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Abstract

Logical relations have now the maturity to deal with pro-
gram equivalence for realistic programming languages with
features likes recursive types, higher-order references and
first-class continuations. However, such advanced logical
relations—which are defined with technical developments
like step-indexing or heap abstractions using recursively de-
fined worlds—can make a proof tedious. A lot of work has
been done to hide step-indexing in proofs, using Godel-
Lob logic. But to date, step-indexes have still to appear
explicitely in particular constructions, for instance when
building recursive worlds in a stratified way. In this paper,
we go one step further, proposing an extension of Abadi-
Plotkin logic with forcing construction which enables to en-
capsulate reasoning about step-indexing or heap in different
layers. Moreover, it gives a uniform and abstract manage-
ment of step-indexing for recursive terms or types and for
higher-order references.

1. Introduction
1.1

Logical relations appear in the last decade to be a power-
ful technique for proving program equivalence, able to deal
with concrete non-trivial equivalence of programs making
use of complex features like recursive types, control opera-
tors and higher-order references. For instance, it is now well
known that fix point operators or recursive types [1] can
be handled by logical relations using step indexing, a tech-
nique introduced in [3]. To avoid the apparent circularity in
the definition of logical relations for recursive types, step-
indexes are used to stratify logical relations with a natural
number representing roughly the number of steps for which
the programs in question behave similarly. In this way, it be-
comes possible to prove the equivalence of many programs
that makes use of recursive types by performing a simple
induction on step-indexes. But the management of step in-
dexes during a proof appears to be—borrowing a word from
N. Benton—"ugly”. That’s why many authors, starting from
the work of A. Appel et al. [1], have proposed to hide step-
indexing using Godel-Lob logic.

Logical relations
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More recently, D. Dreyer et al. [2, 12] have defined step-
indexed Kripke logical relations with the ability to establish
properties about local state that evolve during computation
in some controlled fashion. Basically, instead of using local
invariants as in the seminal work of A. Pitts and I. Stark [17],
the evolution of the heap is constrained by a state transition
system (STS).

To encompass higher-order references, D. Dreyer et al.
have to extend their notion of heap relations that are used
in each node of the STSs of a world to heap relations taking
a world as a parameter. While all those ideas appear to be
intuitively very elegant, their precise definitions still requires
to make an explicit use of step-indexing and stratification
where people just would like to use Godel-Lob logic and
recursively defined set of worlds.

This paper proposes a logical setting where all those
different notions can be defined modularly and combined
uniformly.

1.2 Forcing for set theory

Forcing is a method originally designed by P. Cohen in the
60s to prove the independence of the Continuum Hypothesis
from the axiomatic set theory ZFC [8]. The main idea is to
extend a ground model M to a new model MI[G] by adding
a new generic element G to M. As M[G] is in general re-
ally complicated, P. Cohen has proposed to control the true
propositions in M[G] by translating them into M. To do so,
he has used forcing conditions, which have to be seen as ap-
proximations of G. Such forcing conditions live in M while
it is not the case for the generic element G. Thus, from a for-
mula ¢ of MI[G], the idea is to build syntactically a formula
p IF o—pronounced “p forces ¢”—that lives in M, and such
that ¢ will be true when there is a “correct” approximation p
of G such that p IF ¢ in M. One key property of forcing con-
ditions is that they are ordered. Intuitively, p < ¢ when p is
a more precise approximation of G than ¢, i.e. contains more
information, so the relation I has to be monotonous for this
order. In a similar manner, J.-L. Krivine has used forcing
to transform into a program any proof using the dependent
choice axiom and the existence of a non-trivial ultrafilter
on N [14]. This approach has recently been clarified by A.
Miquel [16], who tries to understand proof transformation
induced by forcing translation through Curry-Howard iso-
morphism. Finally, in [9], forcing is used to prove construc-
tively the uniform continuity of some functionals defined in
intuitionistic type theory. In this article, we do not pretend
to follow precisely the line drawn by those works, but rather
an alternative line promoting the general slogan:

”Forcing can be used to add logical principles modularly.”

This slogan will be illustrated by defining logical relations in
different logic layers having more and more logical principles.
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1.3 Approximating logical relations with forcing
conditions

In analogy to Cohen’s forcing, we advocate that forcing con-
ditions in the setting of logical relations can be used to ap-
proximate the notion of observation. This follows the well-
known fact that step-indexing can be seen as an approxima-
tion of the equitermination observation O(t1,t2) which says
that the term ¢; terminates if and only if t2 terminates.
More precisely, suppose given a logic in which logical
relations can be expressed and consider the formula

£ [[Unit — Unit]] (tl, tz)

that says that the two terms ¢; and t2 are related at type
Unit — Unit. In presence of complex features in the lan-
guage, we sometimes want to be able to relate terms that
are not absolutely equivalent but only under some condition
p, written

p - € [Unit — Unit] (t1, t2).

Technically, the formula above is translated into a formula of
the ground logic where the forcing condition p goes through
the formula monotonically until the observation

p Ik O(t1,t2)

which approximates the original observation. For instance,
when the forcing condition is a world w, the approximated
observation says that ¢1 and t2 behave the same for all heaps
related by w. When the forcing condition is a step-index n,
the approximated observation says that ¢; and t2 behave the
same for n steps.

1.4 Step-indexing as forcing conditions

As indicated above, step-indexes can be rephrased as forcing
conditions over integers (with the usual order) that approx-
imate the observation. In this way, it is possible to recover
uniformly many definitions given in previous works. But the
really interesting part is that we can formalize the logical
principles that step-indexing validate in the forcing layer.

Forcing conditions can be used to approximate existing
formulas but also to give some meaning to new connector in
the logic. Namely, in the step-indexed (SZ) layer, one can
define the so-called “later” operator as

def

nlkop = Vm<n, mlkop

and show that the Lob rule is valid under forcing. To be
more abstract about step-indexes, let us make explicit the
logic associated to the forcing layer

Y1y, Yk I—SIgodéan,(nH—wl,...,nH-wk)I—(nll—ga)

that is, ¢ is true in the SZ layer if and only if it is forced
by any step-index. This formalizes the intuition that step-
indexing provides approximations of logical relations whose
limits are logical relation themselves. In the SZ layer, the
Lob rule is also valid and can simply be expressed by

>P l_SI P
Fsz P

This means that working in the SZ layer equipped the
ground logic with an induction principle for free. But we will
see in Section 4 that the SZ layer has much more logical prin-
ciples, for instance the ability to define logical relations or
worlds recursively without making any explicit use of strat-
ification. But the fact that each new formula is translated
in the previous layer using the forcing relation enables to

validate the new reasoning principles in the previous layer,
which means that:

?The consistency of the logic defined in a forcing layer
ensues from the consistency of the ground logic.”

The idea of using forcing to prove relative consistency results
in proof theory is not new, see for example [5], but here, we
apply it to type theory.

While step-indexing is fitted to reason on contextual
approximations, it is harder to design step-indexed logical
relations to reason on contextual equivalences. In [11], then
refined in [13], a method based on a direction variable is
given, which corresponds in our framework to a simple
forcing with only two conditions {I, r}.

1.5 Kripke worlds as forcing conditions

Turning back to the seminal work of A. Pitts and I
Stark [17], let us consider forcing conditions over a set of
worlds defined by

World %/

A world is thus a relation that states which heaps are in
relation in this world. A world w’ is in the future of a world
w (noted w’ 3 w) when w' extends w on new locations.
Then, defining the relation O,, as t1 and t2 behave the same
for all heaps related by w, we can recover the usual definition
of Kripke logical relations (see Section 5 for details). Note
that the judgement

Heap x Heap — Prop

w k¢

was already present in the work of A. Appel et al. [4], as the
definition of Kripke model, for which truth is not absolute
but relative to some appropriate notion of world.

As far as higher order references are concerned, we can no
longer define worlds in this simple manner since references
can point to other references whose relation depends on the
world. So one would like to define world recursively as

World ¢/ (Heap x Heap) — World — Prop

However, by a cardinality argument, there is no solution to
this equation in Set. This has lead many authors (see []
or [12], for instance) to work with a stratified approximated
solution to this equation. But it seems that step-indexing
is coming into the picture again. Indeed, in [1] or [12],
worlds are indexed by an integer that decreases when time
advances.

One of the main contributions of this paper is to show
that this stratified construction can be recovered by defining
worlds in the step-indexed (SZ) layer, using directly the
possibility to define recursive kinds.

2. The Logic FLR
2.1 The language F*

We consider the language F*'; a standard call-by-value A-
calculus with a fixpoint construction, recursive types, uni-
versal polymorphism, and ML-like references. For simplicity,
we do not have products, sums or existential types, but they
could be added easily following [13]. The syntax and the op-
erational semantics are given in in Figure 1, while the typing
rules can be found in Appendix.

2.2 Contextual equivalence

Let A be a context for the free type variables, T for the
locations used by the term, and I" for the free term variables.
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7,0 = Unit|Nat|a|7—0|Var|poar |refr
v 0|1 Ae.M | fix f(z).M | Aa.M | rollv
(where n € Nat,! € Loc)
M,N def v|z|7T|MN |roll M | unroll M | ref M |
IM | M =N
K % o|KM|Kr|vK |rollK |unroll K |
ref K ||1K | K:=M|v:=K
A emp | bl o] | hells ]

((Az.M)v,h) — (M{v/z},h)
(fix f(z).M)v, h) = (M A{v/x}{fix f(z).M/f},h)
(A M)7,h) = (M{r/a},h)
(unroll (roll M), h) +— (M, h)
(N,h) +—  (v,h) when h(l) =wv
(refv,h) — (I,h e[l — v]) with [ ¢ dom(h)
(l:==v,h) — ((),h[l — v]) when [l € dom(h)
(M1, h1) = (M1, ha)
(RIM, hu) o (K[ME], o)

Figure 1. Definitions of F*

Contexts C' are defined as terms with a hole [.] anywhere
in the term, and have a type - C : (A0, F 1) —
(A;Y';T' o) saying that for any M with A;T;T = M : 7,
we have A; Y';T" F C[M] : 0. The typing rules of context
are usual and can be found for example in the additional
details of [11]. The contextual equivalence My ~cio Mo : T
is then defined over arbitrary context C' with a hole:
M1 ~ATT MQ LT

—ctx

means that A;Y;I" - M, M2 : 7 and for all contexts C'
(such that = C : (A; 05T+ 7) = (A YT F o)), C[M]
and C[M>] equiterminate.

2.3 Syntax of FLR

Unlike Abadi-Plotkin logic [18] and all the successive de-
velopments like LSLR and LADR, which are based on
second-order logic, we use higher-order logic. The resulting
logic, called FLR, constitutes a language in which logical
relations—and their extension using a forcing condition—
can be defined.

FLR is an extension of (Curry style) Fw with implicit de-
pendent types and a constructor for finite partial functions.
We call kinds the types of the logic, to be differentiated from
types of F*. Kinds are defined as :

T,U := Nat,, | Loc | Term | Val | Cont | Type | Prop | 7 |
TIL|TxU|T—>U|T U |Vo:T.U

where p € N. Cont will be the kind of contexts, while Type
will be the kind of types of F*'.

The atomic propositions are: (1) M = N: syntacti-
cal equality on terms, locations and heaps; (2) (M, h1) —
(N, h2): reduction relation on pairs of term and heap; (3)
abstract notion of observation O on pairs of term and heap;
(4) left and right approximations of the observation O, OF.
The idea is that O, OF, are approximations of @, controlled
by the forcing conditions. Dealing with equitermination, O
will represent the left approximation for at most n steps, i.e.

“OL ((t1, h1), (t2, ha)) iff for all k < n, if (t1,h1) can be
reduced k times then (2, h2) terminates.”

It is axiomatized by the logical rules given in Section 2.4.
Formulas are defined by :

PQ = nll|M|K|7|O|O, 0| M=N|
(M, h1) = (N,h2) | PAQ | PVQ |
P=Q|Vz:T.P|3z:T.P| (x).P |
mP|mQ|(PQ)[Peq

In the following, C denotes a logical context P, i.e. a list
of propositions used as hypothesis, while I" will be a typing
context. We abbreviate @ € P as P(Q). The well-formedness
of propositions is ensured by standard typing rules given in
Figure 2.

2.4 Inference rules of FLR

Our logic comes with a congruence = on formulas, which
take into account B and 7 equality. It is defined as the
smallest congruence satisfying the following axioms :

tex.P =2 P{t/z}
z.(r € P) = P whenx¢ FV(P)
m(PQ) = P
2 <P7 Q) =2 Q

There are also inference rules describing the reduction of
F* mimicking the operational semantics of Figure 1.

FLR is equipped with standard inference rules given in
Figure 3. Approximated observation relations O} and O,
satisfy specific inference rules (we only present the rules for

1):
[;CF OL((My, ha), (Ma, he)  T3CHEk<n
T;C F OL((Mi, h), (Mz, h2))

I;CF (M, he) — (M{,h’l)
T;CF Vk < n.Op (M1, hy), (Mz, h2))
I;C F O (M, ha), (Ma, hs))

Note that in the ground logic, there is no need for inference
rules for O. The expected inference rules will appear when
working in the step-indexed forcing layer.

The coherence of FLR can be ensured by constructing a
model adapted from the coherent space model of Miquel [15].
Our logic is just a fragment of its logic (without universes
and dependent types) with the additional presence of T, 1L
and Nat, base sorts.

2.5 Partial finite function

To model heaps and world, we will need partial functions
with finite support as we must guarantee to have free space
in the heapl. That is Heap must be defined as Loc — ¢, Val.

We use the kind A — #;,, B of partial finite functions from
A to B, a predicate dom on them, plus the empty function
emp and two constructors f e g and [u — v]. We also have
a constructor f[u +— v] which enables to change the value of
a partial function f.

The usual typing rules are given in Annexe and the logical
rules are:

I;C Fu ¢ dom(f)
TiCH(fe[u—v])(u)=v

I';C Fwu € dom(f)
T;CF (flu—v))(uw) =v

LTt seems to be possible to encode them in our logic, like in [19],
but we prefer to define them directly in our system.
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q<p

I' - ¢ : Nat, I' M : Term I'Fov:Val I'+ K : Cont I'+1:Loc I'7:Type '-pP:T

(z:T)eTl Dae:THP:U '=P:T—-U '-Q:T 'EP:TxU

ez: LHP:T for any P 'ka:T T'kFaP:T—>U '-QepP:U 'tmP:T
'EP:TxU THP:T r-Q:U THP:T THT<:U Te:THP:U
I'kmP:U PH(P,Q):TxU r-pP:U '-P:Ve:T.U
I'+ P : Prop I'FQ : Prop I'+ P : Prop I'FQ : Prop '+ P : Prop I'FQ : Prop

I'HP = Q:Prop

Tx: T+ P:Prop

I'EPAQ :Prop

T'x: T+ P:Prop

'FVz:T.P: Prop

I'F My, Ms : Term I'F hi, he : Heap
'+ (Ml,hq) —> (Mz,hz) : PI‘Op

I'-3z:T.P: Prop

I'PvVvQ:Prop

'+ My, Ms : Term '+ hi, he : Heap
'+ O((M, h1), (Ma, h2)) : Prop

F"Ml,MQ Fl—hl,hQ:Heap

I'+ My = M> : Prop

' hy = he : Prop

Figure 2. Typing rules of FLR

PecC IiCHP=Q I'sCHP I;C,PFQ I;CkP pPx~p
I;CHP I;CHQ IiCHFP=Q r;c+pP Tg:Naty;CHg<p
I;CHP T;CHQ I5CHEPAQ T5CEPAQ I;CHP CHQ
I'CHEPAQ IiCHP IiCHQ IiCHPVQ IiCHPVQ
I;CHEPVQ I'C,PER INC,QFR xe:T;CHP z¢C I'CHVx:T.P 't:T
I''"CHR ICHYz: T.P I;CHP{t/z}
I'CH P{t/x} r;Ck-3x:T.P Dt:T;C,P{t/z} - Q
IiCH3dx:T.P r,cHQ@
Figure 3. Basic Logical rules of FLR
plus the usual commutativity and associativity equality on a<p

the two constructors e and [u — v], extending the congru-
ence =.

2.6 Subtyping

To eliminate implicit dependent types, we use a standard
subtyping relation that is a preorder, is covariant in both
arguments of the product types and validates the inference
rules of Figure 4. Even if a rule like T — T <: T could
appear to be non-standard, one can check that it is satisfied
in the slightly adapted model of [15].

2.7 Logical relations

We can already build a logical relation in this logic for the
pure, polymorphic fragment of F*'. Logical relations, built
by induction on types and defined on the following kinds

Rel %/ (Term x Term) — Prop , Rel; s = (r x o) — Prop

are given in Figure 5. The definition of logical relations for
polymorphic types uses an environment 1 which maps free
types to relations. It is important to notice that the defini-
tion of &[] is made by biorthogonality, which is central in
our work since it is the only place where the observation O
appears. Note that for the definitions of S [Y] and ~;.4, we

TFT<:T TFT—oT<T TFNaty<:Nat,

rET<:T" TrRU<U
PETxU<:T xU'

I' - Nat, <: Nat

T <:T r+U<: U’
r'cT->U<T —-U

I'kt:T
'EVe:T.U <:U{t/x}

r+7<:T Le:T' FU<: U’
THYz:T.U <:Vz:T.U’

Figure 4. Subtyping rules

anticipate Section 5 and use the logical relation on reference
types.

3. Forcing layers

To increase the power of our logic, we will extend it with new
constructions, and new reasoning principles (e.g. the Lob
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VIl, = nfa)

V[Unit], = (vi,v2)01=v2=()

Y [[Nat]]n = (v1,v2).3n: Nat.wi =v2 =n

V[[T—)O’]]n = (u1,u2).Yoi,v2 € V[7] (v1,v2),
(u1v1, u2v2) € € [o]

V [[VO(.T]]n = (u1,u2).Voa,az : Type,Vr : Rela; ay-
(ura,uzc2) € € [[T}]n,w_”,

K [[T]]n = (K1, K2)Vui,v2 €V [[T]]n ,Vhi, ha : Heap,

O((Kl [Ul]vh'l)’ (K2['U2}7h2))
3 [[T]]n = (M, M) VK1, Ko €K [[Tﬂn ,Vhi, ho : Heap,
O((K1[Mi], ha), (K2[M2], h2))

DlA,e] = (n).37 € D[A].3R: VRel.n=1n'"e[a+— R]
GIN w7, = (13 € GIT] 3w, v2) € VI,

v=7"e x> (v1,02)]
S[r,l:7] = (1) eV refr], AS[Y]

My =X My i m = WneDIA],Vy € G[IT, .
S[Y], = (mmiMi,n2y2M2) € E[7]

n

Figure 5. Definition of logical relations

rule in the S7 layer). Such extensions, organized in layers,
will be translated in the core logic FLR. To do that, we will
use forcing conditions from a partially ordered set (P <),
and the forcing relation

plFe

for any p € P, which carries the formula ¢ from a forcing
layer to FLR. Then, the consistency of a forcing layer will
follow directly from the consistency of FLR, since all new
inference rules of a layer can be translated directly in FLR.
Among others, the abstract observation O will take a differ-
ent meaning depending on which layer it is considered. Note
that sorts and terms dealing with finite functions are not
forced (that is the translation is the identity) and will not
appear in the rest of this section. When working in different
forcing layers, the meaning of logical relations will change
even if their definition will remain the same.

3.1 Translation of sorts
A typing judgement of a forcing layer
FrkppP:T
will be translated in the underlying layer as
pi P,y br [P : [T],.

To define the translation of a kind 7', there are two choices.

In some cases, it is necessary to impose a stratification
on kinds using forcing conditions, such a translation will be
noted [T],. We will called it higher-order forcing. This will
be particularly useful for the layer SZ, where we will have
to translate recursive kinds.

[Base]p = Pp, — Base

T—-U, = W PT]y — [Uly
Vz : T.U], e Vp' : PpNx i [T]p.[U]y
[T % Ul, =T, < U,

where P, = {q | ¢ < p}. Note that P, is not directly
definable in our logic since we do not have subset types.
This explain the presence of Nat, to deal with the layer S7.
We will always suppose to have P, <: P, as soon as p < ¢

This translation is close to the tripos to topos construc-
tion. Indeed, the translation can be seen as a presheaf on P.
This justifies the definition of 7' — U, since we need a prop-
erty of monotonicity for functions between two presheaves.

In more simple cases, translation of kinds, noted [T7], shall
not depend on forcing conditions :

[Base] def P — Base

r-up =@

Ve:T.U] < e [1).U)

rxv) =
Notice that contrary to “traditional” forcing [16], even in
this simpler setting, individuals (like Nat) are changed by

forcing.

Note that [T] corresponds morally to Vp : P.[T],, which
means that the [T] corresponds to the definition of constant
presheafs. Finally, one define [['], as

((z:T),Tp = (2 : [T]p), [[p
We now present a monotonicity property that corresponds

to the presheaf condition in [6].

Proposition 1 (Monotonicity for STZ). For all type T and
forcing conditions q < p, we have

(T]p <: [T]q
Proof. The proof goes by induction on T'.

e The atomic kinds are proved using the contravariance of
subtyping relation at the left of the arrow, and the fact
that Py <: Pp.

e In the case of an arrow kind, we have to prove that

(Vp" : Pp. [T — [T ) <:(Vp" : Py.[T]p — [T],r)

which is direct by the definition of the subtyping.
e The implicit dependent kind is done in the same way.

e The product kind is direct by induction.
O

The next theorem states that the forcing translation on sorts
is correct (we only present the theorem for higher-order
forcing translation).

Theorem 1. IfI'Fp.z P: T then for all forcing condition
p, we have in the underlying layer p : Nat, L', k5 [P] : [T]p-

Proof. The proof is done by induction on the proof of I' 5. &
P :T (and on p in case of ST).

e The axiom rule is transformed into :
(z:[T]p) € [Ty
p:Nat, [, Fz:[T]p

e The abstraction rule is transformed into :
p: Nat, [[p,z: [T]p F [P]: [Ulp
p: Nat, [, - x.[P] : Vp' : Nat,.[T], — [Ul,

This rule can be mimic using the derivation

(Hyp and subtyp)
p: Nat,p’ : Naty, [[],/, 2 : [T], = [P] : [U],

(Mono and subtyp)

p: Nat,p’ : Naty, [[]p,z : [T], = [P] : [U], (Abs)

p: Nat,p’ : Natyp, [[]p = 2.[P] : [T],y — [Uly
(forall)

p: Nat, [['] = 2.[P] : Vp' : Naty[T],r — [U]y
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e The application rule is transformed into:
p:Nat, [[), b [P] : Vp' : Naty[T],y — [Ul,y p:Nat, [T F[Q] : [T]p

p: Nat, [[, = [Q] € [P]: [Ulp

The proof goes by instantiating forall at p and using the
application of the underlying layer.
e Other cases are either direct or similar.

O
3.2 Translation of formulas
Following [16], we now present the translation of formulas.
In the layer P, the rule
I'y;Cibpoor Ln;Crn Fp on
IChp

will be valid if for all forcing condition p

CilpiplECiEpl- ¢ Colpip - Con b Dl on
plETiplFCEpPIF@

is valid in the underneath layer, where p I+ C is defined
pointwisely.

The forcing relation of a formula P is noted [P]. If P is of
type T then [P] is of type P — T. It is defined by induction
on the structure of the formula :

def

[x] = x

[PAQ] = (PP A

[PV Q] = (p:P)PpVIQlp

P = Q] o (piP)VYe<p[Pla=[Qlp
Vo:T.P] & (p:P)V¥g<pVr:[T]y.[Pla
[z : T.P) Z:;” (p:P).3z: [T],.[Plp

[x.P] = z.[P]

Q€ Pl jéj Q] € [P]

[7: P] = ;i [P]

(P, Q)] = (PLIQ)

and p |- P is defined as p € [P)].

This translation satisfies these following important prop-
erties (proofs of Proposition 2 and Theorem 2 can be directly
adapted from [16]).

Proposition 2 (substitution and congruence).

1. [P{Q/x}] = [P{[Q]/x}.

2. If P=Q, then [P] 2 [Q].

3. pl- P{Q/x} = plF P{[Q]/z}.

4. If P=Q, thenpl- P=pl- Q.

Theorem 2 (Monotonicity). If p F P and ¢ < p then
q - P, as soon as it is the case for atomic propositions.

Theorem 3. IfI',C p.p P then for all forcing condition
p, we have in the underlying layer : [I']p,pIF C g plF P.

Proof. The proof goes by induction on the proof of I', C Fp. &
P. We only treat the case of forall elimination and introduc-
tion.

e Elimination of forall:
Clp;plFCHE Vg <pVz:[Tlq.qF P
Clp;pFCrzplk P{t/z}

[Clp b 8] : [Ty

using the elimination of forall in the layer F' and substi-
tutivity.

e Introduction of forall:
Clp,z: [Tp;plFCraplE P
Clp;splF CHp Vg <pVz:[T)q.qlF P

using the introduction of forall in the base layer and
monotonicity of the translations.

O

Note that the last theorem justifies the coherence of the logic
defined in a forcing layer by the coherence of the logic in the
underlying layer. This justifies the following inference rule
to go from one layer to its underlying layer

IiChzp P Ftepp:P
I5CHz (plF P)
But, as we will see in the rest of the paper, the main interest

of new forcing layers is that they can provide new reasoning
principle that were not explicit in the underlying layer.

3.3 Composition of forcing layers

Forcing layers can be combined sequentially. To define a new
layer Q over a layer P, it suffices to define the forcing relation
on atomic propositions and new logical connectors of P.

For example, the step-indexed layer introduces a new
logical connector > for which, when building the Kripke layer
over it, we have to define what w I- >y is. In that case, it
is not difficult as it is just >(w IF ¢). Note that the order
in which forcing conditions are composed—which will be
represented by a stack of forcing names Pi;...;P, on the
judgement symbol F—really matters. For instance, building
the Kripke layer before the SZ layer provides from using
recursive sorts in the definition of worlds.

4. Step-indexing as forcing with
well-founded conditions

To avoid circular definitions in presence of recursion, it
is now common to use step-indexing [3], which amounts
to count the number of reduction steps. This technique
is general enough to deal with the different programming
features where recursion comes into the picture: (1) a fixed-
point operator in the language®, (2) recursive types or (3)
higher-order references.

In our framework, step-indexing will appear as forcing
conditions forming a well-founded order with smallest ele-
ment noted 0 (it will usually be the set of integers). It gives
rise to a forcing layer, noted SZ. The well-foundation is cru-
cial to make inductive definitions correct. In SZ, the step-
indexed notions of observations O, and O, are replaced by
two abstract observations O', O" where indexes no longer
show up. Before reviewing the particular formulas and kind
constructions available in SZ, we present the definition of
forcing for standard constructors of the logic. Forcing on
basic formulas and kinds is defined as follows: (1) 0 forces

any formula, (2) n IF O¢ ol (forn > 0 and d € {r,1})
and (3) definitions for other formulas and kinds are those
given in Section 3.

4.1 Godel-Lob Logic

In the 87 layer, it is possible to define a modal operator
>—as introduced in [4]—which, when forced, expresses the

2 Fixpoints can be handled without step-indexing, thanks to an
unwinding lemma, but this method is more tedious.
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fact that a property has to be true in the (strict) future:

plFsP % vg:Pred,. qIF P

where Pred, is the sort of predecessors of an integer p,
defined as

Predp = 1L and Pred,;1 = Nat,.

This new connector satisfies two principles stating that the
SZT layer forms a Godel-Lob logic:

I;C,C2 sz P L& I;CoP sz P
OB
F; >01,62 Fsz >P F;C Fsz P

>-MoNO

Proof. We will just prove the validity of the L&b rule, the
other one is direct. Using the elimination rule of the impli-
cation before going down to the underneath layer , the rule
becomes:
[Cln;nl-CEYm <n. (Vk:Predm. klF ) = ml- @
[[];nl-CEnlF g

We prove this inference rule by proving m < n = m I+ ¢
by induction on m, the case m = 0 being direct as 0 IF ¢ is
always true. O

Note that the well-foundation of step-indexes is central to
be able to make an induction on forcing conditions.

There are also the usual distributivity rules of > over the
logical connectives (the symbol { indicates that the rule can
be used in both directions):

_ DiCrsr»(P= Q) D€ hsz (P AQ)
" T.CFszoP = 5Q "N T Crsz 5P ABQ

!

v F;C Fst D(PVQ)
bV R e Fer 5P VS0

I;C sz >(3x : T.P) I;C sz (Vo : T.P)
P T.CFsz3z:ToP " T,CrszVe:T.0P

Proof. Let’s prove the rule >-V. Leaving the layer SZ, we
have to prove that

[T]n;n Ik C Fsz Vk : Pred,.Vi : Natg Va : [T);.1 I+ P(x)
[[]n;n Ik C sz Vk : Natp.x @ [T].Vi : Predg.i IF P(z)

So let k : Naty,z : [T]x and ¢ : Pred,. By monotonicity we
know that x : [T]; and instantiating the premise with k = i,
we know that i I P(z) (as zi < n). O

Using this modality, it is possible to reason about recursion
abstractly as shown in [1]. To be able to reason about logical
relations, we exhibit derived inference rules on observation,
valid in SZ, such as the following rule

[;CF (My,hy) = (M{,h}) T;CFszpO'((M;,h}), (Ma, hs))

T;C Fsz O'((My, hy), (Ma, h2))

4.2 Recursive relations

Step-indexed forcing conditions enables to define recursive
relations in S7 as

n Ik pr.R(My, M2) Sk : Pred,. k IF R{ur.R/r} (M, M3)

The forcing definition is well-defined thanks to the decreas-
ing of the index. Such recursive relations satisfy the following

inference rules:
I',r: Rel Fsz R : Rel

RREL-T
B T S R - Rel

I;Cksz b R{pr.R/r} (My, Ms)
I;C Fsz pr.R(My, Ma)

RREL-INF

Note that compared to other works, we do not require that
recursive relations are contractive, i.e. have a > in front of
each occurrence of r. But to prove the membership of two
terms in a recursive relation, we have to reason in the future,
as the Rule RREL-INF indicates.

As explained in the introduction, using a recursive rela-
tion, logical relations can be extended to recursive types:

V[pa.t], = ur. ((1)1, v2).3u1, uz : Val.ug = rollug

Avy = rollus A >V [[T]]mm_w (u1, uz))

4.3 Recursive kinds

In a recent study of step-indexing in the topos of trees [0],
Birkedal et al. have introduced the notion of a later operator
on presheaves, which indicates that we could define such
an operator® » T (together with recursive kinds uT.U) at
the level of kinds in the SZ layer. Indeed, the following
translation of kinds under step-indexed forcing conditions

[P T}o déf T

Tl =1,
(WT.Ulo =

WT Ul = [URT/T),

gives rise to a stratified construction of kinds. The subtyping
relation is defined as the identity on the new kinds. From
those definitions, one can deduce the validity of the following
typing rules
I'ksz P:» U{/.LTU/T}

Tksz P:pT.U

JREC-KIND

I'ksz P:» PI‘Op

S _
ISwITCH-> > I'+sz >P : Prop

Thsz P:w (T —U)

C —
TCoMMUT> T S e U

I'ksz P:T

MoNop —— SE 2
ONO» e, Pn T

together with rules that say that » vanishes in front of the
atomic kinds (but Prop of course).

Proof. e REC-KIND : [ » U {pT.U/T}]n = [T.Uln.
e SWITCH-» > : For non null integer p, we have to
equiderive
[T]p F [P] : Predp, — Prop
[[], F n.¥q: Pred,.q I- P : Nat, — Prop

which comes from
[T]p,n : Pred, - p Ik P : Prop
[[]p,n : Natp,q: Pred, - g - P : Prop.

3We borrow this notation from [6], to differentiate it from > which
is used on propositions.
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The case p = 0 is direct using the canonical typing rules
of L and T.
e COMMUT-» :
= Case p=0:
(> (T—=U)o=T<:T=>T=[»T—»Uh
» Case p+ 1:
(»T —=p U< [T —=»Ulp,=[T—Ulp1
(induction hypothesis) and [ » T — » Ulpp1 <:
[T]p = [Ulp.-So [» T = » Ulpt1 <: [T = Ulp.
The same holds for the other direction.
e MoONO-» : We use the fact that [T], <: [» T)x. O

Such recursive kinds will be used to build recursive worlds
(Section 5.2), and will explain the presence of > in the
different definitions of logical relations involving recursive
worlds.

4.4 Equational reasoning

One of the main problem of step-indexing is that it is inher-
ently asymmetric in the sense that going from inequational
to equational logical reasoning is not automatic. Indeed,
from a step-indexed order logical relation =<; which links
two terms at level n, the induced equivalence M; =~ M,
does not satisfy the following extensional property:

If V(ui,u2), w1 ~5 uz = My ui ~5 Maus then My ~, 77 My

To avoid this problem, the idea—which first appears in
[11]—is to use a parameter indicating what direction of the
proof is to be proved.

To embody this parametric technique in our logic, we
introduce a new layer D, whose forcing conditions is the set
{l,r}, flat-ordered by equality. In this layer, there is only
one notion of observation, which is O. The forcing condition
is then defined by:

ro 0 and ko Y o
and is transparent for the other formulas and kinds of SZ.
A reasoning in the SZ;D layer has to be true for ! and r
indifferently, so it corresponds to an equational reasoning.
Some derivable rules valid in the layer SZ,D are shown in
the Figures 6 and 7.

5. Kripke Logical Relation

We now express another use of forcing conditions—the con-
struction of worlds for Kripke logical relations. It is well-
known that Kripke model can be seen as forcing, so this
should not appear as a surprise. What is interesting here is
the interaction between the Kripke layer and other already
defined forcing layers.

Note that compared to step-indexing, it is not possible
to hide the reasoning on worlds, since there is a crucial
interaction between worlds and terms. So in this layer (which
will be called the K layer), we do not really get new logical
principles as it was the case for the SZ layer, but we rather
get a new symbol W in the logic which enables to talk about
the heap in formulas. Using this new symbol, the definition
of the logical relation at type ref 7 is given by

e

V [[I"efT]]n (l1,l2) d:f V'U1,'U2 LT W(ll,lz)(vl,vg)
> (v1,v2) €V[r],

It says that two locations are related at type ref 7 if the
values v1,v2 related in the current world at those locations
are exactly the values that are related at type 7 (in the
future).

This means that to define Kripke logical relations over a
set of worlds, we simply have to define

wkW and wlFO

where O means any notion of observation. The rest of the
definitions for formulas and kinds is straightforward. Forcing
an observation with a world w is independent of the very
nature of the observation, since w I O((Mi, hy), (M2, h2))
ise defined as

(hi,hs) : w = O((My, hy)(Ma, ha)).

It is just a restriction of the observation to heaps related in
the world w, where the formula (h1, h2) : w in the definition
above is a short-hand for

Vll,lz S dom(w). w I+ W(l1,l2)(h1(l1),h2(l2)).

This explains why the layer L can be defined above SZ or
D indifferently, where the new logical connectors introduced
in SZ are forced transparently as in the rule

def

wlkre = >(wlkp).

Those transparent definitions ensure that the new reasoning
principles available in SZ are still valid in the layer K.

As it is the case for Kripke models, an important fact
is that the set of worlds has to be ordered (usually noted
w’ 3 w and pronounced w’ future of w) in order to provide
a good notion of forcing conditions. Note that we require the
definition of forcing for the observation to be monotonous,
which is the case in this paper but would not be the case for
complex notion of worlds using STSs [12]. Nevertheless, it is
possible to relax monotony conditions by the use of modal
forcing which makes explicit any need of monotonicity (see
Section 9).

5.1 First-order References

For first-order references, worlds (i.e. forcing conditions)
have the kind
f

World < (Loc x Loc) = ¢in Rel

and the meaning of W is simply given by
def

wlFW(l, ) (v1,v2) =

This reconstructs logical relations defined by Pitts and
Stark [17]. Note that in that case, we make no use of the
new logical principles available in the ST layer.

w(ll, lg)(vl, Uz)

5.2 Higher-order references in SZ

Dealing with higher-order references requires to define
worlds recursively. This means that we must make use of
recursive kinds available In the SZ layer. For higher-order
references, worlds (i.e. forcing conditions) have the kind

def

World = pW.(Loc x Loc —fin W — Rel),

which corresponds to the one used in the semantics model*
of [7]. Using the typing rule of SZ, one can see that the only
“typable” definition of W is the following (used for instance

in [12]):
def

w - W(lhlg)(vl,vg) = l>’w(l1,l2)(’w)(1)1,1)2)

41In [7] and previous works, the authors needs a monotonic func-
tions space between W and Rel. It appears that—through forcing
construction—any arrow in the IC layer is monotonic so we have
it for free in our framework.
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Indeed, the typing derivation is

AX
TREC-KIND
JCommuT-»

' w: World
'+ w :» (Loc X Loc =, World — Rel)
I'Fw:T T Fli,le: Loc
'k w(l,l2)(w) (v, v2) :» Prop
Tk >w(l1,l2)(w)(vi,v2) : Prop

App

JSwitcup >

where I" and T are respectively
w : World, l1, 12 : Loc,v1,v2 : Term
and

Loc x Loc — in World — (Term x Term) —» Prop

5.3 Reasoning in the K layer

Let C' = C, (h1,h2) : w and O, = w I O. Figure 6 presents
the derived rules on O,. As said before, those rules are
not expressible in the layer K as a precise knowledge of the
current world is required. Nevertheless, when the heap is not
modified by the reduction, we can reason directly in the layer
K. Indeed, the previous inference rules can be written in the
layers Fx,sz and Fp;x;sz, forgetting any hypothesis about
heaps h;. Hence, inference rules on & [r] can be deduced
(see Figure 7, the proof of STEP-D;K;SZ->E is given in
Appendix).

Finally, due to the definition of forcing in D and K, we
can show that their forcing relations commute, which is
sometime useful when we want to exit one of the two layer.

6. Properties of Logical Relations

Now that logical relations are defined for the whole language,
let us look at its soundness with respect to observational
equivalence. The proof of soundness for the pure fragment
can be done in the SZ;D; K layer as it can be completely
abstracted with respect to worlds. Indeed, pure terms does
not change heap. Such a proof can then be instantiated by
any world, going down to the SZ; D layer. When dealing with
the impure fragment, we have to leave the K layer since we
need to know the world under consideration precisely. And
in the same way, when making an asymmetric reasoning,
we will leave the layer D in order to work with a concrete
direction (left or right).

6.1 Compatibility lemmas

To establish the correctness of our logical relation & [7], we
first prove the so-called compatibility lemmas of Figure 8.
We just give the prove the compatibility for Fix, Roll and
Assign. The rest of the proof can be found in appendix.

Proof. e Rule Fix :
Using the rule V-10-£, we just have to prove that
I;C bpx,sz V[T — o] (fix f(x). M, fix f(z).M2). To do
so, we use the Lob rule, so we have to prove

5 Co(V 1 — o] (fix f(x). My, fix f(x).M2))

Cl
Fpx,sz V[r — o] (fix f(z).M, fix f(x).M2)
Unwinding the definition, we will prove that

T,v1: 702 07 C LV [7] (v1,v2)

Fo.x,sz €T — o] ((fix f(x).My)vs, (fix f(z). Mz2)v2)

Using the rule STEP-D; IC; SZ->E, we just have to prove
that

I';C" Fopx,sz (€ [o] (My{vi/a} {f1/f}, Ma{v2/x} {f1/[}))

and using the rule >-MONO we can conclude using the
premise.

Rule Roll :

Let K1, K2 two contexts s.t. K [[/wm-]]17 (K1, K2), we will
prove that K [7 {uc.7/a}], (Kilrollo], Ka[rollo]).

Let v1,v2 two values s.t. V[r {ua.7/a}], (v1,v2), then
we have to prove that

th hQ.O((Kl [1“011’1)1], h1), (KQ[I‘OH 1}2], h2))

which is direct since, by monotony and substitution we
have

>(V [[T]]n,ah)v[[uaj]]n (v1,02))
SO
V [pa.t], (rollvy, roll vz).
e Rule Assign :
Let K1, K2 two contexts s.t. KC [Unit]]f7 (K1, K2), we will
prove that K [ref 7], (Ki[o := Mi], Ka[o := Mo]). So let
l1, 12 two values s.t. V [ref 7']]17 (11,12) we have to prove
th hzO((Kl [ll = Ml}, hl)7 (Kg[lg = MQ], hg))

To do so, we will prove that K [7], (K1[l1 := o], Ka[l2 :=
o]). Let v1,v2 two values s.t. V[r], (v1,v2) we have to
prove
Vhl, hQO((Kl [ll = ’Uﬂ, hl)7 (Kz[lz = ’Uz}, hz))

Leaving the layer I, suppose hi,h2 : w then from w IF
V[ref 7], (I1,12) we get that l; € dom(h;).
Then we conclude, using the rules STEPL-K; SZ-£ and
STEPR-KC; SZ-£, by showing that

w IE O((K1[O], ha [l = v1]), (K2[0)], ha[l2 — v2]))
using the fact that w I- K [Unit], (K1, K2) and (hi[ls —

Ul),hz[lz — vz]) Tw.
O

An other crucial derived rule is the adequacy between V [7]
and & [7] over values :

I'sC Fpx,sz V1] (M1, Ma)
I';C Fpk,sz €[] (M1, Ma)

V-T0o-E

6.2 Soundness of logical relations

Now we prove the soundness of our logical relation with
respect to the contextual equivalence, following the usual
schema of [13].

Theorem 4. Fundamental property If A;T;T ¢ : 7 then

PANS 05 RV
Foksztoy,, =~ t:T.

By induction on the typing rule, in each case using the
previous compatibility lemmas.

Theorem 5. Congruence If - M; zﬁf;r Ms : 7 and

FC: AT F1) — (AYT F o) then A; ;T
C[Ml ﬁlog C[MQ] I T.

The proof is done by induction on the context C', using
again compatibility lemmas.

Theorem 6. Adequacy If My ~;>" My : 7 then for all heap

—lo

h satisfying T, O((Mi, h), (M2, h)).
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StEP-O),

;¢ F (M1, h1) — (My,h}) T;C Fsz (hh,h2):w' T;C kst O;,((M{,h’l), (M2, h2))

and the dual rule for r

I;C ks OL, (M1, h1), (M2, ha))

T3¢ (My,h1) — (M{,h}) T;C Fsz (hi,he):w' T;C sz O, (MY, hY), (Mo, ha))

STEP->O!,

19

STEP->Oqy

I;C sz Ok (M1, hy), (Ma, ha))

;¢ = (M, hy) — (M, R)) i€ {1,2} TiC bp.sz (RY,RS):w

and the dual rule for r

;¢ Fpisz 2Oy (M, hY), (Mg, hy))

r;c }_D;SI O’LU((M17 h1)7 (M27 h2))

Figure 6. Derived rules on O,

[;C+ (My, ha) — (My, hy)

STEPL-K; ST-E

[;C bisz LIE E[7] (M1, h), (M2, ho))

L;C+ (My, hi) — (Mj, hy)

T;CFr.sz lIFE[T] (M1, h1), (M2, hs))

i C brisz LIF o€ [1] (M, hY), (Mo, h))

STEPL-KC; ST->E

STEP-D; K; SZ->E

I';C Fr.sz LIF E[7] (M1, h1), (M2, b))

(i=1,2)

ch l_'D;)C;SI >E [[TII (M{v Mé)

F;C FD;IC;SI £ [[7']] (M1, Mz)

Figure 7. Derived rules on & [7] for the layer K; SZ

To prove it, we just have to show that the empty context
is in K [7].
Theorem 7. Soundness If Fp x,sz M1 zﬁf;r My : T then
Fpx,st M1 ~ U0 AL 7

—ctx

Direct by combining adequacy and congruence lemmas.

7. An example : the Landin Knot

To illustrate our work, we are going to show that the well-
known Landin knot is logically equivalent to the usual fix-
point operator. Following [13], we consider

M; = let y = ref (Az.Ll) in y:= (X x.let £ = ly in
e);ly

and
My = fix X £f(x).e

and we will prove that Fp sz (M1, M2) € &t — a].
Unwinding the definition of £ [T — ], we have to prove that

(Kl,Kz) ex [[T d O']] l_D,}C,SI
((K1[Mi], 1), (K2[M2], h2)) € O

Leaving the layer K, we have to prove that those two terms
are in O,, for every world w. Then, we use the rule STEP-O},
with the fact that (K1[Mi], h1) reduce to

(Ax.let £ = !1 in e,h1 o[l — Ax.let £ = !1 in e])

My R,

So we build a world w’ J w which restrains [ to always point
in hy to Ax.let £ = !1 in e:

w =we[(l,1) — R]

where R is the relation (t1,%2).t1 = Ax.let £ = !1 in e.
So we just have to prove that w’ I (M1, M2) € €[t — o].
To do so, we use the rule V-T0O-£ and the Lob rule, and thus

10

prove that

>(w' - (M, M2) € V[r — o]) Fp.sz

C1 w' I+ (M, M2) € V[T — o]

Using the rule ABSTR in the layer D; SZ, then the rule STEP-
D; K; SZ->€, this amount to prove

I';>C1;C2 sz

w' k(e {vi/a} {Mi/f}, e{va/a} {M2/f}) € € o]

where I' is [ : Loc, v1,v2 : 7 and Ca is (vi,v2) € V [7]. Then,

using the rule MONO->, we make the > disappear and we
conclude using the rule ApPP with the hypothesis C1, Cs.

8. Related works
8.1 Syntactic models

The difficulties encountered to build logical relations for
F* also appear at the semantic model level. Indeed, those
models—associating to each type a set of terms—can some-
how be seen as unary version of logical relations.

The very modal model [1] introduces the stratification of
worlds and the > operator, following the idea that derefer-
encing will always take at least one step of reduction. In this
way properties about the value stocked there only have to
be proved in the strict future.

In [19], F. Pottier gives a typed store-passing transla-
tion for higher-order references. This syntactic construction
is based on Nakano’s system, introducing co-inductively de-
fined kinds with well-formation defined thanks to a “later”
modality on those kinds. As it is the case for [7], there are
clear connections between this syntactic presentation and
the logical principles available in the SZ layer.

8.2 Topos of trees

In [6], Birkedal et al. define a semantic model of a language
similar to F**, built over the topos of trees (i.e. of presheaves
over ). It appears that this topos constitutes a model of
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Lv1 7020 7C V7], (v1,02) Foxsz € [o], (M {vi/z}, M2 {v2/z})

ABSTR

;Chpxsz € — U]]n (Az. My, Ax.M>)

Ap

F;C "D,IC,SI & [[T — 0’]]7] (M1,M2) F;C }_‘DJC,SI & [[T]]n (N1,N2)
P

F;C l_D,)C,SI £ [[Uﬂﬁ (M1N1, MQNQ)

Fix

Lo 702756,V 7], (v1,02), VT = o], (f2, f1) bok,sz € o], (My{vi/a} {f1/f}, M2 {v2/2} {f1/f})

sChpi,sz € — 0’]]7] (fix f(z). My, fix f(z).M2)

GEN

f1 f2

[ a1 : Type, az : Type,r : Relay a0 C Focisz E 7], o0y (M1 {an/a}, Mz {an/a})

IiChlpksz € [[Va.T]]n (Aa.Mi,Aa.Mo)

INST

I5Chpi,sz &€ [[VO(.T]]n (M1, M2)

I'Fpx,sz 0: Type

I;Crox.sz £ {o/71], (Mo, Mzo)

[ C oz € [7 {par/a}], (M, Mo)

R
O T5CFp sz € [na], (voll My, roll Ma)

IsC bpx,sz €[], (M, M2)
I5Chpx,sz € [[refT]]n (ref M1, ref M)

ALLoC

ASSIGN

UNROLL

I;C bpx,sz € [pet], (M, Ma)
I;C bp kst € [T {pa.r/a}], (unroll My, unroll M)

IiChpksz € [[refT]]n (M, M>)
I5Chpk,sz € HTﬂn (!]\417 !Mz)

DEREF

F;C "D,IC,SI & [[refT]]n (Ml,MQ) F;C }_D,)C,SI & [[7‘]]" (Nl,Ng)

F;C }_DJC,SI 8 HT]],,] (M1 = N1,M2 = NQ)

Figure 8. Compatibility lemmas

our SZ layer—even so we don’t need models to testimony
the consistency of our logic as we just translate it into
FLR using forcing definitions. This should not appear as a
surprise as Cohen forcing can be rephrased in topos theory,
following the work of Lawvere and Thierney [20].

More precisely, a predicate ¢ in the layer SZ is seen as an
w-valued function, mapping to the set of indexes which force
it. The stratification of sorts appearing in the SZ layer corre-
sponds to the construction of presheaves. The stratification
of Prop induced by forcing conditions corresponds exactly to
the definition of the subobject classifier 2 of the topos. The
fact that the translation of sorts is constant but for Prop and
uT.U follows from the idea that constant presheaves (i.e. the
logic of the tripos over w) are enough to model LSLR.

8.3 LSLR and LADR

LSLR [11] is an extension of Abadi-Plotkin logic to reason
about equivalence of A-terms with polymorphism and re-
cursive types. LADR [13] is an extension of LSLR to prove
equivalence of A-terms with higher-order states, e.g. using
Kripke logical relations. Both logics make step-indexing ab-
stract using Godel-Lob logic and a > operator. But to build
recursive worlds in LADR, the authors use an explicit strat-
ification which makes step-indexes apparent. It should be
possible to integrate their construction in our system, just
like the refinement of [12], without making any step-index
visible in the layer SZ, using recursive kinds.

Our approach is really different from LSLR and LADR:
we do not rely on any particular model to prove the co-
herence of our logic. Indeed, the coherence of the different
forcing layers comes directly from the translation of propo-
sitions in the core logic.
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Definitions of recursive relations pr. R in LSLR must sat-
isfy a syntactic criterion of contractivity, which enforces the
presence of > in front of each occurrence of the variable r.
This criterion is crucial to build their model. Our approach
is different since the > operator is not in the definition of re-
cursive relations but appears through a particular inference
rule that unfolds the definition of pr.R only in the future.

Compared to LSLR, we do not count only roll and unroll
reductions in step-indexes, but decides that every reduction
matters. Then, using the rule >-MONO, it is possible to erase
occurrences of > that will not be relevant in the proof. Doing
so, step-indexing can be used to deal with fixpoint operator,
but it is no longer guided by the inference rules, as it is the
case with the < in LSLR.

Finally, the idea of a direction parameter d to deal with
the problem of equational reasoning in presence of step-
indexing appeared first in LSLR, where it is simply a term
variable of type bool, which always appear in the typing
context I'. This idea is then refined in LADR where the
parameter appears in the definition of worlds. Here, we go
one step further and define a proper forcing layer D where
we can deal with equational reasoning.

9. Future work

Monotonicity and modal forcing What we have pre-
sented here correspond to intuitionnistic forcing, since the
monotonicity is imposed by the definition of p IF P = @
and p I Vz : T.P. This is enough to deal with worlds seen
as invariants on heap. But recent works in [2] and [12] have
developed notions of worlds which described the evolution
of the heap. To deal with such works in our framework, we
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would need to relax the monotonicity of our forcing relation,
and rather add a modality OJ just as in [13]

plFOP = Vg <pgql-P.

Using this modality, we can explicitly state were monotonic-
ity has to be enforced and where it is not relevant. In the
same way we could deal with public and private transition
of [12] by splitting the order of forcing condition into two
parts.

Finer description of the heap It would be interesting to
see if relational separation logic can be used to link abstract
worlds and heaps, as in [12]. Then, temporal logic could be
used to reason about STSs, which are used to restrict the
possible futures of worlds. The problem with this method
is that the order on worlds is eminently not linear, so we
have to keep track of each choice made while moving in the
future. This is done in LADR using island contexts. With
such an extension of our framework we would be able to
express useful derived rules for programs modifying their
heap, without leaving the layer .

Implicit Complexity A recent work of Hofmann and Dal
Lago on a realizability model for implicit complexity type
system [10] uses a notion of resource monoid which fits
well in our framework, when working with a predicative
(as opposed to relational) notion of termination for the
observation. This would be an example where the order on
forcing conditions in the ST layer is not linear.

Subset types Some of the properties of our logic, like the
kinds Nat, and T" —f;» U, could be defined using usual
subset types. However, adding them in our framework is not
easy, since we would then have to define the forcing transla-
tion of such sorts. This seems anyway possible following the
translation of proofs induced by forcing given in [16].

Formalization in Coq Formalizing this work in Coq
would not be totally easy due to the lack of implicit de-
pendent types in CIC. So this requires a deep embedding of
the logic. An other possibility would be to avoid the use of
implicit depend types by constraining the monotonicity of
[T — U] directly in the definition (using record types).

10. Conclusion

In this paper, we decompose the construction of logical re-
lations for a language with recursive types and higher-order
references. This is achieved by reunderstanding Cohen'’s forc-
ing as a way to increase step-by-step the power of a logical
setting. The first step is to extend the logic with the Lob
rule, recursive relations and recursive kinds by means of forc-
ing with step indexes which stratify formulas and kinds. The
second step is to encompass the asymmetric nature of proofs
of equivalence by means of forcing with two elements repre-
senting the left and right orientation. Finally, the last step is
to extend the model with a notion of recursive worlds (based
on recursive kinds provided by step-indexes), which—when
seeing as forcing conditions—defines directly the usual no-
tion of Kripke logical relations. One of the main achievement
of this paper is to build complex notion of worlds directly
inside the logic. We believe that the use of forcing conditions
opens the door to the definition of richer logical relations to
deal with concurrent or design specific languages.

12
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Appendix

Typing rules for partial finite functions.

(x:7)erl AT, TEM:T1—0 A;T;TEN:T
AT Rxe T A; 75T F () @ Unit A; ;T Fn: Nat A; ;T MN o
A;TTe:7HEM:o ATTe:r,f:T—>o0bFM:o
A;T;TEXNeM:7— 0 AT T HEx f(e) M7 — o0
A; ;T M :Vaur FV(oc)C A Aa;TsTHEM 1
AT T Mo m{o/a} AT AaM - Vaur
AT M pat Aa; ;T EM 7 {pat/a} FV(r) CAU{a}
A; 1T Funroll M : 7 {pa.7/a} A; ;T Froll M : pat
AT M crefr A; VT M ocref 1 AT THEN:T
A; 1T F e Y(1) AT THIM - 7 A; ;T M := N : Unit

Typing rules for partial finite functions.
'Ff:A—sn B 'Ff:A—sn B 'f:A—¢4nB TFu:A TkFv:B
I' - dom(f): A — Prop '-f:A—B I'-emp:A—fin B P-felu—v]:A—ys, B

'tf:A—sn B I'Fu:A I'v:B
'k flu—v]:A—sin B

Compatibily lemmas.

e Rule Abstr :

Using the rule V-T0-&, we just have to prove that I';C Fp sz V[T = o] (Az.M1, Az.M2). Unwinding the definition, we
will prove that

L,v1: 109 i 1 C V7] (01, v2) Foc,sz € [7 = o] (Ax.Ma)vr, (Az.Ma)vs)

and we conclude using the rule StepS-£.
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e Rule App :

Let K1, K3 s.t. K [o] (K1, K2), we will prove that K [T — o] (K1[oN1], K2[oN2]). Solet M1, Mj s.t. V [T — o] (Az. M1, A\z.M3),
then we must show

Vhl, hzO((Kl[()\ZEM{)Nﬂ, h1)7 KQ[()\./E.Mé)NQ], hg)

Using the fact that & [7] (N1, N2), we just have to prove that K [7] (K1[(Az.M])o], K2[(Az.M3)o]). so taking v1,vz s.t.
V [7] (v1,v2) and we can conclude showing

th hz.O((Kl[()\m'.M{)’Uﬂ, h1)7 Kg[()\CC.Mé)UQ], hz)

which comes from the fact that & [o] (Az.M])v1, (Ax.M3)ve) and K [o] (K1, K2).
¢ Rule Fix :

Using the rule V-To-€&, we just have to prove that I';C bp sz V [T — o] (fix f(z).M1, fix f(z).M2). To do so, we use the
Lob rule, so we have to prove

;¢ (V1 — o] (fix f(z). My, fix f(z).Ma)) Fp.x,sz V[T — o] (fix f(x). M, fix f(x).M2)

c’

Unwinding the definition, we will prove that

Tyur 7,02 73C V7] (v1,v2) Fooc,sz € [r — o] (fix f(x).Mi)vr, (fix f(z). M2)vs)
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Using the rule STEP-D; K; SZ->E, we just have to prove that

¢ Fp sz (€ [o] (My{v/a} {f1/f}, Ma{v2/2} {f1/f}))
and using the rule >-MONO we can conclude using the premiss.
Rule Gen :

Using the rule V-T10-£, we just have to prove I';C Fp k. sz V[[Vom-]]n (Aa.Mi,Aa.Ma2). So let ai,az two types and
r: Rela, o, and we prove that

I, aq : Type,az : Type,r : Rela,,a0;C Fokc,sz E[7] ((Aa.My)ai, (Aa.Ma2)as)

001
using the rule STEP-D; K; SZ->€.

Rule Inst :

Let K1, K2 two contexts s.t. K [T {o/a}] (K1, K2), we will prove that

K [Va.7] (Ki[o0], K2[oo])

Indeed, let vy, v2 two values s.t. V [Va.7] (v1,v2), we must show :

Vhl, hQO((Kl [UlU}, hl), (K2[U20']7 h2))

To do so, we use the fact that & [7]
& [[T]]n,(!}—)VﬂU]]n and &£ IIT {T/Oé}]]n
Rule Unroll :

Let K1, K2 s.t. K1 {pua.7/a}] (K1, K2), we just have to prove that K [ua.7] (Ki[unrollo], Kz[unrollo]). So let v1,v2 s.t.
V [pee.7] (roll vy, rollva), we will show that
V(hi, h2), O((Ki[unrollroll v1], h1), (K2 [unrollroll va], h2)).

To do so, we know that >& [7 {pa.7/a}] (vi,v2), i.e. bO((K1[v1], h1), (K2[v2], h2)).

Then we conclude using the rule StepS->O with the fact that (K[unrollrollv;], h;) — (Kvi], h;) with ¢ € {1, 2}.
Rule Roll :

Let K1, K> two contexts s.t. K [ua.7], (K1, K2), we will prove that K [7 {uc.7/a}], (Kilrollo], Ka[rollo]).

Let v1,v2 two values s.t. V7 {na.7/a}], (vi,v2), then we have to prove that

v10,v20) for all r : Rely, that K[r{o/a}], (K1, K2) and the equality between

n,ou—)'r(

th hQO((Kl [I"OH Uﬂ, hl), (KQ [I‘OH Ug], hg))
which is direct since, by monotony and substitution we have >(V[7], . vua.-p (v1,02)) soV [uc.7], (rollv, rollvg).
; 1,

Rule Alloc :
The proof takes place out of the layer I, so let w a world, we have to prove

I;C Fpisz Yw' Jwaw' IFK[r], (K1, K2) = Y(hi, h2).Oy (K1 [Mi], ha), (K5[Ma], ha))
I;C Fpisz Vo' Jw.aw' I K [ref 7], (K1, K2) = V(h1, ha).Oy (Ki[ref Mi], ha), (K[ref Ma], ho))

So let Ki, K> two contexts s.t. w' I- K [ref 7], (K1, K2). We will prove that w’ I K [7], (Ki[ref o], Kz[ref o]). Taking
w” 3w’ and v, v2 two values s.t. w” IFV [[’T]]n (v1,v2), we have to prove :

Vhl, hg.owu ((Kl [ref ’Ul], hl), (K2 [ref ’02], hz))

Let hi, hy two heaps then (K;[ref vi], hi) — (K;[li], hi @ [l; — v;i]) with I; ¢ dom(h;).
If (h1,h2) : w” then (I1,l2) ¢ dom(w’), and we can build a new world

wo =w” o [(I1,12) =~ (w).wlFV [1,]

and using the rules StepL-KC; SZ-£ and StepR-IC; SZ-& we just have to prove that

Ouwo ((K1[l1], ha o [ln = v1]), (K2[l2], ha o [l2 > v2]))

which comes from the fact that (h1 e [l1 — v1], ho @ [l2 — v2]) : wo and that wo - V [ref 7], (l1,12), true by definition of wo.
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e Rule Deref :
The proof takes place out of the layer IC, so let w a world, we have to prove

F;C F'D;Sz Vw' J w.w' = IC [[I‘efT]]n ([(i7 Ké) = V(hh hg)owz((K{ [M1]7 hl), (Ké[MQ], h2))
F;C F’D;SI Vw' Q w.w' I+ lC [[T]]n (Kl, KQ) = V(hl, hz).ow/((Kd!Mﬂ, h1), (KQ[!MQ], hg))

Let K1, K> two contexts s.t. w’ - C[7], (K1, K2), we will prove that w’ I- K [ref 7], (K1[!o], K2[!lo]). So let a world w" J v’
and two values I,z s.t. w” IFV [[ref T]]n (11,12), we have to prove :

w” I+ Vhl, hQ.O((Kl[!ll], hl), (Kz[!lg], hg))

Suppose hi,hz : w” then using the fact that w” IV [ref 7], (I1,12), we know that (l1,12) € dom(w") because W(l1,l2) has
to be defined since V [r], is not the empty relation. Then we can deduce that l; € dom(h;).

So using the rule STEP-D; K; SZ->€ with the same world, we just have to prove that
w” IF>O((Ki [k (1)], ha), (Ka[h2(l2)], h2))

which come from the fact that w” I= >V [7], (h(l1), h(l2)). Indeed, h1,h2 : w” means w” IF W(l1,12)(h1(l1), h2(l2)) and we
conclude using the definition of V [ref 7.

e Rule Assign :

Let K1, K> two contexts s.t. K [Unit], (K1, K2), we will prove that K [ref 7], (Ki[o := Mi], K2[o := Ma]). So let l1, 1> two
values s.t. V [ref 7], (I1,l2) we have to prove :

Vhi, ha O((Ki[l := M), ha), (Ka[la := Ms), hs))

To do so, we will prove that K [7], (K1[l1 := o], K2[lo := o]). Let v1,v2 two values s.t. V], (v1,v2) we have to prove :

Vhl, hQO((Kl [ll = ’1)1}, hl), (Kg[lz = ’Uz}, hz))
Leaving the layer K, suppose hi1, ha : w then from w IV [ref 7']]7] (l1,12) we get that I; € dom(h;)
Then we conclude, using the rules Stepl.-IC; SZ-£ and StepR-KC; SZ-£, by showing that :

w IE O((K1[O], a [l = v1]), (K2[()], ha[l2 — va]))
using the fact that w I K [Unit], (K1, K2) and (ha[ls = v1), ho[l2 = v2]) :w

Proof tree for rule STEP-D; K; ST->E.

I':¢" Fx K[r], (K1, K2) I C 7 pE [7] (M7, My)
I;C' 7 (M, hy) — (M, h;) ¢ Fr ek [r], (K1, K2) T'5C FreK[r], (K1, K2) = pO((K1[M1], k1), (K2[M2], h2))
I';C" Fx (Ki1[M;], hi) = (K2[M;], h;) I, C' Fx pO((K1[Mi], h1), (K2[Ma], ha))

I', K1, K2 : Cont, h1, ho : Heap;C, K [[Tﬂn (K1, K2) br O((K1[M1], h1), (K2[Mz2], h2))
[5C 7 V(KL K2), K [7],, (K1, K2) = Vhy, ho O((K1[M1], h1), (K2[Ma], h2))

where F = D;K;8Z and I';C’ =T, K1, K> : Cont, h1, ha : Heap;C, K [[Tﬂn (K1, K>).
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