C(p,p,) — plist} ’ f(plist) = Pred» a(ps) = Pred» s(pa) *— Pred: Furthermore, as re-
marked above, any configuration that contains a p,.q is recognised into p,.4. Finally, some

configurations are not covered by the previous cases: they are recognised into p,,;. 28 <]

3. Classical equational completion

Equational completion of [GR10] is an iterative process on automata that is not guaranteed
to terminate. Each iteration comprises two parts: (exact) completion itself, then equational
merging. The former tends to incorporate descendants by R of already recognised terms
into the recognised language; this leads to the creation of new states. The latter tends to
merge states in order to ease termination of the overall process, at the cost of precision of the
computed result. Some transition added by equational completion will have colours R or £; it
is assumed that the transitions of the input automaton Ay do not have any colour and that A
does not have any epsilon-transition.

3.1. Exact completion

Exact completion is about resolving critical pairs. A critical pair represents a situation where
some term is recognised by the current automaton, but not its descendants by R. Its resolution
consists in adding transitions to let the descendants be recognised as well. This process can
create new critical pairs.

Definition 29 (Critical pair).
A pair (( > r,0,q) wherel > reR,0: X - Q4 and q € Q4 is critical if (see Figure 1(a))

1. €o>i>q and
A

2. ro y . 29 o
Fa

lo R ro sO t0
Y
AJ* * : A’ A]* *JA
v £
qf,fi/,{qf 91 :::/:1 92
A A
(a) A critical pair (b) Situation of ap-
plication

Figure 1: A critical pair and a situation of application of an equation



We will want to close the square of Figure 2, that is to add transitions ro — ¢’ and ¢’ — ¢q’.
However, doing the former is not generally possible in one step, as ro might be a non-
elementary configuration. We will have to take steps and maybe introduce new states: this is
what normalisation does. Given an automaton A, a configuration ¢ of A and a new state g, we
note Norm 4(c,q) the set of transitions (with new states) that we add to A to ensure that c is
recognised into g. The formal definition of normalisation is presented in Appendix A.

Example 30.

With a suitable signature, suppose that automaton A consists of the transitions ¢ — g; and
f(q1) — g, and we want to normalise f(g(q,c)) to the new state qy. We first have to normalise
under g: ¢, is already a state, so it does not need to be normalised; c has to be normalised to
a state: since A already has transition ¢ — g;, we add nothing and it remains to normalise
2(g2,91)- Since A does not contain a transition for this configuration, we must add a new state
q" and the transition g(g»,4q1) — ¢’. Finally, we add f(q") — qn- 30 <

Definition 31 (Completion of a critical pair).
A critical pair CP = (¢ — r,0,q) in automaton A is completed by first computing N =
NormA}é(rcr,q') where ¢’ is a new state, then adding to A the new states and the transitions

appearing in N as well as the transition g’ — g. If ro is a trivial configuration (ie. r is just a

. s R .
variable), only transition ro — g is added. 31«

Definition 32 (Step of completion).
Let PC be the set of all critical pairs of A;. For pc € PC, let Np, be the set of new states and

transitions needed under Definition 31 to complete pc. Then A;,; = A; U U Npe. 32 4
pcePC

Example 33.

Let X be defined with Xy = {n,0}, X; = {s,a, f}, £, = {c} where 0 is meant to represent
integer zero, s the successor operation on integers, a the predecessor (“antecessor”) operation,
n the empty list, c the constructor of lists of integers and f intended by some unwise person
to be the function on lists that filters out integer zero. Let R = {f(n) — n, f(c(s(X),Y)) —
e(s(X), F(Y)), F(e(@(X), Y)) = c(@(X), f(Y), £(c(0, Y) = f(Y),a(s(X)) = X,s(a(X)) — X}. Let
Ao ={n— 4,0 — qo,5(90) — qs,a(qs) — 94, (qar qu) — Gc, f(9c) — qr}-

We have Z( Ay, q¢) = {f(c(a(s(0)),n))} and R(Z (Ao, q5)) = {f (c(0,n)), c(a(s(0)), f (n))}.

There is a critical pair CP; in A with the rule f(c(a(X),Y)) — c(a(X), f(Y)), the substitution
o1 ={X — g5, Y — gq,} and the state g;. It is resolved by adding transitions to recognise
c(a(qs), f (q,)) into q5. Normalisation finds and reuses the transition a(qs) — q,. It has to create
a new state gy such that f(g,) — qn1, and gy, such that c(q,,qn1) — qn2. We then add

R
qn2 — 4, and have produced Jlgpcl) (Ap)-
Another critical pair is CP, in Ay with the rule a(s(X)) — X, the substitution o, = {X + g}

R
and the state gq,. It is resolved by adding to Jlgpcl)(Ao) the transition g9 — ¢g,, producing

jlchl,PCZ)(AO).
There is no more critical pair in Ag: thus Cg (Ag) = lgpcl’PCZ) (Ap). There is a new critical
pair in Cg (Ag) with f(n) — n, the empty substitution and state g - 33



3.2. Equational merging

Since completion of a critical pair can create new critical pairs, the process fuels itself, which
is problematic for obtaining a fix-point. Equational merging is a way of countering this
phenomenon at the cost of precision that is parametrised by equations over T(X).

Definition 34 (Situation of application of an equation).
Given an equation s = t, an automaton A, a 6 : X — Q4 and states q; and g,, we say that
(s =1t,0,q1,9>) is a situation of application in A if (see Figure 1(b))

1. 59>i> )
A‘h

2. 10 d
Py 42 an

E
3.q1 qz- 34«
A

Definition 35 (Application of an equation).
Given (s =t,0,91,q>) a situation of application in .4, applying the underlying equation in it

. . . . 13 E .
consists in adding transitions q; — ¢, and q, — ¢; to A. This produces a new automaton A’
and we note A~y A’ 35

Remark. In [GR10], g; and g, were merged by “renaming” ¢, into gy, ie. removing g, from
Q4 and replacing every occurrence of g, by g; in the transitions of .A. This is equivalent to
applying our method, then considering automaton A/ (see definition 21) and finally choosing
a representative (here g, for the class {q;,g,}) of each equivalence class of states.

Definition 36 (Simplified automaton).

Given an automaton A and a set of equations E, we call simplified automaton of A by E and
note Sg (A) the automaton resulting from the successive application of all applicable equations
in A 36 o

Remark (~ is confluent). Indeed, there is a unique automaton .A' that differs from A only
by its E-transitions and is such A ~T (A!)}{ and there is no more situation of application of
equations in (A!)}(.

Definition 37 (Step of equational completion).

A step of equational completion is the composition of a step of exact completion, then
equational simplification: CEg g (A) = Sg (Cr (A)). 37 <

The following notion is part of an easier discourse about the R/E-coherence notion of [GR10].

Definition 38 (Coherent automaton).
Let Ag =(X,Q,QF,A) be a tree automaton and E a set of equations. The automaton Ay is
said to be E-coherent if for all g € Q, there exists s € Z(Ag,q) such that Z(Ap,q) C [s]. 38 <



3.3. Known results
We now recall the two main theorems of [GR10].

Theorem 39 (Correctness).

Let Aj be some automaton. Assume the equational completion procedure defined above
terminates when applied to Aj. Let A, be the resulting fix-point automaton. If R is left-linear,
then the calculated over-approximation is correct, that is

Z(A,) 2R (Z(Ap)). |

We will make usage of E-coherence for the precision theorem.

Lemma 40.
Let Aj be a E-coherent automaton, R a left-linear TRS and A be an automaton obtained

from A after several steps of equational completion with R, E. Then AXis E-coherent and
moreover, for all state g of A, there exists s € Z(A){,q) such that Z(A,q) C (R/E)*(s). |

Such an automaton is said to be R/E-coherent. The intuition behind this is the following: in

the tree automaton, R-transitions represent rewriting steps and transitions of AKX recognise
E-equivalence classes. More precisely, in a R/E-coherent tree automaton, if two terms s, t

are recognised into the same state g in AX then they belong to the same E-equivalence class.
Otherwise, if at least one R-transition is necessary to recognise, say, ¢ into g then at least one
step of rewriting was necessary to obtain t from s. In [GR10], the following theorem made an
assumption of R/E-coherence for A, but, given that A, does not have any R-transition, Ay is
R/E-coherent if and only if it is E-coherent.

Theorem 41 (Upper bound).
Let E be a set of equations, Aj a E-coherent tree automaton and R a left-linear TRS. If A is
an automaton produced from A after several steps of equational completion with R, E, then

Z(A) € (R/E)"(Z(Ay)) «l

4. Adaptation to innermost strategies

4.1. Introduction

Our first contribution is an adaptation of the classical equational completion of [GR10].
The classical equational completion procedure with a left-linear TRS R produces a correct
over-approximaton of R*(Ly) whenever it terminates. As R} (Ly) C R*(Ly), this is a correct
over-approximation of R: (L) as well. Still, we would like to refine this procedure to deal more
precisely with R;,. Indeed, there are some critical pairs that we would not want to complete
because they do not correspond to any innermost rewriting situation.

Example 42.

Let us look at Example 33. The rewriting of f(c(a(s(0)),n)) into c(a(s(0)), f(n)) does not
conform to innermost strategy because a(s(0)) is not a normal form. We would like to abstain
from completing CP; of Example 33. 2

10



Due to the definition of innermost rewriting, we will need to discriminate between nor-
mal forms and terms reducible by R. To do so is possible using the automaton Zrr(R) (see
Theorem 27). It is possible to build a product between A and ZrRR(R), the tree automaton
recognising the normal forms of R. Let A, be an automaton recognising the initial language.
Completion will start with Ay = A, x ZRR(R). This automaton enjoys the following property,
which we will be useful to prove correctness.

Definition 43 (Consistency with ZrRR(R)).
A pair automaton A is said to be consistent with ZrRr(R) if, for any configuration ¢ and

any state (g, p) of A, I'l, (c) is a configuration and p is a state of ZRrR(R), and if ¢ >i> (g,p) then

I, (c) — p. |
2( )M(R)P 43

In the next subsections, we will restate the definitions used by equational completion to
adapt them to our new framework of pair automata. The TRS R is always supposed left-linear.
Some parts of them might look tricky, and they are indeed tricks to preserve the property of
consistency with Zrr(R).

4.2. Exact completion

Definition 44 (Innermost critical pair).
A pair (¢ - r,0,{(q,p)) wherel >reR,0:X - Q4 and (q,p) € Q4 is critical if

1. to = (q,p),
GA<qp>

2. there is no p’ such that ro >i> {q,p") and

3. for each subconfiguration y at depth 1 of {0, the state <qy,p7,> such that y i» <qy,py> in

the recognition path of condition 1 is with p,, # preq- 1<

Remark. Because a critical pair denotes a rewriting situation, the p of definition 44 is neces-
sarily p;eq as long as A is consistent with ZrRr(R).

Example 45.

In the situation of Examples 17-28, consider the rule f(c(a(X),Y)) — c(a(X), f(Y)), the sub-
stitution o7 = {X > (g, ps), Y — (g, pn)} and the state <qf,pred>: this is not an innermost crit-
ical pair because the recognition path is f(c(a((qs, ps)),{qu, Pn))) — f(c((qas Pred) »(qns Pu))) —
f({qcr Pred)) — <qf,pred> and so there is a p,eq at depth 1. But there is an innermost critical in A
with the rule a(s(X)) — X, the substitution o, = {X — (g, pg)} and the state (q,, pred)- 15 <

Normalisation is like in the classical case, except we deal with pairs (g, p) instead of just
g. Note that whenever we add a new transition ¢’ ~— (q’,p’), only the q’ is arbitrary: the
p’ is always the state of ZRrR(R) such that projdroitec Zia? ) p’. Again, the formal definition

R

presented in Appendix A, as it is technical and the details are not relevant to understanding
the tree automata completion process.

11
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Figure 2: Comparison of classical and innermost critical pairs

Example 46.
With a suitable signature, suppose that automaton A consists of the transitions ¢ — (g1, p.)

and f({(q1,pc)) — <q2,pf(c)> and we want to normalise f(g(<q2,pf(c)>,c)) to the new state

<qN,pf(g(f(C),C))>. We first have to normalise under g: <q2,pf(c)> is already a state, so it does
not need to be normalised; c has to be normalised to a state: since A already has transition

¢ — {(q1,pc), we add nothing and it remains to normalise g(<q2,pf(c)>, (q1,pc))- Since A does not
contain a transition for this configuration, we must add a new state (q', Pg( f(c),c)> and the tran-
sition g((92,Pf(e)) (41 Pe)) — (4’ Petf(e)))- Fimally, we add (', py(r(epe))) — (an-Pfg(f(chen )

Note that whenever we add a new transition ¢’ — (¢q’,p’), only the ¢’ is arbitrary: the p’ is

always the state of ZRr(R) such that projdroitec ﬁ?:(»R) p. 16 <

The following definition comprises two parts. The first set of operation formalises “closing
the square”; the supplementary operations ensure that any context that was recognised after
(g, prea) Will have a corresponding recognition path starting from (g, p,,)-

Definition 47 (Completion of an innermost critical pair).
A critical pair (¢ — r,0,(g,p)) in automaton A is completed by first computing N =

NormA}((ra, (9", pro)) where g’ is a new state and IT, (ro) ER%R) Pro, then adding to A the new

states and the transitions appearing in N as well as the transition (¢, p,,) = (¢, Pro)- lf ro is a

trivial configuration (ie. r is just a variable), only transition ro — {g,I1,(ro)) is added.
Afterwards, we execute the following supplementary operations. For any transition

flee k@ prea)s---) —€q".p"),

we add (if it is not present) a transition
flokarpro)se-) — (a0

”’. These new transitions are in turn recursively considered for the

ith f(...,p,5,...) —
with f(...,pro )M(R)p

supplementary operations.” v <

>We add no new state in these supplementary operations, so this necessarily terminates.
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Definition 48 (Step of exact completion).
This is the same definition as Definition 32, but using Definition 47 instead of Definition 31
for each critical pair. 15 o

4.3. Equational simplification

Definition 49 (Situation of application of an equation).
Given an equation s = t, an automaton A, a 6 : X — Q 4 and states (g1, p1) and {q,, p,), we
say that (s = t,0,(q1,p1),{q2,p2)) is a situation of application in A if

1. 6 (q1,p1),
S 7(‘111’1)

2. 0 > (g, 1),
A(‘th)

3
3. (%:Pl)%(lh,pz) and

4. p1=p>. 4

Definition 50 (Application of an equation).
Given (s = t,0,{(q1,p1),{92,p1)) a situation of application in A, applying the underlying

E E
equation in it consists in adding transitions (qy,p1) — (q2,p1) and {g,,p1) — {q1,p1) to A.

E E
We also add the supplementary transitions {q;,p;) — (42, p1) and {q2,p;) — {q1,p1) where

(q1,p}) and {(q,, p ) are variants that occur in the automaton. 50
Lemma 51.

Applying an equation preserves consistency with Zrr(R). 51l
Proof.

Let A be a consistent with ZrRr(R) automaton whose set of states is Q, let B result from the
adjunction of transition (qy, p1) — (92, p1) to A due to the application of some equation. Notice
that this is sufficient because of the symmetry between g; and g,. We proceed by induction

on k, the number of times the transition (g, p;) — (g2, p1) occurs in the path ¢ % (q,p) where
c is a configuration and (g, p) is a state of 3. If there is no occurrence, then ¢ % (g,p) and by

consistency of A, I, (c) — p.
Tw(R)

Suppose the property is true for some k and there is a context C on T(X, Q) such that
c % Cl{q1,p1)] = Cl{q2,p1)] % (g, p) with the last part of the path using less than k times

the new transition. First, there is a configuration c¢; such that ¢ = C[¢;] and ¢; 7) (q1,P1),

d therefore IT ~ py. Second, by induction hypothesis, IT,(C ~ p. Finally,
and therefore 2(C1)mz(R) p1. Second, by induction hypothesis, I, ( [pl])m(R)p inally,

1 = I, (C - . O
2(C)M(R) 2( [Pl])m(mp
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Remark. The condition 4 (p; = p;) of definition 49 is obviously necessary for this lemma.
Here is why consistency is important and what would happen if we allowed equations to be
applied without regard for condition 4 of Definition 49. Take R = {f(a) — w,g(f(b)) — ¢},
E={a=b}and A, ={a— q,b — qu, f(qa) — 970, 8(q1a) — dgfa}. We have

IRR(R) = {a = pa, b — py,c = pe,w — pe,
f(Pa) = Preds f(Pv) = Pros f(P) = Pes
g(Pfy) = Pred-§(Pc) — pc}

We omit the transitions whose left-hand side contains p,.q4: they always have p..q as a right-
hand side.

Remark that c € R;,,(g(f(b))). However, g(f (b)) is not recognised by A, into any state and
thus not by A, x ZrRr(R) either, so we are not interested in its successors. But let us apply
the equation a = b without taking condition 4 of definition 49 into account: in particular,
we add the transition (qy, py) — (qa pa)- Therefore we now have g(f (b)) — g(f ({qp,pp))) —
8(f (4w Pa))) = 8(afarPrea)) = (Ggfa Prea)- We have g(f (b)) € Z(A,(qgfa Prea)) and are thus
now interested in its successors: we would like to have some critical pair involving g(f (b)) and
c. But we do not, because the only recognition path of g(f (b)), the one we just created, does
not fulfil condition 3 of definition 44.

5. Correctness

Lemma 52.

Let A be an automaton obtained from some A, x ZRR(R) after some steps of innermost
completion. A is consistent with Zrr(R). ] |
Proof.

A, x IRR(R) is consistent with ZRR(R) by construction. Lemma 51 shows that applying an
equation preserves this. It remains to show that a step of exact completion does so as well.

The first steps of normalisation are preserving because the new <q£,p;> are precisely chosen
such that Hz(d|5_) — p;. The last step of normalisation is preserving too, as well as the

" IR(R)
remaining operations of the completion of a critical pair, because, again, we choose p’ such
that ro — p’.
Iw®(R)
The same goes for the supplementary operations. O

Lemma 53.
Let A be an automaton consistent with ZRr(R), (¢ — r,0,(q, p)) a critical pair in A, let p,, be

the state of ZrRR(R) such that ro M%R) Pro and B be the automaton resulting from the completion
of this critical pair. Let C be a context on T(X) and (g, p1) a state of A such that C[(g, p)] %

(g1,p1)- Then there exists a state p, of ZRR(R) such that C[{(g,p,s)] % (q1,p2)- 6 |

Proof.
Note that we have p = p; = preq. We have to show that all the transitions used in the path

C[{g, Pred)] >i> (41, Preq) have some counterpart starting from C[(q, p,,)]. First, observe that all

14



transitions used to recognise subterms at positions of C that are parallel to the position of the
hole can remain unchanged. It remains to be shown that the transitions involving positions in
the branch of the completion of the considered critical pair also have their counterpart: they
exist thanks to the supplementary operations of definition 47. O

Remark. The supplementary operations are necessary for this lemma. Indeed, take R =
{8(f (b)) = &(f(a)), f(a) = c}, Ao ={b— aqp, f (qp) — qb.8(qb) — dgfp}. We have IRR(R) = {a —
Parb = Py, €= pe, f(Pa) = Pred- §(Pa) — Per f(Pb) — Pro§(Prb) = Preds f(Pe) — Per 8(P) — pet-
There is a critical pair PCy = (g(f (b)) — g(f(a)), 2, <ngb:Pred>) in A, xZrRR(R), which is resolved
by adding transitions a — (41, Pa) f((dN1Pa)) = (4N2s Pred)> 8{dN2, Pred)) — (N3, Pred) and
(qN3» Pred) — <51g fbr pred>/ thereby producing automaton .4;. The supplementary operations do
not create any new transition here.

There is a critical pair PC, = (f(a) — ¢,9,{qdN2, Pred)) in A;, which is resolved by adding
transitions ¢ — (qn4,pc) and (N2, p.), thereby producing automaton Ag. The supplementary
operations are detailed further down and produce automaton A,.

Now consider that g(c) € Rin(g(f(a))) and g(f(a)) € Z(Ag,<qgfb,pred>) because we completed
PC;. But all what we have is g(c) ; 2{gnape)) ;» 2({qn2,pey), this last configuration being

2 2
not productive. As a result, g(c) € E(Ag, <qgfb,p'>) for any p’.
The supplementary operations are made after completion of PC,. Since there is a transition

8((4N2s Pred)) = (N3, Pred), We add a transition g((qn2, pc)) — (4n3,pc)- Then, since g3 € A,
either, and there is a (qn3,Pred) — <qgfb,pred>, we add (gn3,pc) — <qgfb,pc>. No further

transition needs to be added. These transitions allow g(c) € $(A2,<qgfb,pc>).

Definition 54 (Correct automaton).

An automaton A is correct wrt. Ry, if for all state (g, preq) of A, for all u € Z(A,{q, pred))
and for all v € R;,(u), either there is a state p of ZrRrR(R) such that v € Z(A,{gq,p)) or there
is a critical pair (£ — r,0,{(q¢,po)) in A for some {(qg, pg) and a context C on T(X) such that

u> Cleo] > Cl{4o Prea)] = (@ Prea) and v Clro]. <
Lemma 55.

Any automaton produced by innermost completion starting from some A, xZRR(R) is correct
wrt. Rj,. 55l
Proof.

Let A be such an automaton; it is consistent with Zrr(R). Let (g, pr.q) be a state of A,
u e Z(A,(q preq)) and v € R;,(u). By definition of innermost rewriting, there is a rule £ — r
of R, a substitution y: X — T(X) and a context C such that u = C[fu], v = C[ru] and each
strict subterm of u is a normal form. Let uy = {p and vy = rpu. There is a (qg, preq) such that

g € Z(A, (4o, Prea)) and Cl(qo, prea)] (4 Prea):

Since ¢ is linear, there is a 0 : ¥ — Q4 such that {u % lo i» (90, Pred) and ru >i> ro. This

entails that u % Cl[lo] % C[{q0, Pred)] % (4, Pred) and v % Clro].
Assume that there is no p, such that vy € Z(A,(q0, po)) and show that (£ — r,0,{qo, Pred)) is

a critical pair in A. First, by assumption, there is no p such that ro = (q0,p)- Conditions 1
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and 2 of definition 44 are thus met. Suppose € = f(y1,..., ¥x) and show that condition 3 of
definition 44 holds.> For each i € [1;k], let {g;, p;) be the state of A such that y;u % yio %

(gi, p;i) in the path of recognition of £o. Then, by consistency with Zrr(R), for each i € [1; k],

il — p;. Since strict subterms of {yu are strict subterms of u as well, they are normal forms,
TR(R)

thus p; # preq, which validates condition 3 of definition 44.

Assume now that vg € Z(A,{q¢,po)) and show that there is a p such that v € Z(A,{g,p)).
This is obvious at the initial step A, X ZRR(R), and this property is conserved by completion as
shown by lemma 53. O

Theorem 56 (Correctness).
Assuming R is left-linear, the innermost equational completion procedure defined above
produces a correct result whenever it terminates and produces some fixpoint A;,,:

L(Ains) 2 R (L( Ay x TRR(R))). sl

Proof.

Let A;,. be the calculated fixpoint automaton. By lemma 52, A;,,, is consistent with Zrr(R),
and therefore, by lemma 55, A;,. is correct wrt. R;,,. Since this automaton is a fixpoint, the
case of definition 54 where there remains a critical pair cannot occur, and therefore, for all
state (g, preq) Of A, for all u € Z(A;n., (g, Prea)) and for all v € R;,,(u), there is a p’ such that
v € ZL(Aine{(q,p)). Thus, Aj,. is Rip-closed: Ri,(-Z(Ains)) € Z(Ain.). Since the completion
process only adds transitions, £ (A;,.) 2 £ (A, x ZRR(R)), which concludes the proof. O

6. Using innermost completion to improve accuracy of static
analysis

We made an alpha implementation of innermost completion. This new version of Timbuk,
named TimbukSTRAT, is available at [Tim14] along with several examples. On those examples,
innermost completion run within milliseconds. Sets of approximation equations, when needed,
are systematically defined [GS13].

We now explain two of those examples add and sumlist1 showing that this tool can improve
the accuracy of static analysis techniques. TRSs, and similar formalisms, have been shown
to be a convenient model for static analysis of functional programs [Jon87, KO11] and Java
programs [BGJL07]. In this setting, the static analysis tool itself only builds approximations of
terms reachable with the TRS encoding the semantics of the program.

6.1. More relevant analysis for TRSs encoding the Java semantics

In the Java semantics, the add bytecode performs an addition of two integers x and y of a stack.
Here is a simplified version of what should be the TRS encoding the effect of the add Java
bytecode on a stack of integers:

plus(0,X) —» X

plus(s(X),Y) — s(plus(X,Y))

add(stack(X,stack(Y,Z))) — stack(plus(X,Y), Z)

31f ¢ is a constant, then condition 3 is vacuously true.

16



[ N S

However, to be coherent with Java semantics, this TRS should ensure that the addition
x+y has been normalized before storing its result on the same stack. Since the tools building
the approximations of reachable terms are not strategy-aware, they build rough approxi-
mations containing stacks of non-reduced integer additions, which are not reachable w.r.t.
the Java semantics. In [BGJLO7], the TRS representing the semantics of a Java programs
had to be transformed so as to encode, in the TRS, the call-by-value of Java. Furthermore,
a similar transformation is necessary for many of the Java bytecode operations, leading to
an unnecessarily complicated TRS. This is also the case with methods commonly used to
encode the innermost strategy into the program itself, such as continuation-passing-style
transformations [Plo75, DF92].

Using innermost completion can totally avoid this problem. On the above TRS, the set of
descendants computed by Timbuk STRAT with file add does not contain stacks of non-reduced
integer additions.

6.2. Improving static analysis of functional programs

There is a recent and renewed interest for Data flow analysis of higher-order functional
programs [OR11, KO11, KI13] that was initiated by [Jon87]. On examples taken from [OR11],
we showed in [GS13] that completion can compete with those techniques. None of those
techniques is strategy-aware: on Example 17, they all consider the term c(a(s(0)), f(n)) as
reachable, though it is not with innermost strategy. Example 17 also shows that this is not the
case with innermost completion.

Accuracy of innermost completion can benefit to static analysis of functional programs. To
illustrate this, we choose to show that approximations built with TimbukSTRAT are precise
enough to prove non-termination of functions using call-by-value evaluation strategy. First,
we recall how to prove non-termination using an approximation of reachable terms [Gen98].
Consider the following OCaml program, which can be represented as a TRS R:*
let hd= function x::_ -> x;;
let tl= function _::1 -> 1;;
let rec delete(e,l)=

if (1=[]) then []
else if (hd 1l=e) then tl1 1 else (hd 1)::delete(e,l);;

It is faulty: the recursive call should be (hd 1)::delete(e, t1 1). Any call delete(e, 1)
will not terminate if 1 is not empty and hd 1 is not e. Since the language of such calls to delete
with 1 not empty is regular, completion can compute an automaton over-approximating of
the set of reachable terms from this language. Besides, we can compute the automaton Zrr(R)
recognizing normal forms of R>. Then, computing the intersection between the two automata,
we obtain the automaton recognizing the set of reachable terms in normal form®: this set is
empty. This reflects the fact that the delete function does not compute any result, i.e. it is not
terminating.

Now, we perform the same kind of non-termination proof on a program which is terminating
with call-by-name but not with call-by-value strategy.” The OCaml program sum x computes

4See file nonTerm1 under TimbukSTRAT at [Tim14].

>For functional programs, computing ZRR(R) can be easier than for general TRS: it can consist of the simple
automaton recognising constructor terms [GS13].

6Computing IRR(R) and the intersection can be done using Timbuk.

7See file sumlist1.txt.
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the sum of the x first natural numbers. It does not terminate because of OCaml’s call-by-value
evaluation. Strategy-unaware methods cannot show this: there are (outermost) reachable terms

that are in normal forms: the integer results obtained with a call-by-need or lazy evaluation.
(1)0+X - X

)s(X)+Y > s(X+Y)
3) sumList(X,Y) — cons(X +Y,sumList(X +Y,s(Y)))
4) nth(0,cons(X,Y)) —» X
5)
6)

1 let rec sumList(x,y)=

2 (x+y)::sumlist (x+y,y+1);; (2
3 let rec nth i (x::1)= (
4 if i<=0 then x else nth (i-1) 1;; 2
5

let sum x= nth x (sumList (0,0));; nth(s(X),cons(¥, 2)) > nth(X, Z)

sum(X) — nth(X,sumList(0,0))

(

Ops sum:1 nth:2 sumList:2 cons:2 nil:0 zero:0 s:1 add:2
Vars X Y Z U

TRS R1

add (zero,X) -> X

add (s (X),Y) -> s(add(X,Y))

sumList (X,Y) -> cons(add(X,Y), sumList(add(X,Y),s(Y)))
nth(zero,cons(X,Y)) -> X

nth(s(X),cons(Y,Z)) -> nth(X,Z)

sum(X) -> nth(X,sumList (zero,zero))

Assume that we want to over-approximate the set of results of the function sum for all
natural number i. Thus, our aim is to compute the automaton recognising the set of innermost
reachable terms from the initial regular language {sum(s*(0))}. Let A = (X, Q,Qf, A) with Qf =
{g1} and A ={0 — qo,5(q0) — qo,sum(q0) — q;} be an automaton recognising this language.
Timbuk [Tim14] can compute the automaton ZrrR(R), whose description is then appended to
the definition of the TRS in sumlist1l.txt. In this automaton, all transitions with top symbol
sum are mapped to p,eq. This is not surprising since the rule sum(X) — nth(X, sumList(0,0))
rewrites any term rooted by sumlList, i.e. they are all reducible. This is the same for all
transitions rooted by the sumList symbol.

On the opposite, terms built only on symbols s and 0 are all irreducible. Let us denote by p;
the state recognising them in ZRR(R). Let us denote by A(, A4,... the tree automata obtained
by innermost completion. Let Ay = A, x ZRR(R) be the initial product automaton whose set of

transitions is: 0 — (qo, pi), s({(9o, Pi)) — (4o, Pi)> sum({qo, pi)) — {41, Pred)- The first completion
step solves only one critical pair which is:

R ,
sum({qo, pi)) —— nth({qo, pi),sumList(0,0))
Y
¢40 * *:¢41

R
<qllpred> “"”";41 ””” = <q31pred>

During the normalisation of the new transition nth({qo, p;),sumList(0,0)) — (g3, Pred), the sub-
term 0 is normalised using the transition 0 — (g, p;) of Ay and the subterm sumList({qo, p;),{q0,pi))
is normalised using a new state (g, preq)- Thus, according to Definition 47, the set of transitions
added to Ay to obtain Ay is nth((qo, pi), (92, Pred)) = (43, Pred), sumList({qo,pi),(qo,Pi)) —

(92, Pred)» and (g3, Pred) >E> (41, Pred)- Since no other critical pair with symbol sum will never
be solved, the language of reachable terms from sum(s*(0)) is recognised by ¢, and thus by
q3. For g3 to recognise irreducible terms, it necessary to discard the nth symbol by applying
either rule (4) or (5) of R, i.e. have an innermost critical pair between rules (4) or (5) and the
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transition nth({qo, pi),{q2, Pred)) — {43, Pred)- However, this cannot happen because g, does
not recognise any irreducible term. Furthermore, during all the following completion steps,
terms recognised by g, will all be reducible. We can illustrate this on the second completion
step which only solves one critical pair:

. R .
sumList({qo,pi),{qo,pi)) — cons({qo,pi) +{qo,pi),sumList({qo, p;) +{q0,Pi)»5({q0,Pi))))
Y
Al ]e * : AZ
<q2’pred> -ttt T T T T T = <q6’pred>

Normalisation of the corresponding transition results in the following set of new transi-
tions to be added to A;: cons({9a, Prea), (q5: Pred)) = (6 Pred)s (o, Pi) + {40, Pi) = (44, Prea),

. R . .
sumList({(qa, Pred) (90, Pi)) = (45, Pred) and (qe, Pred) — (42, Pred)- Note that right-hand side of
this critical pair is recognised by the state (g, preq)- In fact, as explained above, all terms rooted

by a sumList symbol will necessarily be recognised by p..q. As a consequence, we will never
be able to perform an innermost completion step on the transition nth({qo, p;),{q2, Pred)) —
(93, Preq) because the state (g;,preq) and all its successors will only contain terms having
sumList symbols and thus being reducible. Using equations, it is possible to guarantee the ter-
mination of the completion (see [GS13]). On this example, having a set of equations containing
at least equations s(s(X)) = s(X) and add (0, X) = X is enough to have a terminating completion.
Rule (3) produces infinite lists with infinite sums of the form (((0+1)+3)+6)+.... The equations
are used to merge together all the integers. Completion with TimbukSTRAT terminates on an
automaton (see section B) where the only product state labelled by g; is (g1, preq)- This means
that terms of the form sum(s*(0)) have no innermost normal form. Thus, this proves that the
function sum is not terminating in OCaml, which uses a call-by-value strategy.

On the same example, all aforementioned techniques [OR11, KO11, KI13, Jon87], as well as
all completion techniques [Tak04, GR10, Lis12], give a more coarse approximation and are
unable to prove non-termination with call-by-value. Indeed, those techniques approximate
all reachable terms, independently of the rewriting strategy. Their approximation will, in
particular, contain the integer results that are reachable by a call-by-need evaluation strategy.

7. Precision theorem

We showed that accuracy of the approximation has a great impact on the quality of the static
analysis. Now we formally quantify this accuracy w.r.t. rewriting modulo E. For this, we need
the hypothesis that the initial automaton does not mix different equivalence classes into the
same state.

Definition 57 (Separation of E-classes).
The pair automaton A separates the classes of E if for any g € I'Ty (Q 4), there is a term s such
that for all p € IT, (Q4), Z(A,{q,p)) € [s]E- 57

The following definitions are internal to the proof. We first give a notation for the common

class of the terms recognised into a given state and extend this for configurations of the
automaton.
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Definition 58 (Equivalence class of a configuration).

Let A be an automaton that separates the classes of E. Let g be a left-component of a state
(q € IT; (A)). If there is a p € I, (A) such that .Z(A,{g,p)) # &, then the common E-class of all
terms recognised by A into states of the form (g, -) is noted [q]jg4 If there is no such p, we note
(9] = L.

We extend this notation to configurations of A as follows. First, we note [(q,p)]ﬁ =
Then, let ¢ = f(cy,...,ck) be a configuration of A. If there is an i € [1; k] such that [¢;]
L, then let [c]?E4 = 1. Else, for each i € [1;k], let t; € Z(I1; (A),IT; (c;)). We note [c]
[f(trsees tn)]E-

Definition 59 (Total separation of classes).
Let A be an automaton separating the classes of E. We say that this separation is total if for

IZ.

=

FECBNCEN
A Il

8

any configuration ¢ of A, [c]js4 = 1. 59

Now, some purely technical remarks to make the proof more readable.
Definition 60 (Reflexivity equations).

For a signature (X, X), the set of its reflexivity equations is

E, ={f(x1,...,xx) = f(x1,...,xx) |k eNA f € X Axyq,..., x; are distinct}. 60

Remark. To ease the formulation of the proof, we will use a normalisation procedure that
does not reuse already existing states, thus always normalising to new states. To compensate
for this, we will add to E the set E, of reflexivity equations: equational simplification will
merge the superfluous states that were created by this modified normalisation procedure. On
the other hand, the equivalence classes of =g are the same as those of =g, and equational
simplification makes recognised languages bigger, so this way of doing is valid.

Here follows the property that will be passed on to each completed automaton Ay, etc.

Definition 61 (R;,/E-coherence).
An automaton A is R;,/E-coherent if

1. AKX totally separates the classes of E,

2. Ais accessible, and
3. for any state (q,p) of A, Z(A,{q,p)) C (Rn/E)" ([q]é}() 61

The following two simple lemmas show that we do equational simplification or completion
“for a reason”.

Lemma 62.

Let A be an automaton that totally separates the classes of E. Let (s =t,0,{(q1,p),{q2,p)) be
a situation of application of an equation of E in A. Then [ql]ﬁ = [qz]f. 5 |
Proof.

It suffices to prove that [59]j54 = [te]f. Since the separation of the classes by A is total, for
each x in the domain of 6, there is a term xu € Z(I1; (A),x6). This builds an instance sy =g tu
of the considered equation. But [s@]ﬁ = [su] and [t@]js4 = [tu]p. O
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Lemma 63.
Let A be a R;,/E-coherent automaton that is consistent with Zrr(R), let (¢ — 7, 7,(q, Pred))

R
be a critical pair that is to be completed by adding transition {gq’,p,, ) — (4, p;o ). We suppose

that the normalisation steps have just been performed and still note A the resulting automaton.
We have Z(A,ro) C (Ry/E)* ([q]?}( ) ol

Proof.
lett € T(X) such that ¢ % ro f}( (q’,pr)- For each variable x of r, let xy be the subterm of t at

the position where x occurs in 7: we have thus t = ru. For each variable y appearing in € but not
inr, let yu be any term in .Z (A, yo). Since A is consistent with ZrRr(R) and the critical pair fulfils
Condition 3 of Definition 44, each strict subterm of €y is a normal form. So t = ru € R, (€p).

Moreover, €y € £ (A,{q,pred)) and A is R;,/E-coherent, so t € (Rj,/E)* ([q]ﬁ)() O
This is the main theorem of preservation.
Theorem 64.
Equational simplification preserves R;,/E-coherence. o+l
Proof.

Let (s =t,0,{q1,P0),{q92,po)) be a situation of application of an equation of E in A and let B
be the automaton resulting from the merger of (g1, pg) and (g5, po). Let (g, p) be a state.

Show that Z(B¥,(q,p)) € [q]. Consider u = Clu] ;} Cl(a1,po)] = Cl{(g2po)] j{ (@.p).

We have ug € [ql]é}(, thus, by Lemma 62, 1, € [qz]ﬁx. Therefore u € C[[qz]ﬁ}(], which is just
[q]z" . Other cases are either trivial, symmetrical or reducible to this one.

Next, show that £ (B,(g,p)) C (Rin/E)*([q]é}(). Consider u = Cluy] >i> Cl{q1,p0)] =, Cl{g2,p0)] i»
(@.p). We have i € (Ru/E) ([} ) e o € (R B ([a21 ) Thus u € (Riy/E) (cuquA" )]
First, assume that C[{g,, po)] >—}>< (g,p)- Then C[[qz]ﬁx] = [q]E , therefore u € (R;,/E)* ([q]E )
A

Second, assume that C[{q,po)] % (g, p) with just one R-transition, that is C[{q, po)] —
A

D[ro] >i)>( D[{q5,p3)] t D[{g3,p3)] ;)( (q,p). There is a corresponding critical pair ({ —
A A

1,0,{q3, Pred)) and, by Lemma 63, Z(A,ro) C (Rin/E)*([ ]A)() On the other hand, D[[gq ]A)(] =
[q]f}é, so Z(A,DJ[ro]) C (Rin/E)*([q]f)(). Since (R;,/E)" is an operator that deals with equiv-

alence classes, every term equivalent to one of .Z (A, D[ro]) is also a descendant of [q]?}( by

Riy/E. Since C[[qQ]A)(] = D[[ro]?}(] u is a descendant of such a term, so u € (R;,/E) ([q]E )

Finally, in the paragraph above, it suffices that D[[qg,]A}(] C (Ryn/E)* ([q]ﬁ}() (we had D[[q3] |=
A¥

[q]z" ): this allows us to reuse this case as an induction step over the number of R-transitions

present in the path C[{g, po)] % (4,p)- -
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Because we decided to always use fresh states for normalisation, the step about completion
of a critical pair is simpler.

Lemma 65.

Normalisation preserves R;,/E-coherence. So do the supplementary operations performed
after completing a critical pair. o5l
Lemma 66.

Completion of a critical pair preserves R;,/E-coherence. o6l
Proof.

Let (¢ = r,0,(q, pred)) be a critical pair and let it be completed by normalisation and adding

R
transition (q’,p’) — (g,p’). Let B be the resulting automaton. It is enough to show that
ZL(B,{q",p")) C (Rin/E)*([q]E ) Remember that we use a modified version of normalisa-

tion that never reuses existing states, so -Z(B,{q’,p")) = Z(A,ro). We conclude thanks to
Lemma 63. O

Theorem 64 and Lemma 66 can be summed as follows.

Theorem 67.
Innermost equational completion preserves R;,/E-coherence. i |

This shows that under the assumption that A, separates the classes of E, innermost completion
will never add to the computed approximation a term that is not a descendant of .Z(A)
through R modulo E rewriting.

Theorem 68 (Precision).

Let E be a set of equations. Let Ay.A, x ZRR(R), where A, has designated final states. We
prune A of its non-accessible states. Suppose A, separates the classes of E. Let R be any left-
linear TRS. Let A be obtained from A after some steps of innermost equational completion.
Then

Z(A) € (Rin/E)' (L (A, xIRR(R))). sl

Proof.

Since A( does not contain any R-marked transition, A)O( = Ay. Thus, the third condition of
(Rin/E)-coherence is trivial for Aj assuming the two first are met (for any TRS R). Plus, A
separates the classes of E and is accessible, so it totally separates the classes of E, so A is
indeed (R;,/E)-coherent. Theorem 67 show that this property is passed to .A, which yields the
result. O

8. Related work

All tree automata completion-like techniques [Gen98, TKS00, Tak04, FGVTT04, BCHKO09,
GR10, Lis12] do not take evaluation strategies into account. They compute over-approximations
of all reachable terms. Our contribution here is to propose the first algorithm computing
over-approximations restricted to innermost reachable terms. Furthermore, the accuracy of
the approximation w.r.t. innermost rewriting has been shown on a practical and theoretical
point of view.
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Dealing with reachable terms and strategies was first addressed in [RV02] in the exact case
for innermost and outermost strategies but only for some restricted classes of TRSs, and also
in [GGJ08]. As far as we know, the technique we propose is the first to over-approximate
terms reachable by innermost rewriting for any left-linear TRSs. For instance, the Examples 17
and of Section 6 are in the scope of innermost completion but are outside of the classes
of [RV02, GGJO08]. It is due to the fact that a right-hand side of a rule has two nested defined
symbols and is not shallow.

Data flow analysis of higher-order functional programs is a long standing research topic [KI13,
OR11, KO11, Jon87]. Used techniques ranges from tree grammars to specific formalisms:
HORS, PMRS of ILTGs and can deal with higher-order functions. Higher-order functions
are not in the scope of the work presented here, though it is possible with tree automata
completion in general [GS13]. None of [KI13, OR11, KO11, Jon87], takes evaluation strategies
into account and analysis results are thus coarse when program execution rely on a specific
strategy.

9. Conclusion

In this paper, we have proposed a sound and precise algorithm over-approximating the set of
terms reachable by innermost rewriting. As far as we know this is the first algorithm solving
this problem for any left linear TRS and any regular initial set of terms. It is based on tree
automata completion and equational abstractions with a set E of approximation equations. The
algorithm also minimises the set of added transitions by completing the product automaton
(between A, and ZrRR(R)). We proposed TimbukSTRAT [Tim14], a prototype implementation
of this method.

The precision of the approximations have been shown on a theoretical and a practical point
of view. On a theoretical point of view, we have shown that the approximation automaton
recognises no more terms than those effectively reachable by innermost rewriting modulo the
approximation E. On the practical side, unlike other techniques used to statically analyse
functional programs [KI13, OR11, KO11, Jon87], completion can take the call-by-value strat-
egy into account. As a result, for programs whose semantics highly depend on the evaluation
strategy, innermost completion yields more accurate approximations. This should open new
ways to statically analyse functional programs by taking evaluation strategies into account.

Approximations of sets of ancestors or descendants can improve existing termination tech-
niques [GHWZ05, Mid02]. In the dependency pairs setting, such approximations can remove
edges in a dependency graph by showing that there is no rewrite derivation from a pair to
another. Besides, it has been shown that dependency pairs can prove innermost termina-
tion [GTSKFO06]. In this case, innermost completion can more strongly prune the dependency
graph: it can show that there is no innermost derivation from a pair to another. For instance,

on the TRS:
choice(x,y) — x |choice(x,v) = v |eq(s(x),s(v)) = eq(x,v)
eq(0,0) =t |eqls(x)0) > [ |eq(Os@)—>ff
8(0,x) = eq(x,x)[g(s(x),y) = &(x, )| f(f f,x,9) — f(g(x, choice(x,9)), x, p)
We can prove that any term of the form f(g(t;,choice(t;,t3)), t4,t5) cannot be rewritten (inner-
most) to a term of the form f(f f,ts,t7) (for all terms t; € T(X), i = 1...7). This proves that,
in the dependency graph, there is no cycle on this pair. This makes the termination proof of
this TRS simpler than what AProVE [APr] does: it needs more complex techniques, including

proofs by induction. Simplification of termination proofs using innermost completion should
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be investigated more deeply.

For further work, we want to improve and expand our implementation of innermost com-
pletion in order to design a strategy-aware and higher-order-able static analyser for OCaml.
We also want to study if the innermost completion covers the decidable classes of [RV02],
like standard completion does for many decidable classes [FGVTTO04]. Another objective is to
define a completion for the outermost strategy and thus deal with the call-by-need evaluation
strategy, used in Haskell®.

Acknowledgements The authors thank René Thiemann for providing the example of in-
nermost terminating TRS submitted to AProVE, and Prof. Luke Ong, Jonathan Kochems and
Robin Neatherway for their remarks.
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A. Normalisation

Here, we describe an algorithmic way to browse a configuration in order to normalise it, that is
to create all the necessary intermediate transitions and the required new states. The discourse
is quite fastidious and not unique, but this is not really important. Indeed, we either reuse
existing transitions, and thus do not change the behaviour of the automaton, or create new
states whose sole purpose is to recognise some subconfiguration of c. By definitions, these
new states only appear in the new transitions that we add, they do not influence the previous
behaviour of the automaton. The order in which they are added is therefore not important.

Definition 69 (Norm 4(c,{q,p))).

Let A be an automaton, c¢ be a non-trivial configuration and (g, p) be any state. Let 5 =
(&1,---,€k) be a postfix traversal of ¢ ({k is the root position). With A the set of transitions of
A, let us use an auxiliary function:

Norm 4(c,(4, p)) = NormAux " (¢, (q, p)). (1)

Now let us define NormAux=". For i ranging from 1 to K — 1, for any set of transitions A and
any configuration d such that dj¢, is an elementary configuration, let

NormAux3" (d, (g, p)) = {di, — (g, p'}} U NWAqu:S?;,giHw»,p,»(d[(q’,lﬂ’)]g,.,<61,p>) (2)

where (q,p’) is such that djs, — (q’,p) in A (or, if there is no such state, g’ is a new state,

distinct from g, and p’ is the state such that I, (d|5_) >i(> p’). Also, for any set of transitions A
) Z=(R)

and any elementary configuration d, let
Normux;?™ (d,(q,p)) = d — (4. p)} (3)
69

Remark. It is necessary to consider equivalence by £ when searching for an already existing
E

transition. Suppose we work with some f(g;) and have q; == g, and f(q;) ~ q": we do not
A

want to create a new state here, but reuse ¢’ and set f(q1) — ¢'.

B. Completed automaton for the sum function

Let R be the TRS:
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(1)

(2)s(X)+Y > s(X+Y)

(3) sumList(X,Y) — cons(X +Y,sumList(X + Y,s(Y)))
(4) nth(0,cons(X,Y)) - X

(5) nth(s(X),cons(Y,Z)) — nth(X, Z)

(6) sum(X) — nth(X,sumList(0,0))

and E = {cons(x,cons(y,z)) = cons(y, z), (x+y)+z = x+y}. Starting from the product automaton
having transitions: 0 — (qo, p;), s({(90, Pi)) = (4o, i), sum({qo, pi)) = {q1, Pred)- We successively

solve the following critical pairs.
B.1. First completion step
The first completion step solves only one critical pair which is:

R .
sum({qo, p;)) —— nth({qo, p;),sumList(0,0))
Y
.AO * *:Al

R
(qlrpred> A = <q3rpred>
A

The set of transitions added to A to obtain Ay consists of nth({qo,p;),{92,Pred)) — {43, Pred)
. R
sumList({4o, pi)» {90, Pi)) = (92, Pred), and (43, Pred) = {41, Pred)-

B.2. Second completion step
The second completion step solves one critical pair:
. R .
sumList({qo, pi),{qo, pi)) —— cons({qo, pi) +{qo, pi), sumList({qo, pi) +{qo, pi),5({90, Pi})))
Y
Al ]* * : AZ
<q21pred> T T Tt T ST T T T T T T = <q6rpred>

Normalisation of the corresponding transition results in the following set of new transi-
tions to be added to A;: cons((qa Pred) (45, Pred)) = (6 Pred)s {90, Pi) + {40, Pi) = (44 Pred),

. Rr
sumList({(q4, Pred)»{q0,Pi)) = {45, Pred) and (g, Pred) = {92, Pred)-

B.3. Third completion step

The third completion step solves two critical pairs. The first critical pairs are:
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R
0+<q0,pi) —— {qo,Pi)
)—

.,42]‘ //
Goped) > S(90,Pi)) + (00 PiY —— ({0, pi) + (0, Pi))
///343 AZ ) *TAS
. !
(44, pi) (94 Prea) -~ VI (47 Pred)

For solving the second critical pair, since the transition (g, p;) +{qo, Pi) ™ (94> Pred) already
belong to A, it is enough to add the transitions: s({q4, pred)) — {47, Pred) and (q7,pred> >—>

(94, Pred)- For solving the first critical pair, it is enough to add the transition (g, p;) >—> (94, i)
and to add supplementary transitions, as mentioned in Definition 47. Because of the separation
between states (g4, preq) and (qs, p;), it is necessary to add a copy of all transitions with a
state (g4, preq) in their left-hand side where we replace it by state (q4,p;) to . We thus add
the transitions: cons((q4, pi), (45, Pred)) = (46: Pred), sumList({qa, pi),{qo, Pi}) = (45, Pred) and
s((4a,Pi)) — (47, Pi)-

B.4. Fourth critical pair

The fourth completion step solves one critical pair and applies two equations. The critical pair
is:

sumList({q4,pi),{90,Pi)) R cons({q4, pi) +{qo, pi),sumList({q, p;) +{q0,Pi),5({q0,Pi))))
./43]* *TA‘L

<q5fpred> T T T T T T T T = <q8rpred>

The transitions added to A3 are thus: (g4, p;)+{q0,Pi) ™ {99, Pred ), SUmList({qg, Pred),{q0, Pi)) —

R .
(910, Pred)> €0n5({99, Pred)»{q10s Pred)) — (98, Pred) and (qs, Pred) — (45, Pred)- Now, with equa-
tion (x+v)+z=x+y of E, we can find a first equational simplification position:

({90, pi) +<q0, i) + {90, pi) === {qo, Pi) +{q0, Pi)
i I
<Q9fpred> i <q4)pred>

This results in the addition of transitions (g9, p) = (q4,p) for all state p. Similarly the

equation cons(x, cons(y,z)) = cons(y, z) of E finds an equational simplification position:
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E
C0n5(<CI4fpred>’C0n5(<q9fpred>f<q101pred>)) E— C0n5(<q9:pred>;<q101pred>)
A+ *]A

<Q6f pred> )

E
This results in the addition of transitions (g, p) = (qs, p) for all state p.

B.5. Fith completion step

Now all critical pairs on rules (1) and (2) are joinable:

R
0+4(qo0,pi) —— {qo,pi)

A4 ] * R ] .A4
<q9fpred> <q4rpred>
13
.A4
(99, Pi)
R
s({q0, i) + <490, Pi) s({q0,Pi) +{q0,Pi))
A4J* * A4
13 R
<q9;pred> ‘—4< (%Pi) ‘—4< <q7lpred>
A A

There remains a last critical pair which is:
. R .
sumlList((q9,pi),{(q0,pi)) — cons({q9, p;) +{qo, pi),sumList({qo, pi) +{qo, i}, 5((d0. Pi))))
Y
./44 ] * . ./45

(q10:Pred) === < (98, Pred)

However, using transitions of A4 the right-hand side of the critical pair can be recognised
into state (g, pred)- More in details, the subterm (qq,p;) + (40, p;) can be normalised into
(94, Preq) and the subterm sumList({qq, p;),s({qo,p;i))) can be normalised into (gs, preq). Finally

E
cons({qa, pi)»{qs, Pred)) — {qs,Pred) belongs to transitions of .44. Furthermore, (g¢, pred) —

R
(98, Pred)- Finally the only transition to add is thus (qg, pred) ™ (910, Pred)- Since no new
transition is added on symbol sumlList, this ends the completion. All remaining critical pairs
are joinable, in particular:
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sumList({qo, pi), (G0 Pi)) —— cons({de, pi) + (o, i), sumList((qe, p;} + a0 pi), 50, i)

A4]>{- *]A‘L

R
410+ Pred) : (48 Pred)
A

The transitions of the completed automaton are:
0— (4o, pi)

s((9o, Pi)) — (do, Pi)

sum({qo, pi)) = {41 Pred)

nth({qo, Pi), {92, Pred)) — (43, Pred)
sumlList({qo, Pi), {90, Pi)) = (92, Pred)

Rr
<q3lpred> — <q1rpred>
COﬂS(<Q4, pred>1<q51 pred)) — <q6’pred>
(q0,Pi) +4{q0,Pi) = {44 Pred)
sumList({q4, Pred) {90, Pi)) = {45, Pred)

R
<q6'pred> — <q27pred>
5(<q4rpred>) — <q7lpred>

Rr
<q7' pred) — <q4r pred>

(90, pi) 5, (94, pi)

C0n5(<q4’pi>r<q5lpred>) — <q6’pred>

sumList({q4,pi),{q0,Pi)) = (45, Pred)

s((q4,pi)) — (g7, pi)

(q4,P:i) +{q0,Pi) — {49, Pred)

sumList({(q9, Pred),{q0,Pi)) = {910, Pred?

sumList({(q9,pi),{90,Pi)) = {410, Pred)

C0n5(<q9lpred>l<q101pred>) — <q81pred>
R

<q81pred> — <q5fpred>

E

(q9,p) = {q4,p) forall p
E

(q6,p) = {(qs,p) for all p

Rr
<q81 pred) — <Q10; pred>

Note that this completed automaton recognises, in particular, all infinite list of natural
number, i.e. terms of the form cons(a,cons(b,cons(c,...sumList(d,e)))) where a,b,c,d,e are
any natural numbers. For instance, the term cons(0, cons(0,cons(0,cons(0,sumList(0,0))))) is
recognised in the following way:

cons(0,cons(0,cons(0, cons(0,sumList(0,0)))))
—" cons({qo, pi),cons({qo, i), cons({qo, i), cons({qo, p;),sumList({qo, pi},{qo, Pi)))))

% cons({qo, pi),cons({qo, pi),cons({qo, pi),cons({qo, p;),sumList({q4, p;),{q0,Pi))))))
— cons({qo, pi),cons({qo, pi),cons({qo, pi),cons({qo, p;),sumList({qs, pi),{q0,Pi))))))
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E, cons (qo,pi),cons({qo, pi),cons({qo, pi),cons({qo, p;),sumList({qe, pi),{q0,Pi))))))
— cons({qo, pi),cons({qo, pi),cons({qo, pi),cons({qo, pi)»{q10s Pred))))
— cons({qo, pi),cons({(qo, pi),cons({qo, pi),cons({go, pi)»{q10, Pred)

(

—_ — ~— —

(
(
- ( )
— cons({qo, pi),cons({qo, pi),cons({qo, pi),cons({qa, pi),{q10s Pred))))
. cons (q0,pi),cons({qo, pi), cons({qo, pi),cons({q9, i) ,{q10, Pred))))
(
(

(
(
(
(
(
(
%cons((qo,pi>,cons (q0,pi),cons({qo, pi)»{q5s Pred))))
? cons({qo, pi),cons({qo, pi),cons({qa pi),{q5, Pred))))
? cons({qo, pi),cons({qo, pi)»{9esPred)))
? cons({qo, pi),cons({qo, pi),{qs, Pred)))
? cons({qo, pi),cons({qo, pi)»{q5s Pred)))
— cons((qo, pi?,cons({(qa i) {45, Pred)))
X COﬂS((QO:pz’>:<%fpred>)
~ COﬂS((Qo;Pi>:<Q8’pred>)
Gt cons({qo, pi)»{q5 Pred))
)

R
— COHS((q4,Pi>; <f15;pred>
— {q6/ Pred)

R
— <QZ1 pred>

(
(
(
(
(
— cons({qo, pi),cons({qgo,pi),cons({qo, pi),{q8, Pred))))
(
(
(
(
(

31



