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Overview

e IFP (Intuitionistic Fixed Point Logic) is a proof system that
has been developed by U. Berger and collaborators (M.
Seisenberger, O. Petrovska, H. Tsuiki) since 2009.

e |IFP is an extension of first-order logic by by strictly positive

inductive and coinductive definitions.

e |FP is in particular used for program extraction of exact real
computation programs.

e The goal of this work is to do IFP style proofs in the Coq
proof assistant and possibly to translate between the two proof
assistants.
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Intuitionistic Fixed Point Logic

IFP is a schema for a proof system over different abstract

mathematical spaces.
An instance of IFP consists of a language £ and a set of axioms A.

The Language L consists of
1. Sorts ¢,t1,... as names for abstract mathematical spaces
2. Terms s, t consisting of variables, constants and function

symbols

3. Predicate constants of fixed arity
Relative to £ we define

e Formulas: s=1t, P(t), AANB, AV B, A— B, VxA, Ix A.
e Predicates: Variables, constants, Ax A, u(®), v(®).
e Operators: AX P (P strictly positive in X)
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Axioms

A formula is called non-computational if it is disjunction-free and

contains no free predicate variables.
Axioms in IFP are closed non-computational (disjunction-free)

formulas.
Example:
VxVy—(x <y)—y<x
is OK but
UxVyx <yVy<x
is not.
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Realizability and Program Extraction

e IFP’s primary goal is program extraction

e Careful distinction between computational and
non-computational (Harrop) formulas

e Harrop expressions are realized by Nil

e Uniform interpretation of quantifiers:
aROxA=0x(aRA)for ¢ € {3,V}

e Implemented in the Prawf proof assistant (U. Berger, O.
Petrovska, H. Tsuiki)



Induction rules

IFP contains the following rules for strictly positive induction and
coinduction:

CL(®) P € P IND(®, P)
O(u(®)) < 1(®) (@) C P :
P C &(P)
(@) C o((@y) COM®) Peue) COMND(®,P)

A C B is short for Vx Ax — B x.



Example: The language of real numbers

Language:

e Sorts: one sort R
e Constants: —1,0,1
e Functions: +, —, %, /,...

e Predicate constants: <, <
Axioms:

e Disjunction-free formulation of axioms of real closed field etc.



Example: Natural numbers

We can define natural numbers inductively by
N(x) = p(AXAx (x =0V X(x — 1)))

Induction and Closure rules:

Vx((x =0V N(x —1)) = N(x)) CL(N)

Vx(x =0V P(x—1)) = P(x)
Vx N(x) = P(x)

IND(N, P)



IFP and Coq

IFP
Coq

e Intuitionistic first-order logic

Constructive Type Theor
e Can add (nc) axioms P Y

) Can add axioms
e Program Extraction

Program Extraction,

Computation
e Well-suited for proofs over P

abstract mathematical General purpose, many

libraries
spaces (real numbers,...)

e Partiality
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Prop.
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(axiom) of type ¢.

3. For each function symbol f of arity ¢1 X - -+ X ¢, — ¢, define f
as a term constant (axiom) of type t1 — -+ — 1 — L.

4. For each predicate symbol P of arity (1, tp), define P as a
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IFP-Coq

For each language £ and set of axioms A, we define a set of Coq

axioms by

1.

For each sort ¢ in L, define ¢ as a term constant (axiom) of

Prop.

. For each constant c of sort ¢, define ¢ as a term constant

(axiom) of type ¢.

For each function symbol f of arity t1 X -+- X ¢, — ¢, define f

as a term constant (axiom) of type t1 — -+ — 1 — L.

For each predicate symbol P of arity (¢1,--tp), define P as a
term constant (axiom) of type t;7 — -+ — ¢, — Set.

For each operator symbol Q of arity (¢1,---¢,), define Q as a
term constant (axiom) of type
(¢t — -+ —1p— Set) = (11 = -+ — 1ty — Set).
10



Translating Formulas i

1. Hic:v)= Fc:y,

2. H(f tuu X Xip—1)= Ffiug—-—ip—,
3.
4
5

H(x:t)=x:tbFx:q,

. H(C : predicate(t1,...,t9))= FC:t3— -+ =1, — Set,
. H(X : predicate(t1,...,t4)) =X :t1 = -+ — 14y — Prop -

X131 — - —1qg — Set,

H(f(ty, -+ ,tp):e)=THEFft -+t when
H(ti:vi)=Titt :¢pand T =Y, T},

H(t1 = to) =T F t; = t) : Prop when H(t;) =T1 ] : ¢,
H(t) =Takty:t,and T =T1 UTy,
HPVQ)=TFP Vv Q when H(P)=T1F P’ :Prop,
H(Q)=T2F Q :Prop,and [ =T; Uy,

11



Translating Formulas ii

10.

11.

12.

13.

HPAQ)=TF P AQ when H(P)=T1F P’ :Prop,
H(Q)=T2F Q :Prop,and [ =T U,

HP - Q)=TF P — Q when H(P) =T1+ P’ : Prop,
H(Q)=T2F Q :Prop,and =T U,

H(3x P) =T\ (x:¢)F3(x:¢). P’ when H(x) = x : ¢ and
H(P) =T+ P’ : Prop,

H(Vx P) =T\ (x:¢) FV(x:¢). P’ when H(x) = x : ¢ and
H(P) =T+ P": Prop,

H(Ax P) =T\ (x:¢)F A(x:¢). P when H(x) = x :¢ and
H(P) =T+ P": Prop,

12



Translating Formulas iii

14, HAX P)=T\(X:(t1 = -+ = tnp — Prop)) F A(X :
(t1-++ — tp — Prop)). P’ when
H(X)=X:t — -+ — t, — Prop and
H(P) =T+ P": Prop,

13



Inductive Types

For each expression p(®) in IFP we define an inductive type in Coq:

Inductive MPhi : (v -> Prop) :=
MPhic: forall x, (Phi Mphi x) -> Mphi x.

where Phi is the translation of ®.
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Inductive Types

For each expression p(®) in IFP we define an inductive type in Coq:

Inductive MPhi : (v -> Prop) :=
MPhic: forall x, (Phi Mphi x) -> Mphi x.

where Phi is the translation of ®.

The right induction principle will in general not be generated by
Coq but

Lemma ind_Phi: forall (P : ¢ -> Prop),
forall x, ((Phi P x) -> P x) -> Mphi x -> P x.

can be proven.

14



We formalized the real number examples from

[§ Ulrich Berger, Hideki Tsuiki: Intuitionistic Fixed Point Logic.
Annals of Pure and Applied Logic 172.3 (2021): 102903.
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We formalized the real number examples from

[§ Ulrich Berger, Hideki Tsuiki: Intuitionistic Fixed Point Logic.
Annals of Pure and Applied Logic 172.3 (2021): 102903.

Recall the definition of natural numbers in IFP:
N(x) = p(AXAx (x =0V X(x — 1)))

= Demo in Coq.

15



Signed Digit Representation

The signed-digit representation for a real number x € [—1,1] can
be defined by v(®gp) with

®gp == AXAx3d € SD |[2x — d| < 1A X(2x — d)

where
SD = {-1,0,1}

16



Mixed Induction/Coinduction

Nested inductive/coinductive definitions are used in IFP e.g. to
define uniformly continuous functions. However, Coq does not
accept the coinductive proof because it is not formally guarded.

17



Interpreting IFP in Type Theory

We embed IFP in Coq using only a simple subset of Coq's
dependent type theory without general induction and coinduction.
We only use the type constructions

e 0,1,
o N,
e A+ B,
e AX B,
Mnx,

The existence of a type Set, which is a universe of small types.

18



Formalizing IFP Syntax

IFP language L consists of

a finite set of sorts S = {t1, -+ ,tn},

a finite set of (arity attached) constants
C={c1:4f, - ,cn:t}} where /s €S,

a finite set of (arity attached) operators

/!

- / . /
O={o1 1) X - Xtin = th, "+ ,0n 1ty X+ Xlpn, = Ly}

!/
where ¢, 3 € S, and

a finite set of (airty attached) relations

R = {I’]_ : (L/117'” 7L1I71)7'” y0n : ([’;717" : >Lnnn)}-

19



Formalizing IFP Syntax

The term language consists of (i) v variables, (ii) constants, and

(iii) operations.

t = X variable
‘ c c € C constants
| o(tr,- -, tn) o € O operations

20



Formalizing IFP Syntax

The logical language is defined with the simultaneously defined
formulae, predicates, and operators.

21



Formalizing IFP Syntax

Formulae:

A B

tih =t
AV B
AAB
A— B
dx . A
Vx 1. A
P(ty, -, tn)

equality
disjunction
conjunction
implication
existence
universal

application

22



Formalizing IFP Syntax

Predicates:

“ytn))- P

predicate variable

r € R relational constants
abstraction

least fixed points

greatest fixed points

abstraction

23



Set Theoretical Semantics of IFP

We start with the basic semantics of the language L:

e For each ¢ € S, its semantics is a set [¢]set € Set.

e For each (c: ) € C, its semantics is a point [c]set € [¢]set.

e Foreach (0:¢1 X -+ Xty — ) € O, its semantics is a
morphism [o]set : [t1]set X -+ X [tn]ser — [t]set-

e For each (r: (11, -+ ,tn)) € R, its semantics is a relation
[rlset : [ea]lset X -« x [enlser — {t, f}.

24



Set Theoretic Semantics of IFP

e For a well-formed formula I'; A - A, we define its semantics to
be a family of sets [I'; A F Aset : [[set X [A]set — Set.

e For a well-formed predicate I A+ A (¢1,--+ ,tn), we define
its semantics to be a function [I;AF P (e1,-+ -, tn)]set
[Mset X [Alset = [eallset X - -+ X [en]ser = {t, f}.

e For a well-formed operator I'; A t-gp ® 1 (¢1,- -+ ,tn), we define
its semantics to be a function [I;AF P (e1,-++ ,tn)]set :

[MMset X [Allset = [e1llset X - -+ X [tn]lset = {t, F}.

25



Set theoretical semantics of IFP

For any sequence of families ¢ : N — A — Set, we define the
operators

U(c):=A(x:A).Z(n:N).cnx M(c):=A(x:A).MN(n:N).cnx

LI and M are countable join and meet, respectively.

For any function f : (A — Set) — (A — Set), we define:
uf =Uf"L

vf :=nf"T

26



Realizability Interpretation of IFP

Complete Formalization

(Partial) translation from Coq proofs to IFP proofs

Extension to CFP
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