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Abstract

Superdeduction is a formalism inspired from deduction
modulo which permits to enrich a first-order deduction
system—such as natural deduction or sequent calculus—
with new inference rules automatically computed from the
presentation of a theory. We give a natural encoding from
every Pure Type System (PTS) into superdeduction by defin-
ing an appropriate first-order theory. We prove that this
translation is correct and conservative, showing a corre-
spondence between valid typing judgment in the PTS and
provable sequents in superdeduction.

As a byproduct, we also introduce the superdeductive se-
quent calculus for intuitionistic logic, which was until now
only defined for classical logic. We show its equivalence
with the superdeductive natural deduction. We also prove
that for a large class of theories, the newly created rules
suffice to shows all results related to the theory only.

These results leads to a better understanding of the im-
plementation and the automation of proof search for PTS,
as well as to more cooperation between proof assistants.

1. Introduction

According to Pfenning [20], a logical framework is a
meta-language for the specification of deductive systems.
The most famous one is the Edinburgh Logical Framework
introduced in [17], which is based on a A-calculus with de-
pendent types which is known as AP or AIl. Many sys-
tems, such as first-order natural deduction, simply typed A-
calculus, sundry presentations of modal logics, etc. can be
represented in it.

Most existing interactive theorem provers are based on
the logical framework approach, either explicitly as in Is-
abelle (http://isabelle.in.tum.de/) or implicitly in
proof assistants based on extensions of AIl, such as Coq
(http://cog.inria.fr/). These extensions are instances
of what are called Pure Type Systems (PTS), which are
generic typing systems for A-calculi with dependent types.

Superdeduction consists quite in the inverse approach

to logical frameworks: from the presentation of a theory
is computed a deductive system which is well adapted to
search for proofs in this theory. For instance, from the intu-
itive definition of the inclusionA C B=Vx.x€ A=x€ B
are computed the rules

IxeAFxeB o o TFACB I'HFteA

cdf ;
=I F"AQB freein[ =E C'~t€B

in supernatural deduction modulo, the superdeductive sys-
tem based on natural deduction.

The origins of superdeduction are to be found in deduc-
tion modulo [13]. Deduction modulo was originally thought
of as a way to make computation and deduction easily co-
operate in proofs. This is done by modeling the computa-
tions through a congruence between propositions, and by
applying the inference rules of the deductive system we are
considering modulo this congruence. For the instance of the
inclusion above, this means that the following derivation is
valid in natural deduction modulo:

I'bxeA=x¢eB
'rracs

xnot free in I”
ACB=Vx.xeA=x€B

We can remark that above this derivation it is quite natural
to apply =;. This explains why the new rule Q}lf, where
this step is precomputed, is more adapted to build proofs in
the theory.

Notwithstanding, superdeduction and deduction modulo
can be seen as a logical framework. In particular, HOL was
presented in deduction modulo [12], and this is also possi-
ble in superdeduction, leading to new inference rules which
correspond exactly to the ones of HOL-A. This presenta-
tion is not only interesting for practical reasons, leading to
automated theorem proving procedures based on deduction
modulo, such as ENAR [13] or TaMed [6], and well adapted
for HOL. It also permits to get a first-order characterization
of HOL. Indeed, proving in the sequent calculus modulo,
or in supernatural deduction, is equivalent to proving in the
pure sequent calculus within a so called compatible (first-
order) theory (see [13, Proposition 1.8]).

An important issue in interactive theorem proving is the
abundance of proof assistants. Ideally, we would like to
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be able to use theories developed in a particular theorem
prover into another one, and thus to have translations be-
tween all the proof systems corresponding to the provers.
Another approach was proposed by Kirchner through Fel-
lowship [21]. This tool permits to translate proofs in the
first-order sequent calculus into proofs in PVS (http://
pws.csl.sri.com/), Coq (http://cog.inria.fr/) and
soon other provers. Recently, another step was performed
by Cousineau and Dowek [9] who proved that every Pure
Type System can be encoded in AIT modulo. Inversely
to Fellowship, this permits to translate proofs of the theo-
rem provers into proofs of AIT modulo, which can then be
checked by the tool Europa.

The question that naturally arises is why this encoding
is not performed in a first-order system (i.e. without [3-
conversion, which is a higher-order mechanism) such as for
instance the sequent calculus modulo, as was done for HOL.
This paper shows how it is possible. Then, using the equiva-
lence between proving in deduction modulo or superdeduc-
tion and proving using a compatible theory, this will give us
proofs in the first-order sequent calculus (without modulo),
which can be fed to Fellowship. Furthermore, this leads to
the automation of proof search in PTS, either through au-
tomated provers based on deduction modulo (TaMed and
ENAR), or, using the equivalence, through standard auto-
mated provers.

To encode the PTS, we define a first-order theory which
produces, in supernatural deduction, new inference rules
that are close to the typing rules of the PTS. In particu-
lar, in a PTS, there is a conversion rule that say that two [3-
convertible terms type the same terms. To simulate this in a
first-order setting, we will use some A-calculus with explicit
substitutions, such as for instance Ag [1]. As we do not want
that our work depends on a particular calculus, we use a
scheme of calculi, quite the same as Kesner [18] (who used
it to get a generic proof of confluence of such calculi). We
then prove that our translation is correct—valid typing judg-
ments of the PTS can be translated into provable sequents
in supernatural deduction—and conservative—provable se-
quents in supernatural deduction corresponds (modulo [3-
reduction) to valid typing judgments.

To prove the conservativeness, we need the fact that the
newly created rules are enough to prove everything related
to the first-order theory. To prove this, we define correspon-
dences between supernatural deduction and the superdeduc-
tive system for the intuitionistic sequent calculus. The so-
called super sequent calculus [8] being until now only in-
troduced for classical logic, we define it here. Because we
need as few permutation problems as possible for techni-
cal reasons, we do not base the intuitionistic super sequent
calculus on Gentzen sequent calculus for intuitionistic logic
LJ, but on the sequent calculus LB [22]. In addition to a bet-
ter comprehension of the properties of the supernatural de-

[Fellowship FO sequent calculus

[21]\

CiC) [PVS HOL)

[9] /

(Europa All-calculus modulo}

[Coq

This paper

Supernatural deduction

This paper

[Lemuridae Intuitionistic Super Sequent Calculus)

Figure 1. Complementarity of our work with
existing systems

duction as a logical framework, this also leads to the actual
use of its super sequent calculus counterpart in the theorem
prover based on superdeduction, Lemuride [8], in a proven
sound and correct way.

The contributions of this paper are summed up in fig-
ure 1. We show that every PTS can be encoded in a natural
way in supernatural deduction through the definition of a
first-order theory. We prove that this translation is correct
and conservative. This shows that superdeduction is expres-
sive enough to encode complicated deductive systems, and
can therefore be considered as a powerful logical frame-
work. We also prove an equivalence between supernatural
deduction and super sequent calculus, and this implies that
the new super rules are enough.

The next section presents the notions necessary to the
remaining of the paper, i.e. LB, PTS, and the scheme of cal-
culi with explicit substitutions. Section 3 introduces the two
systems of superdeduction, i.e. supernatural deduction and
super sequent calculus. The translation between is given,
as well as a theorem (Corollary 10) stating that the new in-
ference rules are enough to prove results related only to the
theory used to compute the rules, for a large class of theo-
ries. Section 4 defines the first-order theory used to encode
a PTS, and presents the supernatural deduction rules com-
puted from it. Their soundness and conservativeness is then
proved. Finally, section 5 presents some results following
from this encoding.
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2. Prerequisites

The reader is assumed to be familiar with the natu-
ral deduction NJ and the sequent calculi LJ and LK of
Gentzen [14], and to have basic notions on rewriting, as can
be found in [3], which notations we will use. We restrict
ourselves to intuitionistic first-order logic with only =, A
as connectors and V as quantifier. This is enough for the
remaining of the paper, but this could be generalized to full
intuitionistic first-order logic.

2.1. Intuitionistic sequent calculus

The standard sequent calculus for first-order intuition-
istic logic is the one introduced by Gentzen [14]. It is the
sequent calculus for first-order classical logic restricted
to sequents with at most one formula in the right part.
Unfortunately, this calculus permits too few permutations
between inference rules, and therefore the super sequent
calculus based on it would be incomplete even for simple
theories. We will therefore use another sequent calculus, LB
[22], which is based on a tableau method for intuitionistic
logic and allows more permutations. The inference rules
for LB are the following:

Axiom ———— CLAFA THAA
F7A|_A7A Cut A

_LIABFA THAA  TFBA

LT, ANBFA R TTANBA

[LBEA  TEAA T.AlB

= L LAFB

A= BFA I'FA=B,A
CU/ARA | TEA

Lm VR Ve AA xnot free in T

Note how, on = and Vg, A is discarded in the above
sequent. This is why this sequent calculus corresponds to
intuitionistic logic. Axiom and Cut are called identity rules,
the others logical rules.

2.2. Pure Type Systems

PTS are typing systems for the A-calculus with depen-
dent type. In particular, the simply-typed A-calculus, AIl,
and the calculus of constructions (in fact, the whole A-cube),
AHOL, can be considered as PTS. We refer to [4]

Definition 1 (Pure Type Systems). A PTS is defined by

three data: a set S of sorts, a relation 4 C S X S of ax-

ioms, and a relation R. C § X § X S of rules.
Pseudo-terms are defined using this grammar (s € S):

T = x|s|Ik:TT|M:TT|(TT) .

The typing rules are represented in figure 2. A term of
the PTS is a pseudo-term which can be typed.

Any PTS has the following properties:

Lemma 1 (Subject reduction [4, Theorem 5.2.15]). If

[ A:Band A——gA’ then Tt A’ : B.

Lemma 2 (Subject reduction for n [15, Proposition 2.6]).

T M :A(Tx):BthenTH T :B.

Lemma 3 (Correctness of types [4, Corollary 5.2.14]). If
r 'f’TSA : B then there exist some s € S such that either B=s

orT’ @TSB 1S,

Lemma 4 (Substitution [4, Lemma 5.2.11]).

T Bl oand T A Bthen Tt {A/x}a.

Definition 2. A PTS is functional if ({si,s) € 4 and

(s1,5') € 4) or ({s1,52,5) € R and (s1,s52,5') € R) implies
/

s=¢.

Lemma 5 (Uniqueness [4, Lemma 5.2.21]). If a PTS is

functional, Tty (A B and Ut (A : B implies BB

In the following, we will only consider functional PTS.

2.3. A scheme for A-calculi with explicit substitu-
tions

Because we do not want that our work depends on a par-
ticular calculus with explicit substitution, we use a scheme,
as is done in [18]. Our scheme is slightly different, because
we use named variables and precooking [11], so that the
A-term Ax (y x) is translated into A(y[shift] 1) instead of
for instance A(2 1) using only De Bruijn indices. A pure
term is therefore a term were free variables are correctly
precooked. Notwithstanding, the results are the same in the
two settings, provided we add conditions 10 and 11 below.

Definition 3 (Substitution calculus). A substitution calcu-
lus consists of a signature upon two sorts ¥ and & which
contains a constant shift G, three function symbols
AM:To% - 1 IxT—>Tand -[]: TXxG =%, and
in which can be defined two functions lift : G — & and
cons : T — &; and a sort-preserving rewrite system con-
taining

(ab)[s] — als] bls] (App)
and

(Aa) [s] = Mallifi(s)])

We also need the rule to trigger the B-reduction

(Lambda)

(Aa)b — a[cons(b)] (Beta)

which is not part of the rewrite system of the substitution
calculus.

Definition 4 (Scheme). A substitution calculus W obeys the
scheme if
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Empty ————
Py | well-formed
T }T)TSA s
Declaration se€SandxnotinI’

[x : A] well-formed

Sortw <S1,S2> c
F’T’Tssl Y

I" well-formed x:Ael

FFPTSx:A

Variable

A ts [x:AlE B:s2

PTS
I't Jlx:AB:s3

Product (s1,82,83) € R,

PTS
I'E .T:IIx:AB 't U:A
Application PTS PTS
FI;TS(T U):{U/x}B
Abstraction I x:AB:s [lx: Al T:B
FIT,TSM:AT:H)C:AB
I'E . T:A I't B:s
Conversion FIS P18 s € .S and A@BB
T @TST :B

Figure 2. Typing rules of a PTS (5,4,%)

W is confluent

W is strongly normalizing

W -normal forms of terms are pure terms

W(ab) =W (a)W (b) and W (ha) = AW (a), where W (a)
denotes the W-normal form of a

for every substitution s : S in W, 1[lift(s)] ——w1l

6. for every substitution s : S in W and m > 1,

- L [lif(5)] sy m[s] shi ]
7. for every termk : T and m > 1, m + 1 [cons (k)] ——wm

A~

-

8. for every termk : %, 1 [cons(k)] ——wk

9. for every m, m[shift] «——wm+ 1

10. for every named variable x, substitution s : S, and
n >0, x[shift]" " [lift(s)] ——wx|[shift]" s [shift]

11. for every named variable x, term k : €, and n > 0,
x[shift]""" [cons(k)] ——wx[shift]"

12. for every function symbol & : R X --- x Ry — & and
m > 1, one of the two following conditions holds:

e there exists some n, distinct  indices
it,...,ip in {l;---;q} and substitutions
uy,...,u; such that for all sy,...,s4 we have

mE(qr,...,qns)] ——wnlsq]... [si,] (1] ... [ui];
o there exists i € {1;---;q} such that for all

S1y-0,8q we have m[E(q1, ..., qns)] <——wsi.
In particular,

(:! W + Beta) is confluent [18, Theorem 5.18]. Many
calculi with explicit substitution are instances of this
scheme, in particular Ag [1] (see [18] for others).

Note that we do not use the same parenthesis conventions
for PTS terms and (first-order) terms of the scheme, in order
to make a visual distinction between them.

these conditions implies that Ay

3. Superdeductive systems for intuitionistic
logic

3.1. Supernatural deduction

Supernatural deduction LJT was introduced by Wack
[23] as an alternative to deduction modulo [13]. It con-

Introduction rules: Elimination rules:

A I'HA*
I'-A* I'HA
'L ' 1*
I'_1* r-c
I,P+Q* '-(P=0)* T'kP
'-(P=0)* '+ Q*
I'epr  T'FQ"  rr((PAQ)» TH(PAQ)
T p* o ' (Vx. P)*
o O s rnot freeinI” -
Ik (Vx. P) T+ ({t/x}P)"

Figure 3. Rules for computing super introduc-
tion and elimination rules

sists in computing new inference rules that are adapted to
the theory we are considering. For technical reasons, this
theory has to be expressed as two rewrite systems. The
former rewrites terms into terms, the latter rewrites atomic
propositions to arbitrary formula. The idea is to shorten the
proofs by precomputing the steps that naturally occur after
the unfolding of a definition corresponding to the proposi-
tion rewrite system.

Supernatural deduction is based on natural deduction
[14] and the new rules can be seen as introduction and elim-
ination rules corresponding to the rewrite rule. Given a
rewrite rule A — P, its introduction rule is computed by ap-
plying from bottom to top all the introduction rules of fig-
ure 3 on P* while a * remains. The premises of the new rule
are then the remaining open leaves, whereas its conclusion
is A, and we keep all the freshness conditions. Elimination
rules are computed using the elimination rules of figure 3
from top left to bottom. This rules are then applied modulo
the term rewrite system (see [13]).
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Example 1: Let Crabbe therule A — BA (A= 1).
The computation of the introduction rule is

AR L*

I+ B* THA= 1)
TF(BAA= 1)

and the new rule is therefore

B TAFL

TFA

The computation of the elimination rules are

Crab;

TH(BAA= L))

(A= L) THA
I'EBAA= 1)) - L
I'+B* and r=c

and the new rules are therefore

TFA

FB

Crabg and Crabg; L

3.2. Super sequent calculus

The super sequent calculus was introduced by Brauner,
Houtmann and Kirchner [8] as the analog of supernatural
deduction for the sequent calculus for classical logic. We
propose here its counterpart for intuitionistic logic. It is
based on LB (see section 2.1). The idea to compute the left
(resp. right) rule for a rewrite rule A — P is to apply LB
rules on I', P* - A (resp. I' = P*,A) unless there is a permu-
tation problem. Rules for the computation of super sequent
rules LB™ are summed up in figure 4. Once again, the new
inference rules are applied modulo the term rewrite system.
Example 2: We consider the rewrite rule Crab of example 1.
The computation of the left rule is

[B,L°FA T,BFA*A
B (A= L)' FA
[,(BA(A= L))" FA

and the new rule is therefore

The computation of the right rule is
ArFL*

T'-B*A TH(A= 1)",A
TH(BAA= 1))",A

and the new rule is therefore

Left rules: Right rules
AFA 'FAA
[A*FA 'FA* A
_ r'+-1A
Lo*FA I'-PA IPHQ*
I(P=Q)FA '(P=0)*"A
[P0 FA r'+pP A r'+Q"A
I[,(PAQ)*EA ' (PAQ)*A
T ({t/x}P) mA Fl_P*—*xnot freein "
L, (Vx. P)"FA 'k (Vx. P)*,A

Figure 4. Rules for computing super left and
right rules

TFBA T,AFL

Crabg m
I'FAA

We also introduce the notion of permutation-problem
free formule, for which we will prove that the atomic su-
per sequent calculus is complete:

Definition 5 (Permutation-problem freeness). The set of
permutation-problem free formule (ppf formule) is build
on the the following grammar:

PZA|L|A=P|PAP|Yx.P

where A denotes an atomic proposition.
A rewrite rule is said to be ppf if its right-hand side is
ppf, and so does a rewrite system if all its rules are.

Proposition 6 (Atomic LB™). If the rewrite system is ppf,
and T and A contains only atomic formule, then T - A is
provable iff it is provable with only identity and super rules.

Proof. The idea is to use a procedure similar to the cut
elimination, which transforms cuts around a formula with
a connector into cuts around subformule. This shows that
we only need atomic cuts. Then, remark that the rewrite
system is ppf iff the new left and right rules contains only
atomic propositions. Thus, starting with atomic proposi-
tions, we can only apply atomic cuts or super rules, and
these do not introduce non-atomic propositions. More de-
tails can be found in the section A.1. O

3.3. Translations between these systems

The proofs of this section can be found in appendix A.
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THEOREM 7.
For a given rewrite system, any sequent provable in NJ*
can be proved in LB,

Corollary 8. A sequent is provable in LB" if it is provable
in LB adding a compatible theory in the sense of [13, Defi-
nition 1.4] in the hypotheses.

Proof. Wack [23] proved that NJ™ is equivalent to NJ with
assumptions in the compatible theory, and we can translate
every proof of LB into NJ, as well as proofs in NJ* into
proofs of LB O

Note: LBT without the cut rule may be incomplete in that
sense, as shown by the example of the Crab rule. In LB
there is no cut-free proof of B I L but we can build the first
proof of figure 5 with cuts.

THEOREM 9.

A proof of a sequent in LB using only identity and super
rules can be transformed into a proof of the same sequent
in NJT using only super rules and Axiom.

Corollary 10. For ppf rewrite systems, sequents containing
only atomic propositions can be proved in NJTiff they do
using only super rules and Axiom.

Note: The admissibility of the cut rule in the super sequent
calculus is not needed for the completeness of the atomic
supernatural deduction. For instance, for the rewrite rule
Crab, the first proof of Bl L in LB™ in figure 5 is translated
into the second proof in NJ™ which indeed contains only
atomic formule.

4. PTS as superdeductive theories

In this section, we consider some functional PTS

(S, 4,R).
4.1. The system

The term rewrite rules correspond to some A-calculus
with explicit substitutions Ay. As we do not want to rely
on a particular calculus, we use the scheme proposed by
[18]. See section 2.3.

We also use some function symbols to represent the IT
binder of the PTS. As done in [9], we need a new function
symbol 7y, , ;) for each rule (s1,s2,s3) € K. We need to
tell how they interact with explicit substitutions by adding
term rewrite rules:

7T(sl 152,53) (avb) [S} - ft(sl,sz,s_z} (a [S] 7b [lift(s)]) .

Note that we use /ift on the second argument as is done for

Ain (Lambda), because some variable is bound by 7y, , s,)-

r 'ig (7:5<S1,S2,S3> (Cl,b) 333)
(2)e1 —
r FS(a,S1)
2 | Fe (R, sy (@0),83)  TFe(w,0)
E2
I Fe(b[cons(u)],sz)
ljs (t) 7t<51 ,52,S3> (a? b))
B)er ——
I'ke (TE<51752753> (Cl,b) 733)
THe (7t 00 (@b)  TFe(ua)
(3)E2 —

CFe (t u,bcons(u)])

Figure 7. Elimination rules of the NJ* systems
for the PTS

We also need a constant s for each sort s € S. We add the
following term rewrite rules, which are not necessary but
permit to avoid precooking the s constants in the translation
from PTS terms to first-order terms (see below):

s[t]—s .

In the following, — designates the rewrite relation associ-
ated with the term rewrite system we have just defined.

Let € : T x T be a predicate. €(a,b) should be seen as a
has type b. The proposition rewrite rules permits to simulate
the inference rules of the PTS:

e(sr,82) — T ((s1,:2) € 4) (1)

€ (TE(S11S2153> (a,b) ’33) — &(a,s1)A (2)
Vz. €(z,a) = €(b[cons(z)],s2)

€ (tvft<s1,s2,b‘3> (aab)) — & (f[(sl,sg,S3> (aab) 333) A 3)
Vz. €(z,a) = €(t z,b[cons(z)])

These rewrite rules leads to the inference rules in supernat-
ural deduction represented in figures 6 and 7.

We can now define a translation from PTS terms (i.e.
well-typed pseudo terms) into our first-order terms. This
translation is inspired from the one between A-calculus with
de Bruijn indices and Ag with precooking [11, Definition
4.1], except that we translate directly from a A-calculus with
names, and we deal with the binder IT. ¢ means the length
of the list ¢ in the usual sense.

Definition 6 (Translation). The translation takes as param-
eters a context I' and a list { (which are omitted if un-
changed):

ifxgl
ifxé&/t

!
|x|€1::x::€2 = 4+1
|

|x|,;
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] B,A,BFA, L )
Axiom - Craby, - Axiom T
B,A,BFA, L , , B,AAF L B,AFA, L
Craby, - Axiom T Axiom T Cut T
B,AAF L B,AFA, L FB, 1 BAF L
u - Crabg -
BAF L BFA,L
Cut T
BrF_1
Axiom T Axiom T Axiom T Axiom T
, B,AFA B,AFA , B,AFA B,AFA
Axiom - Crabg, Axiom - Crabgs m
BEB BAF L BFB BAF L
Crab; - Craby -
BFA BFA
Crabg -
BF_L

Figure 5. Example of the non-admissibility of cut in LB* and its translation in NJ*

(1), I'Fe(a,s)

(s1,8) € 4

()1

I,e(z,a) Fe (b[cons(z)],s2)

r |i£ (31 ,32)

L ﬁg (7:%1 152,53) (a,b) ;33)

r 'jg (n<51752753> (Cl,b) 733)

znot free in I, (s1,52,53) € R

T,e(z,a) Fe(t z,b[cons(z)))

znotfree in T, (s1,52,53) € R

Lemma 12. If |A|——a then there exists A' such that

Lemma 13. |B|, = {1/z[shifr]}(|B| [shif1))

Lemma 14 (Reduction under IT). o If (s1,52,53) € R,

Z,
(3 :
I'fe (1,705, 53.55) (@, D))
Figure 6. Introduction rules of the NJ* systems for the PTS
!
sle = s (s€9) mma
e o
4Bl = |Al|B

! . Ix:A

|HX:A B|[1; = n(sl,sz,s3> <|A|£a |B‘x;[;)2 ])

where s1 corresponds the type of A in T, s, the type of B in
[[x:A], and (s1,52,583) € R.

Then, a context is translated inductively by |[]| 20
and |[x: A]| EL T 7f:(x, \A\E) and a typing judgment
PTS

following, contexts and lists will be omitted if they can be
deduce from the environment.

't A:B is translated into |T| ¢£(|A|E,\B|E> . In the

Note that this translation is deterministic, because the
PTS is assumedlto be functional. Note also that if I C I
then |T|" =|T|" if they are defined, by [4, Lemma 5.2.12].

4.2. Soundness and conservativeness

We need the four following lemmata to prove the sound-
ness and the conservativeness of the NJT system w.r.t. the
PTS. Their proofs can be found in appendix B.

Lemma 11. |B], [cons(w\u)} < {U/x)B.

[ A st oand Tlx @ A] b
free in b, a——|A|" and b|cons(x)] — |B|"*4! then

TCs152.53) (a,b) — Tx:AB|".

B : sy, x is not

o If s, 5r.s3) (a,b) —=|C| then there exists A, B such
that C =TIx: A B.

THEOREM 15 (Soundness).
For all PTS terms T and A, if T I—PTST A then

+
ICIFe(|T],|A]) -

Proof. The typing rules of the PTS, represented on figure 2,
are translated into the corresponding derivations in NJ™ rep-
resented on figure 8.

Some comments: The = derivations are not really in-
ference rules, but corresponds to the fact that we are work-
ing modulo the term rewrite system Ay ; they permit to let
the computation appears. I" in the translation of Abstrac-
tion is |T'],€(z,|A|). In the translation of Conversion, we
do not check the type of the converts; this is not problem-
atic as shown by the conservativeness result below. In the
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Empty:

IT| Fe(A],51)

+
_ IT].&(z|A]) Fe(l{z/x}B] ;s2)
= em. 11
=

IT1.e (| Fe (B, [cons(2)]  s2)

Declaration: we do not need to look at the
wellformedness of the context

(s

+7 <51752> S /q
FFS(S1 ,Sg)

/-
T P& (Fe(5, 55,55 (JA]LBI,) ,83)

(E2

+ .
|F| Fe (n<S1,S2,S3> (|A| ) ‘B|x) 733)

znot free in |T|

U] Fe(IT. i, ) (1ALIBL)) [T Fe(U]LIA])
_ [T Fe(I7] [U].|B], [cons(|U])])
IT| Fe(|T| U], [{U/x}B|)

_ T'Fe({z/0)7]. {z/x}B])
I Fe((A|T],)z B, [cons(z)])

Lem. 11

T )z—
||, [cons(z)]

1

xiom ———————
T Fe(x, |A])

0| Fe (MT T, 5.0 (1AL BLL)

znot free in |T|

Conversion: using Ay in the modulo

Figure 8. Derivations in NJ™ corresponding to the typing rules of a PTS (see figure 2)

translation of Variable, € (x,]A|) is in |T'| by definition of the
translation of a context. In the translations of Abstraction
and Product, we use the fact that z is free in |I'| to translate
proofs of I'lx:A] k(o into proofs of I'[z: A] b {z/x}at.
In the translation of Abstraction, we know that |s| = s3 by

Lemma 5. O

THEOREM 16 (Conservativeness).
For all well-formed context T, for all terms a, b if
T Fe (a,b) then there exists A and B such that
a—|Al", b—~|B|' and I A:B.
Proof. By induction on the proof of |I'| F'e(a,b) and the
number of uses of the modulo on terms.

If the last rule is applied modulo the term rewrite system,
we apply it without modulo and then consider the modulo:

_ IN|Fe(@.t) ated
U\ Fe(ab) bt

By induction hypothesis, there exists some A’ and B’ such
that ' —— |A’|, ¥ = |B'| and T A’ 1 B'. By conflu-
ence of Ay, there exists a” such that a —a” <—|A’|. By
Lemma 12 there exists some A such that @’ ——y|A|. By

subject reduction, 't A B'. By confluence of Ao, there

exists " such that b——b" < |B'|. By Lemma 12 there
exists B such that b’ — |B|. By Lemma 3, either B is a
sort, in which case it is in normal form and B = B, or there
exists some sort s € S such that I’ }—PTSB’ . s, and by sub-
ject reduction I" 5 B : 5. Therefore, using Conversion we
deduce that " (A : B. In the following we can therefore
assume that the inference rules are applied without modulo.

We use the names of the variables used on the fig, 6 and 7.

e If the last rule is an axiom, hence of the form:

Axiom T
Ty ],€(x,), 2| Fe(x,b)

By definition of the translation of contexts, this means that
b = |B| with x : B € T'. Because by assumption I is well-
formed, we can therefore use Variable to get a proof of
r H’rsx :B.

e If the last rule is (1);: as I' is assumed to be well-
formed, we can apply Sort.

e If the last rule is (2);: By induction hypothesis on
the left subproof, there exists A such that a—— |A| and
IhgAs. As zis free in T, I'lz : A] is well-formed.
Therefore we can use the induction hypothesis on the right
subproof: there exists B such that b [cons(z)] — |B| and

['[z: A] b ¢ B : s2. We can consider that z is free in b, hence

by Lemma 14 s (a,b) «—— |1z : A B|, so we can conclude
using the confluence of Ay, subject reduction and Product.

e If the last rule is (3);: By induction hypothesis on

the left subproof, there exists C such that F@TSC 183

and 7't<shsz7s3>(a,b)i>|C|. By Lemma 14 there exists
A, By such that C = IIx : A B;. Because Ay can-
not change the function symbols 7, o, .y, that means

that |C| = 7, s, ) (JA],|B1],). a——]A| and b—|By|,.
Hence I' K, (A : 51, and the context I'[z : A] is well-
formed because z is free in |I'|. By induction hypoth-
esis on the right subproof, there exists 77, B, such that

[lz: Al T": By with 1z—|T’| and b[cons(z)] — |Ba|.

By Lemma 11 |{z/x}B;|<— |Bs|, hence by confluence
of Aw and Lemma 12 there is a B such that |B| is a
common reduct. By o-conversion and subject reduction

[ Iz : A B:s3 and using Conversion 'z : A] I 7" : B.
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Using Abstraction we obtain I'f, Az: A T':Tlz: A B. By

Lemma 14, g, , o) (a,b) —Tz: A B.

Now consider the reduction 1z — |T’|. There are two cases:
Either the outermost application never reduces, and there-
fore |T’| = r1z. In that case, by definition of the translation,
we must have 7’ = (T z) for some T with  — |T|. By sub-
ject reduction for 1, from Ik Az:A (T z):TIz: A B we
obtain 'k, [T :IIz: A B.

In the other case, we have rz —(At;)z— |T’|. Because z
is not free in I', we can consider it is not free in ¢. Therefore
A(t [shift] 1) = {1/z[shift]}\(t [shift] z[shift])
= M{L/z[shift]}((tz) [shift]))
o A (Q/zlshig (T [shif) )
PN} |T’ I, [Az:AT|

Lem. 13
But Mt [shifr] 1)  ——  A((Ary)[shift] 1)
= M [life(shifo)))1)
— (Mo lfe(shif)] [cons(D)
[18,Lem.4—.5]) 7\’“ — 1

Therefore 7« —|Az : A T'| and by confluence of Aw
and Lemma 12, there exists 7 such that r——|T| and
Az:AT L>BT. We conclude by subject reduction.

e If the last rule is (2)g;: By induction hypothesis, there
exists 7' such that 7t g, , .) (a,b) —|T|and T s T 083
By Lemma 14, there exists A,B such that T =I1Ix: A B
and a—— |A|. Then by definition of the translation, |T| =
Tt ) (d',b") where s is the type of A in I', which exists
because I I—PTSHx :A B:s3. But the Ay reductions can-
not change the function symbol 7, s, .y, hence s; = s} and

T A:s.
e If the last rule is (2)g or (3)g;: this comes from the

definition of the translation, as in the previous case. We
also need Lemma 4 for (2)g».

e If the last rule is (3)g3: Using the same techniques
as in the previous cases, by induction hypothesis, we get

proofs of I' 5, 7 : TIx : A B and I' b, ;U : A for some

A, B, T, U such that a——|A|, b——|B|, t—|T| and
u——|U| Using Application we get 't (T U) : {U /x}B.
We can conclude because ru——|(T U)| and by Corol-
lary 11 b[cons(u)] ——|{U /x}B].

e If the last rule is another (i.e. logical) rule: we do not
need this case because of Corollary 10. O

Note: Because terms are [3-convertible on the left of € (-, )
too, there is no correspondence between the term on the left
of €(+,-) and the proof in NJ*. Nevertheless, the former is
B-convertible to a term corresponding to the latter. This also
implies that we cannot hope for a stronger result, since for
instance we can prove ¢ ((A1)(A11),00) in supernatural

deduction whereas it is not possible to prove f ((Ax: ? Ay
?7x Ax:?(xx))*):0in the PTS AIL

But, for Theorem 16, if the PTS is strongly normalizing,
then A and B are too, so a and b are weakly normalizing
and we can reach some |A’| and |B’| from a and b such that

I A" : B' by simulating leftmost B-reduction.

5. Applications
5.1. Using A for the explicit-substitution calculus

Because Ag [1] is an instance of the scheme (see [18]),
we can use it as A-calculus with explicit substitutions. If we
do so, Lemma 11 becomes

Lemma 17. |B|, [|U|H -id] - |{U/x}B|;

It means that in the proof of soundness, rewriting is per-
formed from bottom to top after an introduction rule, and
from top to bottom after an elimination rules. If we translate
such a proof into LB using Theorem 7, terms are rewrit-
ten only from the bottom to the top of the proof. This
corresponds to the asymmetric sequent calculus modulo of
Dowek [10]. This is also what is actually implemented in
the proof assistant based on superdeduction Lemurida [8],
where terms can only be reduced when building the proof
tree from bottom to top.

5.2. A sequent calculus for Pure Types Systems

By applying Theorem 7 we obtain a sequent calculus
presentation of Pure Type Systems. We do not detail all su-
per left and right rules—that can be computed by the reader
using figure 4—but the rules for (3):

I'e (TE(Sl 152,53) (a,b) 783) €

I'e (ﬂ<$17~"27~"3> (a,b) ’33)
I'e (t71:c<S1,S2,S3> (aab)) ﬁA

(t u,b[cons(u))) FA
Fe (u,a),A

)L

r

,€(z,a)
r

€ (n<51 152,53) (a,b) ass) A
e(t z,b[cons(z)])
et T(s1,52.53) (a,b)),A

(3)R

T4+ T+ T+

We can see how (3),, can be used to apply a function 7 to an
argument u.

Sequent calculi for PTS were already introduced by
Gutiérrez and Ruiz [16] and by Lengrand ef al. [19]. It
remains to be investigated how the superdeductive system
relates to these, what does not seem trivial.
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6. Conclusion

We have defined an natural encoding from functional
PTS into supernatural deduction. We can therefore char-
acterize PTS as first-order theories. We have proved the
correctness and conservativeness of the translation, lead-
ing to a correspondence between valid typing judgments
in the PTS and B-reducts of provable sequents in supernat-
ural deduction. We also have proved, through an equiva-
lence with the super sequent calculus, that we only need the
newly computed rules to show sequents consisting only of
atomic propositions. This is a general result which shows
how superdeduction can be used as a logical framework by
encapsulating the propositions of the system we want to en-
code into € constructs. Having encoded all reasonable PTS
proves how powerful this can be. We also obtain sequent
calculus presentations of PTS, which are to be compared to
existing ones [16, 19].

We can then use this encoding to check proofs produced
by proof assistants based on PTS. To do so, we could, be-
cause of the equivalence with first-order logic without mod-
ulo but within a compatible theory 7', use an intuitionistic
first-order theorem prover. To prove a theorem A, we have
to prove that it is inhabited if seen as a type, and thus to
prove 7 + 3t. €(¢,|A]). Notwithstanding, this would prob-
ably be very inefficient, because the theorem prover would
not be adapted to this particular theory. It should be better to
use theorem provers based on supernatural deduction, such
as the proof assistant Lemuridee which has to be adapted
for intuitionistic logic. (For the moment, it can be used be-
cause classical super rules subsumes intuitionistic ones, but
we cannot guarantee the conservativeness.) Possibly, we
could also use tools based on deduction modulo—there ex-
ists translations between supernatural deduction and deduc-
tion modulo that relatively preserve proof structures [7]—
using procedures such as ENAR [13] or TaMed [6]. But to
fully be able to check proofs from assistants, we also need
to encode inductive types, that are present in many provers,
such as e.g. Coq. This can also naturally be done in super-
deduction, as shown by a recent work of Allali, Brauner and
Dowek [2].

An important remaining issue is the decidability of type
checking/proof search. Type checking is undecidable for
PTS in general, but it is decidable for functional PTS that
weakly normalizes [5]. In that case, the conservativeness
proves that proof search in NJ™ is at most semi-decidable,
even if we are working modulo an undecidable congruence
(Mw). (Note that proof search for atomic sequents with well-
formed context in NJ™ corresponds to type checking in the
PTS.) We conjecture that it is in fact decidable for atomic
sequents, due to the strong correspondence between the two
systems.

In a related topic, we also have to look at the normaliza-
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tion of the NJ™ system for PTS, i.e. to check if proof terms
associated with a NJT proof (which are in fact p-terms)
strongly normalize. Due to the conservativeness, there is a
correspondence between a NJ™ proof and a term of the PTS,
at least when contexts are well formed. The normalization
is therefore probably equivalent to the normalization of the
PTS. It remains to extend the rewrite systems with some
rules to check for the wellformedness of contexts, to have a
full correspondence.

We should also try to encode more deductive systems
into superdeduction. Indeed, the naturalness of our transla-
tion into supernatural deduction probably comes from the
fact that PTS are extensions of simply-typed A-calculus
which is isomorph to natural deduction. This moderates
our claim that superdeduction is a powerful logical frame-
work, although it can encode HOL, (higher-order) arith-
metics, Zermelo’s set theory and PTS.

References

[1] M. Abadi, L. Cardelli, P-L. Curien, and J.-J. Lévy. Ex-
plicit substitutions. Journal of Functional Programming,
1(4):375-416, 1991.

[2] L. Allali, P. Brauner, and G. Dowek. A semantic proof of
system T termination. Work in progress, 2008.

[3] F. Baader and T. Nipkow. 7erm Rewriting and all That.
Cambridge University Press, 1998.

[4] H. Barendregt. Handbook of logic in computer science, vol-
ume 2, chapter Lambda calculi with types, pages 117-309.
Oxford University Press, 1992.

[5] G. Barthe. The semi-full closure of pure type systems.
In Mathematical Foundations of Computer Science, volume
1450 of LNCS, pages 316-325. Springer, 1998.

[6] R. Bonichon and O. Hermant. A semantic completeness
proof for TaMeD. In M. Hermann and A. Voronkov, editors,
LPAR, volume 4246 of LNCS, pages 167-181. Springer,
2006.

[7] P. Brauner, G. Dowek, and B. Wack. Normalization in su-
pernatural deduction and in deduction modulo. Submitted,
2007.

[8] P. Brauner, C. Houtmann, and C. Kirchner. Principle of su-
perdeduction. In L. Ong, editor, Proceedings of LICS, pages
41-50, jul 2007.

[9] D. Cousineau and G. Dowek. Embedding pure type sys-
tems in the lambda-pi-calculus modulo. In S. Ronchi
Della Rocca, editor, TLCA, volume 4583 of LNCS, pages
102-117. Springer, 2007.

[10] G. Dowek. Confluence as a cut elimination property. In
R. Nieuwenhuis, editor, RTA, volume 2706 of LNCS, pages
2-13. Springer, 2003.

[11] G. Dowek, T. Hardin, and C. Kirchner. Higher-order unifi-
cation via explicit substitutions. Information and Computa-
tion, 157(1/2):183-235, 2000.

[12] G. Dowek, T. Hardin, and C. Kirchner. HOL-AG an inten-
tional first-order expression of higher-order logic. Mathe-
matical Structures in Computer Science, 11(1):1-25, 2001.



inria-00198543, version 1 - 17 Dec 2007

[13]

[14]

[15]

[16]

(7]

(18]

[19]

[20]

(21]

(22]

(23]

G. Dowek, T. Hardin, and C. Kirchner. Theorem proving
modulo. Journal of Automated Reasoning, 31(1):33-72,
2003.

G. Gentzen. Untersuchungen iiber das logische Schliessen.
Mathematische Zeitschrift, 39:176-210, 405-431, 1934.
Translated in Szabo, editor., The Collected Papers of Ger-
hard Gentzen as “Investigations into Logical Deduction”.
H. Geuvers. The Church-Rosser property for beta-eta-
reduction in typed lambda-calculi. In LICS, pages 453—460.
IEEE Computer Society, 1992.

F. Gutiérrez and B. C. Ruiz. Cut elimination in a class of
sequent calculi for pure type systems. Electronic Notes in
Theoretical Computer Science, 84, 2003.

R. Harper, F. Honsell, and G. Plotkin. A framework for
defining logics. Journal of the ACM, 40(1):143-184, 1993.
D. Kesner. Confluence of extensional and non-extensional
A-calculi with explicit substitutions. Theoretical Computer
Science, 238(1-2):183-220, 2000.

S. Lengrand, R. Dyckhoff, and J. McKinna. A sequent cal-
culus for Pure Type Systems. In Z. Esik, editor, CSL, volume
4207 of LNCS, pages 441-455. Springer, September 2006.
F. Pfenning. The practice of logical frameworks. In CAAP,
volume 1059 of LNCS, pages 119-134. Springer, 1996.

C. Sacerdoti Coen and F. Kirchner. Fellowship, 2006.
http://www.lix.polytechnique.fr/Labo/Florent.
Kirchner/fellowship/.

A. Waaler and L. Wallen. Handbook of Tableau Methods,
chapter Tableaux for Intutionistic Logics, pages 255-296.
Kluwer Academic Publishers, Boston, 1999.

B. Wack. Supernatural deduction. Manuscript, available at
http://www.loria.fr/~wack/papers/supernatural.
ps.gz, 2006.

11



inria-00198543, version 1 - 17 Dec 2007

Contents
1. Introduction 1
2. Prerequisites 3
2.1. Intuitionistic sequent calculus . . . . . . .. 3
2.2. Pure Type Systems . . . . . ... ...... 3
2.3. A scheme for A-calculi with explicit substi-
tutions . . . ... ... 3
3. Superdeductive systems for intuitionistic logic 4
3.1. Supernatural deduction . . . . . . . ... .. 4
3.2. Super sequent calculus . . . . ... ... .. 5
3.3. Translations between these systems . . . . . 5
4. PTS as superdeductive theories 6
41.Thesystem . . ... ............. 6
4.2. Soundness and conservativeness . . . . . . . 7
5. Applications 9
5.1. Using A for the explicit-substitution calculus 9
5.2. A sequent calculus for Pure Types Systems . 9
6. Conclusion 10

A Proofs of the equivalence between LB and NJ™ 12
A.l Propertiesof LB . . . ... ... ... ... 12

A.2 Translations from NJT toLB™ . . . . .. .. 14
A.3 Translations from LBT toNJ*™ . . . . .. .. 16
B Interactions PTS terms and first-order terms 19
C Why are several 7T necessary? 20

A. Proofs of the equivalence between LB™ and
NJ©

A.1. Properties of LB

Definition 7 (Proof skeleton). The skeleton of a proof is the
tree of the inference rules used in it.

Definition 8 (Structural inclusion). We say that a proof
is structurally included into a proof ® if the skeleton of T is
included in the skeleton of ® in the sense of tree inclusion.

Proposition 18 (Admissibility of the weakening). IfT'+ A
can be proved in LB*, so does I T = A, A, with the same
skeleton.

Proof. By induction on the proof and on the formulz in the
right-hand side of the rewrite system. O

Lemma 19. Let R be the rewrite rule A — P with associated
left super rule

12

(F7Fi F Ai7A)i

L™ TArA

Suppose that for all i there exists some C; € A;, A such
that I',T'; - C; is provable.

Then there exists some C € A such that either I' = C is
provable or I',T'; = A;,C is provable for all i. Note that in
both cases, I';A - C is provable.

Proof. By induction on P we can easily show that right
rules are of the form

(O F Al A)ier
TAFA

L

and that there exists ip € I such that foralli € I, I;, C T';.

We proceed by induction on P.

Suppose that for all i there exists some C; € A;,A such
that I',T'; - C; is provable.

If G, € A, then I', I’ - Cj; is provable, and by weaken-
ing, for all i we can prove I',I'; - A;, Gy,

If C;, € A;,, we can show that for all i, if C € A; then
C appears on the left of some implication in P. Therefore
P =C[C;, = P'] for some context C and proposition P’. Let
S be the rewrite rule B — C[P’]. Then by definition, if I’ =
{i e I:Cj, & Aj}, the left rule for S is

(C,T F A, Ay
T,BF A

L

By induction hypothesis, there exists some C € A such
that either I' - C is provable, which permits to conclude,
or foralli € I', I',T; - A;,C is provable. It remains to be
proved that foralli € I\I',T,I'; - A;,C, butifi € I\ I', then
I';, €T and G, € A; so that we can conclude by weakening
with the proof of I', I, = ;.

O

Note: The proof of I';A - C obtained at the end is struc-
turally included in the proof of I'; A = A we get by applying
Ry to the proofs of the supposition.

Lemma 20. Let R be the rewrite rule A — P.
The associated right super rule is of the form

(LT - Ap)ier (THAjA) jes
TFAA

Rg

Suppose for all i € I we can prove I',T'; = A; and for all
J € J there exists some Cj € Aj,A such that we can prove
I'=c,.

Then either I' = A is provable for all j € J or there exists
some C € A such that ' A. In both cases, there exists some
C € A,A such that T\ C is provable.
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Proof. To prove the form of the right rule, we proceed by
induction on P. The only difficult case is the implication:
suppose P = P; = P,. Let § be the rewrite rule B — P». By
induction hypothesis, the right rule for § is of the form

(T - Aier (T'HAj,A)jey
I'-B,A
Then by definition the right rule for R is

Sk

(T, P, T - Aier
TFAA

which is of the convenient form.

To prove the rest of the lemma, suppose for all i € 1
we can prove I',I; - A; and for all j € J there exists some
C;j € Aj,A such that we can prove I' = C;. If there exists
J € J such that C; € A, then we conclude because I' - C;.
Otherwise, for all j € J we have C; = A;. That means that
for all j € J we can prove I' - A; and by applying the right
rule for R we get a proof of ' - A. O

(TP FAj)jey

R

Note: The proof of I' - C obtained at the end is structurally
included in the proof of I' - A, A we get by applying Ry to
the proofs of the supposition.

Proposition 21 (Constructivism). If 7t is a proof of I - A
LB, then there exists some C € A and of proof of T' = C in
LB which is structurally included in T.

Proof. By induction on the proof. If the last rule is an Ax-
iom or a logical rule, we can easily conclude by induction
hypothesis.

Ifitis a Cut

(=] [=]
ILPEA I'EPA
kA
by induction hypothesis on @, there exists some C € P,A
such that there exists a proof @ of I'+ C in LBT. If C is
in A, @ is a convenient proof. If C = P, by weakening 7’
is also a proof of I' - P,C By induction hypothesis on 7,
there exists some C € A such that there exists a proof ' of
[,PF CinLB™. A convenient proof is therefore

r,p-C I'=pPC
'=cC
If it is a left super rule, then we can conclude by induc-
tion hypothesis and Lemma 19, and if it is a right super rule,
by induction hypothesis and Lemma 20. O

Cut

ut

Lemma 22. If we have a formula P of degree d greater
or equal than 2 (i.e. non-atomic), if we have proofs T of
IPFA and W' of T = P,A’ of degree less than d, then we
can a proof of T, T" = A, A of degree less than d.
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Proof. First remark that if a proof is structurally included
into another, then its degree is less or equal, and that weak-
ening a proof preserve its degree.

First, let remark that we can consider that A’ = 0. Indeed,
by Proposition 21 with ', we can prove either I" - P or
I" = A’ by a proof of degree less than d. In the second case
we conclude by weakening.

By induction on 7,7,

1. If ® ends with an axiom. Then either there is some
C € I'NA in which case we can prove I',T” F A with
an axiom; or P € A, in which case 7’ is by weakening
aproof of I T - A,

2. If ' ends with an axiom: dual to 1.

3. If m ends with a logical or super rule with the active
formulaA e TUA. IfA €T, letI” be '\ {A} and A”
be A, otherwise let I be I and A” be A\ {A}. mis

(I, AT A, AY),; (I, PT;EA));
T.PFA

T

By induction hypothesis, there exists proofs ®; of de-
gree less than d of I, I",T'; = A;, A” and proofs @; of
I T'.T'j A,

‘We conclude with

(I, 1T = A, AY); (I T, T - Aj),

r
I A

4. If ' ends with a logical or super rule with the active
formulaA € I". Let L be I\ {A}. ' is

/
T

(Z, I AL P);

I'-p
By induction hypothesis, there exists proofs @; of de-
gree less than d of [ X, T - A A.
We conclude with

@;
r (F727Fi F AiaA)i
I\T'-A

5. If both @ and T’ end with logical or super rules with P
as active formula. Because P is not atomic, these rules
are in fact logical rules.
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IfP=QAR, Tis

I,O.RFA

/\7
Y T,OARFA

and 7'

I'Q TFR

A
R FoAR

‘We conclude with
/
,T,0,R-A [T, 0FR,A T

Cut _LI0FA I+ 0.A

LT'EA
IfPisQ=R,mis

K ™
CFQ,A T,RFA

=L
IO=RFA

and 7 is

/
T

R I OFR
I'-Q=R

We conclude with

| | m
ILT,0.RFA T.I',0FRA

Cut ILU.0FA I+ Q,A

Cut T FA

If Pis Vx. Q, then mis

[ {r/x}OFA

VL [,Vx.OFA

for some ¢ and 7'

/
T

I'tQ

m x not free in I

R

As x is free in I we can replace it by ¢ in T} to get a
proof @ of I - {r/x} O of the same degree.

We conclude with

14

T, T{/x}0FA  T,F{t/x}0,A
t LI FA

O

Proposition 6 (Atomic LBT). If the rewrite system is ppf.
and T and A contains only atomic formule, then T' - A is
provable iff it is provable with only identity and super rules.

Proof. First remark that the rewrite system is ppf iff the su-
per rules of LB™ decompose atomic formuz into atomic for-
mulz.

Suppose there is a proof of I' = A. By induction on this
proof. As nor I neither A contain non atomic formulz, there
cannot be a logical rule at the root of the proof. If the rule
at the root of the proof is an Axiom, we are done. If it is
a super rule, we can conclude with the remark above by
induction hypothesis. If it is a Cut, it remains to be proved
that we only need Cuts around atomic formule.

Note that as Cut may not be admissible (see below), we
cannot avoid having Cuts in our proofs. Nevertheless, we
can use some kind of cut elimination procedure to reduce to
the case of atomic Cut.

Let suppose the last rule is a Cut, we proceed by induc-
tion on the degree of P:

(=] [o]
IPEA 'FPA
kA

If the degree d of P is greater than 1, we can apply the in-
duction hypothesis on the subproof and Lemma 22 to get a
proof of I',T" = A, A of degree less than d. Because I and A
contains only atomic formul®, we can use Cut to simulate
contraction:

Cut

Axiom

TLAAFA TAFAA

Cut TAFA

The proof we obtain is therefore if degree less than the de-
gree of P, so we can apply the induction hypothese to con-
clude.

O

A.2. Translations from NJ* to LB™

For convenience, proofs in NJ™ in this section and the
following will be represented a la Gentzen [14], instead of
in sequent style.

Lemma 23. Let R be the rewrite rule A — P.
An elimination rule for R is of the form

A H - H,
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A left rule for R is of the form

(F7Fi }_AiaA)i

LT aAra

Suppose we have proofs of '+ Hj in LB for all j.
Then we can prove I',I'; = A;,K in LB (and thus also
IAFK).

Proof. The form of the elimination and left rules can be
shown by a simple induction.

The remaining can be proved by induction on the for-
mula P.

e Suppose P = B is atomic.

Then the elimination rule of R is

A
Rg B
The left rule for R is
I'BFA
R —— —
LT AFA
‘We have
Axiom =B

e Suppose P = L.

Then the elimination rule of R is

A
R» 2
E ¢
for all C.
The left rule for R is
R -
LT AFA

As it has no premises, nothing has to be proven.
Notwithstanding, remark that I',A - C is easily prov-
able.

e Suppose Pis P| = P».
Let S be the rewrite rule D — P5.

An elimination rule for S is of the form

D H, - H,
K

Skp

and elimination rules for R are then

A Py H, --- H,

Rgp e
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The left rule for S is of the form

s (LI - AL A);
LT DraA
and then the left rule for R is

(I, - AL A); r'-pPLA
TAFA

Suppose we have proofs 7; of I' - H; and a proof T
of '+ Pl .

By induction hypothesis, there are proofs of I',I; -
A;,K for all i, and by weakening 7y is a proof of
I'+pPLK.

Note: This could not be done in LJ*, because we
cannot have multiple formule in the right part of a se-
quent.

Suppose P is P; A P,.

Let Ry be the rewrite rule Ay — P; and R, be the
rewrite rule Ay — P».

For k € {1;2}, an elimination rule for Ry, is of the form

1 n
A He, - Hg,
Ki.p

RkEp

and elimination rules for R are then

1
A Hk,p o Hl?,p
Kk,p

REk,p

The left rule for Ry, is of the form

(F7 Fi }_ Ai)A)iEIk
T A FA

kL

and then the left rule for R is

(F,Fi,rj F AiaAj7A)iEI] Jeh
IAFA

Rr

Letkbe 1 or 2.
Suppose we have proofs 7t; of I' - H,{ >

By induction hypothesis with Ry, there are proofs of
I',I'; - A;, Ky, for all p and i € I;. By weakening, these
are also proofs of I',I';,I'; = A;, A, Ky , for all j € I;_.

Suppose P is Vx. Q. Let f be a term actually substituted
for x in Ry..
Let S be the rewrite rule D — {#/x}Q.

An elimination rule for S is of the form
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D H, - H,
K

Skp

and elimination rules for R are then

REg)
The left rule for S is of the form

(0,1 - A, A);
L {t/x}QFA

and then the left rule for R with ¢ is

St

(F7B7Fi F AhA)i
TAFA

L

Suppose we have proofs 7t; of I' - H.

By induction hypothesis, there are proofs of ') -
A;, K for all i.

O

THEOREM 7.

A proof of C from T in NJT can be translated into a proof of
I'+CinlLB*.

Proof. By induction on the NJ™ proof:

o If the last inference rule is a logical rule, then we can
use the same translation as [14].

o If the last rule is a super introduction rule, it is easy to
see that super introduction rules for NJ™ are subcases
of super right rules for LB™ with only one formula in
the right part of the sequents. We can therefore con-
clude by induction.

o If the last rule is a super elimination rule of the form

A H - H,
C

REgp

By induction hypothesis, there is a LB proof 1y of
' - A and there are LB proofs ; of I' - H; for all ;.

By Lemma 23, there is a proof @ of [, A+ C in LB*.
By weakening, T is also a proof of I'- A, C.

We can conclude with

(@] [™]
ILA-FC TFAC
TFC

Cut

16

A.3. Translations from LB™ to NJ™

Lemma 24. Suppose we have a LJ* proof whose last infer-
ence is

(Fi - Ai),'

LT AFA

where R is A — P. Suppose for all i there is some C; in A;
such that we have supernatural deduction proofs m; of C;
from assumptions T';.

Then there is some C in A such that it is possible to build
a supernatural deduction proof of C from assumptions I, A
and using only elimination rules of R and the proofs ;.

Proof. By induction on the formula P.

e Suppose P = B is atomic.

Then the last rule of the sequent calculus proof is in

fact
R I''BFA
LT AFA
Therefore, if C € A and 1 is a proof of C from I" and B,
then
A
r Reg
I
C

is the proof we want.

e Suppose P = L. Then the last rule of the sequent cal-
culus proof is in fact

Ri
LTrarc

Then

is the proof we want.

e Suppose Pis P| = P».

Let S be the rewrite rule D — P,. By definition of the
left rules, there exists some io such that (I'j, - A;)) =
(T'F Pp,A) and

(Li = Ap) it

&‘RDFA
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Suppose that for all i # iy we have proofs m; from I';
to C; for some C; € A;. By induction hypothesis, we
can build a proof @ of C from I', D, w; for i # iy, and
elimination rules for S.

An elimination rule for S is of the form

D H, - H,
K

SEp
and elimination rules for R are then

A P H - H,

Rep

By replacing Sg, by Rg, in @ we therefore obtain a
proof of C from I', A, B, proofs m; for i # iy and elimi-
nation rules for R.

Suppose that there is some C € Py, A such that we have
a proof m;, from I" to C (or equivalently from I';, to
Ci, € A;)). There are two cases : Either C is in A, and
thus 7, is a convenient proof. Or C = Pj, and then
we can build a proof from I', A, proofs p; for all i and
elimination rules for R by replacing the assumption P;
in © by Ty -

Suppose P is P; A P».

Let Ry be the rewrite rule Ay — P; and R, be the
rewrite rule Ay — P,.

The left rule for Ry is of the form

(eri F AiaA)iEIk
T.DFA

Ry

and then the left rule for R is

(.00 T5 F AL A, Aier, jer,
TAFA

Ry

Suppose that for all i € Iy, j € I, we have proofs T, ;
from I',I';,T’; to C; for some C; € A;,Aj,A. By induc-
tion hypothesis for Ry, there exists some C; € A;,A
such that there is a proof @, of C; from assumptions I',
I';, Ay, proof m; ; and elimination rules for R;.

An elimination rule for R; is of the form

A H, - H,
K

Rigp
and some elimination rules for R are then

A H, - H,
K

REl-,n
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By replacing Rig), by Rg1,, in @; we therefore obtain
a proof @ of C; from I, I';, A, proofs m; ; and elimi-
nation rules for R.

By induction hypothesis for R, with these as’j, there ex-
ists some C € A such that there is a proof ® of C from
assumptions I', Ay, proof 65; and elimination rules for
R>. Once again, if we replace Ryg, by Rpz ), in @ we
obtain a proof of C from I, A, proofs m’j and elimina-
tion rules for R. But proofs ﬁi'j use only proofs 7; ; and
elimination rules for R, so this proof is convenient.

e Suppose P is Vx. Q. Let t be the term actually sub-
stituted for x in the super sequent calculus proof of
LAFA.

Let S be the rewrite rule D — {¢/x} Q. By definition of
the left rules, we have

(i - A

&‘RDFA

Suppose that for all i we have proofs m; from I'; to C;
for some C; € A;. By induction hypothesis, there exists
some C € A such that we can build a proof @ of C from
I, D, proofs from 7; and elimination rules for S.

An elimination rule for S is of the form

D H - H,

and elimination rules for R are then

A H, - H,
K

REg)

By replacing Sg, by Rg, in @ we therefore obtain a
proof of C from I', A, proofs ; and elimination rules
for R.

O

Lemma 25. Suppose we have a LJ* proof whose last infer-
ence is

(Fi H A,‘)i

R
RTTrAA

where R is A — P. Suppose for all i there is some C; in A;
such that we have supernatural deduction proofs ©; of C;
from assumptions T';.

Then there is some C in A,A such that it is possible to
build a supernatural deduction proof of C from assumptions
I" and using only the proofs w;, with the introduction rules
of R at the root if C = A.

Proof. By induction on the formula P.
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e Suppose P = B is atomic.

Then the last rule of the sequent calculus proof is in
fact

T'FB,A

R TraA

Suppose we have a proof  of B from I'. Then

r

B
Ry —
T4

is a convenient proof. Else, if we have a proof  of
some other C € A from T, this is a convenient proof.

Suppose P = _L. Then the last rule of the sequent cal-
culus proof is in fact

kLA

R -
RTraa

Suppose we have a proof  of L from I'. Then

>[-[3]

Ry

is a convenient proof. Else, if we have a proof 7 of
some other C € A from T, this is a convenient proof.

Suppose P is P| = P».

Let S be the rewrite rule D — P,. By definition of the
right rules,

(Fi H A,’)i

R T P D

(Remark there is only D in the right part of the conclu-
sion.)

Suppose that for all i we have proofs «; from I'; to C;
for some C; € A;. By induction hypothesis, we can
build a proof @ of D from I', P;, proofs m; and the
introduction rule for S.

The introduction rule for S is of the form

[A{,--- ,A’fl] [Arlm"' 7A51m]
Bl Bm
D

Si

and the introduction rule for R is then
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[PlaA{a"' JAfl] [PlvArlna"' 7A’I171m}
By By,

R
! A

By replacing S; by R; at the root of @ we therefore ob-
tain a proof of A from I', proofs &; and the introduction
rule for R at the root. (P is in the assumptions of all
premises of Ry, so that it is no longer an assumption of
the resulting proof.)

Note:  Here appears the difference between LB
and LK™, If we allow multiple right formule in the
premises of the right rule for =, we do not necessarily
obtain a proof of D from I" and P, but we can have
a proof of some other C € A, and therefore we cannot
conclude. This explains why, with the rewrite system
A — (B=C) AD, the sequent D - A, B can be proved
in LK™ but not in LB* nor either A or B from D in NJ*.

Suppose P is P A\ P,.

Let R; be the rewrite rule Ay — P; and R, be the
rewrite rule Ay — P».

By definition of the right rules, there exists /1 and I,
such that for k € {1;2}

(Ti k- Abier,

R
RTTE AL A
and

(Fi [ A,’),’gl (ri F Ai)ielz
TFAA

R

Suppose that for all i € I; UL, we have proofs 7; from
I'; to C; for some C; € A;. By induction hypothesis,
there exists some Cj, € Ag, A such that we can build a
proof @y of C from I, proofs 7; and the introduction
rule for Ry.

If C, € Afor k=1 or k=2, ®; is a convenient proof.

In the other case, the introduction rule for Ry, is of the
form
1 P1 1 Pm
[Ak,lv”‘ 7Ak,l] [Ak,mv“' ’Ak,m]
By1 By

R
kI A

and the introduction rule for R is then

pi
Brj kj

R
! A
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We can replace Ry; and Ry at the root of ®; and ®;
by R; to obtain a proof of A from I', proofs 7; and the
introduction rule for R at the root.

e Suppose P is Vx. Q.

Let S be the rewrite rule D(x) — Q. Supposing x is free
in I, by definition of the right rules,

(i = A,

* T TEDk)

Suppose that for all i we have proofs w; from I'; to C;
for some C; € A;. By induction hypothesis, we can
build a proof @ of D(x) from I, proofs m; and the in-
troduction rule for S.

The introduction rule for S is of the form

[A]IV"’A[l)l] [Alnv"WA";lm]
Bl Bm

& D(x)

and the introduction rule for R is then

[A}’... 7,411’1] [Arlm"' Aﬁ,’”]
By B,
A

R; x not free in the assumptions
But we are supposing that x is free in I, so that we can
replace S; by Ry in ® to get a proof of A from I', proofs

7; and the introduction rule for R.

O

THEOREM 9.

A proof of the sequent T - C in LB™ using only identity and
super rules can be transformed into a proof in NJT of C
from I using only super rules.

Proof. We prove a stronger result: a proof of the sequent
'k A in LB using only identity and super rules can be
transformed into a proof in NJ™ of C from T using only
super rules for some C € A.

By induction on the LJ™ proof:

e The last rule is an Axiom rule:

Axiom =

Then we have a trivial supernatural deduction proof of
A from assumption A.

e The last rule is a cut rule

19

IAFA TFHAA
TFA

Cut

By induction hypothesis on the right subproof there ex-
ists a proof 7 of either A or some C € A from I'" using
only super rules.

In the second case, T is a convenient proof. In the
first case, by induction hypothesis on the left subproof,
there exists a proof @ of some C € A from I" and A us-
ing only super rules. By replacing the assumptions A
by 7 in @, we obtain a proof of C from I'.

e The last rule is a right super rule. We can conclude
using Lemma 25 and induction hypothesis.

e The last rule is a left super rule. We can conclude using
Lemma 24 and induction hypothesis.

O

B. Interactions PTS terms and first-order
terms

Lemma 26. The translation is compatible with the o.-
conversion:

Ax:AB|,=|Ay:A{y/x}B|,
Proof. By simple induction. O

Lemma 27. Ifx &/,

‘A|€::x::nil [liftZ(Cons(W'Z::nil))] é ‘{u/x}Au::nil .
Proof. By induction on A.

o If A = x, then |A‘€::x::nil [lifl?(cons(|u‘(::ni1)ﬂ =
”71[liftz(cons(|“|z::mz))] and |{u/x}A‘é::nil =
|tt]4..,i7- We can conclude with [18, Corollary 3.2].

o If A=yl then |A|.... [lifts(cons(|uls.p))] =
m [lifty(cons(|uls.,y))] with m < £+ 1, and
{u/x}Al gt = IVlea = m- We can conclude
with [18, Corollary 3.2].

o IfA=y¢{:x, then A eoyeonit [T ft7(cons(|u] .ir))] =
yIshife]  {tiftp(cons(fulp.pi))] and [{u/x}A | =

¥l = ¥ [shift]". By [18, Corollary 5.7],

ylshife) ! [Liftz(cons(lul )]

> ylshift] [cons(|ul.;)] [shif]

[ Z
l

< y[shift]
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e The interesting case is the abstraction over x, with y #
x:

‘}\.XZAB‘Z x:nil [liftz(w”s(Wé ml))}

— (|{y/x}B|y::Z::x::nil [lift2+1 (COnS(|u|é::nil))] )
o (/e o 0B )

= A (1H0/B )
= Ay A{y/x}Blp
= |[Mx:ABl

= Hu/xthx:A By

Lemma 11. |A‘x::nil [Cons(|u\ )] é |{M/X}A|

Proof. Corollary of the previous lemma. O

Lemma 12. If |A|——a then there exists A' such that

a—A|.

Proof. By definition, the W-normal form of a is a pure term
[18, Definition 3.4], and it can therefore be translated back
into some A’ such that a——y |A’. O

Lemma 28. If z does not appear in (, |A|...... =

{1/z[shift]} (Al p.pi [lifte(shift)])

Proof. By induction on A.

oIf A = z, then Al .0 = 1 and
{1/z[shift]} (A‘l il [llft[(shtft)]) =
{l/z[shift]}( [shift]’ [ltft[(shzft)D which s

by [18, Corollary 5.5] {1/z[shiff]} ( Ishift “1)

1[shi ft] which is by definition of the scheme £+ 1.

and {1/ [shife]} (Al [lifr(shif)]) =
{1/z[shift]} (m [lifts(shift)]) which is by [18,
Corollary 3.2] {1/z[shift|}m = m.

oIf A=yedl then |Al...,; =m with m < ¢

oIf A=y ¢ {:x then |Al,. .., = [shift]h1
and {1/z [shiftl} (|A|£ il [lzfté(shlft)]) =
(1/z[shift]} (y (shife]” [life;(shift)] ) which s
by [18, Corollary 5.5] {1/z[shift]} (y [shift]”l) -

ylshifr) !
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e The interesting case is the abstraction over z, with y #

Z:

|7\‘Z A B|€..z..ml
=0 [Ay:A {y/Z}B‘Z::z::nil
= A <|{y/Z}B|y::€::z::nil>

o ({0/alshife)y (Hy/2dBlyn it (shif0)]))
= {W/2lshif 0 (13 23Blys 117 (1)) )
—  {1/2lshif 1]} (M3 3Blya ) [Hiftr(shi )]

= {L/zlshift]} (INy: A {y/2}Bly.) [liftr(shift)]
o {l/z [Shlft]} (|7\-Z : A B‘é::m’l) [llftf(Shlft)]

Lemma 13. |A|.,,; = {1/<[shif]} |Al,; [shifi]

Proof. Corollary of the previous lemma O

Lemma 14 (Reduction under IT). o If <S1,S2,S3> € R,

[ hHgA st and Tlx @ Al b Bt s, x is not

free in b, a——|A|" and b|cons(x)] —>\B\F[’C:A] then
fl:(.vl,sz7s3> (a7b) LN |Hx tA Blr

o If s, 5r.53) (a,b) —=|C| then there exists A, B such
that C =1Ix: A B.

Proof.
[TLx: A B|
= fCS (Cl, ‘B‘x::nil)
S (@ (L shife)} By [shift]))
L e ({1 xlshif] Yo [cons ()] [shif]))

& s (a, ({1/x [shift]}b[lift(shift)] [cons(x[shift])]))

(18, Cor. 5.9]

= Ts(a,(bllift(shift)][cons(1)]))

x not free in b

* .
— 7t (a,b)
[18, Lemma 4.5]

C. Why are several 7t necessary?

Because of rule (2)gi: in the calculus of construction,
we could get Girard’s paradox:

Axiom 1
’ (O,%,%) I—S(*,D) 8(Z7*) "8(2,*) lLCth(Z)]
( )I + j Lz
(2) <*v*7*> M
£l Fe (%, %)



