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ABSTRACT. We present QBAL, an extension of Girard, Scedrov and Scott’s bounded linear
logic. The main novelty of the system is the possibility of quantifying over resource vari-
ables. This generalization makes bounded linear logic considerably more flexible, while
preserving soundness and completeness for polynomial time. In particular, we provide
compositional embeddings of Leivant’s RRW and Hofmann’s LFPL into QBAL.

1. INTRODUCTION

After two decades from the pioneering works that started it [3 12} [13], implicit computa-
tional complexity is now an active research area at the intersection of mathematical logic
and computer science. Its aim is the study of machine-free characterizations of complexity
classes. The correspondence between an ICC system and a complexity class holds only ez-
tensionally, i.e., the class of functions (or problems) which are representable in the system
equals the complexity class. Usually, the system is a fragment or subsystem of a larger
programming language or logical system, the base system, in which other functions besides
the ones in the complexity class can be represented. Sometimes, one of the two inclusions
is shown by proving that any program (or proof) can be reduced with a bounded amount
of resources; in this case, we say that the system is intensionally sound. On the other hand,
ICC systems are very far from being intensionally complete: there are many programs (or
proofs) in the base system which are not in the ICC system, even if they can be evaluated
with the prescribed complexity bounds. Observe that this does not contradict extensional
completeness, since many different programs or proofs compute the same function.

Of course, a system that captures all and only the programs of the base system running
within a prescribed complexity bound will in all but trivial cases (e.g., empty base system)
fail to be recursively enumerable. Thus, in practice, one strives to improve intensional
expressivity by capturing important classes of examples and patterns.
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An obstacle towards applying ICC characterizations of complexity classes to program-
ming language theory is their poor intensional expressive power: most ICC systems do not
capture natural programs and therefore are not useful in practice. This problem has been
already considered in the literature. Some papers try to address the poor intensional ex-
pressive power of ICC systems by defining new languages or logics allowing to program in
ways which are not allowed in existing ICC systems. This includes quasi-interpretations [14]
and LFPL, by the second author [9]. Other papers analyze the intensional expressive power
of existing systems either by studying necessary conditions on captured programs or, more
frequently, by studying relations between existing ICC systems. One nice example is Mu-
rawski and Ong’s paper [15], in which the authors prove that a subsystem BC™ of Bellantoni
and Cook’s function algebra BC [3] can be embedded into light affine logic [I] and that the
embedding cannot be extended to the whole BC. In this work, we somehow combine the
two approaches, by showing that:

e A new logical system, called Quantified Bounded Affine Logic (QBAL for short) can be
defined as a generalization of Girard, Scedrov and Scott’s bounded linear logic (BLL, [7]),
itself the first characterization of polynomial time computable functions as a fragment of
Girard’s linear logic [5].

e QBAL is intensionally at least as expressive as two heterogeneous, existing systems,
namely Leivant’s RRW [13] and LFPL.

Bounded linear logic has received relatively little attention in the past [10, [16]. This
is mainly due to its syntax, which is more involved than the one of other complexity-
related fragments of linear logic appeared more recently [6, [11] [4]. In bounded linear logic,
polynomials are part of the syntax and, as a consequence, computation time is controlled
explicitly; in other words, BLL cannot be claimed to be a truly implicit characterization
of polynomial time. Moreover, it seems that BLL is not expressive enough to embed any
existing ICC system corresponding to polynomial time (except Lafont’s SLL [I1], which
anyway was conceived as a very small fragment of BLL).

QBAL is obtained by endowing BLL with bounded quantification on resource vari-
ables. In other words, formulas of QBAL includes the ones of BLL, plus formulas like
3o {z < y?}.Aor Yo,y : {z < z,y < 23}.B. Rules governing bounded quantification can
be easily added to BLL, preserving its good properties: QBAL is still a characterization of
the polytime functions in an extensional sense. Bounded quantification on resource vari-
ables, on the other hand, has tremendous consequences from an intensional point of view:
both RRW and LFPL can be compositionally embedded into QBAL. This means, arguably,
that programs in either RRW or LFPL can be rewritten in QBAL without major changes,
i.e., by mimicking their syntactic structure. Similar results are unlikely to hold for BLL, as
argued in sections [6 and [7] below.

Logical systems like QBAL or BLL cannot be considered as practical programming lan-
guages, although proofs can be interpreted as programs in the sense of Curry and Howard:
the syntax is too complicated and the potential programmer would have to provide quanti-
tative information in the form of polynomials while writing programs. On the other hand,
considering BLL or QBAL as type systems for the (linear) lambda calculus is interesting,
although type inference would be undecidable in general. In this paper, we advocate the
usefulness of QBAL as an intermediate language in which to prove soundness results about
other ICC systems.
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For all these reasons, QBAL is mot just another system capturing polynomial time
computable functions.
The rest of this paper is organized as follows:

e In Section [2] the syntax of QBAL is introduced, and some interesting properties of the
system are proved, together with some examples on how to write programs as proofs of
QBAL.

e Section [ introduces a set-theoretic semantics for QBAL, which is exploited in Section [
to show polytime soundness of the system.

e Section [l contains some informal discussion about compositional embeddings.

e Section [6] and [7] present compositional embeddings of LFPL and RRW into QBAL, respec-
tively.

2. SYNTAX

In this section, we present the syntax of QBAL, together with some of its main properties.
In the following, we adhere to the notation adopted in the relevant literature on BLL [7] [10].

2.1. Resource Polynomials and Constraints. Polynomials appears explicitly in the
formulas of QBAL, exactly as in BLL. A specific notation for polynomials was introduced in
[7], and will be adopted here. In the following, N is the set of natural numbers. Sometimes,
we use the vector notation T, which stands for the sequence 1, ..., ,, where n is assumed
to be known from the context.

Definition 2.1.
e Given a set X of resource variables, a resource monomial over X is any finite product of

binomial coefficients
m
i=1 N

where the resource variables z1,...,x,, are pairwise distinct and nq,...,n,, are natural
numbers.

o A resource polynomial over X is any finite sum of monomials over X. F'V (p) denotes the
set of resource variables in a resource polynomial p.

Resource polynomials are notations for polynomials with rational coefficients. However, by
construction, every resource polynomial maps natural numbers to natural numbers. An
example of a resource polynomial on {z} (actually a monomial) is

<:;> :#:%.x.@—l).

Resource polynomials satisfy some nice closure properties:

Lemma 2.2. All constant functions and the identity are resource polynomials. More-
over, resource polynomials are closed under binary sums, binary products, composition,
and bounded sums.
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Proof. Every constant function n is simply the resource polynomial

n times

n times

()

Closure under binary sums is trivial. To prove closure under products, it suffices to show
that the product of two monomials (on the same variable) is a resource polynomial, but
this boils down to show that the product of two binomial coefficients (z) and (;’;) can be
expressed itself as a resource polynomial. Actually, if m < n, then

(-5 620 ) (o

m+n—=k
kem—k,n—k

is a multinomial coefficient. The bounded sum

dp

<y

The identity is the resource polynomial

where

where p is a resource polynomial not mentioning the variable y (but possibly mentioning
x) can be formed by observing that

()= (1)

Closure by composition can be proved similarly. L]

As a consequence, every polynomial with natural number coefficients is a resource
polynomial. The main reason why resource polynomials were originally chosen as a notation
for polynomials in BLL [7] was closure under bounded sums, a property which is not true
in more traditional notation schemes. We follow the original paper here.

Already in BLL, an order relation on resource polynomials is an essential ingredient in
defining the syntax of formulas and proof. In QBAL, the notion is even more important:
two polynomials can be compared unconditionally or with an implicit assumption in the
form of a set of constraints.

Definition 2.3 (Constraints).

e A constraint is an inequality in the form p < ¢, where p and ¢ are resource polynomials.
A constraint p < g holds (and we write = p < ¢q) if it is true in the standard model. The
expression p < ¢ stands for the constraint p + 1 < ¢. Variables in p appear negatively,
while those in ¢ appear positively in every constraint p < q.

e A constraint set is a finite set of constraints. Constraint sets are denoted with letters
like €, 2 or &. A constraint p < ¢ is a consequence of a constraint set € (and we write
% = p < q)if p < q is logical consequence of . For every constraint sets ¢ and 2,
¢ = 2 iff € = p < q for every constraint p < g in .
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e For each constraint set €, we define an order Cy on resource polynomials by imposing
pPErqiff ¥ Ep<gq

Resource polynomials are ordered extensionally: p < ¢ holds if p is smaller than ¢ in the
standard model of arithmetic. This definition is different from the one from [7] which is
weaker but syntactical, defining p to be smaller or equal to ¢ if and only if ¢ — p is itself a
resource polynomial. This choice is motivated by the necessity of reasoning about resource
polynomials under some assumptions in a constraint set. On the other hand, it has some
consequences for the decidability of type checking, discussed in Section 2.4l

The following is a useful technical result about constraints:

Lemma 2.4. Ifxq,...,x, occur positively (negatively, respectively) in €, p; g q; for every

iandT ¢ FV(2), then €{p/T} U 2 |= €¢{q/z} (¢{7/T} U 2 = €{p/T}, respectively).

Proof. Take any constraint » < ¢ in € and suppose z1,...,z, occur positively in 4. Then
x1,...,T, can occur in t but they cannot occur in r. So:

(r<t){p/z} = r<({p/T})
(r<t){g/z} = r<#{g/7})

Now, since p; Cg ¢; for every i, t{p/T} Ty t{g/T}. As a consequence, €{p/T} U 2 E
¢{q/T}. Analogously if x1,...,xz, occur only negatively in €. ]

2.2. Formulas. Resource polynomials, constraints and constraint sets are the essential
ingredients in the definition of QBAL formulas:

Definition 2.5. Formulas of QBAL are defined as follows:
A= ap1,....,pn) | ARA|A— A|Va.A|lzpA|
V(z1,...,2p) : €.A| IHz1,...,2,) : F.A

where x ¢ FV(p), a ranges over a countable class of atoms (each with an arity n). We
will restrict ourselves to bounded first order quantification. In other words, whenever we
write Y(x1,...,zy,) : €. A or I(x1,...,z,) : €.A we implicitly assume that for every i there
is a resource polynomial p; not containing the variables x1,...,z, such that ¥ E {z; <

b1,---,Tn épn}

Checking the boundedness condition on formulas is undecidable in general (see Sec-
tion [2.4] for further discussion). The notions of a free atom or a free resource variable in
a formula are defined as usual, keeping in mind that vz, 3z and !, <, act as binders for
resource variables, while Va acts as a binder for atoms.

Notice that resource polynomials and the variables in them can occur inside constraints,
constraint sets and formulas. The following definition becomes natural:

Definition 2.6 (Positive and Negative Occurrences). The definition of a positive (or neg-
ative) free occurrence of a variable in a formula A proceeds by induction on A:

e All the variables in FV(p1)U...U FV(p,) occur positively in a(p1,...,pn).

e Polarities are propagated through compound formulas by noting that —o is negative in
the first slot, !« is negative in p and Vz:% is negative in €. All other slots are positive.
We omit the detailed definition.
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For example, the first occurrence of x in Vy:{y<z}.5(z) — a(x,y) is negative while the
second one is positive; the only occurrence of z is negative; all occurrences of y are bound.

When resource variables occur positively in a formula, one can substitute the formula
for an atom in another formula:

Definition 2.7 (Substitution). Let B be a formula where the free variables =1, ..., z, occur
only positively. Then A{B/a(x1,...,zy,)} denotes the formula obtained by replacing every
free occurrence of a(ps,...,p,) with B{p1/z1,...,pn/zy,} inside A.

As an example , if Ais a(p) — a(p+ 1) and B is 3z : {x < y}.5(y), then A{B/a(y)}
is
(Fz: {z <p}.B(p)) — (Fz:{z <p+1}.(p+1)).
Formulas can be compared with respect to assumptions in the form of a constraint set:

Definition 2.8 (Ordering Formulas). The order Ty on resource polynomials can be ex-
tended to an order on formulas as follows:

a(pt,....pn) Co olqr,-.-qn) iff Vipi Eg q
AR®B Ly OC®D iff ACo CANBC¢ D
A—-oB LCy C—D iff CCo4 ANBCEy¢ D
Va.A Cy Va.B iff ACy B
lecpA Eg lucyB iff qg%p/\iﬂﬁéFV(%)/\AE%u{xq}B
VZ:9.A Cy VI:EB iff CUEEPNT ¢ FV(€)NACyue B
TZT:9A Ty FTT:EB iff CUPEENTEFV(E)NACyu9 B

Please observe that if A Ty B, then A and B have the same “logical skeleton” and only
differ in the corresponding resource polynomials and constraint sets. Resource polynomials
in positive position are smaller in A, while those in negative position are smaller in B.
Moreover, constraint sets in positive position are stronger in A, while those in negative
position are stronger in B. Consider, as an example, the constraint set ¢ = {z <y + 1}.
It is easy to check that

Ve {z<y+2}taly+1) o a(z) Cg Vz: {z <z}.a(z) — aly + 2).

Indeed ¥U{z <z} E{z<y+1}E{z<y+2} =92, 2Cqugpy+2and z Cyuy y + 1.
Intuitively, C¢ can be seen as a subtyping relation such that subtypes of a formula A
are those formulas which are “smaller” than A whenever the constraints in 4 hold. This
is in accordance to, e.g., the way C¢ is defined on implicational formulas, which is very
reminiscent of the usual rule defining subtyping for arrow types.

The order relations C¢ satisfy some basic properties:

Lemma 2.9 (Strengthening and Transitivity). If A Ty B and 2 = €, then A Ty B.
Moreover, if ACy B and B Cy C, then A Cy C.

Proof. Strengthening can be proved by an induction on A. Some cases:

o If I, pA EglucyB and Z |= €, then q Cy p, x ¢ FV(%), and A Cyyfeeqy B By
induction hypothesis, A Cgyy<qy B. We can assume that ¢ FV(2). Finally, ¢ Cg p.
The thesis easily follows.

e IfVZ: ALy VT : & Band F E €, then ¥UE = 2,T ¢ FV(%) and A Cyus B.
Again, we can assume that T ¢ FV(%). Since ZU& = € U&, we can apply the induction
hypothesis, obtaining A C & B, from which the thesis easily follows.
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Transitivity can be handled itself by induction on the structure of A. Some cases:

o If !m<pA E(K!x<qB and !m<qB CglecrC,then qCy p, 7 Cpq, @ ¢ FV(%), A E‘gu{x<q} B
and B Egy(p<ry C. From A Cyyy<qy B and 7 Eg g, it follows by strengthening that
A Cyufz<ry B. By the induction hypothesis, A Ceqpopy C. The thesis follows, once we
observe that r Cy p by transitivity.

e fVZ: VAL, VT : & Band Vi : &. B Ly VT : Z.C, then ¥ US E 9, ¢ U F E &,
T ¢ FV(¥¢), A Cguse B and B Cyygey C. Since ¥UZ | €UE, A Cyuz B by
strengthening. By the induction hypothesis, A C4_% C. The thesis follows observing
that ¥ U.Z E 2.

e If37: ALy 37 : & Band 3T : . B Ly dx: Z.C,then ¥UZ E &, CUE E F,
T ¢ FV(€¢), A Cyug B and B Cyue C. Since ¢ U2 = €UE, B Cyuy C by
strengthening. By the induction hypothesis, A C¢9 C. The thesis follows observing
that ¥ U2 E %.

This concludes the proof. ]
Some other auxiliary results about the relations C¢ will be useful in the following.

We give them here. First of all, we can perform substitution of resource polynomials for
resource variables in formulas being sure that the underlying order is preserved:

Lemma 2.10 (Monotonicity, I). If A is a formula where the variables 1, ...,z occur only
positively (negatively, respectively), p; C¢ q; for every i and T ¢ FV (%), then A{p/T} Cy
A{q/z} (A{3/7} So A{p/T}, respectively).

Proof. By induction on A. Let’s just check the most interesting cases:

o If A=y : 2.B, then the variables in § can be assumed to be distinct from z1 ..., x,.
Moreover:

Alp/z} = Ty:2{p/z}.B{p/T}
Ma/ry = 3y: 2{a/=}.Blg/z}
Now, suppose that x1,...,z, occur only positively in A. Then, by induction hypothesis,
B{p/z} Cy B{q/T}. Moreover, by Lemma 2.4 2{p/z} U¥ = 2{q/T}. By definition,
this implies A{p/ZT} C¢ A{q/T}. Similarly if x1, ..., x, occur only negatively in A.
o If A=Vy:2.B, then we can proceed exactly in the same way.
This concludes the proof. ]

On the other hand, the same polynomial can be substituted in formulas, again preserv-
ing the underlying order:

Lemma 2.11 (Monotonicity, IT). If A Ty B then A{p/T} Cyp/zy B{D/T}

Proof. By induction on A. Some interesting cases:
o If A=l C, then B=l,o.D,r Cy q, v & FV(%), C Cyyfgry D and z can be assumed
not to appear among the variables in T nor the ones in p. Then:
Afp/7r =lacqipa C{P/T}
B{ﬁ/f} :!x<r{ﬁ/§}D{Z_9/T}

By induction hypothesis, C{p/T} C¢(p/z)0z<r{p/z}} P1P/T}. Moreover, {p/T} Co 5/}
q{p/Z}. The thesis follows.
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e lf A=TJy: 2.C,then B=35: 8D, ¢ UP = &,75¢ FV (%), C Cyue D and, again,
variables in 7 can be assumed not to appear among the variables in T nor in the ones in
Pp. Then:

A{p/z} =3y : 2{p/}.C{p/7}
B{p/z} =3Jy:&{p/z}.D{p/z}
Clearly, €{p/Z} U 2{p/Z} = &{p/T}. By the assumptions above, § ¢ FV(¢{p/x}). By
the induction hypothesis, C{p/T} Cy 5 /706 1p/7) P1P/T}. The thesis follows.
This concludes the proof. ]

Finally, substitution of formulas for atoms preserves itself the order C:

Lemma 2.12 (Monotonicity, III). If C is a formula where the free variables x1,...,xT,
occur only positively, « is an atom with arity n and A Ty B, then A{C/a} T4 B{C/a}.

Proof. By induction on A. Some cases:

o If A= «a(p), then B = a(q) where p; Cy ¢;, A{C/a} = C{p/z} and B{C/a} = C{g/z}.
The thesis easily follows from Lemma

e If A=VS.D, then B =Vf3.E and we can assume that § # « and that 8 does not appear
free in C. Then A{C/a} =Vp.(D{C/a}) and B{C/a} =VS.(E{C/a}). From A Cy B,
it follows that D Cy E and, by induction hypothesis, that D{C/a} Cy E{C/a}. The
thesis easily follows.

This concludes the proof. ]

2.3. Rules. A QBAL judgement is an expression in the form I' k¢ A, where % is a con-
straint set, I" is a multiset of formulas and A is a formula. The meaning of such an expression
is the following: A is a consequence of the formulas in T', provided the constraints in %
hold.

Rules of inference for QBAL are in Figure Il All rules except first order ones are the
natural generalizations of BLL rules. In particular, observe that the only rules modifying the
underlying constraint set(s) are P, Ry, Ly, R3; and Lz,. The multiplicative connectives
are governed by the usual rules from intuitionistic linear logic. The modality !, on the other
hand, is a functor governed by the following axioms, which come from BLL:

!x<1A - A{l/:l?},
lo<ptqA _O!x<pA®!y<qA{p +y/r};
!m<zw<p qA _O!y<p!z<q{y/w}A{(z + Zw<y Q)/:E}

Moreover, given a constraint set ¢, it holds that !,A —o!, A whenever ¢ Ty p. Weakening
holds for every formula, contrary to what happens in BLL; as is usual in systems derived
from linear logic, this does not break good quantitative properties like polynomial time
soundness. Rules W, X, P, D) and N, capture the just described behaviour. Observe how
rule P allows to take advantage of the inequality z < ¢ in the premise.

First order quantification on resource variables, on the other hand, is governed by the
four inference rules Ry, Lv,, R3, and L3,. Let us consider, as an example, rule Ry, , which
can be read as follows: if A can be inferred from I' provided ¥ U & hold and the variables
T do not appear in I nor in %, then A holds for every value of T satisfying % .
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Axiom and Cut

ACy B 't A AAF4 B
Aty B [ Aty B
Structural Rules
' B W L lecpAlycqA{p+y/atFe B p+qCer X
I'N'Aty B I.«;Abe B
Multiplicative Logical Rules
I'N'Aty B 't A A Bty C
Try A B It TAA<BryC =
't A Aty B I''A, Bty C
TAF;AoB ® T A@Br,C e

Exponential Rules
Ay,..., Ay b¢ B 2U{z<ptEE x¢FV(9) pCgyq
o< A1y ocgnAn Folocp B
A{1/x},TF¢ B 1C¢p
L ATr,B

!y<p!z<q{y/w}A{(z + Zw<y q)/z}, T4 B Z’u)<p qCe T

locr A, B
Second Order Rules
'k A ag FV (D) I A{B/a(z1,...,zn)} F¢ C
TFyvVad v T Va.AFg C Lva

First Order Rules
Chawd TEFVIOUFV(E) o TLApEC € - 2(/7)

ThyVT:2.A Vo L.VT: 2.AFy C Ve
'ty A{p/z} € = 2{p/7} INAbFeue C T FV(IT)UFV(C)UFV(F) I
Thy 7: .4 R F35:9.AF, C A

Figure 1: A sequent calculus for QBAL

Notice that BLL can be embedded into QBAL.: for every BLL proof 7 : I' = A, there is
a QBAL proof (m) : T' -y A: this can be proved by an easy induction on 7.
If 7 is a proof of QBAL, then |r| is the number of rule instances in 7.

2.4. On Decidability of Proof Checking. The problem of checking the correctness of
a proof is undecidable in QBAL, since the correctness of a formula is itself an undecidable
problem: remember that a formula like dx : €. A is correct only if an inequality z < p can
be deduced from % for some polynomial p. Moreover, the relation = between constraint
sets is undecidable. This is in contrast to what happens in more implicit ICC systems or in
BLL itself, where conditional equality E« is replaced by unconditional inequality and p < ¢
iff ¢ — p is a resource polynomial.
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We do not see undecidability of proof checking as a fundamental problem of QBAL for
at least two reasons:

e On the one hand, the main role of QBAL is the one of a metasystem in which to prove
quantitative properties of other systems. As a consequence, it is crucial to keep the system
as expressive as possible.

e On the other hand, simple, decidable fragments of QBAL can possibly be built by con-
sidering decidable, although necessarily incomplete, formal systems for assertions in the
form € + p < ¢q (or, more generally, ¥ F 2) and by imposing that bounds on quanti-
fied variables are given explicitly when forming existential or universal formulas. This,
however, is a topic outside the scope of this paper, which we leave for future work.

The way we define QBAL is, in other words, similar to the one Xi adopts when he introduces
Dependent ML [19].

2.5. QBAL and Second Order Logic. Second order intuitionistic logic can be presented
as a context-independent sequent calculus with explicit structural rules [I7], LJ. Rules of LJ
are in Figure 2l There is a forgetful map [-] from the space of QBAL proofs to the space of
LJ proofs. In particular —o corresponds to — and ® corresponds to A. Essentially, [r] has
the same structure as mw, except for exponential and first order rules, which have no formal
correspondence in LJ. From our point of view, if [r] = [p], then m and p correspond to the
same program, i.e. QBAL can be seen as a proper decoration of second order logic proofs
with additional information which is not necessary to perform the underlying computation.

Axiom, Cut and Structural Rules
4 '-A AA+B TRB I'AAFB
AFA I''AFB I''AFB I''AFB
Logical Rules
I'AFB R I'FA ABEC ' A Al_BR A, BEC I
r-A—-B "~—7 T ,AJA—-BFC 77 LAFAxB "™ T,AxBERFC ™%
Second Order Rules
'-A a¢FV(D) I'MA{B/a}FC
I'FVa.A v I Va.AFC Y

Figure 2: A sequent calculus for LJ

2.6. Properties. QBAL inherits some nice properties from BLL. In particular, proofs can be
manipulated in a uniform way by altering their conclusion without changing their structure,
i.e., without changing the underlying second order logic proof.

First of all, a useful transformation is the strengthening of the underlying constraint
set €

Proposition 2.13 (Strengthening). If 7 : I' b4 B is a proof and 2 = €, then there is a
proof p: I'tg B such that [p] = [7] and |p| < |7| .
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Proof. An easy induction on w. As an example, if 7 consists of an instance of rule A, then
the thesis follows from Lemma 20 As another example, take a proof 7 : I' b4 VT : 2.A
obtained from p : I" F¢ue A applying rule Ry,. We can assume without losing generality
that 7 ¢ FV(2). From 2 |= €, it follows that ZU¢& |= € U&, from which the thesis easily
follows. L]

QBAL is monotone with respect to the relation C¢ on formulas.
Proposition 2.14 (Monotonicity). If w : Ay,..., A, by B, B Ty D and C; Ty A; for
every 1 < i <mn, then there is p: C1,...,Cy Fg D such that [p] = [r].
Proof. By induction on |r|. Some interesting cases are the following ones:

e Suppose that 7 is simply
ACy B

Aty B
and that C' Cy A and B Ty D. Then, by transitivity of C¢ (see Lemma [2.0), C' Ty D
and p is
CCy¢ D
Chte D .
e Suppose that 7 is
A,..., Ay k¢ B 2U{z<ptE=E¥€ x¢FV(Z2) pCyq
!m<q1A1y LR !x<ann l_@!x<pB

and that <, C; Cglycq, Ai (for every i) and !y« B TglysD. By definition, ¢; Cy r; for
every i and s Cgy p. By the side condition to the premise of 7 (and by transitivity of
Cg), we obtain s Ly 7; for every i. Moreover, we have C; Eg(y<q,} Ai for every 7 and
B Cgufa<sy D. This implies C; Cgy,<s) A; for every i, because
2U{z<stE2U{z<ptE2U{r<q}
and by Lemma Now, since Z U {z < s} = 2 U {x < p} = €, we can obtain, by
Proposition 213, a proof o of Ay, ..., Ay Fgufe<sy B such that [0 < |7|. Then, we can
easily apply the induction hypothesis on ¢ and conclude.

This concludes the proof. U]
Another useful transformation on proofs is the substitution of resource polynomials for

free variables.

Proposition 2.15 (Substitution for Variables). If 7 : Ay,..., A, F¢ B is a proof and
P1,--.,Pn are resource polynomials, then there is a proof
m{p/T} : A{p/T}, ..., An{D/T} Fogp/zy B{D/T}
such that [7{p/T}] = [r].
Proof. By induction on w. An interesting case is the following one:

e Suppose that 7 is simply
ACy¢ B

A, B .
Now, if A ¢ B then A{p/T} Cyp/z B{p/T}, by LemmaZI1l As a consequence,
A{p/T} E¢(p/zy B{D/T}
A{p/T} bz BP/T} -
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e Suppose that 7 is
p:Ite C{a/yy ¢ = 2{a/v}
Tty 3g: 2.C Ao
where, without losing generality, 7 can be chosen as fresh variables not appearing among
the ones in T, nor in the ones in p. Applying the induction hypothesis to p, we obtain a
proof of I'{p/Z} Fy /2 C{@/7}{P/T}. But, by the assumptions above,

C{a/yHp/7} = C{p/zH{(@{p/=})/v}-
Analogously, from ¢ = 2{q/y}, it follows that €{p/Z} = 2{q/y}{p/T} and
2{a/y{p/z} = 2{p/={(@{p/7})/7}.

The thesis follows.
e Suppose that 7 is

p:I,Ctyug D 3¢ FV(I)UFV(D)UFV(%) I
I35:2.Cty D 3z
where, as usual, 5 can be chosen as fresh variables not appearing among the ones in T,
nor in p. Applying the induction hypothesis to p, we obtain a proof of

p/z}, C{p/7} Fetp/muamzy D{p/T}-
By the assumptions above, variables in 7 do not appear free in I'{p/Z} nor in D{p/Z}
nor in €{p/Z}. The thesis follows.
This concludes the proof. ]

But formulas themselves can be substituted (for atoms) into a proof:

Proposition 2.16 (Substitution for Atoms). If 7 : Ay,..., A, F¢ B is a proof, C is a
formula where the free variables x1,...,T, occur only positively and « is an atom with
arity m, then there is a proof m{C/a} : Ai{C/a},..., A{C/a} by B{C/a} such that
[{C/a}] = [x].

Proof. By induction on 7. Some interesting cases are the following ones:

e Suppose, again, that 7 is simply
ACy B

Aty B
Now, if A Cy B then A{C/a} Ty B{C/a} by Lemma[2Z12l As a consequence:
A{C/a} g B{C/a}
A{C/a} F¢ B{C/a}

e Suppose that 7 is
p:I'te D{g/y} €= 2{q/y}
'ty dy: 2.D
where, without losing generality, 7 can be chosen as fresh variables not appearing among

the ones in T nor in C. Applying the induction hypothesis to p, we obtain a proof of
I'{C/a} k¢ D{q/y}{C/a}. But, by the assumptions above,

D{g/y{C/a} = D{C/a}{g/y}.

REIx

The thesis follows.
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e Suppose that 7 is
p:T.Dbgug B JEFV(DUFV(B)UFV(?)
I'35:2.D+y E Iz
where, as usual, 7 can be chosen as fresh variables not appearing among the ones in T,
nor in C. Applying the induction hypothesis to p, we obtain a proof of
I{C/a}, D{C/a} Feug E{C/a}.
By the assumptions above, variables in ¥ do not appear free in I'{C/a} nor in E{C/a}
nor in ¢{C/a}: they are either in I, E, € or in C. The thesis follows.
This concludes the proof. ]

2.7. Cut-Elimination. A nice application of the results we have just given is cut-elimi-
nation. Indeed, the new rules Rv,, Lv., R3; and L3, do not cause any problem in the
cut-elimination process. For example, the cut
m:Thgeug A T¢ FV(L)UFV(€) N A{p/T} ¢ C € = 2{p/7}
Ty VZ: 2.4 Rva AVT: DAl C Lyz
T.AF, C v

can be eliminated as follows:
o:Itg A{p/z} p: A A{p/T} ¢ C
IN'Akge C
where ¢ is obtained by applying Proposition 2.13] to
m{D/T} : T Fyugpzy AP/TY
itself obtained from 7 applying Proposition .15 In this paper, we will not study cut-
elimination. And polynomial time soundness will be itself proved semantically.

U

2.8. Programming in QBAL. The Curry-Howard correspondence allows to see BLL and
QBAL as programming languages endowed with rich type systems. In particular, follow-
ing the usual impredicative encoding of data into second order intuitionistic logic, natural
numbers can be represented as cut-free proofs of the formula
Ny = Va.ly<p(a(y) — aly +1)) — a(0) — alp).

However, only natural numbers less or equal to p are representable this way.

This can be generalized to any word algebra. Given a word algebra W, we will denote
by ew the only 0-ary constructor of W and by c%w, ..., cyy the l-ary constructors of the
same algebra. Notice that these objects can be thought of both as term formers and as

(0-ary or unary) functions on terms. Terms of a free algebra W of length at most p can be
represented as cut-free proofs of the formula

W, = Val,cp(a(y) — aly +1)) — ... —l,,(a(y) — aly +1)) — a(0) — alp).

w times
Functions on natural numbers can be represented by proofs with conclusion N, = N,,
where p is a resource polynomial depending on z, only. More generally, functions on the
word algebra W can be represented by proofs with conclusion W, = W,. For example,
all constructors c%)v, ..., ¢y correspond to proofs with conclusion W, = W11, while ew
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corresponds to a proof of H W(. More generally, the polynomial p gives a bound on the size
of the result, as a function of the size of the input. QBAL supports iteration on any word
algebra (including natural numbers). As an example, for every p and for every A where x
only appears positively, there is a proof ﬂpA of

Ny, ly<p(Ay/a} — Afy +1/x}), A{0/z} F Alp/x}.

namely:

by <p(Aly/7) — ALy + 1)) Flyep(Alw/a} — Aly + 1z} * A{0ja} - A{0ja)  Alp/a) - Alp/a)
<ALy} — Ay +1/a)) — A{0/z} — Alp/e),by<p(Alu/2) — Ay +1/a}), AQO/a} - Alp/a}
Ny, ly<p(A{y/z} — A{y + 1/2}), A{0/z} - A{p/z} e

This will be essential to prove Lemma [Z.11

2.9. Unbounded First Order Quantification is Unsound. One may wonder why
quantification on numerical variables is restricted to be bounded (see Definition 2.5]). The
reason is very simple: in presence of unbounded quantification, QBAL would immediately
become unsound. To see that, define N, to be the formula 3(x) : }.N,. The composition
of the successor with itself yields a proof with conclusion N, = N, 5 which, by rules R3,
and Lg,, becomes a proof with conclusion Ny, F N. Iterating it, we obtain a proof of
N, F Ny which represents the function n — 2n. But by rule Lg,, it can be turned into
a proof of N F N, and iterating it again we obtain a proof representing the exponen-
tial function. The boundedness assumption will be indeed critical in Section Ml where we
establish that any functions which is representable in QBAL is polynomial time computable.

It is not clear whether unbounded existential quantification would be sufficient to embed
the whole of second order intuitionistic logic into QBAL.

3. SET-THEORETIC SEMANTICS

In this Section, we give a set-theoretic semantics for QBAL. We assume that our ambient set-
theory is constructive. This way we have a set of sets I/ which contains the natural numbers,
closed under binary products, function spaces and U-indexed products. An alternative to
assuming a constructive ambient set theory consists of replacing plain sets with PERs
(partial equivalence relations) or domains or similar structures. See [10] for a more detailed
discussion on this issue.

Formulas of QBAL can be interpreted as sets as follows, where p is an environment
mapping atoms to sets:

[e@®], = o)
[A©B], = [A],x[B],;
[[A_OB]]p = [[A]]p:> [[B]]pS

[[\V/()Z.A]]p = H [[A]]p[a»—)C];
ceu

[locpA], = vz :€.A], = [32:¢.4], = [A],

Please observe that the interpretation of any formula A is completely independent from the
resource polynomials appearing in A.
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To any QBAL proof w of Ay,..., A, F¢ B we can associate a set-theoretic function
(7], : [[Al R...Q An]]p — [[B]]p by induction on 7, in the obvious way. [7], is equal to
the set-theoretic semantics of [7] as a proof of second order intuitionistic logic. Set-theoretic
semantics of proofs is preserved by cut-elimination: if m reduces to o by cut-elimination,
then [7], = [o],.

Observe that [[A]]p only depends on the values of p on atoms appearing free in A. So,
in particular,

[Ny], = [[(C=0C)=(C=0)
Ceu
is independent on p and on ¢, since Ny is a closed formula. Similarly for [[Wq ]] o Actually,

there are functions oy : N — [[Np]] and Yy : [[Np]] — N such that ¥y o ¢y is the identity
on natural numbers. They are defined as follows:

(en(n))e(f.2) = f*(2);
UYn(z) = zn(x— x4 1)(0);

where Ac is the projection of A on the component C' whenever A is some product [ [, B.
So, given a proof m : N, = N, the numeric function represented by m is simply
o [7] o ¢n. Similar arguments hold for functions with conclusion W, = W,,.

4. QBAL AND PoLYNOMIAL TIME

In this section we show that all functions on natural numbers definable in QBAL are poly-
nomial time computable. To this end, we follow the semantic approach in [10] which we
now summarizes.

4.1. Realizability Sets. Let X be a finite set of resource variables. We write V(X)) for
NX — the elements of V(X) are called valuations (over X). If n € V(X) and ¢ € N then
nlx +— ¢] denotes the valuation which maps x to ¢ and acts like n otherwise. We assume
some reasonable encoding of valuations as natural numbers allowing them to be passed as
arguments to algorithms.

If ¢ is a constraint set involving at most the variables in X (over X) then Vi (X) (or
simply Vi) is the set of valuations in V(X)) satisfying all the constraints in €.

We write P(X) for the set of resource polynomials over X. If p € P(X) and n € V(X)
we write p(n) for the number obtained by evaluating p with = — n(z) for each x € X. A
substitution o : X — Y is a function mapping any variable in Y to a polynomial in P(X).
Given a substitution ¢ : X — Y and a valuation n € V(X), the valuation o[n] € V(Y)
assigns to every variable y € Y the natural number o(y)(n).

We assume known the untyped lambda calculus as defined e.g. in [2]. A lambda term
is affine linear if each variable (free or bound) appears at most once (up to a-congruence).
For example, Ax.A\y.yx and Ax.\y.y and A\z.xy are affine linear while the term Az.xx is not.
Notice that every affine linear term ¢ is strongly normalisable in less than |¢| steps where ||
is the size of the term. Moreover, the size |s| of any reduct of ¢ is at most |¢|. The runtime
of the computation leading to the normal form is therefore O(|t|?). We will henceforth use
the expression affine linear term for an affine linear lambda term which is in normal form.
If s,t are affine linear terms, then their application st is defined as the normal form of the
lambda term st. Notice that the application st can be computed in time O((|s| + [t|)?).
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If s,t are affine linear terms we write s®t¢ for the affine linear term A\f.fst. If ¢ is
an affine linear term possibly containing the free variables x,y then we write Ax®y.t for
Au.u(AxAy.t). Notice that (Az®y.t)(u®@v) = t{u/x,v/y}.

More generally, if (t;);<, is a family of affine linear terms, we write )
AR, wi-t for Mf. ftoty ... t,_1, respectively, Au.u(AroAzy ... Axy_1.t). Again,

A zi.t) (R ti) = t{to/z0, - -, tn-1/Tn-1}.
<n <n
We write A, for the set of closed affine linear terms.

There is a canonical way of representing terms of any word algebra W as affine linear
terms, which is attributed to Dana Scott [18]. If the unary constructors of the word algebra
W are c%w, ..., ¢y and ew is the only 0O-ary constructor of W, the terms of W are mapped
to affine linear terms as follows:

t; and

<n

Tew ! = A1 ATy AYLY;
Vie{l,...,w}. cys? = Azy... Az AyaTsT
As an example, the natural number 2 seen as a term of the word algebra N becomes

27 = Az \y.x(Az. Ay.x( Az \y.y))

Definition 4.1 (Realizability Set). Let X be a finite set of resource variables. A realizability
set over X is a pair A = (|A],IF4) where |A| is a set and IF4C V(X) x A, X |A| is a ternary
relation between valuations over X, affine lambda terms, and the set |A|. We write n,t IF4 a
for (n,t,a) €lF4. Given a substitution o from X to Y and a realizability set A over Y, then
a new realizability set A[o] over X is defined by |A[o]| = [A| and 1,1 IF 4i0) a iff o[n], t IF4 a.

The intuition behind 7n,t IF4 a is that a is an abstract semantic value, 1 measures
the abstract size of a, and the affine linear term ¢ encodes the abstract value a. This is
a generalization of what normally happens in realizability models, where IF4 is a binary
relation between realizers and denotations.

Example 4.2.

e The realizability set N, over {z} of tally natural numbers (“of size at most 2”) is defined
by: |N,| =Nand n,tlFn, nif t = "n and n(z) > n;

e The realizability set W, over {z} of free terms of W (“of length at most 2”) is defined
by: |Wy| =W and n,t Ibw, w if t = "w™ and n(z) > |w|.

These realizability sets N, and W, turn out to be retracts of the denotations of the epony-
mous BLL formulas from Section 2.8l

Definition 4.3 (Positive and Negative Variables). Let A be a realizability set over X. We
say that € X is positive (negative, respectively) in A, if for all n,u € V(X),t € Ay, a € |A|
where 7 and p agree on X \ {z} and n(z) < u(x) (n(x) > p(zx), respectively), n,t k4 a
implies u,t k4 a.

We notice that x is positive in N, and W,. Indeed, if e.g. 7,% IFn, n and n(z) < u(x),
then u(x) > n(z) > n and p,t IFn, n by definition.

Realizability sets can be thought of as the object of a category whose arrows are func-
tions, themselves realized by affine linear terms, one for every possible valuation of the
underlying resource variables:
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Definition 4.4 (Morphisms). Let A, B be realizability sets over some set X. A morphism

from A to B is a function f : |A| — |B| satisfying the following conditions:

e there exist a function e : V(X) — A,, an algorithm A and a resource polynomial ¢ such
that for every n € V(X), A computes e(n) in time bounded by ¢(n);

e for each n € V(X), t € Ay, a € |A|, we have

n,tlk4 a implies n,e(n)t kg f(a).

In this case we say that e witnesses f and write A —>£ B where in the notation the algorithm
A computing e is presumed to exist.

Noticeably, morphisms compose.

The following definitions summarises the interpretation of formulas according to [10].
First of all, multiplicative connectives ® and —o correspond to constructions on realizability
sets:

Definition 4.5 (Multiplicatives). Let A, B be realizability sets over X. Then the following

are realizability sets over X:

e A® B as given by |[A® B| = |A| x |B| and n,t IFagp (a,b) iff t = u®v, where n,ulk4 a
and n,v IFp b.

e A —o Bisgiven by |A — B| = |A| = |B| and n,t IF4_p f iff whenever n,u IF4 a it holds
that n,tulFp f(a).

Another logical connective needs to be justified, namely the exponential modality:

Definition 4.6 (Modality). If C is a realizability set over X U {z} and p € P(X) then a
realizability set !;-,C over X is defined by |l;<,C| = |C| and n,t IF,_ ¢ a if

cx<p
o t = Q) ti for some family (£;)i<p(n);
e n[z — i],t; k¢ a for each i < p(n).

Lastly, a semantical counterpart of second order universal quantification must be de-
fined. The following are essential preliminary definitions.

Definition 4.7 (Second Order Environments). Let X be a set of resource variables. A
second-order environment over X is a partial function p which assigns to a second-order
variable « of arity n a pair (I, C) such that:

e [ =(y1,...,yn) is an n-tuple of pairwise different resource variables not occurring in X;
e (C is a realizability set over X U {yi,...,y,} in which the y; are positive.

For a second-order environment p we write |p| for the mapping o — |C| when p(a) = (I, C).
If 0 : X — Y is a substitution and p is a second-order environment over Y we define a
second-order environment p[o| over X by p[o]|(a) = (I, Clo]) when p(a) = (I,C). We assume
here that the variables in [ are not contained in Y. Otherwise, the substitution cannot be
defined.

Using these semantic constructions one defines for each formula A with free resource
variables contained in X and second-order environment p over X, a realizability set [[A]]f
over X in such a way that |[[A]]§| = [A]},| (where |p| is the assignment of sets to atoms
obtained from p in the obvious way), that is to say, the underlying set of the realizability
set interpreting a formula A coincides with the set-theoretic meaning of A (see Section [3):

[[a(plv‘” 7pn)]]§ = C[O’],
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where p(a) = ((y1,---,Yn),C) and o(y;) = pi;

[A®B]7 = [Al7 ® [B]F;
[A— B]; = [Alf — [BIF;

oA = (MeaulAlpiiancy Fvaals)

where 7, t Il—[[va_A]]g fiff n,t ”_[[A]]f[ | feo for all (1,C);

a—(1,C)
[tecrA ]l =ocr[ AL, .

where &, : X U {x} — X is the substitution mapping any variable in X into the same
variable as an element of P(X U {z}).

The main result of [I0] then asserts that if 7 is a proof (in BLL) of a sequent I' - B
then the function [7]), is a morphism from [[F]]f to [[B]]f (where we interpret a context
I' as a ®-product over its components as usual). From this, polynomial time soundness is a
direct corollary since polynomial time computability is built into the notion of a morphism.

It thus only remains to extend the realizability model to cover the constructs of QBAL
which we do in the next section.

4.2. Extending the Realizability Model to QBAL. The notion of a realizability set
above is adequate to model formulas of QBAL. The notion of a morphism, however, should
be slightly generalized in order to capture constraints:

Definition 4.8 (¢-Morphisms). Let A, B be realizability sets over some set X and € a
constraint set over X. A function f : |A] — |B| is a ¥-morphism from A to B iff the
following conditions hold:

e there exist a function e : Vg (X) — A, and an algorithm A such that A computes e(n)
from 7 in time bounded by ¢(n) for some resource polynomial g;
e for each n € Vy(X), t € Ay, a € |A|, we have that n,t I-4 a implies n,e(n)t IFp f(a).

In order to define realizability sets V7:4.A and J7:%".A, we fix some encoding of environ-
ments 7 as affine lambda terms using the -7 encoding of natural numbers. As an example,
the environment 7 on {zo,...,7,-1} could be encoded as &),_,,"n(x;)"; this clearly relies
on a total order on resource variables. We do not notationally distinguish environments
from their encodings.

Definition 4.9 (First-order Quantification). Let X,Y be disjoint sets of variables. Let
A be a realizability set over X UY and ¥ a constraint set over X UY where we put
Y ={y1,...,yn} and 5 = (y1,...,yn). Furthermore, for each i =1,...,n let p; € P(X) be
such that ¢ = {y < p}.

o V7€ Al = |Ty:F Al = |A|,

o N tlhygpaa <= YueV(Y)nUu € Ve = nUp, tul-4 a.

o N u®@tlraggaa <= peVY)AnUu e Vg AnUu,tiFaa

Recall that Vy:%".A and J3:%". A are well-formed only if there are resource polynomials
p such that ¢ =y < p. Therefore, the set {u | nUu € Vi } is finite and in fact computable
in polynomial time from 7. Indeed, its cardinality at most

Hpi(n),
i=1
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and the size of any of its elements is at most
n
nl + T pi(n).
i=1

We are now able to prove the main result of this Section:

Theorem 4.10. Let w be a proof of a sequent I' -4 B and p a mapping of atoms to
realizability sets. Then [7]), is a € -morphism from [[F]]f to [[B]]?.

Proof. The proof is by induction on derivations. We only show the cases that differ signifi-
cantly from the development in [10].

Case P,. For simplicity, suppose that n = 1, ¢ = p and A; = A. The induction hypothesis
shows that [7], is a €-morphism from [[A]]f to [[B]]f witnessed by e. As in the proof of
the main result in [I0], we define

din) =\ ® x;. ® e(nlx — i])x;.
i<p(n)  i<p(n)

Now, if € Vg, then n[z — i| € Vi whenever i < p(n) by the side condition from rule P.
We obtain that [7] is a Z-morphism from [[!1‘<PA]]§ to [[!1‘<PB]]§ witnessed by d.

The remaining cases are the four rules for first order quantifiers. In each case, we assume
by the induction hypothesis that [7] is a morphism realizing the premise of the rule and
let e be its witness. We have to show that [7] is a morphism realizing the conclusion of
the rule. Note that the set-theoretic meaning of a proof does not change upon application
of any of the quantifier rules.

Case Ry,. Suppose that n € V¢ and n,t, |I—[[F]]§ ~. Now suppose nU i € Vg. By the

induction hypothesis nUpu, e(nUpu)t, II—[[A]]B [7](y). We thus define d by d(n) = u where
P

u € A, is such that utp = e(n U p)t whenever n U u € V. Recall that for a given 7 there
are only ¢(n) such p (for a fixed resource polynomial ¢), so that ¢ can be constructed as a
big case distinction over all those p. It is then clear that d is polynomial time computable
and realizes the conclusion of the rule.

Case Ly,. Assume 1 € V¢ and n,t, ”_[[F]],lj ~ and 7, t, |I—[[W:@.A]]§ a. Define p1,, € V(X) by
pn(x;) = pi(n) so that nU u,) € Vg by the side condition to the rule. Now, nUp,, tapy, k4 a
by Definition .91 Hence, 1, oty IFagp/zy a- By the induction hypothesis, e(n)(t, ®t.u,) IFo
[7]1(y,a), so d(n) = Axy ® x4.€(n)(2y @ x4(1y)) does the job. The remaining two cases are
essentially dual to the previous two. We merely define the witnesses.

Case Ra,. Define 11(n) as in Ly,. We can then put d(n) = At,.u(n) @ e(n)t,.

Case L. We define d(n) to be such that d(n)t,(u ®t) = e(n U p)t,t. This is possible by
hard-wiring separate cases for each of the polynomially in 7 many p like in case Ry,. [

Corollary 4.11. Every function on word algebras representable in QBAL is polynomial
time computable.

5. ON COMPOSITIONAL EMBEDDINGS

In this Section, we justify our emphasis on compositional embeddings. An embedding of
a logical system or programming language L into QBAL is a function (-) from the space of
proofs (or programs) of L into the space of proofs for QBAL. Clearly, for an embedding to
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be relevant from a computational point of view, any proof 7 of L should be mapped to an
equivalent proof (), e.g., [[<7T>H = [7]. The existence of an embedding of L into QBAL
implicitly proves that QBAL is extensionally at least as powerful as L. Such an embedding
(-) is not necessarily computable nor natural. But whenever L is a sound and complete
ICC characterization of polynomial time, a large class of proofs or programs of L can be
mapped to QBAL, since the classes of definable first order functions are exactly the same in
L and QBAL. Indeed, QBAL is both extensionally sound (see Section []) and extensionally
complete (since BLL can be compositionally embedded into it).

Typically, one would like to go beyond extensionality and prove that QBAL is inten-
sionally as powerful as L. And if this is the goal, (-) should be easily computable. Ideally,
we would like (-) to act homeomorphically on the space of proofs of L. In other words,
whenever a proof 7 of L is obtained applying a proof-forming rule R to pi,...,pn, then
(m) should be obtainable from (p1),...,(pn) in a uniform way, i.e., dependently on R but
independently on (p1), ..., (pn). An embedding satisfying the above constraint is said to be
strongly compositional. The embeddings we will present in the following two sections are
only weakly compositional: [(7)] can be uniformly built from [{p1)],. .., [{pn)] Whenever 7 is
obtained applying R to p1, ..., pn. We believe that the existence of a weakly compositional
embedding of L into QBAL is sufficient to guarantee that QBAL is intensionally as powerful
as L because, as we pointed out in Section 2.5 [r] can be thought as the program hidden
in the proof .

6. EMBEDDING LFPL

LFPL is a calculus for non-size-increasing computation introduced by the second author [9].
It allows to capture natural algorithms computing functions such that the size of the result
is smaller or equal to the size of the arguments. This way, polynomial time soundness is
guaranteed despite the possibility of arbitrarily nested recursive definitions.

We here show that a core subset of LFPL can be compositionally embedded into QBAL.
LFPL types are generated by the following grammar:

A:=0o|N|A®A|A— A.

Rules for LFPL in natural-deduction style are in Figure Bl We omit terms, since the com-
putational content of type derivations is implicit in their skeleton. The set-theoretic se-

Axiom, Base Types and Weakening
a4 snrwS TRea T npralV
Multiplicative Rules
IArB PFA—oB AFA L
'rA—oB "™ I''A+B ﬂ’
'rA AFRB ''HrA®B AJABEC
T,ArA@B @ T,AFC Ee

Figure 3: LFPL

mantics [A] of an LFPL formula A can be defined very easily: [o] = [lecc C = C,
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IN] = [Teey(C = C) = (C = C), while the operators ® and —o are interpreted as
usual. Notice that the interpretation of an LFPL formula does not depend on any en-
vironment p. This way, any LFPL proof 7 : Ai,...,A, F B can be given a semantics
[7] : [[Al ®...Q An]] — [B], itself independent on any p. For example, rule T corre-
sponds to iteration, while rule £E_, corresponds to function application.

LFPL types can be translated to QBAL formulas in the following way:

() = Fe:{l <p}Vaa—oa
(N)p = Ny

(A B)] = 3(z,y) {z+y < ph(A)l e (B)]
(A= BY = V(z): {z+p<qhiA)— (B)L,,
Please observe that the interpretation of any LFPL formulas is parametrized by two resource
polynomials p and ¢. If a variable x occurs in p, but not in ¢, then = occurs only positively

in (A)}: this can be proved by an easy induction on the structure of A.
The correspondence scales from types to proofs:

Theorem 6.1. LFPL can be embedded into QBAL. In other words, for every LFPL proof
w: Ay, ..., Ay b B, there exists a QBAL proof

< > <A1>x17 SRR <An>gn F{ZZ x;<b,1<b} <B>b2:2 ;i
such that [7] = [[<7T>H

Proof. As expected, the proof goes by induction on 7.
e If the only rule in 7 is A, then (r) is simply the axiom

A
(A Frocniz<oy (A)S
e If the only rule in 7 is S, then (7) is

E (N)Z F faty<b,1<b, 1<z} <N>g+y
Va.a —o «, (N>Z F {ety<b,1<b,1<z} <N>?c+y

Lﬂm
<<>>I§m <N>Z "{x+ygb,1gb} (N>I$+y

w

where o : <N>Z H <N>Z 41 1s the QBAL proof for the successor on natural numbers inherited
from BLL and p is obtained by first strengthening o into a proof of <N>Z F {ety<b,1<b,1<a}
(N)Z +1 (by Proposition [Z.13) and then applying to it Proposition .14} after observing
that (N)} 1 Ciapy<picsica) (N)jo-

e If the last rule in 7 is W and the immediate premise of 7 is p, then (7) is

g: <F>% "{Zi z;+y<b,1<b} <B>bzl xi+y

(D)3, (A)) Fissy wiry<bizny (B 4oty

where o can be obtained from (p) by Proposition 2.I3] and Proposition 214, because
[Siwi+y<b1<b}E{Dm<b1<bband (B C(BL .
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e If the last rule in 7 is E_, and the immediate premises of 7 are p and o, then () is

0:(I)e b, et s, vi<bia<py (A —o B>bz‘l z;

LchvA:U
(D)% b et s wisbasey (A5, — (B o sy, EHAN F (s mit s visba<oy (A,
Lo, AU

D)2 AV (5, w3, misba<e) (B oiis

where 6 and £ can be obtained from (p) and (o), respectively, by applying Proposi-
tion 2131

e If the last rule in 7 is I, and the immediate premise of 7 is p, then () is

o (D)5, (A Frs, mi<o s, mity<ba<sy (BYS sy

b —0

<F>% l_{zl wigb72i z;+y<b,1<b} <A>Z - <B>ZZ Tty

Vx
<F>% "{Zi x;<b,1<b} (A —o B>bzl o

where o can be obtained from (p) by applying Proposition 2.3l
e If the last rule in 7 is Iy and the immediate premises of m are p and o, then (7) is

0: <F>% F{Zi z;<b,3>"; y;<b,1<b} <A>b21:cz §: <A>% l_{Zi 2i<b,37; yi<b,1<b} <B>bzz Yi

R,
(D)% (A)g (s, ot wisbi<oy (A L @ (B)%

Jx
(D)% (A)g i, wisb S sba<ny (A® B s

where 6 and £ can be obtained from (p) and (o), respectively, by Proposition 2131
e If the last rule in 7 is Eg and the immediate premises of m are p and o, then (r) is

£ <F>%: <A>ll)uv <B>2 }_{Ei zi+3; ¥i <b,1<b,w+2<37; vi} <C>b21 Ti+22; Yi

®
<F>%7 <A>Z} X <B>lz7 }_{Zi zi+20; ¥i <b,1<bw+2<37, vi} <C>bzl i+, Yi

Jx

0 D2 (A®B)S, y, Fis, it s vi<bi<or (O0F, vty

(D), (A F i, wiv s, wizvazey (O)5, miis, v,
where £ can be obtained from (p) by Proposition 213 and Proposition 214 and
01 (A)g iy, ey, wi<ba<n) (A® B

can be obtained from (o) by Proposition 213l
e If the last rule in 7 is T and the immediate premises of 7 are p and o, then () is

0 yt1<n1<b) (@)} 0: () Fiyt1<p1<p) (A —0 A}

Fyt1<bi<oy (A — A

b b LVx7 A7 U
Fry+1<i<ey (A)y — (A1
|

"{xgb,1gb}!y<:c(<A>Z - <A>Z+1) ' £ :'_{ocgb,lgb} <A>8 W?

(N)S Fe<pa<sy (A)S
where 0 and & can be obtained from (p) and (o), respectively, by Proposition 213l and o
can be easily built.

This concludes the proof. U]

U
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Proposition 6.2. The correspondence (-) is weakly compositional.

Proof. A quick inspection on the proof of Theorem shows that (m) cannot be obtained
uniformly from (p1),...,{p1) (where p1,..., p, are the immediate sub-proofs of 7), because
results like Proposition [ZI3] or Proposition 2I4] are often applied to (p1), ..., (p,) before
they are plugged together (in a uniform way) to obtain (7). All the results in Section 2.6,
however, transform proofs to proofs preserving the underlying LJ proof. As a consequence
the embedding is weakly compositional. L]

One may ask whether such an embedding might work for BLL proper. We believe this
to be unlikely for several reasons. In particular, it seems that BLL lacks a mechanism for
turning the information about the size of the manipulated objects from being global to
being local. In QBAL, this role is played by first order quantifiers. As an example, consider
the split function for lists of natural numbers that splits a list into two lists, one containing
the even entries and one containing the odd entries. The type of that function in LFPL is
L(N) — L(N) ® L(N) where L(-) denotes the type of lists that we have elided from our
formal treatment for the sake of simplicity. In QBAL this function gets the type

L,(Ny) — 3(u,v) : {u+v < 2} .L,(Ny) ® L,(Ny).

The only conceivable BLL formula for this function is L,(N,) — L;(N,) ® L;(N,). In
LFPL and in QBAL we can compose the split function with “append” yielding a function
of type L;(N,) —o L, (IN,) that can be iterated. In BLL this composition receives the type
L,(N,) — Lo;(N,) which of course is not allowed in an iteration. But a hypothetical com-
positional embedding of LFPL into BLL would have to be able to mimic this construction.

7. EMBEDDING RRW

Ramified recurrence on words (RRW) is a function algebra extensionally corresponding to
polynomial time functions introduced by Leivant in the early nineties [13]. Bellantoni and
Cook’s algebra BC can be easily embedded into RRW.

Let W be a word algebra, let c%;v, ..., ¢y be the unary constructors of W and let ey be
the only O-ary constructor of W. id denotes the identity function on W. If m is a natural
number and 1 < ¢ < m, 7" denotes the i-th projection on m arguments in W. Given a
n-ary function g on W and n m-ary functions fi,..., f, on W, we can define the m-ary
composition of g and f1,..., fn, denoted comp(g, f1,..., fn), as follows:

comp(g, f1,- - fa) (1, tm) = g(f1(tr, - tm)s o ooy fultrs oo tm).

Given an n-ary function f., on W and n+ 2-ary functions fc%w sy Jew on W, we can define
an n + l-ary function g, denoted rec(fe.1,..., few, fey,), by primitive recursion as follows:
g(tlv v 7tn,5W) = ff:‘w(tlv v 7tn)
g(tb s 7tn7c%f\y(t)) = fc%v(tlv s 7tnvg(t17 s 7tn7t)7t)
Given an n-ary function f., on W and n+ 1-ary functions fc%w sy Jew on W, we can define
an n + l-ary function g, denoted cond(f,1,..., few, fey ), as a conditional as follows:
g(tlv"'vtTngW) = fEW(tlv"'vtn)

gltis o tn (1)) = fo (1ot )
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We can generate functions starting from id, 7}, ew and cw by freely applying composition,
primitive recursion and conditional.

Not every function obtained this way is in RRW: indeed, they correspond to primitive
recursive functions on W. In Figure Ml a formal system for judgements in the form F
fo Wi x .o x Win — W (where iy, ...,4,,i are natural numbers) is defined. If such
a judgement can be derived from the rules in Figure [, then f is said to be an RRW
function (the definition of RRW given here is slightly different but essentially equivalent
to the original one [13]). Leivant [13] proved that RRW functions are exactly the polytime
computable functions on W. But RRW can be compositionally embedded into QBAL, at
least in a weak sense. Before embarking in the proof of that, however, we need a preliminary

Ji=7J
"IdWl—)Wl I—EWWZ FCWWZ—)WZ FW:nWﬁXXWJm—)W]

Fg:Wix ... x Wn — W

Vke{l,,W}l_kajlxXWJ77L_>WZk
l_comp(gvfla"'yfn):wjl X .. Wim — Wi
Vke{lV"?w}"_fc@V:WilX---XWi7LXWiXWj—>Wi
Fofo: Wi x .o x Win — W

l—rec( c\l)vw--afc%“;\{/;faw)IWil X .ox Win x WI s W
Vke{lw"vw}"_fc{gv:wilX--.XWi”XWj—)Wi

Ffo: W x .o x Win — W
--afc\gg,,fgw):Wil X ..ox Win x Wi — W

i<

F cond(f.

1.,.
W’

Figure 4: RRW as a formal system.

result.

Lemma 7.1 (Contraction Lemma). Every word algebra is duplicable, i.e., for every word
algebra W there is a proof mw of W, F W, @ W, such that [rw](z) = (z, ).
Proof. For simplicity, consider the algebra N of natural numbers. The proof we are looking
for is the following;:
o:NyFNyr1 o:Nyk Ny R, Lo, B
FNy®Ny —<Ny11 @ Nyt p:=No p:+Ng B
Flyca(Ny @ Ny — Nyy1 ® Nyp1) - No ® No gy e®Ne
N, - N, ® N,

U
where o are p are the proofs corresponding to 0 and the successor coming from BLL. This
concludes the proof. O

The following is the main result of this section:

Theorem 7.2. RRW can be embedded into QBAL. Suppose, in other words, that
Tk foWE X x Wi WE
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and that i < ij,,...,1j,,, while i = iy, ..., ig,. Then, there exist a QBAL proof m and a
resource polynomial q such that

(m) : Wap, ..., Wy, "{xklgx,...,xkhgx} Wq(mjl,...,xjm)ﬂ-
where (I Yw)o [7] oow = f.
Proof. By induction on the proof of
FfWi x . x Win — W
Some interesting cases:
e Consider the identity function id. Clearly:
Wa, Fizi<ay We
e Suppose f = comp(g, fi1,-..., fn) and
Fg: Wi x . xWin o5 W fc WOt x L x Wim — Wik
Fcomp(g, f1,. - fn) : Wit x ... Wim — W¢

We partition the sequence i1, ...,1, into three sequences containing elements which are
equal to i, strictly greater than ¢ and strictly smaller than i, respectively:

Zkl,...,Zkh
Lupy ey lu,
Lapy -y lay

Clearly, n = h + v + b. Similarly for the sequence ji, ..., jm:

Jtrs-esJte

jclu s 7jcl

jZ17 s 7jzd
Again, m = e +d + (. By induction hypothesis, there are proofs mg, 7y,,..., 7y, with the
appropriate conclusions. Now, consider the proofs Tfyysee s Tfy, - they are the ones such
that ¢ = iy,,...,iy,. By Proposition 214} we can assume that their conclusion is exactly
the same, i.e., the polynomials 7,,..., 7, in the rhs are indeed the same polynomial 7.

In other words, we have proofs

pfkl : WSEl’ e 7me l_xtlng"'vxtegx qul (‘rlr"’xm’w)

Pry  Waroo o Wa bay <o g <o W

9kp, (:cl,...,xm,x)

where g, (z1,...,2m,x) = r(zs,...,2,,) + = for each o. The proofs Ty see-sTf,, are
the ones such that ¢ < 4,,,...,4,,. Observe that x;,,...,2z; do not appear in the right
hand side of their conclusions. By Proposition 2.15] and Proposition 213l we can obtain
proofs:

pful : W:cla v 7W:cm Fxtlgx,...,xtegx unl (2140 yTm,x)

pfuu : le’ et 7me |_CCt1 va"'vxte <z unv (fEl,...,(Em,ZB)
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where qy,, ..., qu, only depend on z,,...,x,,. Similarly, we can obtain proofs
Pfag -+ Wo,... . Wa, Fxtlﬁx,---,xteﬁx W

qay (xly"'vmmvm)

pfab : le, v ,me Fxt1§x7,,,7xt€§x W

qab ("E17"'7:Bm7w)

corresponding to 7y, ... ST fay - Consider the proof m,. By induction hypothesis it is a
proof of
W’y17 e 7Wyn '_ykl Sy7~~~7ykh <y Wp(yulv--'vyuv)+y
Now, define a substitution mapping y; to ¢;(z1,...,2m,x) and y to r(z;,,...,2;,) + .
By Proposition 2.15], we can obtain a proof
Wq1(5517---,1'm71')’ tee ’WQ7L(1'17---755WL755) |_<g WS(yul,---,yuU)-i-y
where
C={qr, (x1,.. .. Tm, @) <T(Tz,. ., 22,) F 2, qr, (T, T, ) S (22, .., 2,) F 2}

But ¢ is always true, and as a consequence
{zy, <z,...,04, <z} EF.
By Proposition 2.13], we can obtain a proof
Py Wai(ar,mma)r > Wan(ar,zme) e <o,z <o Ws(a,, o) +e

Plugging the obtained proofs and remembering that base types are duplicable, we can
construct a proof corresponding to f = comp(g, f1,.-., fn):

Pg Pfi - Pfa
Warooo s Way Fay <onare<e Wpas,,zs )+
e Suppose f = rec(fc%w, covs few, fey,) and
I—fC@V:W“ XX Win x Wi x Wi — WE F fo Wi x .o x Win - W 4 < j
Frec(fer oo Jetgs o)t WX Lo X Wi X W — WY

By induction hypothesis, there are proofs 7. and ﬁl)v, ..., Ty with the appropriate con-
clusions. By Proposition 2.14] we can assume that:

Tt Wap o Wa ke Wo o o)

™o lea cee 7W£B7L+2 F%U{xwrlg:c} Wq(le,...,xj7n,xn+2)+x
Tw @ Wgp,... 7W£B7L+2 F%’U{xwrl <z} Vvq(gvj1 s s 1 Tnt2)+T
where ¢ = {zy, < z,...,x, < x} and ¢ is a fixed resource polynomial. Applying the

substitution p defined as
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to 71, ..., Tw and by using Proposition [2.14], we obtain
P11t pr cee 7Wxn7W(y+1)q(mjl s Y) T Wy Fa W(y+2)q(xj1 yeesLj Y+ 1)+

Pw le, s 7WxnvW(y—i—l)q(xh,...,xjm,y)—i-m Wy Fa W(y+2)
where 7 = %[O’] U {(y+ 1)Q(xj17 <o 7xjm7y) +r < (y+ 1)Q(xj17 o T Y 1) +‘T} Now,
notice that

always holds because ¢ is monotone. Moreover, ¢ = ¢’[o]. By Proposition 213 we can
then replace Z with € in p; ..., py. For simplicity, we use the following abbreviations:

A= Wy ®...0W,,
B = le —0...—o° Wxn —o (A &® W(y—i—l)q(:cjl,...,xj7,L,y)+x (= Wy)
A = W,,....W,,

Now, from 7. and from a proof corresponding to ey (with conclusion 4 Wy), we con-
struct o, as follows:

Q(le yee s Lgm, ,y+1)+f£

Wy b Way -0 Wo, b Wa,, et Abg Woa, ey, 0042 Fe Wo
Rg
AAFg A® Wq(;cjl s g 0) T ® Wy
Lemma [7Z.1]
Alg AQ W, .aj, 0)+a ® Wo
R_,

Fe Bly + 0]

where we have used several times Lemma [ZJl Similarly, from p; and from a proof
corresponding to cjy (with conclusion Wy, ¢ W1 1), we construct o; as follows:

A Fe A Pit Avw(y+1)q(zj1,.4.,zjm,y)+cmwy Fe W(y+2)q(cvj1 ,,,,, Ty, Y +1)+e Wy Fe Wy+1

Rg

A, W(y+1)q(zj1 e T s Y) T Wyv Wy7 A Fe A® W(y+2)q(zj1 e @ sy +1) ® Wy+1
Lg,Lemmal[71]

B,AJAbg AR W(y+2)q(zh

,,,,, g vtz © Wy

Lemma [T1]
R

B,Ate AQW (y19)q(x), .....wj, wt)+e @ Wytl

Fe B — Bly <y +1]

where, again, we have used several times Lemma [ Il And now we are ready to iterate
over the step functions:

O: 01 ... Ow

L, AU A, Rg, L—
W:vn+1 e B[y — :B7L+1} A, B[y — :B7L+1] Fe W(cvn+1+1)q(zj1 s T T 1) T

AWz, Fe W (e i14Da(@sy ooy @ni)+a
e Suppose f = cond(fc%w, ooy Jaw, feyy) and
F foy t Wil x X Win x WI — W f: W x .o x Win — W
- Cond(fc\gwa--',fcw,few) S x L x Win x W s W

We can distinguish three subcases:
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e If i < j, there are proofs m. and T%;V, ..., my with the appropriate conclusions. By
Proposition .14l we can assume that:

Te t Wapo o W e Wi o
ot Way o Wa  Fe W

q(gvj1 yeer i sTnt1)+T

Tw + Wa,ooo, Wy Fe W

AUTjy 5es T T 1) T
where € = {zy, <z,...,z, <z}. Applying the substitution z,1; — y to m1,...,my,
and by using Proposition 2.14] and Proposition 2.13] we obtain

Pt Wa o W Wb W o,

Po = Wayp,oo o, We, Wy bg Woe o yt1)+a
For simplicity, wee use the following abbreviations:
A = W, ®...0W,,
B = W, —o...oW, —(A® WQ(Ijl,-n,%‘m,yHr ® W,)
A = Wy,...., W,

Now, from 7. and from a proof corresponding to ey (with conclusion F4 Wj), we
construct o, as follows:

Wzl Fe Wl‘l o We, b We, et Abg Wq(:vjl ,,,,, T, 1)+ Fe Wo
Rg
AAFg A® Wq(:vjl s Ty s 1) T ® Wy
Lemma [7T1]
Alg A® Wq(zjl yeeor @ 1)+ ® Wo
R,

Fe Bly « 0]

Similarly, from p; and from a proof corresponding to cf, (with conclusion W, F¢
W, +1), we construct o; as follows:

Abe A pi: AWyke Woe ey wt+e Wy Fe Wyt

Rg, W

AW (s )t D Wy, Wy b AQ W, o yi1)+e @ Wyt
Lo, AU

B,AJAb4 A® Wq(wjl s Zjo syt 1)+ ® Wy+1
B,A Fe A® Wq(zjl,m,zj-m,y+1)+z ® Wy+1

Lemma [Z]]
R,

Fe B — Bly « y + 1]

And now we are ready to iterate over the step functions:

Oz 01 ... Oy I AU
Wo, o be Bly<xpp1] =~ 7777 ABly < app1] Fe W

AW,  FeW

Q(le s Ljm ,Z‘n+1)+$

U

q(le yeesLgom 7:E7L+1)+-'E
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e If ¢ = j, there are proofs 7. and T%;V, ..., my with the appropriate conclusions.

Proposition .14l we can assume that:
Te @ Wg,...,Wy F¢ W
Tt pr e 7Wxn+1 kg Wq(mjl,...,gcjm)+m

Q(wjl oL jm 70)+"E

Tw © Waro o Wa o bo W oy,

29

where ¢ = {z, < z,...,x, <z}and Z = €U{x,41 < x}. Applying the substitution

Tpi1 > Y to T, ..., T and by using Proposition 215 we obtain
P11 Wml,. .. ,Wmn,Wy |—g Wq(

Tjq 77me)+x

Po = Wayp,ooo , We, Wy ke Wo o ta
where & = ¢ U {y < x} For simplicity, we use the following abbreviations:
A = W, ®...0W,,
B = W, —o...—oW, —(A® Wi, oz )ta ® W,)
A = W, ... W,

Now, from 7. and from a proof corresponding to ew (with conclusion g Wy), we

construct o, as follows:

Way be Way -0 Wo, Fe Wa,, e AFe Woe, o )+a Te Wo
Rg
AAFe AWz, ey, )+ @ Wo
Lemma [Z.1]
Albg A® Wq(;cjl s T jn )T ® Wy
R,

Fe Bly « 0]

Similarly, from p; and from a proof corresponding to c%;y (with conclusion Wy, kg

W,11), we construct o; as follows:

A Féf A Pi :Ava '7(5’ Wq(zjl,.“,zjm)ﬁ»z Wy '7(5’ Wy+1

Rg
A, Wq(:vjl ,,,,, T )+z:wy7 Wyv Alg A® Wq(zjl yeer T )T ® Wy+1
Lemma [T.1]
B,AJAFg A® Wq(zjl yeer @i )T ® Wy+1
Lemma [T1]
87 A '_5 A® Vvq(acj1 s T )T ® Wy+1
R,
Fe B— Bly < y+1]
And now we are ready to iterate over the step functions:
0i kg B— Bly + y+1]
oc kg B[y<_0] F@!y<wn+1(B*°B[y(_y+1D
Wzn+1 Fo B[y — x7l+1] A7B[y — "En+l} Fo Wq(zjl,m,zjm)«‘ﬁ:v

U

AW, FoW

LICTIRIRNE FAPE

e If i > j, the proof is similar to the case i < j.

Observe how, in all the three cases, the proof corresponding to f is structurally the same.

This concludes the proof.

[



30 U. DAL LAGO AND M. HOFMANN

Quite interestingly, the proof of Theorem is very similar in structure to the proof of
polynomial time soundness for BC given in [3], which is based on the following observation:
the size of the output of a BC function is bounded by a polynomial on the sizes of normal
arguments plus the maximum of sizes of safe arguments. This cannot be formalized in BLL,
because the resource polynomials do not include any function computing the maximum of
its arguments. On the other hand, this can be captured in QBAL by way of constraints.

Proposition 7.3. The correspondence (-) is weakly compositional.

Proof. The proof is essentially identical to the one of Proposition L]

8. CONCLUSIONS

We presented QBAL, a new ICC system embedding two distinct and unrelated systems
for impredicative recursion in the sense of [§], namely ramified recurrence and non-size
increasing computation. QBAL allows to overcome the main weakness of BLL, namely
that all resource variables are global. In the authors’ view, this constitutes the first step
towards unifying ICC systems into a single framework. The next step consists in defining
an embedding of light linear logic into QBAL and the authors are currently investigating
on that.
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