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Abstract. We define the class of constrained cons-free rewriting systems
and show that this class characterizes P, the set of languages decidable
in polynomial time on a deterministic Turing machine. The main nov-
elty of the characterization is that it allows very liberal properties of
term rewriting, in particular non-deterministic evaluation: no reduction
strategy is enforced, and systems are allowed to be non-confluent.

We present a class of constructor term rewriting systems that character-
izes the complexity class P—the set of languages decidable in polynomial time
on a deterministic Turing machine. The class is an analogue of similar classes
in functional programming that use cons-freeness—the inability of a program
to construct new compound data during its evaluation—to characterize a range
of complexity classes, including L and P [1,2], and for higher-order programs
PSPACE and hierarchies of exponential space and time classes [3]. The pri-
mary novelty is that while previous work has crucially utilized the deterministic
evaluation (in particular, call-by-value) and typing disciplines usually found in
functional programming languages, we allow for the full rewriting relation to be
used, and we allow non-orthogonal systems.

The ability to use non-orthogonal and non-confluent systems means that we
do not have access to standard results on orthogonality such as normalization
or finite developments of sets of redexes, and we cannot appeal to results con-
necting deterministic Turing machines to confluent rewriting [4], or to functional
programming without overlapping function declarations [1,3,5]. These are the
main reasons that our proofs are substantially more difficult than similar work
by Bonfante showing that introducing non-determinism to a cons-free functional
language characterizes P [2].

Related work

The original impetus for devising languages or calculi characterizing complexity
classes was the seminal work of Bellantoni and Cook [6] who introduced a scheme
of constrained recursion in function declarations in applicative languages, called
safe recursion, later followed by similar constraints, tiered or ramified recursion



[7,5]. Roughly, the idea of this approach is to partition the arguments of every
function into “normal” and “safe” variables, where only normal variables are used
for recursion. Our approach contains no such constraints. Other approaches have
used type systems, typically based on variants of linear logic [8-10]; in contrast,
we employ no type system, but enforce a simple syntactic criterion to constrain
copying.

Much effort has been directed towards performing polynomial complezity
analysis in term rewriting, that is, devising methods to automatically infer that
specific TRSs have polynomial runtime or derivational complexity. This work
has almost invariably considered analogues of call-by-value semantics, e.g. in-
nermost evaluation; in this vein of research, several reduction orders have been
defined such that TRSs are compatible with the orders iff they have polynomial
runtime complexity [11,12]. The main difference with our work is that we do not
necessarily enforce polynomial runtime complexity, but use a form of memoiza-
tion to ensure that our class of systems can be evaluated in polynomial time on
a Turing machine. For full rewriting with no constraints on reduction strategy,
Avanzini and Moser [4] have shown that a confluent constructor rewriting sys-
tem characterizes a language in P iff it has polynomial runtime complexity, that
is, if the maximal reduction lengths starting from appropriately formed terms
are polynomially bounded. Most research in this vein has focused on functional
complexity classes, whereas we only consider the case of decision problems; we
believe our results can be extended to the function classes, but with some diffi-
culty as input constructors may not be used as output constructors in cons-free
systems.

The restriction to cons-free systems was originally developed in functional
programming by Jones [1], [3] inspired by similar work by Goerdt in recursion-
theoretic settings [13,14], and leading to similar characterizations in other lan-
guage paradigms [15], [2], [16]. The primary difference between this work and
ours is that we do not consider a particular reduction order, and work in a com-
pletely untyped setting, that is, the standard liberal setting of term rewriting;
the cost of this freedom is that we need to enforce technical demands on our
class of systems leading to constrained cons-free systems, rather than merely
cons-free ones.

1 Constrained cons-free term rewriting systems

We presuppose basic knowledge about rewriting, corresponding to the introduc-
tory chapters of [17]. Throughout the text, we assume a denumerable set X of
variables.

Let X be a signature (i.e., a function from a set F of function symbols to N
which associates with every f € F its arity ar(f)); we then denote by T(X) the
set of terms built from X and X'. The set of ground terms over X is denoted
by To(X). By abuse of language, if Fy is a set of function symbols, we will
write also T (Fo) instead of T(X|x,) (or To(Fo) instead of To(X|x,)). The set
of positions in a term ¢ is denoted by Pos(t) (a position ¢ is said to be below



the position p if p < ¢): if p is a position in a term ¢, then p determines the
subterm ¢|, of ¢ occurring at position p and the symbol ¢(p) occurring in ¢ at
p. If s and ¢ are terms, we write s < ¢ (resp. s <t) if s is a subterm of ¢ (resp.
if s is a subterm of ¢ and s # t); note that s < t iff (Ip € Pos(t))s = t|p.
For any term ¢, we denote by Oc(t) the set of variables occurring in ¢, that is,
Oc(t) = {z € X; (3p € Pos(t))t(p) = =z} and, for any = € X, by Oc(x,t) the
number of occurrences of z in ¢, that is, Oc(z,t) = Card({p € Pos(t); t(p) = z}).

A constructor TRS is a term rewriting system (TRS) in which the set of
function symbols F is partitioned into a set D of defined function symbols and
a set C of constructors, such that for every rewrite rule (I,r) € R, the left-hand
side [ has the form f(¢1,...,t,) with f € D and t,...,t, € T(C), the set of
terms built from variables and constructors.

We introduce cons-free TRS that corresponds essentially to the functional
programming language called “F+ro” (ro for “read-only”) in [18].

Definition 1. A cons-free TRS is a finite constructor TRS such that, for every
rewrite Tule (I,r), for any c(us,...,un) < r such that ¢ is a constructor, we have
c(ug, ..., up) < orc(uy, ... ,u,) € To(C).

The functional programming languages considered in [3] and in [18] have
a call-by-value semantics, and proofs generally assume terminating programs;
in contrast, terms in (cons-free) term rewriting systems may be subjected to
different reduction strategies, are not necessarily terminating, and terms may
have more than one normal form. To obviate technical problems due to these
facts, we restrict the class of term rewriting systems to the constrained cons-free
term rewriting systems.

Definition 2. A cons-free TRS R is said to be constrained if there exists some
subset A C D such that, for any rule (f(c1,...,¢q),7) € R and for any x € X
such that © 4 c1,...cq, we have:

= (Vp,p" € Pos(r))(r(p) =z = ( <p=r') €A)
—and f € A= Oc(z,r) <1.

Every variable occurring just below the root symbol of a left-hand side of
a rule occur only below defined symbols of a certain kind that do not allow
for non-linear recursion. Note that duplication may occur in constrained cons-
free TRSs, both for variables that occur “deep” in a left-hand side (i.e., below
constructor symbols), and for variables occurring just below the root of defined
symbols not in the special subset A C D. E.g., if f/1,g/2 € D and ¢/1 € C, the
TRS {f(c(z)) = g(z,2),9(c(x),y) = y,g9(c(x),c(y)) — g(z,y)} is constrained
cons-free (set A = {g} or A= {f,g}).

In Sections 2 and Section 3, we will prove some properties of cons-free term,
respectively constrained cons-free TRSs that will allow for efficient simulation
on Turing machines. The main aim of the two sections is to prove Proposition 1,
respectively Corollary 1.



2 Computation in cons-free TRS

In this section, we introduce a class of “generalized terms”, and we show that
any reduction sequence in a cons-free TRS from a ground term to a ground
constructor term can be simulated by some “innermost” reduction sequence of
such “generalized terms” (i.e. some sequence of >-reductions).

We are given a cons-free TRS with R the set of rules, D the set of defined
function symbols, and C the set of constructors. Moreover, for any m € N, we
denote by D,, the set of defined function symbols of arity m and by C,, the set
of constructors of arity m. We first set notations used in the remainder of the

paper.

Notations: As usual, the reflexive transitive closure of a relation F is denoted by
E*. Throughout the text, A — B refers to the type of partial maps with domain
A and co-domain B. If f: A — B, we denote by dom(f) the set of x € A such
that f(z) is defined and by im(f) the set f(dom(f)) = {f(x) : x € dom(f)}.

For any t € T(D UC), we denote by |t| the size of ¢, i.e., |z| = |¢| =1 for
all variables = and nullary ¢ € Dy U Co, and |f(s1,...,8m)| =1+ > v, |si] for
f €D, UCh.

Let u,v,t € T(D UC). We denote by Seq(u,v) the set of (finite) reduction
sequences from u to v and we set Seq(u, =) = U,er(puc) Sea(u,v). If p1 €
Seq(t,u) and py € Seq(u,v), then we denote by (p1; p2) the reduction sequence
from ¢ to v consisting in p; followed by ps.

For any reduction step p : t —¢qp,,r) , for any occurrence (v|C[]) of v in
t = C[v], we denote by (v|C[]) \ p the set of descendants of (v|C[]) in u after p.

We denote by Uy the set of ground terms that may be written as C[tq, ..., t,]
for some n € N where C[-,...,] is an n-hole context over D, and t1,...,t, are
ground terms over C. Notice that, if v € Uy and v — u in some cons-free TRS,
then u € Up.

For any ¢ € N, we denote by @; the set of i-hole contexts obtained by sub-
stituting exactly 4 distinct occurrences of constants in an element of Uy such
that, for any hole, the unique path from the root to the hole passes through only
elements of D.

Recall that a semi-ring is an algebraic structure (R, -, 4) satisfying the stan-
dard ring axioms with the exceptions that every element need not have a +-
inverse. Recall further that a semi-module is an algebraic structure satisfying
the usual module axioms over a commutative semi-ring. We denote by 2 the
semi-ring with exactly two elements 0 and 1, where 1 41 = 1.

Let £ be some set. We denote by 2(€) the free 2-semi-module on £. For any
V € 2(€), we denote by Supp(V) the unique F C & such that V =3 _-v. If
F = {v}, then we still denote by v the vector ) v € 2(£).

We will use the notation 2(E) either with & = To(C) or £ = A, the set of
“generalized terms” defined just below. In those cases, an element of 2(£) may
be thought of as a “formal sum” of (generalized) terms, and Supp(V') as the
set of (generalized) terms occurring in the sum. A benefit of considering formal



sums instead of finite sets is that it allows to painlessly identify a term with the
singleton containing this term. In later developments, we shall use the sum to
track the possible reducts of subterms, i.e. each summand will correspond to a
possible reduct.

Definition 3. For any i € N, we define A; by induction on i:

- AO :%(C)y
- AiJrl = Az @] (UmEN{f(U17 . ,Um), f S Dm and Ul, . .,Um S 2<A1>})

We set A = J;cy Qi- For any u € A, we set level(u) = min{i € N; u € A;}.

Thus, e.g., if D = {f/1,9/2} and C' = {s/1,n/0}, then f(s(n) + s(s(n))) €
Ay and g(f(s(n)) + f(s(s(n))),s(n) + s(s(n))) € As. Note further that Uy C A
and every term on the form C|cy, ..., ¢n], where C[-, ..., ] is an m-hole context
over D and C1,...,Cp € 2(To(C)), is an element of A.

Now, we want to define a notion of reduction on 2(A): we will denote this
reduction by ©>. First, we define an auxiliary binary relation >a. For any r €
T(DUCy), we homomorphically extend the notation r# with ¢ : X — T(DUCy)
to any ¢ : X — 2(7p(C)) such that Oc(r) C dom(yp): instead of having r¥ €
T (D UCy), we have r? € 2(A).

Definition 4. We define the relation > C (A1 \ Ag) x 2(A) as follows: ut>AV
if, and only if, there exist ¢ € N, f € Dy, (f(c1,...,¢q),7) € R, Vi,...,V, €
2(To(C)) and ¢ : X — 2(To(C)) such that, for any j € {1,...,q}, we have

- Oc((icg»/) - do;n(tp) and (¢; ¢ X = (Vx € Oc(c;))p(x) € To(C));

andu= f(Va,...,Vy) and V = r¥.

If ut> AV, then U may be replaced by V inside a one-hole generalized context
C[J; this gives rise to a reduction step Clu]t>cC[V]. We also write Clu]t>cC0],
i.e. whenever u is erased. However, in this last case, we will not count this step
when we define the length of i>-reductions (see Definition 6). The set of one-hone
generalized contexts is denoted by ©; and is defined by setting ©1 = |J;cy AZ-D,
where A'i:' is defined by induction on i:

- A([)j ={U+0; U € 2(A)};
Ut Ue2A),f €D, and
- AEH = Unmen U U ); (Fje{1,....m}H(U; € AiD and
Lo Ulv"'vUjflvUj+17"'7Um€2<A>)

More generally, we can define the set ©; of i-hole generalized contexts: if
i = 0, then ©; = 2(A); if i = 1, then ©; is already defined. Now, for i > 1, if
DH € O;, then DH = C[f(Ul,Um)] with C[] € ©1 and U; € 91'17---,Um €
©; i1+ ...+ 14, =1, so the several holes have to be in the same summand.

Definition 5. Let C[] € ©1. We define the binary relation >cp on 2(4) as
follows: for any U,U" € 2(A), we have U >¢y U' if, and only if, there erist
u€ A andV € 2(A) such that U = Clu], U = C[V] and (u>aV orV =0).

Tm )



Then we define the binary relation > on 2({A) by writing (as usual) U > V
if, and only if, there exists C[] € ©; such that U ¢ V.

For any generalized term ¢ € A, we denote by ||t/ the maximum number of
distict summands occurring anywhere in ¢. In particular, if t € Ay = To(C), we
have ||t]] = 1. We generalize this notation to any element U of 2(A) by setting
U] = 0 if U = 0;

max{||ul|; v € Supp(U)} otherwise.

For any k € N, we denote by 2(A);, the set {U € 2({A); ||U]|| < k} and by >4
the restriction of the binary relation > to 2(A)g, i.e. 2(A)k = D> |2(a), x2(4),-
For any k € N, the relation >}, enjoys the following properties:

— For any U,V € 2(A), we have U + V >} V.

— Let ¢ € N. Let Wh,..., Wy, Vi,...,V, € 2(A); such that Wy >f Vi, ...,
W, >}, Vy. Then we have > 39_, W; >; 3°9_, V;. Moreover, for any C[] € 0,
such that C[W1,..., W] € 2(A)g, we have C[Wy,..., W, >; C[V1,..., V).

Definition 6. Let k € N and let U,V € 2(A).

We denote by Seqa(U,V') (resp. Seqp (U, V)) the set of finite sequences
(Uy,...,Up) € 20A)<> such that U = Uy, V =U, and, for anyi € {1,...,n—
1}, we have U; > Ujqq (resp. U; >y Uigq ).

For any (Uy,...,Uy) € Seq, (U, V), we denote by length A( Ul, . , U,)) the

. ) IC] € Or,u € A1\ Ao,V € 2(A
integer Card({ze{l,...,n—l}; EUD[]AVUl C’[l]\an;UZH }

Definition 7. For any (p,v,C]]) € Seq x Uy x $1 such that p € Seq(C[v],—),
we define R(p,v,C[]) C Seq(v,—) by induction on length(p) as follows:

— if length(p) = 0, then R(p, v, C[]) = {id,};

—if p = Colu] —cqp,0,r) CO[ 5 po with Cy] = C[C'[]], then R(p,v,C[]) =
{(v—=erpam C'u ] Po) Py € R(po, C'[u'], C1)};

— if p= Colu] —=¢,p,a,r) Colt']; po and there is no C'[] € ¢y such that Cyl] =
C[C']]], then R(p,v,C1]]) is the set

{Zd'u} U U R(pOa v, c” [])
"] € &4
(wlC"]) € IC) \ Colu] —cqp,1,r) Colu]

and we set N(p,v,C[]) = {c € To(C); R(p,v,C]])) N Seq(v,c) # 0}.

In other words, N (p,v,C][]) is the set of constructor terms that are descen-
dants of the occurrence (v|C[]) of v in C[v] during the reduction p. Notice that in
the case p is an innermost reduction sequence, the set R(p, v, C[]) is a singleton.

Lemma 1. Let m € N. Let E[] € ®p,. Let uy,...,um € Up. Let ¢ € To(C).
Let p € Seq(Eluy,...,unl,c). For anyl € {1,...,m}, let U, € 2(A) such that
N(pyur, Elut, . yui—1, Oy w41, - - um)) S Supp(U;). Then E[Uy, ..., Uy, > c.



Definition 8. Let t € Uy. For any u € A, we define the relation t | u by
induction on level(u) as follows:

— if u € Ag, then t | u if, and only if, t =™ u;

—ifu=f(W,....,Vy) € Aiy1 \ 4, then t | w if, and only if, there exist
Vi,...,0q € Uy such that t —* f(vi,...,v4) and, for any j € {1,...,q}, for
any v € Supp(V;), v; | v.

This relation is extended to the relation | C Uy x 2(A) defined by: t | U if, and
only if, for any u € Supp(U), t | u.

Notice that, for any ¢,u € Uy, we have t | w if, and only if, t —* wu.

Lemma 2. Let C[] € ©1. Lett € Uy, U,V € 2(A) such thatt | U and U V.
Thent ] V.

Proposition 1. Let t € Uy, ¢ € To(C). We have t —* ¢ if, and only if, t >* c.

Proof: Assume that ¢ —* ¢. We have t € &y and Seq(t,c) # (. Therefore, by
Lemma 1, we have t >* c.

Conversely, we prove, by induction on n and applying Lemma 2, that, for
any n € N, for any Uy,...,U, € 2(A) such that t = Uy > Uy ...Up—1 > U, we
have t | U,.

Ezample 1. Consider the following (constrained) cons-free TRS: the set D is
{k/1,h/2,p/1} and the set C is {c¢/2,n/0,true/0,false/0} with the following

rewrite rules:

x,c(y,2))) — x

z,c(y,2)) =y
,false) — =z
x) = hz,x)

We have k(p(c(true, c(false,n)))) — h(p(c(true, c(false, n))), p(c(true, c(false, n))))
—* h(true, false) — true (notice that there is no innermost reduction sequence
from k(p(c(true, c(false,n)))) to true, so in particular the algorithm considered in
[16] applied to the evaluation of k(p(c(true, c(false,n)))) is not able to find this
normal form). Now, we have

E(p(c(true, c(false,n)))) 2 k(p(c(true, c(false, n))) + false)
> k(true + false)
Do h(true + false, true + false)
>3 h(true,false)

>o true



3 Computation in constrained cons-free TRS

In this section, we show that, for any constrained cons-free TRS, it is enough to
consider >-reduction sequences (U;);en of elements of 2(A) i (i.e. > g-reduction
sequences) for some integer K depending only on the TRS.

We are given a constrained cons-free TRS and we set B =D \ A and as the
TRS is finite, we let K > 1 be an integer such that, for any (f(c1,...,¢q),7) € R
for any x € X N{c1,...,¢q}, Oc(z,r) < K.

Definition 9. Let i € N. For any U € 2(4;), we define U* € 2(A;) N 2(A)k

by induction on i:

— 1 =0:we set U* =U;
—1>0, U:f(Ul,...,Uq)EAi\Aifl.' we set

U* = > FWVy, ... W),
Wi,..., W, € 2(Ai_1)
Supp(W;) C Supp(U;™)
Card(Supp(W;)) = min{ Z, Card(Supp(U;*)})}
forjed{l,...;q}

1 iffeA;
whereZ{KiffeB.
—i>0,U € 2(4:)\ (AU 2(Ai1)): we set U™ =3 ¢ gupp(u) W'

Definition 10. Letq € N. Letc1,...,¢q € T(C). Let p : X — 2(T5(C)). Assume
that, for any 1 € {1,...,q}, we have Oc(c;) C dom(p) and (¢ ¢ X = ¥ €
To(C)). Let Wh,..., Wy € 2(T9(C)) such that, for anyl € {1,...,q}, (a ¢ X =
Wi = c®) and Supp(W;) C Supp(c;¥). Then we denote by ow, ... .w,) the partial
Junction X — 2(To(C)) such that, for any x € X, we have oy, . .w,)(T) =
{Wl if v = ¢y

o(x) otherwise.

Lemma 3. Let (f(c1,...,¢4),7) € R. Let ¢ : X — 2(To(C)). Assume that, for
any j € {1,...,q}, we have Oc(c;) C dom(p) and (¢; ¢ X = ¢;¥ € To(C)).
Then Zwlewl,...,wqewq rPWiWao) % (r9)" where, for any j € {1,...,q}, W;
is the following subset of 2(Ty(C)):

— {c;?} in the case ¢; & X;

_ . Supp(W) C Supp(c;?) and :
{W € 2(To(C)); Card(Supp(W)) = min{ Oc(c;, ), Card(Supp(c;¥))} m
the case cj € X.

Proposition 2. Let i € N. Let C[| € AY. For any U,V € 2(A) such that
UrcpV, we have U* >3 V™.

Proof: The proof is by induction on 1.



— If i =0, then C[] = Uy + O for some Uy € 2(A); we distinguish between two
cases:
e V = Uy and there exists u € A such that U = Uy + u: in this case, we
have ||U*||, |Uo*|| < K. Thus we have U* = Up" + u* >3 Uy" = V*.
o U=Up+ f(c1,...,¢9)?, V =Up+r? with f € Dy, ¢1,...,¢, € T(C), ¢ :
X — 2(Ty(C)) such that, for any j € {1,...,q}, ¢; ¢ X = ¢;¥ € To(C):
For any j € {1,...,¢}, we define W; as in Lemma 3 and we define W’;
as follows:
* if ¢; ¢ X, then W'; = {¢;¥};
* if ¢; € X, then W'; is the set

. Supp(W) C Supp(c;®) and
{W € 2(To(C)); Card(Supp(W)) = inin{Z, Card(Supp(c;¥))} }
. 1 iffeA
Wlch{KiffeB.
We have
(fler, ... c)?)" = Z F(e1PWWa) | e P W)

W1€W1,...,Wq€Wq
>3 (r?)" (by Lemma 3).

We have Uy € 2(A) g, s0 U* = Up* + (f(c1y...,¢q)?) > Uo™ + (r¥)" = V™.
—Ifi>0,U=ClU), V=CW],Cl=U+fU,...,Un), k€ {1,...,m},
U, € AEl and Uy > Vo, then, by the induction hypothesis, Uy[Up*] %
Ur[Vo*]. Let V4,..., Vi € 2({A) such that
e for any j € {1,...,m} \ {k}, we have

Supp(V;) C Supp(U;*) and Card(Supp(V;)) = min{1, Card(Supp(U;*))}
e and Supp(Vi) € Supp(Ux[Vo]") and

[ min{1, Card(Supp(Ux[Vo]"))} if f € A;
Card(Supp(Vy)) = {min{K, Card(Sggz;p(gkﬂ(}o]*))} if f€B.

There exists V' € 2(A) such that Supp(V') C Supp(U[Uy)), Card(Supp(V)) <
Card(Supp(Vy)) and V>3 Vi, and hence f(Va, ..., Vi—1, V. Vs, ..., Vi) ¢
f(Vi, ..., Vk). We obtain

f(Ula ey Uk—la Uk[UO]a Uk-‘rl; ..
[>*K f(Ula vy Uk—la Uk[%]a Uk-‘rla e

Unm)”
aUm)*;



moreover we have ||[U""|| < K, hence

U* = U™+ f(U,...,Us_1,Up[U0], Upy1, . -
D;{ UI*+f(Ula"'7Uk—1;Uk[V0]aUk+la"
= V*

Um)"
o Unm)"
Corollary 1. Let g € N. Let C1,...,Cq € 2(To(C)) such that Card(Supp(Ch)),

..., Card(Supp(Cy)) < K, let c € To(C) and f € Dy. We have f(C4,...,Cq)>*c
if, and only if, f(C1,...,Cq) > c.

Proof: Apply Proposition 2, noticing that f(Ci,...,C,)" = f(Ci,...,Cy) and

c=c.

4 A polynomial time algorithm

In this section we describe a polynomial time algorithm that computes the con-
structor terms obtained by > i-reduction sequences in a constrained cons-free
TRS. Assume that we are given a constrained cons-free TRS. We assume that
R={(li,r),...,(r,rr)} and Uf’zl Oc(ly) ={z1,...,zv}. Weset T = J{t €
TMDUC); (35 e{L,....,R}H({t Qljort <r;)}. We set A =max{ar(f); f €
D UCY, O = max{l,max{Oc(f,r;); f €D and j € {1,...,R}}}, Q = Card(D)
and S = Card({c € To(C); (3(,r) € R)c < r}). For any ¢y € To(C), we set
Z(co) ={c e To(C); ¢ Lo or (3(l,r) € R)e <7}

Remark 1. For any ¢q € To(C), we have Card(Z(cp)) = S + |col.

Definition 11. For any co € To(C), we set V(co) = U;en Vi(co), where Vi(co)
is a subset of {U € 2(A;); |U|| < K} defined by induction on i:

— Voleo) = {U € 2(T6(C)); Card(Supp(U)) < K and Supp(U) C Z(co)}
— Vina(co) = Vi(co) UUA_ {Ff Vi, ..., Vin); f € D and Vi, ..., Vi € Vi(co)}

Given ¢ € To(C), the algorithm will compute, for every element u of V;(co) \
Vo(co), the set of constructor terms ¢ such that u>% c. In particular, by Propo-
sition 1 and Corollary 1, if K is large enough, then, for every f € D,,, and every
Cly--yCm € I(co), it will return exactly all the constructor terms ¢ such that
fler, ... em) = c

Remark 2. For any co € To(C), we have Card(Vy(co)) < Card(Z(co))®*1, hence
Card(V1(co) \ Vo(co)) < Q - Card(Z(co)) ™K+,

Definition 12. For any ¢y € To(C), for any i € N\ {0}, for any V € Vi(co) \
Vi—1(co), we define, by induction on i, the leftmost-innermost redex (U|E[]) of
V with U € Vl(Co) \ Vo(Co) and E[] € 6q:

— if i =1, then the leftmost-innermost redex of V is (V|O);



—ifi>1and V = f(V1,...,Vin), then the leftmost-innermost redex of V' is
Wlif(, ..., V;21,C, Viga, - .-, Vin)), where j = min{k € {1,...,m}; Vi ¢
Vo} and (W|C]) is the leftmost-innermost redex of V;.

From now M will be an integer and F the subset {1,..., M} of N; L will be
a function £ — DUCU{x1,...,zy, L}, Succ will be a partial function £ —
(E U {L}){t4F and Comp will be a partial function E — (F U {1}){1-K},

Definition 13. For any t € T(DUC), for any n € E, we define, by induction
on t, Fr(t,n) € {0,1} as follows: Fr(f(t1,...,tm),n) = 1 if, and only if, n €
dom(Succ), L(n) = f and Fr(t1, Succ(n)(1)) = ... = Fr(tm, Succ(n)(m)) = 1.

Notice that Fr(t,n) = Fr(t/,n) =1 = t = t/, hence we can define a partial
function [-]7 : E — T(DUC) by setting [n]r = ¢ if, and only if, Fr(t,n) = 1. In
the same way, we define a partial function [-]y ¢, : E — V(c) for any ¢ € To(C):

Definition 14. Let ¢y € To(C). For any i € N, for any V € V;(cp), for any
n € E, we define, by induction on i, Fy ., (V,n) € {0,1}:

— ifi =0, then Fy ¢,(V,n) = 1 if, and only if, [n]7 =V or the following holds:
L(n) =1, n € dom(Comp) and Ek e{l,... K} [Comp(n)(k)]7 =V;
Comp(n)(k) # L
—if it > 0and V = f(Vi,..., Vi) ¢ Vie1, then Fy (V. [n]v,.e) = 1 if,
and only if, n € dom(Succ), L(n) = f and [Succ(n)(D]v,e = Vi, ---,
[Suce(n)(ar(f)]v.co = ar(f)-

Since, for any ¢o € To(C), we have Fy ¢, (V,v) = Fy ¢ (V/,n) =1=V =V,
we can define a partial function []y.c, : E — V(co) by setting [n]y., = V if,
and only if, Fy ., (V,n) = 1.

In the two following definitions, we restrict the partial functions [-]r and
[[Jv.co to elements of E that unshare (hence the symbol U) defined symbol
functions.

Definition 15. For any n € dom([-]7), we define Reachr(n) C E by induction
on [n]r: if L(n) ¢ D, then Reachy(n) = 0; if L(n) € D, then Reachy(n) =
{n}u U;;(f(n)) Reachy(Succ(n)(j)).

We set Ur = {n € dom([-]7); (Vm,m' € Reachr(n))(L(m) = L(m') =
(m#m' or L(m) ¢ D))} and [J7.v = [[']]T|UT'

Definition 16. For any ¢y € To(C), for any i € N, for any V € V;(co), for any
n € E such that [n]y., =V, we define Reachy .,(n) by induction on i:

— ifi=0 and L(n) = L, then

Reachy ¢y (n) = U Reachy(Comp(n)(k))

ke{l,....,K}
Comp(n)(k) # L



— if i =0 and L(n) # L, then Reachy .,(n) = Reachy(n)
— if i > 0, then Reachy c,(n) = {n}U U;;(f(n)) Reachy ¢, (Suce(n)(5))

For any ¢y € To(C), we denote by Uy(co) the set of n € dom([-]v,c,) such
that (Ym,m’ € Reachy ¢,(n))(L(m) = L(m') = (m # m’ or L(m) ¢ D)) and we
set [[']]V,CU,U = [[.HV’CO|UV(CU)'

From now, we assume that, for any ¢y € 7o(C), we are given a bijection
inp(co) : {1, ey I'np-Ma:E} -V (Co') \ V()(Co)
¢ = [[’L]]Vﬁo
Inp-Maz < Q - Card(Z(cp)) K+,
The algorithm begins with a procedure Inst-Init() which performs the follow-
ing one: for any ¢y € To(C), after the execution of the procedure, we have

— {[Inp(i)]v.co; 1 <i < Inp-Maz} = Vi(co) \ Vo(co)
— and, for any i € {1,..., Inp-Maz}, we have {[Inst(i)(s)[v,cov; 1 < s <
RIN{ L} ={V € 2(4); [Inp(i)lv.co >aV}-

Here we used the following crucial property of cons-free term rewriting sys-
tems: whenever we perform a reduction step u > V with v € Vi(co) \ Vo(co),
we have V € V(¢p) (and not only in 2(A)).

The algorithm calls the procedure Inf-Inp(s, j) with i,5 € {1,..., Inp-Max}.
This procedure performs the following one: for any c¢g € To(C), if there exist
q€N, feDyand Cy,...,Cy, 01, ..., Cp € 2(To(C)) such that

- [[Inp(i)]]V#o = f(civvcé)a
- [[Inp(j)]]v,(;() = f(cla"'7cq)
— and Supp(C7) C Supp(C1), ..., Supp(Cy) C Supp(Cy),

. By Remark 2, we can assume that

then the procedure Inf-Inp(4, j) returns true; otherwise it returns false.

Definition 17. Let ¢y € To(C). For any i € N, we define some subset ¥;(co) of
AP by induction on i as follows: Wy(co) = {0} and
f €Dy, and (35 € {1,...,m})
WZ‘Jrl(Co) = UmeN f(Vl, ey Vm); (‘/J S Wi(CO) and
i,. ..,‘/}_1,‘/}_’_1,.. Vi € V(CO))
We set ¥(co) = U;en Pilco)-

Definition 18. Let co € To(C). Let Y : Vi(co) \ Vo(co) — {true, false}Z. For any
C[] € ¥(co), we define the binary relation on V(co) as follows: V >y .o V' if,
and only if, there exist u € V1(co) \ Vo(co) and Vi € Vo(co) such that Supp(Vy) C
{c € Z(cp); Y(u)(c) =true}, V = Clu] and V' = C[V}).

We define the binary relation >y on V(co) as follows: V >y V' if, and only
if, there exists W € 2(To(C)) such that

— Card(Supp(W)) < K,
— for any w € Supp(W), Y (U)(w) = true
— and V' = E[W],



where (U|E][]) is the leftmost-innermost redex of V.

The algorithm uses a procedure Computation, which has the following proper-
ties: Let ¢g € To(C). Let Q@ < O.Let V' € Vg(co). Let n € E such that [n]y.c,,v =
V. Let Y : Vi(co) \ Vo(co) — {true, false}* ) such that, for any V' € Vy(co) \
Vo(co), for any ¢ € Z(cp), Y (V')(c) = true if, and only if, Val(inp(co)~1(V'))(c) =
true. After the execution of the procedure Computation(n), we have:

— apart from M and D, which increased, and apart from Result, no value of
any global variable changed;

— the increasing of D is bound by (Card(Z(co)) + 1)9K - K;

— for any ¢ € Z(cp), there exists j € {1,..., D} such that Result(j) = c if, and
only if, there exists V' € Vy(co) such that ¢ € Supp(V’) and V >3 V.

The execution time of the procedure Computation is polynomial in the size of ¢y.

Inst-Init(); change := true;
while change do
change := false;
for i := 1 to Inp-Maz do
D :=0; for s :=1 to R do Computation(Inst(i)(s)); od;
for 0 :=1 to Inp-Max do
if Inf-Inp(i, 0) then
for j:=1to D do
if Val(o)(Result(j)) # false
then change := true;
Val(o)(Result(j)) := true;
fi;
od;
fi;
od; od; od;

Fig. 1. The algorithm

The key-point to notice is that the execution time of the algorithm is in
O(|co|) for some constant H is that the size of the table Val is Card(Inp-Maz) x
Card(Z(co)) < (Q - Card(Z(co)) K+ x (S + |co|). Hence, for any co € To(C),
for any m € N, for any f € D,,, for any Cy,...,C, € 2(To(C)) such that
Card(Supp(Ch)), ..., Card(Supp(Cy,)) < K, for any ¢ € {¢ € To(C); ¢ <
co or (3(l,r) € R)e < r}, the problem of deciding whether f(Ch,...,Cy,) >k ¢
holds is solvable in time polynomial in the size of cy.

5 Characterizing P

Let I' be the signature {one/1,zero/1,nil/0}. For each t = fi(fa(- -+ fn(nil))) €
To(I'), we define the string (t) to be (fi1){fa) --{fn) where (one) =1’ and



(zero) =‘0". Clearly, 7o(I") is in bijective correspondence with {0,1}<> under

{)-
Jones [3] considers (deterministic) cons-free functional programs. Now, the
following lemma holds:

Lemma 4. Any (deterministic) cons-free functional program taking only zeroth-
order data and involving only terminating functions can be simulated by an or-
thogonal cons-free TRS.

Proof: Given a (deterministic) cons-free functional program p taking only zeroth-
order data, we consider the following cons-free TRS: for any declaration of the
form fzy ...z, =ef in p, we have the rewrite rule f(x1,...,2,) — (ef)*,
where (ef)* is defined by induction on ef: for instance, if ef = ife; ey e3, then
(ef)* = if(e1*, e2™, e3™); moreover we have the rewrite rules if(true, x,y) — « and
if(false, z,y) — .

As the language of [3] involves only a single function declaration per function
name, and all left-hand sides of such declaration have the form f(z1,...,z,) (for
distinct x1,...,x,), it is straightforward that the cons-free TRS we obtained is
orthogonal. The operational semantics in [3] is essentially call-by-value and can
be straightforwardly simulated by innermost reduction steps (the exceptions are
whenever we have expressions of the form if e; es e3: following the evaluation of
e1, either ey or ez will not be evaluated). Hence, if f ¢; ... ¢, evaluates to some
normal form in the functional program, then ¢ reduces to the same normal form
in the corresponding TRS. Conversely, as orthogonal TRSs are confluent (hence
each term has at most one normal form), and the functions are terminating, if
f(e1, ..., c,) reduces to some normal form ¢ in the TRS, then fe; ... ¢, evaluates
to the value c in the functional program.

Theorem 1. Let L C {0,1}<°°. Then, L € P if, and only if, there exists a
constrained cons-free TRS over some signature F = D UC such that (i) I’ CC,
and there is f € D and true € Cy such that, for any t € To(I"), we have f(t) —*
true if, and only if, (t) € L.

Proof: Corollary 24.2.4 of [18] (or Theorem 6.12 of [3] in the case k = 0) shows
that we can simulate any polynomial-time Turing Machine by a (deterministic)
cons-free (called read-only in [18]) functional program taking only zeroth-order
data (Note that cons-free in the above setting is slightly stronger than our notion:
No constructors are allowed in the right-hand side of function declarations).
This simulation involves only terminating functions, hence, by Lemma 4, any
polynomial-time Turing Machine can be simulated by an orthogonal cons-free
TRS.

The cons-free term rewriting system R obtained from a functional program is
not necessarily constrained. To obtain a constrained system, we do the following

for each function declaration def f(z1,...,2,) = ¢/ (where the function body
e/ is an expression in the functional language): Let f(x1,...,2,) — 7 be the
corresponding cons-free rule. For every such rule, let {z1,...,2,} be the set

of variables that occur immediately beneath the defined symbol at the root of



the left-hand side. Choose a set {yi,...,yn} of distinct variables, and let M
be the set of all n-tuples w = (s1,...,8,) where s; (for 1 < i < n) is either
zero(y;), one(y;), or nil. Then replace the rule f(z1,...,2z,) — 7 by the |M]
rules on the form f(s1,...,8,) = r[s1/x1,...,8n/xy], where (s1,...,8,) € M
and r[s1/x1,. .., Sn/Tn] denotes the obvious substitution. Observe that (i) each
of the new rules is left-linear if the original rule was, and (ii) that the only
overlaps between these rules occur when the left-hand sides are equal. Thus,
as R was orthogonal, so is R, and it is clearly constrained as no variable in a
left-hand side occurs immediately below the defined symbol at the root.

It is obvious that, for any terms ¢ and ¢’ such that ¢t — t' in R, we have t — t/
in R: indeed if t —(; .y t" and (I,7) is not a rule of R, then there exists a unique
rule (lo, 7o) of R such that (,r) is obtained from (lo, r0); we have t =, o) t'. Re-
ciprocally, if t and t" are two terms such that ¢ = C[f(t1,. .., tm)7] = (f(tr,....tm)r)
C[r?] =t is a innermost reduction step in R, then 17, ..., ,, are constructor
terms, hence there exists a rule (I,7) in R’ such that t — ;) t'. Now, since R is
confluent and the functions are terminating, for any term ¢ and any constructor
term ¢, we have t —* cin R if, and only if, ¢ reduces to ¢ in R by some innermost
strategy.

To see that every constrained, cons-free TRS can be suitably simulated by a
polynomial-time Turing machine, let K > 1 be an integer such that, for any rule
(flers...,¢q),1), for any o € X N{ci,...,cq}, Oc(z,r) < K. By Proposition 1
and Corollary 1, we have f(t) —* true if, and only if, f(¢) % true. And the
previous section showed that the problem of deciding whether f(t) % true holds
is solvable in time polynomial in the size of ¢.
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A Proofs of Sections 2 and 3 omitted from the main text

A.1 Proofs of properties of the relations >}:

The statement: “For any U,V € 2(A), we have U + V >} V.” is proved by
induction on Card(Supp(U + V') \ Supp(V)):

— Card(Supp(U+V)\Supp(V)) = 0: Supp(U+V') = Supp(V), hence U+V =V,
hence U +V >} V.

— Card(Supp(U + V) \ Supp(V)) > 0: let u € Supp(U) \ Supp(V); we set
U = ZvGSupp(U)\{u} v; by the induction hypothesis we have U' + V >} V;
moreover we have U +V >, U’ 4+ V, hence U + V > V.

In order to prove the property “Let ¢ € N. Let Wy,..., Wy, V1,...,V, €
2(A)y such that Wy > Vi, ..., Wy >} V. Then, for any C[] € O, such that
CWi,...,W,] € 2(A), we have C[Wy,..., Wy C[Vi,..., V], first we prove
the following fact:

Fact 1 Let k € N. Let W,V € 2(A) such that W >, V. Let C[] € ©1 such that
|ICIW]|| < k. Then C[W] >y C[V].

Proof: Let C'[] € ©; such that Wr>cjV. We have C[C'[]] € ©1 and C[W]>¢or
ClV].
Now, we can prove the property by induction on ¢:
- Ifq: 0, then C[Wl,...,Wq] = C[Vl,,‘/;]]
— If ¢ =1, then apply Fact 1.
—Ifg>1and C[| = C'[f(Un,...,Up)| withC’' € ©1,U, € Oy, ..., Up € O;,
then we set jo = max{j € {1,...,m}; U; ¢ Op}. We set n = f‘;l m;. By
the induction hypothesis, we have

C/[Uh---7Uj0—1;Ujo[Wn+1;---;Wn-i—mjo];Ujo—i—l;--
l>;; C/[Ula' ..7Uj0_1,Uj0[Wn+1,. ..,Wn+mj0],Ujo+1,. .

SUR Wi, ., W)
SUR VA, V]
and, again by the induction hypothesis, we have

C'lULVA, o s Vi) oo o Ujo_l[Vn_mjo—l’ sVl Ujy,s -
l>;; C’[Ul[Vl, Ceey le], ey Ujo,l[Vn,mjofl, ey Vn], Ujm ..

. Um] [Wn-i—h ey Wn-l—mm]

S Unl[Vatts -+ Vagmy, |-
In order to prove the property “Let ¢ € N. Let Wy,..., W, V1,...,V, €

2(A)y, such that Wi >} Vi, ..., Wy} Vy. Then we have 321, W;>p 379, V;.”,

first we prove the two following facts:

Fact 2 Let C[] € ©1. Let U', V' € 2(4) such that U' ¢ V'. Then, for any
U e 2(4), we have U +U' >yrog U+ V'

Fact 3 Let U, V' € 2(A) such that U' >*V'. Then, for any U € 2(A), we have
U+U>*U+ V.



Proof: We prove, by induction on n, that, for any n € N, for any U, Uy, ...,U, €
2(A) such that Uy =U’, V' = U, and, for any i € {0,...,n— 1}, U; > U, 41, we
have U +U' >*U + V':

—n=0:U =V hence U+ U'>*U+V’;
— n > 0: by the induction hypothesis, we have U + U’ >* U + U,,_1; now, by
Fact 2, we have U + U,,_1 > U + V.

Now, we can prove the property by induction on m:

— If m =0, then Z:il U, = Z:il V.

— If m > 0, then, by the induction hypothesis, we have 221—11 U, >3 27:11 Vi.
By Fact 3, we have Y ;" U; >} Zz_ll Vi + U,,. Again by Fact 3, we have
S Vi Un o} 2 Vi

A.2 Proof of Lemma 1:

We set 2 = {(p,v,C]]) € Seq x Uy x P1; p € Seq(Cv], —)}.
First, we prove the following fact:

Fact 4 Let (p,v,C[|) € 2. For any p' € R(p,v,C]]), we have length(p') <
length(p).

Proof: By induction on length(p).

— If length(p) = 0, then, for any p’ € R(p,v,C][]), we have p’ = id,, hence
length(p') = 0.

— If length(p) > 0 and p = Co[u] —¢,,1.r) Colu']; po with Co[] = C[C"[]], then,
for any p’ € R(p,v,C[]), there exists py € R(po, C'['], C[]) such that p’ =
(v =erq,am C'IW]; pp); by the induction hypothesis, we have length(py) <
length(po) = length(p) — 1, hence length(p') = length(p;) + 1 < length(p) —
14+ 1 = length(p).

— If length(p) > 0 and p = Co[u] —¢cqp,a,r) Colt']; po with no C'[] € &1 such
that Cy[] = C[C"[]], then, for any p’ € R(p, v, C[]),

e o' =id,, and in this case length(p') = 0;

e or there exists C"[] € ¢, such that (v|C"[]) € (v|C[]) \ Colu] —=cyp,a,r)
Co[u'] and p' € R(po,v,C"[]), and in this case we just apply the induc-
tion hypothesis to obtain length(p’) < length(po) = length(p) — 1.

Then we can prove the following fact:

Fact 5 Let v € Uy, C[] € 1 and ¢ € To(C). Let p € Seq(Clv],c). Let p' €
R(p,v,C[]). If length(p’) = length(p), then C[] = 0.

Proof: By induction on length(p), using Fact 4.
Now we prove, by induction on r, the following fact:

Fact 6 Letr € T(CoUD). Let o : X — Uy such that Oc(r) C dom(c). Then
r? € Uy.



Finally we can prove Lemma 1:

Proof: By induction on length(p). If length(p) = 0, then Elui,...,un] = ¢
To(C), hence m = 0 or (m = 1 and E[] = O): in case m = 1, we have {c}
Supp(Uy), hence E[U;] = Uy >* c. If length(p) > 0, then we assume that p
Colf(v1,--,v9)] = o, Colv']; po with Cof] € @1: first, notice that, by Fact 6,
v’ € Up; now, we distinguish between two cases:

1N m

—case B[] = E'(O,...,0O0, f(EL[],..., Eg[]),0,...,0], where E{[] € ®pny,..., Bl €
j times k times

Dy, with j+my+.. +mg+k = mand E'] € @411 such that E'[uy, ..., uj, 0, Uk, - . ., U]
Coll:
We set Do[] = E/[Ul, LU0, Un—g,y - - Um] € 6.
Foranyl e {1,...,q}, weset Vi = N(p,v;, Co[f(v1,...,v—1,0,0141,...,0q)])
and Wi = E[[Ujtmy+..4mi_141s - - - s Ujtma+...4m,): by Fact 5, for any ¢ €
Supp(V}), there exists p’ € R(p, vi, Co[f (v, ..., v—1, 3,141, .., vq)])NSeq(vy, )
such that length(p’) < length(p), hence, by the induction hypothesis, we have
Wi >* V.
We set C[] = E'[Un,...,U;, f(8,...,0),Un—k, ..., Un] € O4. We obtain

E[U,...,Un] = CIWA,...,W,]
>* CW1, ..., V]
= DO[f(Vlvqu)]

Let o : X — Uy such that {7 = f(vy,...,vq) and r7 =v'.
XAUOU{D}
We set o’ : SN {D if x = ¢
o(x) if there is no l € {1,...,q} such that v = ¢.
X — 2(A)
We set O'lix »—>{Vl if T = ¢
o(x) if there is nol € {1,...,q} such that x = ¢.
Let M € N such that r° € &,. Let wi,...,wym € {v1,...,04} such
that r"//[wl,...,wM] = 7. Let F : {1,...,M} — {1,...,q} such that,
for any I € {1,..., M}, w; = vp(. For any [ € {1,..., M}, we set E}'[] =

"

77 [’LUl,...,’IUl_l,D,’wl+1,-.-,wM]andT‘l:Z 2

ce€N (po,wi, B [,y Bl (|t —kose e sUm])
we have Supp(T;) C Supp(Vr()); indeed, we have

R(PO; wy, El[ula sy Ug,y El”[]aum—ka SRR u’m])
< R(pa vF(l)ch[f(vla < VR()-1s vaF(l)-‘rla s 7“!1)])
and, from this inclusion we immediately obtain
N(po,wi, B'Tury .y ug, BV () ey - -+, Uim))
- N(p7 VF(), Co[f(vlv o URP()—1s Da VE()+1s- -+ vq)])

i.e. Supp(T;) C Supp(Vieq))-



Moreover, for any [ € {1,...,5}, we have

N(pOaulaE/[ula"'aul—laDauH—la"'aujav/aum—ka---aum]) =
N(paulaEl[ula'"aul—laDaul-‘rl;'"aujaf(vla"'avq)aum—ka---;um])
and, for any I € {m — k,...,m}, we have
N(PO,UZ,E/[Uh---,Uj,v/,umfk,--wuzfl,D,UHl,.--vum]) =
N(paulaEl[ula'"aujaf(vla---avq)au’m—ka"'aul—laDaul-‘rla"-;um])

Since pg € Seq(E'[u1,...,uj, V', Um—k, ..., un),c) and v € Uy, by the in-

duction hypothesis, we have Dg[r? ] >* c.

Lastly, we have f(V4,...,V,) g 7o, hence Dolf(Va,..., Vo) >y Do[r"/].
— case Co[] = E[ul, ‘e ,’U,jfl,cl[],’ujqu, N ,um] with Cl[] S @1 and u; =

C'f(v1,...,v9)]: for any I € {1,...,q}, we set uj = {Zf,[i}f,]l 3;1]7:],
we have R(po, uj, Euf, ..., uj_y, O up g, uy,]) =
R(p,UZ,E[Ul,...,’(,Llfl,l:’,’ll,l+1,...,um]) Zfl #]7
{<C'[f<”1a---avq)] — o C''T Ph); } ifl=j:
oo € Rlpo ufy Bl uf_y Oy, f 407
Hence,

N(po,up, Bluy, ..., u)_q, D,u;Jrl, conun]) =
N(p,up, Elut, . yup—1, 0, U401, - 5 Up])

Since po € Seq(E[uy,...,uj q,---,Uyl,c) and u; € Up, by the induction
hypothesis, we have E[Uy,...,Uy,] >* c.

A.3 Proof of Lemma 2:

First we prove the following lemma:

Lemma 5. Lett € Uy. Let (I,7) € R and ¢ : X — 2(To(C)) such that t | u and
u > r¥. Then we have t | r?.

. o€ X;
Proof: For any j € {1,...,q}, we set uj; = {;2 Z;;ngz X,
X — Uy
Weseta:x u; if ¢j = x;
o(z) otherwise.
Notice that we have f(u},...,u;)>gr?. Now we have uy —* uf, ..., uqg —*
ug, hence t —* f(u,...,uq) =% f(ui,...,uy) —7. So we just have to check

that r? | r%. This is done by induction on 7:

—r=c¢ c€X:r? =uj and r¥ = Uy;
— 1 €C or (r € X and there is no j € {1,...,q} such that r = ¢;): 77 =r¥,
hence r7 | r¥;



—r=gv,...,om): 7 = g(v117,...,0,7%) and ¥ = g(v1%,...,v,%); by the
induction hypothesis, we have v17 | v1¥9, ..., v,,% | v ¥, hence r? | r¥.

Now, we can prove Lemma 2:

Proof: We prove, by induction on 4, that, for any i € N, fo any C[] € A}, for
any t € Uy, U,V € 2(A) such that t | U and U ¢V, we have t | V.

— i =0: O[] = W + [O: we distinguish between two cases.
1. There exist u € A and V' € 2(A) such that U = W +u, V=W + V'
and u>a V': let v € Supp(V); if v € Supp(W), then, by assumption,
t ] v;if v € Supp(V'), then we apply Lemma 5.
2. There exists u € A such that U =V 4 u: since t | U, we have t | V.
—i>0:C)| = W+ f(Uy,...,U,) with W € 2(A) and U; = C'[] € AY,
let U”, V" € 2(A) such that U = C[U"], V = C[V"] and U" > V";
there exist uq,...,uqs € Up such that ¢ —* f(u1,...,uq) and uwy | Un,
cooy Uim1 b Ujoay ujpr b Ujga, oooy ug 4 Uy, uy 1 C'[U"]. We have
C'lU"] >y C'[V"], hence, by the induction hypothesis, u; | C'[V"]. We
thus obtaint | f(Ui,...,Uj—1,C'[V"],Uj41,...,Uq); moreover t | W, hence
tLV.

A.4 Proof of Lemma 3:

First we state the following fact, which will used also in the proof of Proposi-
tion 2:

Fact 7 Let k € N. Let ¢ € N. Let ¢q,...,¢q € T(C). Let ¢ : X — 2(T9(C)).
Assume that, for any j € {1,...,q}, we have Oc(c;) C dom( ) and (c; ¢ X =
cj? €To(C)). Lett € A. Let Wh,..., Wy, Wi,..., W, € 2(To(C)) such that

— forany j€{1,...,q}, (¢; ¢ X = W, =¢;¥) and Supp(W;) C Supp(c;¥);
— forany j €{1,...,q}, (¢; ¢ X = W] =c;®) and Supp(W]) C Supp(W.
— and, for any j € {1,...,q}, Card(Supp( ) < Card(Supp(W ) < k.

Then t# (Wi Wa) % 7 (Wi o),

Now, we can prove the lemma:

Proof: By induction on 7:

— 7 € X:let u € Supp((r?)*); for any j € {1,...,q}, let W; € 2(75(C)) such

that Wj = Cij ’Lf Cj ¢ X,'
0 otherwise;
We then have r¥™1-Wa) = ¢ hence we have r?WiWa) % q;

—r = g(ut,...,upy) with g € D, N A: Let W], ..., W/} € 2(A) such that,
for any j' € {1,...,m}, Supp(W},) C Supp((uj®)*) and Card(Supp(W},)) =
min{1, Card(Supp((u;;¥)*))}. For any j € {1,...,q}, forany j' € {1,...,m},
we set



{e;?} ifej & X;

v

W! = Supp(W) C Supp(c;®) and .
7 . = J .
{W € 2ToCD: Card(Supp(W)) = min{ Oc(cy, uze), Card(Supp(c;#))} § 9 €+
For any j' € {1,...,m}, let le/ € Wf/, ol Wg/ € lng/ such that uj,"’mxlf’ ,,,,, wel') ok
W), For any j € {1,...,q}, weset W; =37, W/ : we have W; € W;. We
have
g(ulwwl ..... Wq) U P(Wi,..., Wq)) l>?( g(ulv’(wl ..... Wl)’- U Ywm, ., Wm))
(by Fact 7)

> gWi, - W)

— r = h(u1,...,uy,) with h € C: There exists j € {1,...,q} such that r < ¢;,
hence r¥ € Ag and (YW1 € Wi, ..., W, € Wy)r#™Wi-Wa) = r¢ Now, since
r? € Ay, we have r¥* = r?.

— r=g(u,...,un) with g € D, N B: Notice that, for any j € {1,...,q} such
that ¢; € X, we have Oc(c;, r) = 0, hence Card(W;) = 1 and u;¥* = u;¥. Let

Wi eWs, ..., Wy € W,. For any j' € {1,...,m}, by the induction hypothe-
sis, we have uj, #V1:- WQ)D}}(ujlgo)* = u;s?; therefore g(ug PV Wa) | p, PWV1eWa) Y%
g1, .. um®) = glu, .. um)? = (g(ut, .. um)?)".

A.5 Lemmas and Facts used in the complete proof of Proposition 2
and which do not appear in the principal part of the text:

Lemma 6. Let k € N. Let U,V € 2(A) such that, for any v € Supp(V), there
exists u € Supp(U) such that w5 v. Then U >} V.

Proof: There exists a function v : Supp(V) — Supp(U) such that, for any v €
Supp(V'), we have p(v)>;v. Weobtain 3, iy WSV, hence US3 0 iy 0.

Lemma 7. Let n,k € N. Let U,V € 2(A) such that U >} V. Let Vi € 2(A)
such that Supp(Vo) C Supp(V'). Then there exist ' < n and Uy € 2(A) such
that

— Supp(Uo) € Supp(U);
— Card(Supp(Uy)) < Card(Supp(Vp));
— and Uy > Vp.

Proof of Lemma 7: First we prove the following fact:

Fact 8 Let k € N. Let U,V € 2(A) such that U >, V. Let Vy € 2(A) such that
Supp(Vo) C Supp(V'). Then there exists Uy € 2(A) such that

— Supp(Uo) € Supp(U);
— Card(Supp(Up)) < Card(Supp(Vp));
— and Uy >} Vo.



Proof: Let C[] € ©; such that U >¢p V. We split on cases according to the
shape of C[]:

-~ =W+0,U =W+u, V=W+V"and uAV’, let V1, V5 € 2(A) such
that Supp(V1) C Supp(W), Supp(Va) C Supp(V"), Supp(V1) N Supp(Va) = 0
and V = Vi+V5; if Vo = 0, then we set Uy = Vi, otherwise we set Uy = Vi +u.

—UC=W+0,U=W+wuand V=W, then we set Uy = V.

- IfC[] = W+f(U1, ,Um) with U]‘ S (91,thenU = W+f(U1, .,Ujfl,Uj[U/],UjJrl,.. .

andV =WHf(Ur,...,U;—1,U;[V',Ujt1, ..., Un) and UV’ let Vi, Vs €
2(A) such that Supp(V1) C Supp(W) and such that
Supp(Va) C Supp(f(Us, ..., Uj—1,U;[V'],Ujs1, ..., Un)), Supp(Vi)NSupp(Va) =
0 and V = Vi + Vy; if Vo = 0, then we set U = Vi, otherwise we set
U=V + f(Ul, o Uj-a, Uj[U’], Ujit1,.- -, Um)

—UC =W+ f(Ui,...,Un) with U; € ©; and V = W, then we set Uy = Vj.

Now, we can prove the lemma:

Proof:

— Ifn=0,then U =V, so we can set n’ = 0 and Uy = V}.
— If n > 0, then there exists T' € 2(A) such that U 7' T and T > V; by
Fact 8, there exists U’ € 2(A) such that
e Supp(U’) C Supp(T);
o Card(Supp(U")) < Card(Supp(Vo));
o and U’ >y Vp;
now, by induction hypothesis, there exist n”” < n — 1 and Uy € 2(A) such
that
e Supp(Uo) C Supp(U');
e Card(Supp(Uo)) < Card(Supp(U’));
o and Uy >} U'.
We set n/ =n" + 1.

Fact 9 Let ¢ € N. Let c1,...,cq € T(C). Let ¢ : X — 2(To(C)). Assume that,
for any l € {1,...,q}, we have Oc(c;) C dom(p) and (¢ ¢ X = ¥ € To(C)).
Let Wh,...,W, € 2(To(C)) such that, for any l € {1,...,q}, (a ¢ X = W, =
¢i?) and Supp(W;) C Supp(¢;?). Then, for anyl € {1,...,q}, we have W; =

Proof: For any | € {1,...,q} such that ¢; ¢ X, for any € Oc(¢;), we have
o(r) = oaw,,..,w,) (), hence ¢* Wi Wa) = ¥ = W).

A.6 Complete proof of Proposition 2:
Proof: The proof is by induction on 3.

— If i = 0, then C[] = Uy + O for some Uy € 2(A); we distinguish between two
cases:
e VV = Uy and there exists u € A such that U = Uy + u: in this case, we
have ||U*||, |Uo*|| < K. Thus we have U* = Up" + u* >3 Uy" = V*.



o U=Up+ f(c1,...,¢9)?, V =Up+r? with f € Dy, ¢, ..
X — 2(To(C)) such that, for any j € {1,...
For any j € {1,...

{c;?}ife; ¢ X

e €TC), ¢
,q}, Cj §é X = Cj"a S 76(6)
,q}, we define W; as in Lemma 3 and we set

. Supp(W) C Supp(c;*®) and if feA
W' = W e 2(To(C)); Card(Supp(W)) = min{1, Card(Supp(c;¥))} [ and ¢; € X;
_ Supp(W) C Supp(c;¥) and if feB
W e 2(To(C)); Card(Supp(W)) = min{ K, Card(Supp(c;*))} [ and ¢c; € X.
We have
(fler, .. cq)?)" = flerPVrowo e P Wa) ) (by Fact 9)
WieW1,..,WeW’,
>% Z flei, ..., cq)?@WrWa (by Fact 7)
WieWs,...,W,eW,
> Z PPWL. Wy)
WieWr,...,W,eW,
% (r?)" (by Lemma 3).
We have ||Up*|| < K, hence we obtain U* = Uy™+ (f(c1,...,¢q)?) > Uo™ +

(re) =V,
Ifi>0,U=C[Up], V=C[Vol, C[| = U + f(Un, ...

JUm), ke {l,...,m},

U, € A'ij_l and Uy > Vo, then, by the induction hypothesis, Uy[Up*] %

Ur[Vo™]; Let V1, ..., Vi, € 2(A) such that

o foranyj € {1,...,m}\{k}, Supp(V;) C Supp(U;") and Card(Supp(V;)) =

min{1, Card(Supp(U;*))}
o and Supp(Vi) C Supp(Ui[Vo]") and Card(Supp(Vy)) =

By Lemma 7, there exists V € 2(A) such that Supp(V) C Supp(Ux[Uo)),

Card(Supp(V)) < Card(Supp(Vi)) and Vi>5, Vi, and hence f(Vi, ..., Vie1, Vi Vig1, -+, Vin ) D3
f(‘/i, ey Vk) By Lemma 6, we obtain f(Ul, ey Uk—la Uk[Uo], Uk—i—l; ey Um)*D;(
fU, ..., Us—1,U[Vo], Ugs1, - - -, Um)"; moreover we have ||U""|| < K, hence

U* = U"+f(Uy,..
v*.

O Uk—la Uk[UO]a Uk-i—la ..

JUn) S5 U "+ f(Un, .

-aUk—laUk[%])Uk-i-la-' aUm)*

min{1, Card(Supp(Ux[Vo]"))} if f € A;
min{ K, Card(Supp(Ux[Vo]*))} if f € B.



B Details of Section 4

We extend the notion of size to any element of of 2(A). First, for any u € A, we
define |u| by induction on level(u) as follows: [f(Vi,..., Viu)l = 1+ 3770, [V,
Then, for any V' € 2(4), for any V' € 2(A), we set [V| = 3_ g, [v]- Notice
that, for any n € N, for any V € V,(¢), we have |V| <n+ A" - K - |c|.

The following lemma wil be used in the proof of Proposition 3.

Lemma 8. Let ¢ € N. Let Cy,...,Cq € 2(79(C)) such that Card(Supp(Ch)),

, Card(Supp(Cy)) < K letc e 76( ) and f € Dy. There exists p = (Uy, ..., U,
Squ K(f(Cl, ., Cy),¢) if, and only if, there exist C1,...,Cy € 2(76( ), Ve
2(A) and p' € Se g x(V,c) such that Supp(C7) C Supp(Cl) o, Supp(Cy) C
Supp(Cy), f(C1,. .,C ) >A Vo and length(p’) < length(p).

) €

Proof: By induction on n.

— If there exists V' € 2(A) such that f(C1,...,Cy)>aV and Us = f(Ch,...,Cq)+
V', then, by Lemma 7, we have V D}’(_l cor f(Cy,...,Cy) D}L(_l c; now, if
f(Ch,...,Cy) % ¢, then we can apply the induction hypothesis.

— If there exist C1,...,C; € 2(To(C)) such that Supp(Cy) € Supp(Ch), ...,
Supp(Cy) € Supp(C’ ) and Uy = f(CY,...,Cy), then we just apply the in-
ductlon hypothesis.

We proceed to prove that certain reduction sequences may be shortened using
an analogue of memoization.

Definition 19. For any C[| € Oy, for any V € 2(A) such that C[V] € A, for
any p = (Ula R Un) € Squ(C[V]7 _)7 we deﬁne RA(pa Va C[]) € Squ(‘/? _)
by induction on n:

— if n =0, then Ra(p,V,C[]) = idy;
— ifn>0 and C[] =0, then Ra(p,V,C[]) = p;
—if p = (Colu] >cy ColU']; po), u>g U’ and C[| # O, then we distinguish
between the following cases:
o if there exists D]| € Oy such that Co = D[V,0] and C[] = D[0, u], then
RA(pa Vi C[]) = Rﬂ(pOa Vi D[Da U/]);
o if Co[] = C[C'[]] with C'[] € Oy, then Ra(p,V,C[]) = (V>cpC'[U']; Ralpo, C'U’],CI)));
o ifuA U’ and C[| = Co[C']]] with C'[] € ©1\ {0}, then Ra(p,V,C[]) =
idv,'
o if U' =0 and C[] = Co[C'[]] with C'[]] € ©1\ {0}, then Ra(p,V,C[]) =
idp.

Fact 10 For any C[] € ©1, for any V € 2(A) such that C[V] € A, for any
V' e 2(70(C)), for any p = (Ur,...,U,) € Seqa(C[V], V'), there exists W' €
2(70(C)) such that Ra(p,V,C[]) € Seg,(C[V],W").



Proof: Let W’ € 2(A) such that p € Seq,(C[V], W’). We prove, by induction
on n, that W’ € 2(7y(C)).

If n =0, then W/ =V and C[V] =V’ € 2(7y(C)), hence W' € 2(T5(C)).

If p = (Colu] >¢,p ColU']; po), u>a U’, C[] # O and C[] = Co[C’[]] with
C'] € ©1\ {0}, then W’ = V. Since u = C'[V] € Ay \ Ay, we have W' €
2(To(C)).

The other cases are trivial.

Definition 20. For any C[] € O, for any V € 2(A) such that C[V] € A,
for any V' € 2(T5(C)), for any p € Seq,(C[V],V'), we define Na(p,V,C|]) €
2(T9(C)) as follows: Na(p,V,C|]) is the unique W' € 2{A) such that Ra(p,V,C|]) €
Seg A (C[V],W’).

Remark 3. By Fact 10, we have Na(p, V, C|[]) € 2(75(C)).
The two following lemmas will be used in the proof of Proposition 3.

Lemma 9. For any C[] € O, for any V € 2(A) \ 2(T9(C)) such that C[V] €
A\ Ay, for any U € 2(To(C))\{0}, for any p = (U1,...,Uys) € Seqp x(C[V],U),
there exists p' € Sequ (C[INa(p,V,C[])],U) such that length(p') < length(p).

Proof: By induction on n.

We have C[V] € A\ Ag and U € 2(To(C))\{0}, hence n # 0 and length ,(p) >
0.

If C[] = O, then Na(p,V,C[]) = U and we can set p' = idy.

If p = (Colu] >¢, ColU']; po), u>g U" and C[] # O, then we distinguish
between the following cases:

— if there exists D[] € O3 such that Cy = D[V,0] and C[] = D[, u|, then
Na(p,V,C[]) = Na(po,V, D[, U’]); by the induction hypothesis, there ex-
ists py € Sequ g (DNal(po,V,D[O,U']),U'],U) such that length,(pp) <
lengthA(po); we set p' = (DINa(po,V, D[, U"),u] > pina(pe,v,D[0,07).0)
D[NA(pOa vV, DO, U’]),U’]; p6)§

— if Cof] = CIC'[]] with C']) € Oy, then Na(p, V, C1) = Na(po, C'[U"), C[); by
the induction hypothesis, there exists pf, € SquyK(C[./\/'A (po, C'IU',C[),U)
such that length A (p}) < lengtha(po); we set p' = pj;

— ifu>a U and O[] = Cy[C']]] with C'[] € ©1 \ {00}, then V € 2(T5(C));

—if U =0 and C[] = Co[C'[]] with C'[] € 61 \ {O}, then Na(p,V,C])) =
we have pg € Seq, ;(Co[0],U): there exists py € Seq, x (Co[C’[0]], U) suc
that length, (o)) < lengtha(po); now, if V' ¢ 2(Ty(C)), then length,(po)

lengthA(p).

Lemma 10. For any C[] € ©1 \ {0}, for any V € 2(A) \ 2(75(C)) such
that ClV] € A\ Ag, for any U € 2(To(C)) \ {0}, for any p = Uy---U, €
Seqa i (C[V],U), we have lengtho(Ra(p,V,C[])) < length(p).

0;
ch
<

Proof: By induction on n.
We have C[V] € A\ Ap and U € 2(75(C))\{0}, hence n # 0 and length,(p) >
0.



So we have p = (Co[u] >, Co[U']; po) with po € Seqn x(U',U), u>p U’
and C[] # O; we distinguish between the following cases:

— there exists D[] € O3 such that Co = D[V,0] and C[] = D[, u]: Ra(p,V,C[]) =

Ra(po, V, D[O,U’]); by the induction hypothesis, we have length, (R a(po, V, DO, U’

lengthA(po);

— if Cp[] = C[C']]] with C'[] € ©1 and u ¢ 2(To(C)), then Ra(p,V,C[]) =
(V >eqg C'U']; Ralpo, C'[U'],C[])); by the induction hypothesis, we have
length s (R (po, C'[U"), C11))) < length a(po), hence lengtha (R (p, V, C[))) =
lengthA(Ra(po, C'[U'], C[)))) + 1 < lengtha(po) + 1 = lengtha(p);

— if Gy[] = C[C']]] with C']] € ©1 and u € 2(To(C)), then Ra(p,V,C[]) =
(V > C'U']; Ralpo, C'[U'],C[])); by the induction hypothesis, we have
length s (R (po, C'[U"), C11))) < length a(po), hence lengtha (R (p, V, Cl))) =
lengthA(Ra(po, C'[U '] Cll))) < lengtha(po) = length(p);

— ifu>a U and O[] = Cy[C']] with C'[] € ©1 \ {0}, then V € 2(7(C));

— it U' =0 and C[] = Cy[C']]] with C'[] € ©1 \ {0}, then Ra(p,V,C[]) = ido:
lengthA(Ra(p, V,C[])) =

We will use a procedure called Equal that performs the following one: for any
cop € To(C), for any u,v € E, after the execution of the procedure Equal(u,v),
no value of any global variable changed; moreover if [u]y ¢, = [v]v,c,, then the
procedure Equal(u,v) returns true; otherwise, it returns false.

Redex(n) :=
Local auz;
if Def(L(n)) then for j := 1 to A do
if L(Succ(n)(A —j+1)) # L then auz := Redex(Succ(n)(A — j +1));
if aux # L then return auz; fi;
fi;
od;
return n;
else return L;

Fig. 2. Procedure Redex

In the procedure Redex, the procedure Def is a procedure executed in constant
time such that, for any I € DUCU{x1,...,zv }U{L},ifl € D, then the procedure
returns true; otherwise it returns false.

The procedure Computation calls two procedures Redex and Subst, which have
the following properties:

— For any V' € V(¢g), for any n € E such that [n]y v = V, the execution
time of the procedure Redex(n) is in O(|V).

— Let ¢ € To(C). Let V€ V(co) \ Vo(co). Let n € E such that [n]y v =V.
Let wy, ..., wg € Z(co)U{L}. Let m be the result of the procedure Redex(n).
Let (Y|D]]) be the leftmost-innermost redex of V. Assume that p = M.



Subst(p, n, m, w1, ..., wk) :=
if n =m then Comp(p)(1) := wa1; ...; Comp(p)(K) := wk; L(p) = L;
else L(p) := L(n);

M := M + 1; Suce(p)(1) := M; Subst(M, Succ(n)(1), m,wi, ..., wk);

):
):

M := M + 1; Succ(p)(A) := M; Subst(M, Succ(n)(A), m,ws,...,wk);
fi;

Fig. 3. Procedure Subst

Then, after the execution of the procedure Subst(p,n,m,ws, ..., wk), we
have [p]y,cov = D[Zj e{l,... K} wj]. Moreover, apart from M, which
w]- 7é 1

increased, no value of any global variable changed. The execution time is in

oV

(1) Computation(n) :=
(2) Local k,m,i,m', Mo, C,w1, ..., wk;
(8) if L(n) = L then
(4) for k:=1to K do
(5) if Comp(n)(k) # L then
(6) D:=D+1;
(7) Result(D) := Comp(n)(k);
(8) fi;
(9) od;
(10) else m := Redex(n);
(11) for i := 1 to Inp-Mazx do
(12) if Equal(Inp(i),m) then m’ :=4; fi;
(13) od;
(14) C:=0; W(0) := 1,
(15) for jin CoU{c € To(C); ¢ < co} do
(16) if Val(m/)(j) then C :=C +1; W(C) :=j; fi;
(17) od;
(18) for hi,...,hk :=0to C do
(19) w1 = W(hi); ...; wk = W(hk);
(20) M :=M +1;
(21) Subst(M,n, m,wn, ..., wk);
(22) Computation(M);
(23) od;
(24) fi;

Fig. 4. Procedure Computation




Lemma 11. Let ¢g € To(C). Let Q < O. Let V€ Vg(co). Let n € E such

that [n]v.cov = V. Let Y : Vi(co) \ Volco) — {true,false}z(c") such that, for

any V' € Vi(co) \ Vo(co), for any ¢ € Z(co), Y(V')(c) = true if, and only if,

Val(inp(co) 2 (V"))(c) = true. After the ezecution of the procedure Computation(n),
the following properties hold:

— apart from M and D, which increased, and apart from Result, no value of
any global variable changed;

— the increasing of D is bound by (Card(Z(co)) + 19K . K;

— for any ¢ € Z(cy), there exists j € {1,..., D} such that Result(j) = c if, and
only if, there exists V' € Vo(co) such that ¢ € Supp(V') and V >3 V.

Proof: The proof is by induction on Q. Notice that L(n) # L < V ¢ Vy(co).
The key-point to notice that the execution time of the procedure Computation(n)

is polynomial in the size of ¢y is to notice that we can bound Inp-Mazx by
Q- Card(Z(co))*E+D = Q- (S 4 |eo|) A E+D),

B.1 The correctness of the algorithm follows from the two following
propositions:

Proposition 3. Let ¢y € To(C). Let m € N, let f € Dy, let Cy,...,Cy, €

2(To(C)), letc € Z(co), leto € {1,..., Inp-Max}, let p € Seqp r(f(C1,...,Cm),c)
such that [o]v.c, = f(C1,...,Cm). Then, at some moment of the execution of
the algorithm, we have Val(o)(c) = true.

Proof: By induction on length,(p). By Lemma 8, there exist Cf,...,C/ €
2(To(C)), U € 2(A) and p’ € Seq, g (U, ¢) such that Supp(C7) C Supp(Ch), ...,
Supp(Cl.,) C Supp(Cr,), f(C1,...,ClL) > U and length,(p') < length(p).

Notice that we cannot have length,(p) = 0.

Let ¢ be the number of occurrences of elements of D in r. For any j €
{1,...,q}, we define U; € V(co), EJH €6,Y; ¢ Vi1 (co) \ Vol(co), G; € 2(7o(C))
and p; € Seqy, g (Uj,c) by induction on j in such a way that Uy,...,Us—1 ¢
Vi (co) and Uy € Vi(co):

— we set Uy = U and p; = p/; let (Y1|E1[]) be the leftmost-innermost redex of
Uy; we set G1 = Na(p1,Y1, F1]));
— for any j € {1,...,¢ — 1}, we set Ujy1 = E;[G,]; by Lemma 9, there
exists pjy1 € Seqn x(Ujt1,c) such that lengtha(pj1) < length(ps); let
(Yj+1|Ej+1]]) be the leftmost-innermost redex of U;41; we set G411 = Na(pj+1, Yj+1, Ej11]])-

Applying ¢ times Lemma 10 and the induction hypothesis, we obtain: for any j €
{1,...,q}, at some moment, for any o € {1, ..., Inp-Maz} such that [o]y ., = Y;,
for any ¢ € Supp(G,), we have Val(o)(¢') = true. But for any j € {1,...,q},
for any o € {1,...,Inp-Max}, for any ¢ € Z, if at some moment, we have
Val(o)(¢') = true, then, after this moment, we always have Val(o)(¢') = true.
Therefore, at some moment, for any j € {1,...,q}, for any o € {1,..., Inp-Max}
such that [o]y ., =Y, for any ¢ € Supp(G;), we have Val(o)(c) = true.



Let Y : Vi(co) \ Vo(co) — {true,false}I(C“) such that, for any j € {1,...,q},
for any ¢ € Supp(G,), Y(Y;)(c') = true. We have ¢y € Supp(G,) and Uy >y Us,
.., Uy, >y Uy, Uy >y Gy we apply Lemma 11.

Proposition 4. Let ¢y € To(C). Let m € N, let f € Dy, let Cy,...,Cp €
2(70(C)), letc € I(cy), let og € {1,. .., Inp-Maz} such that [oo]ly,c, = f(C1,...,Cm)
and, at some moment of the execution of the algorithm, we have Val(og)(c) =
true. Then f(C1,...,Cpn) >% c.

Proof: Let N be the number of times that the line 4 is executed before that
Val(0)(c) = true and let ig € {1, ..., Inp-Max} be the value of ¢ when we execute
the line 4 with o = 0g and Result(j) = ¢ for the first time. The proof is by induc-
tion on (N, ig) lexicographically ordered. Due to the procedure Inf-Inp, there ex-
ist C,...,Cl € 2(To(C)) such that Card(Supp(C?)), ..., Card(Supp(C’,)) < K,
Supp(C{) c SuPp(Cl)a SRR Supp(c':n) c Supp(cm) and [[iOHV,co = f(C{a s C7In)

Notice that we cannot have N = 0.

Let Y : Vi(co) \ Vo(co) — {true,false}z(co) such that, for any V’ € Vi(co) \
Vo(co), for any ¢’ € Z(co), Y (V')(¢') = true if, and only if, Val(inp='(V'))(¢') =
true. By Lemma 11, there exist s € {1,...,R} and C' € Vy(cg) such that
¢ € Supp(C) and [Inst(io)(s)]v,c >3 C. Applying the induction hypothesis,
we obtain [Inst(io)(s)]v.c, >% C. Due to the procedure Inst-Init(), we have
f(CL,...,CL) >a [Inst(io)(s)]v,c,- Due to the procedure Inst-Init(), we have
Card(Supp(Ch)), ..., Card(Supp(Cy,)) < K. If follows that f(Ci,...,Cp) >} c.



