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Abstract

We propose a few models of proof terms for the intuitionistic modal propositional logic S4. Some of
them are based on partial orders, or cpos, or dcpos, some of them on a suitable category of topological
spaces and continuous maps. A structure that emerges from these interpretations is that of augmented
simplicial sets. This leads to so-called combinatorial models, where simplices play an important role:
the point is that the simplicial structure interprets the O modality, and that the category of augmented
simplicial sets is itself already a model of intuitionistic propositional S4 proof terms. In fact, this category
is an elementary topos, and is therefore a prime candidate to interpret all proof terms for intuitionistic
S4 set theory. Finally, we suggest that geometric-like realizations functors provide a recipe to build other
models of intuitionistic propositional S4 proof terms.

1 Introduction

There are now several different proof term languages for intuitionistic S4 [BdP92, BAP96, PW95, MMO96,
GL96a, GL96b], with applications in partial evaluation [WLP98], in run-time program generation [DP96],
in higher-order abstract syntax [Lel97], etc. These calculi are related, in that we can translate from one to
any other. Some of these calculi are even inter-translatable in an untyped setting. Our goal in this paper
is to develop a few models of typed proof term languages, much as Scott’s cpos provided models for the
typed and untyped A-calculi. Hopefully, this will bring some enlightenment as to what the basic proof term
constructions mean.

We develop several such models, starting from the ones that are closest to Scott models of the A-calculus:
these are order-theoretic models, based on complete partial orders (cpos), which we present in Section 3. We
don’t care much about the syntax of proof terms for intuitionistic S4, but we would like to eventually arrive
at what we call combinatorial models, which are very much related to AevQy [GL96b], and are related to
constructions of simplicial algebra [May67]. We shall explain these combinatorial models last, in Section 5.
Until then, since AevQ; is a bit too complex, we shall use the equivalent Ag4 -calculus [GL96a], a completion
of Bierman and De Paiva’s calculus [BdP92, BdP96] which we recapitulate in Section 2. The geometric
realization of these combinatorial models (in the sense of Milnor’s geometric realization for simplicial sets
[May67]) yield nice topological spaces that we shall present in Section 4. We conclude in Section 6.
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where he talked about a few ideas that eventually led to this work; among which Michael Mendler, Healfdene
Goguen and James McKinna.

2 Syntax

Although we don’t really wish to delve into the details of syntax, we have to fix a choice: before we find
models of intuitionistic S4 proof terms, we have to define what these proof terms are. We shall limit ourselves
to a pretty minimal proof term language. We actually consider minimal intuitionistic S4, which captures
the core of the logic: formulae, a.k.a. types, are defined by the grammar:

F:=A|FDF|OF

where A ranges over a fixed set of so-called atoms, a.k.a. base types.
We shall use (for convenience) Ag4 as a language of proof terms for S4 [BdP92, BAP96, GL96a]. The raw
terms of this language are defined by the grammar:

st u=a | tt | Axp -t | unboxt | boxt with o

where o is an explicit substitution, that is, a substitution that appears as an explicit component of terms.
A substitution o is any finite mapping from variables z; to terms ¢;, 1 < i < n, and is written {x; :=
t1,..., oy =ty }; its domain domo is the set {z1,...,2,}. The yield of o is defined as |, cqom » fV(0(2)),
mutually recursively with the set of free variables fv(t) of the term ¢, defined by: fv(x)={z}, fv(st)=fv(s) U
tv(t), tv(Az - O)=1tv(¢t) \ {x}, fv(unboxt)=fv(t), fv(boxt with o)=yldo. Moreover, we assume that, in any
term of the form boxt with o, fv(t) C dom o; we also assume Barendregt’s naming convention, namely that
no variable occurs both free and bound, or bound at two different places—bound variables are x in Az - ¢
and all variables in dom ¢ in boxt with o.

Substitution application to is defined by: zo=c(z) if € domo; zo=zx if © ¢ domo; (st)o=(so )( 0);
(Ax - t)o=Ax - (to) provided = ¢ domo U yldo; (unboxt)o=unbox(tc); (boxt with o’)o=boxt with ( " o),

where substitution concatenation ¢’ - o is defined as {z1 :=1t1,..., 2, :=tp} - 0={21 := ty0,.. nO}.
Terms are equated modulo a-conversion, defined as the smallest congruence = such that:
Nep ot = Ay (Ha =)

boxt with {x1 :=t1,..., 2y =t} boxt{x1 :=y1,...,Tn =y with {y1 :=t1,. .., yn :=tn}

provided the right-hand side is defined, and y1, ..., y, are pairwise distinct variables in the second case.

All these definitions are a bit technical. The unbox operator is a kind of “eval”, or also of “comma”
operator in Lisp. To emphasize the analogy, we shall sometimes write ev(t) or ,t for unboxt. The
box operator is a bit more complex. Let’s first define a special case of box: for any term ¢ such that
fv(t) = {z1,...,2,}, let ¢ be boxt with {1 :=x1,..., 2, := z,}—to be formal, we should really write
boxt{zy :=x},...,x, 1=z, } with {z}] := x1,..., 2, := x,}, but this would be on the verge of being unread-
able. Then ‘t behaves like “quote” t in Lisp, or more exactly, “backquote” t. This will become more
apparent from the reduction rules and the typing rules below. Then, provided dom o = fv(t), boxt with ¢ is
exactly (‘t)o: this is a syntactic closure in the sense of [BR8§|, namely a quoted term t together with an
environment ¢ mapping free variables of ¢ to their values.

The typing rules, which encode a natural deduction system for minimal intuitionistic S4 are as follows

[BAP92, BAP96], where T, A, ..., are typing contexts, which are lists of bindings of the form x : F', where x
is a variable, F' is a type, and no two bindings contain the same variable in any given context:
(Az)
Nzx:FFAFx: F
I'ts: FDOG I'Ht: F z:FHt:G
(DO E) (=¥
I'kst:G I'tXxp-t: FDOG
I'H¢:0F I'bt;:0F,1<i<n x:0F,...,2,:0F,Ft:G
——(0OF) - (OI)
T'+ unboxt : F It boxtwith {z1 :=t1,..., 2, :=t,} : OG



The exchange rule:

Fe:Fy:GAFt: H
Ny:Gx:FAFt: H

is easily seen to be admissible, so we can consider typing contexts as multisets instead of lists. In particular,
this means that there is no choice to be made as to the order of the variables z1, ..., x, in the context
x1:0OF, ..., 2, : OF, in the right premise of rule (OI).

Note that, given I' and ¢, there is at most one typing derivation of a judgment I' - ¢ : F'; in particular,
the type F of ¢ is unique when IT" is known.

Define the convertibility relation = on Ags-terms as the smallest congruence such that [BdP92, BdP96,
GL96a):

B8) (Ax-s)t=s{zx:=t} (unbox) unbox(boxt with o) = to
(gc) boxtwith {zy :=t1,...,2, :=t,} = boxt with {zg :=ta,...,2, :=t,} provided z; & fv(t)
(ctr) boxtwith {zy :=t1,x0 :=tg,...,zyp :=t,} =
boxt{x1 := xa} with {xg :=1to,...,z, :=t,} ift;1 =1
(box) boxtwith {x1 :=t1, 29 :=1to,...,Tp :=tp} =
boxt{zy := s} with {y1 :=$1,...,Ym = Sm, T2 :=1ta, ..., Ty =ty }
provided ¢; = box s with {y1 := $1,...,Ym = Sm}

Rule (unbox) is much like Lisp’s rule for evaluating quoted expressions: observe that it mostly states that
evaluating ‘¢, by ev(‘t), equals t. Rule (box) can be seen either as an inlining rule, allowing one to inline
the definition of x; as ‘s inside the body t of the box ‘¢, or logically as a box-under-box commutation rule.
(ge) is a garbage collection rule, while (ctr) is a contraction rule. Note that the choice of x; as distinguished
variable in these three rules is not essential, and we might have chosen any other x;, as substitutions are sets,
and bindings x; := t; permute. We don’t care here about orienting these equations, as reduction semantics
are not the purpose of this paper.
We shall also introduce the following extensional equalities:

(n) Aep-tr =t provided = ¢ fv(t)
(nbox) box (unboxz) witho = zo for every variable z

yielding an enriched notion of conversion that we write =,. Note that the (nbox) rule is not of the form
box (unboxt) with o = to for any term ¢: ¢ has to be a variable. See [GL96b] for a discussion of this. By
the way, it will be easy to check that the more general equation box (unboxt) with ¢ = to won’t hold in our
models.

The idea of finding models of intuitionistic S4 proof terms is to find categories C with products, where
types F are interpreted as objects [F], contexts I'=xy : Fi,...,x, : F, are interpreted as products
[C]=[F1] X ... X [F,], and each term ¢ is interpreted as a family [t] of morphisms [['F ¢ : F] from [I']
to [F], for every T and F such that T' F ¢ : F' is derivable. Moreover, all equations s = ¢ between terms in
As4, resp. Agq with the extensional equalities, should induce corresponding equalities [s] = [¢] of interpreta-
tions. If an interpretation [-] satisfies all the above, we shall say that it is sound with respect to Ay, resp.
Asq with the extensional equalities.

3 Some Order-Theoretic Models

Recall that a depo is any partial order (F, <) that is directed-complete in the sense that every non-empty
directed subset E of F has a least upper bound E 1. A subset E is directed provided that every two elements
x, y of E have a least upper bound in £. We don’t require our dcpos to be pointed, namely to have a bottom
element. There are some pros and cons to this: we develop a model based on dcpos in Section 3.1, then
modify it to use pointed dcpos instead in Section 3.2.

3.1 Using Dcpos, Without Bottom

Let us build our first interpretation, [-]s, in an informal way at first.



A function f from the dcpo F to the depo G is continuous if and only if f is monotonic and f(F 1) =
f(E) 1 for every non-empty directed subset E of F, where f(E)={f(v) | v € E}. The set of all continuous
functions from F to G, ordered pointwise, is again a dcpo which we note F — G.

Interpreting types as dcpos, we let [F D G]:=[F]s — [G]s. Application st is interpreted as appli-
cation, or more formally [I' F st : G], is defined as the (continuous) function mapping every g € [I']s to
[TFs:FD>G]s(g)([I'Ft: F]s(g)), where F is the unique type such that I' - ¢ : F is derivable. Abstrac-
tion Azp -t is interpreted by: [I'F Axp -t : G is the (continuous) function mapping every g € [I']; to the
(continuous) function mapping every v € [F]s to [I',z: FFt: G]s(g,v). (Somewhat abusively, we write
(g,v) for the tuple (v1,...,v,,v) when g = (v1,...,v,); this abuse will help us keep the notation simple.)
This is currification; indeed, the category of dcpos with continuous functions as morphisms is cartesian
closed. (For more about cartesian-closedness and related concepts, see [LS86].)

Before we go on, let us say that variables are interpreted by letting [z : F1,...,zp : Fy, F x; 0 Fj]s map
every (vi,...,v,) in [F1]s X ... X [F,]s to v;, which is the only natural choice.

For each dcpo F, define F(1) as the following partially ordered set: the elements of F(1) are pairs (z,y)
of elements of F such that z < y; the ordering on F(1) is defined by: (x,y) < (2’,v) if and only if x = z’
and y < y’. Note that the non-empty directed subsets of F(1) are the sets of pairs (z,y), where x is fixed
and y ranges over some non-empty directed subset £ of F' such that x < z for every z € E. Every such
directed subset has (z, E 1) as least upper bound, so F(1) is indeed a dcpo. Note, by the way, that F(1)
has no bottom element in general, since (L, 1), the only candidate for a bottom, is incomparable with most
elements of F(1).

We can think of any element (z,y) in F(1) as being a given initial value x for some program, which we
shall sometimes understand as some syntactical description of this program, plus a promise that the program
will eventually evaluate to y. As in usual Scott domain theory, ¥ is more precise than x, i.e., z < y.

Now unboxt evaluates to the final value of the program ¢, that is, it evaluates the promise of the boxed
value t: define unbox(z,y) as y. Formally, [I" F unboxt: F], is the function mapping every g € [I']s to
ma([T'F ¢ : OF]s(g)), where 75 is the second projection. This function is continuous, because by assumption
[T Ft¢:OF], is continuous, application is continuous, and 7, is easily seen to be continuous.

Conversely, define quoting as follows: letting A be z1 : OF}, ..., 2, : OF,, then [A F ‘¢ : OG]; is the func-
tion mapping every g=((v1, 1), - -, (v, wn)) in [Als t0 ([A - £ 2 Gla((v1, 1), -, (6n,vn)) [A - £ 2 GLa(9))
in [OG]s. More synthetically, let DUP(v) denote (v,v), let m; be the first projection, and for every func-
tion f, let MAP f (x1,...,2,) denote the tuple (f(z1),..., f(zn)). Then [AF ‘¢t:0OG]s maps g € [A];s to
([A F t]s(maP(DUPom1)(g)), [A - t]s(g)). The interpretation of boxt with o will follow by taking it to be
the same as (‘x)o, namely: let o be {1 := t1,...,2, := t,}, and assume that T' - ¢; : OF; is derivable
for all i, 1 < i < n. Then we define [T - boxt with o : OG]s as the function mapping every g € [I']s to
([AFt: G]s(MaP(DUPom)(d)), [AF t: G]s(d)), where d=([T' F 1 : OF]s(g), ..., [T F t, : OF,]s(g))-

Now this really needs to be explained and justified. So let’s look at some fundamental special cases.
Recall that, in Hilbert-style presentation, S4 obeys the necessitation rule:

If - F is provable, then - OF is, too.

Given - t : F, let ’t be a proof term for OF'; in Lisp parlance, this is analogous to quoting, a special
case of backquoting. A natural choice is to define >¢= boxt with {}. Its interpretation is: [F ¢ : OF],() =
DUP([-t: F]s()). In other words, quoting is duplication: quoting x returns x together with the promise
that the final value will be exactly x, and no computation will occur when evaluating x.

Tt is important to note that DUP (quoting) is not continuous in general. In fact, DUP is not even monotonic
in general: when v < w, DUP(v) < DUP(w) only if v = w. This is normal: F D OF is not provable in general
in S4, so there does not need to be any continuous function in the Scott model from [F]s to [OF]s.

S4 also obeys the axioms:

(K) OF>G)D>OFDG
(T) OFDOF
(4) OF > O0F

The Agy-calculus provides standard proof-terms for these formulae. In the case of (T'), this is unbox,
or more precisely, Aror - unboxx, which we have already discussed. For (K), take Arnr-q) - Ayor -



box (unbox x1)(unbox o) with {xy := x, 73 := y}, that is, Azoroa) - Ayor - “(,2,y) in Lisp-like notation.
The interpretation of this term is the function that maps (f,g) € [O(F D G)]s to the function that maps
(x,y) € [BF]s to (f(x),g(y)). This is easily seen to be continuous.

Finally, for (4), we take Azop - boxa’ with {o’ := 2}, or more informally Azgp - ‘. This is a kind of
analogue to Lisp’s kwote function, which takes a value and returns a quoted term that evaluates to this very
value. Indeed, in the model, this term is the function that maps (z,y) € [OF]; to ((x, ), (z,y)) in [OOF],.
Informally, given a program z together with a promise that z will evaluate to y, kwote(z,y) consists of the
program ’x = (z,x) together with the promise that it will evaluate to a program = whose promise is y.

This interpretation is summed up in Figure 1, together with an extension of the notation F(1) to F(n)
for every n > 0; this will be discussed later on. It is assumed that all interpretations [A]s, where A is a base
type, are given.

[F>G]ls = [F]s =[Gl
F — G = {continuous functions from F to G} pointwise ordering
[OF]s = [F]s(1)
Fn) = {(vp-1,---,00,0-1) |Vp—1 < ... <vg<w_j €F}
(vn,l, N ,’UO7’U,1) < (wnfl, ce ,wo,w,l) iff Un—1 = Wnp—-1,-.-,V9 = W, V-1 < w-_1

[T,z: F,AFx: Fls(g,v,d)

[TF st:G]s(g)
[TFXep-t: F D G]s(9g)
Is(9)
Is(9)

[CEs: F3GlL(g)I'Ft: Fls(g)

M€ [F]s-[T,z: FEt:G]s(g,v)

mo ([Tt : 0OF]s(g))
(JAFt:G]s(Map(DUPom)(d)),[AF t: G]s(d))

where A=z, : OFy, ..., x, : OF,, oc={21 :=t1,...,2y : =1y}
and d=([T + ¢; : OF (g ) o [CFt,: OF]s(9))

[Tt unboxt : FJs
[T F boxtwith o : OG]

| e |

Figure 1: The Dcpo Interpretation

We now prove that we have got a model of A\g4, as expected:

Lemma 3.1 For every term t such that T' bt : F is derivable, [T -t : F]s is a continuous function from
[T]s to [FJs-

Proof: We first claim that: () for every continuous function f from F7(1) x...x F,(1) to F, the function f’
mapping (v1.w1). ... (v w)) € Fr(1) x ... x Fo{L) to (F((vr,v1)..... (0, v,) ((vl,ﬂu) » (Un, wn)))
v

in F(1) is continuous. First, f’ is monotonic: if ((vi,w1),..., (vp,wy)) < ((vi,w]),. (v w!)), then
vy = v, w1 < W, e, Uy = UL, wy < wh. So f((vi,v1),. .., (Un,vn)) = F((V1,0]),. (vmvn)); and
on the other hand f((vi,w1),..., (vn,wy)) < f((vi,w)),..., (v, w,)) since [ is monotonlc So indeed
(v, w1)y ooy (Vn, wy)) < f’((vi,w'l), ooy (Wl wh). Second, f' preserves least upper bounds: let E be a
non-empty directed subset of Fy (1) X ...x F, (1), we must show that f'(E 1) = f(E) 1. But E is necessarily
a set of values of the form ((vy,w1), ..., (Vn,wy)), with vy, ..., v, fixed, and (wy, ..., w,) ranging over some
non-empty directed subset Eq of Fq X ... X Fy,. Since vy, ..., v, are fixed, so is f((v1,v1),..., (Un,vp)). And
since f is continuous, f(E 1) = f(E) T, so:
fED = (f((vr,01),.-, (va, ), f(E 1))

(
= (f((vi,v1)y. .,y
= {(f((vr,v1),- s (vn,vn)), f((v1,w1), - o (vn, wn))) | (wes .. wy) € Eo} 1
f(E)T

The Lemma is then proved by structural induction on ¢. All the cases except when ¢ is a box-term have
already been justified. So let ¢ be of the form box swith {z1 :=t;,...,2, := t,}, where A F s : F is provable



and A=z, : OF},...,z, : OF,. By induction hypothesis, [A I s : F]; is continuous. Taking this function as
the f in (7), it follows that the function f’ mapping d to ([A F s: F]s(MAP(DUP omy)(d)), [A F s: F]s(d)) is
continuous. Therefore [I" - box s with {zy :=t1,...,2, ;= t,} : OF]s, which is the function mapping g € [I']s
to f/([TFt1:0OF1]s(9),..., [T Ft, : OF,]s(g)) is continuous, since [I' - ¢; : OF;]s is continuous for all 1,
1 <4 < n, by induction hypothesis. O

Lemma 3.2 For every term t such that I',xy : Fy,...,z, : F, Ft: F is derivable, for every terms ty, ...,
t, such that T')A & t; : F; is derivable for every i, 1 <i <n, [[AFt{z):=t1,...,2y :=1,}: F]s is the
function mapping (g,d), where g € [I']s and d € [A]s, to :

[Cyzy: Fry .o xp s Fpbt: Fls(g, [T, ARt Fi]s(g,d), ..., [T, A Ft, : Fi]s(g,d))
Proof: By structural induction on ¢t. O

Lemma 3.3 Ifx is not free int, then for every g € [[]s, v € [F]s, d € [A]s, [T,z : F,AFt:G]s(g,v,d) =
[T, AFt:G]s(g,d).

Proof: Easy structural induction on ¢. O

Theorem 3.4 The dcpo interpretation is sound wrt. Agq with the extensional equalities: for every terms s
and t such that Tk s : F and T' -t : F are both derivable, and such that s =, t, we have [['F s: F], =
[CHt:Fs.

Proof: We first check each a-equivalence rule:
e =, first rule.
[CEXyp -tz :=y}: FDGllg) = MelFls-[Iy: FEH{o:=y}:Gl(g,v)
= MWE[Fs-[Ta: FEt:Glu(g. [T,y: Fhy:Fls(g,v))

(by Lemma 3.2 with A=y : F, n=1, 1=z, t;=y)
MWE[F]s [Tyz: FEt:G]s(g,v)=[TFXep-t: FDG]s(g)

e = second rule. [['F boxt{z):=y1,...,2n :=yntwith{y; :=t1,...,9y, :=1t,}: OG]s is the func-
tion mapping every g € [[']s to [AFt{x; :=y1,..., 2 :=yn}: G]s(MAP(DUP omy)(d),d), where
d=([TF ¢t : OF]s(9),..., [T Ft,: OF,]s(9)) and A=y, : OF,...,y, : OF,. By Lemma 3.2 with
I' empty, this is also the same as [z;:O0OFy,...,x, : OF, Ft: G]s(MAP(DUP omy)(d),d), that is,
[T F boxtwith {x1 :==t1,..., 2y :=t,}]s(d).

An easy induction on the number of a-equivalence rules, then on the structure of terms, now shows that:
(1) s =t implies [I'F s: Fls(g) = [T'Ft: F]s(g). We have just shown the base cases, the induction cases
are straightforward.

e (B):
[ITEMzp-s)t:G)s(9) = [CEXep-s:FDG]s(g)([TF¢t: F]s(g))
= (We[FOGL [Iz: Fks:Gls(g,v)([I'Ft: Fls(g))
= [Da:Fks:G]s(g, [T Ft:F]s(g) =[TF s{z:=t}:G]s(9)
by Lemma 3.2 with A empty, n=1, x1=x, t;=t.
e (unbox):
[T F unbox(box t with o) : G]s(g)
= ma([ry: OF, ...,z : OF, Ft: G]s(MAP(DUP o) (d)), [x1 : OF, ..., 2, : OF, Ft: G]s(d))

where d=([T' F ¢ : OF]s(9), ..., [T F t, : OF,]s(g))
= [y :0F,...,2, : OF, Ft: G]s(d)



On the other hand:

[T Fto: G]s(g)
= [x1:0F,...,z,:0F, Ft:Gls([CF t1: OF1]s(9),..., [T Ft,:O0F,]s(g9)) (by Lemma 3.2)
[x1: OF, ... 2, : OF, Ft:G]s(d)

e (gc): assume that z; is not free in ¢, then [I' F boxt with {z1 :=t1,...,2, :=t,} : OG]s(g) equals
[x1 : OF, 20 : OFy, ... 2, : OF, bt : G]s([T F t1 : OF1]s(g),..., [T F tn : OF,]s(g)); this is equal to
[xo: OFs,...,zn : OF, Ft: Gs([T F ta : OF]s(g), ..., [CF tn: OF,]s(g)) by Lemma 3.3; but the
latter is just [I' F boxt with {x2 :=ta,..., 2y :=tn}]s(9)-

o (ctr): assume t; = to:

[T F boxt{x := za} with {xg :=to,..., 2, :=t,} : OG]s(9)
= ([z2:0F,,...,2, : OF, F t{x1 := 22} : G]s((DUP(71(v2)),...,DUP(m1(vy))),
[xo: OFs, ...,z : OF, F t{z1 := a2} : G]s(va,...,vp))
where vo=[I' F ¢ : OF3]s(g), - .., vn=[T'F t, : OF,]s(9))
= ([z1:0F, 29 : OFy, ...z, : OF, Ft: G]s((DUP(71(v2)), DUP (71 (v2)), ..., DUP(m1(vy))),
[x1:OF, 20 : OFy, ... 2, : OF, bt : G]s(va,v2,...,05)) (by Lemma 3.2)
= [Tk boxtwith {zy :=t1, 22 :=t2,..., 2y :=t,} : OG]s(g)

since indeed t; = to implies [I'F t1 : F1]s(g) = [T F ta2 : F2]s(g) = va by (4).

e (box): we shall show that the interpretations of (‘s){z := ‘t} and of ‘(s{zx := ‘t}) are equal. This
special case of (box) will be enough to deal with the general case: indeed, (box) is deducible from the
latter, from the fact that s =t implies so = to for every well-typed substitution o, and from (gc).

So, assume that the free variables of s are among z, x1, ..., x,, and that z; : OF,...,x, : OF,,x:
OFFs:G,and y1 : OGY,...,ym : OG,, Ft: F. Then:

[x1:OFy, ... @y : OF,,y1 : OGy, ..., ym : OGp F (“s){z := ¢} : OG]s(v1, .-+, Uny Wiy« oy Wiy)
= [x1:0F,...,2,: OF,,2: OF F ‘s: 0G]s(v1,...,Un,
[x1:0F, ..., : OF,,y1 : OG1, ... Ym : OGp F t: OF]s(v1, ..oy Uny W1, - ooy Wiy))
= [z1:0F,...,2,:0F,,z:0FF ‘s:0G]s(v1,. .., Un,
[yr : OG1, ... Ym : OGp bt OF]s(w1, ..., wn)) (by Lemma 3.3, n times)
= [xy:0F,...,2,: OF,,2: OF F ‘s: 0G]s(v1,...,Un,
([yr : OGa, ..., ym : OGy F t: F]s(DUP(71(w1)), . .., DUP(m1(wim))),
[yr : OG1, ... Ym : OGy Ft: Fls(wi, ..., wm)))
= ([z1:0F,...,2, : OF,,z : OF F s: G]s(DUP(m1(v1)), ..., DUP(m1(vn)),
DUP([y1 : OG1, ..., ym : OGp F t: F]s(DUP(71(w1)), ..., DUP(71(wm))))),
[x1:8F,...,x, : OF,,xz : OF F s: G]s(v1,...,Un,
(lyr : OG1, .. Ym : OGy, F t: F]s(DUP(m1(w1)), - - ., DUP(m1 (wim))),
[y1 : OG1, ..., ym : OGy Ft: Fls(w1, .. wm)))

On the other hand:

[x1:OFy, ... xy : OF,,y1 : OG1, ..., Ym : OGp b (s{z := “t}) : OG]s(v1, .-+, Uny W1, .« oy Win)
= ([z1:0F,...,2n : OF,,y1 : OG1, ..., ym : OGy b s{z = ‘t} : G

(pUP(m1(v1)),...,DUP(71(vy)), DUP(m1 (w1)), . .., DUP(m1 (wm))),



[x1:OF, ...,z : OF,,y1 : OG1, ..., ym : OGp b s{x = “t} : Gls(v1, ..oy Uny W1, - oy Win))
= ([x1:0F,...,2, : OF,,2 : OF F s: G]s(DUP(m1(v1)), ..., DUP(m1(vn)),
[x1:0F,...,x : OF,,y1 : OG1,...,Ym : OG, b ‘¢ : OF];
(pup(my(v1)),...,DUP(71(vy)), DUP(m1 (w1)), . . ., DUP(m1 (Wim)))),
[x1:0OF, ...,z : OF,,2 : OF F s: G]s(v1,...,0n,
[x1:OF, ... xp : OF,,y1 : OGy, ..., yYm : OGp b ¢ OFs(v1, ..y Un, W1, o, W)
= ([z1:8F,...,2, : OF,,2 : OF  s: G]s(DUP(m(v1)),. .., DUP(m1(vn)),
[r:OG1, ... Ym : OGy b <t : OF] (DUP(my (w1)), . .., DUP(m1 (w)))),
[x1:0OF, ..., : OF,,x2 : OF F s: G]s(v1,...,0n,
[yr : OG1, ... Ym : OGy F t: OF]s(w, ..., wm)))
(by Lemma 3.3 2n times)
= ([z1:0F,...,z, : OF,, 2 : OF F s: G]s(DUP(71(v1)), ..., DUP(m1(vn)),
(lyr : OG1, ..y Ym : OGy, F t]s(DUP(71 (DUP(71(w1)))), - . ., DUP(71 (DUP(71 (wi))))),
[y1 : OGy,. .., Ym : OGy F t]s(DUP(71(w1)), ..., DUP(71 (wm))))),
[x1:0F,...,x, : OF,,2 : OF F s: G]s(v1,...,Un,
([yr : OG1, .., ym : OGy, F t]s (DUP(ﬂ'l(wl)), ..., DUP(71 (wp))),
[yr : OG1, ... Ym : OGp F t]s(wr, ..., wm))))
= ([z1:0F,...,z,:0F,,z:0F ks G]]S(DUP( ( 1)), --.,DUP(m1(vn)),
([yr : OG1, ..., Ym : OGy F t]s(DUP(71(w1)), . .., DUP(71 (W),
[yr : OG1, ..., Ym : OGy F t]s(DUP(71(w1)), - . ., DUP(71 (wi))))),
[x1:0F,...,2, : OF,,2 : OF F s: G]s(v1,...,0n,
(lyr : OG1, ..., Ym : OGy, F t]s(DUP(71 (w1)), - - ., DUP(1 (Wi ))),
[y : OG1, ..., ym : OGy Ft]s(wr, .. ., ))))
(because DUP omr; o DUP omr; = DUP o7y )
= [z1:0F,...,2n:0F,,y1 : 0G1, ..., ym : OGp F (“s){z := ¢} : OG]s(v1, -+ -, Uny W1, - -+, Wiy)

e (n): assume that I' -t : F D G is derivable, and z is not free in ¢, then [I' F Azp -tz : F D G]s(g) is
the function mapping every v € [F]s to

[Tyz: FFte: G]s(g,v) [T,z: FFt:FDG]s(g,v)([T,z: Fkax: F]s(g,v))

[TC,z:FEt:F>DG]s(g,v)(v)=[CFt: F>DG]s(9)(v)

[CEt: F>Gs(g), for every g.

by Lemma 3.3. So [['+ Azp -tz : F D G]s(g) =

o (nbox): let o={x; :=1t1,...,2p : : OF; is derivable for each 4, 1 < ¢ < n;

then:

t,}, and assume that I' - ¢;

[T F box (unbox x;) with o : OF]s(g)

= ([zy:0F,...,z, : OF, F unboxx; : FJ;
(DUP(mi ([T F ¢ : OF]s(9))), ..., DUP(mi ([T F ¢, : OF,]s(9)))),
[x1: OF, ..., 2, : OF, Funboxx; : F]s([T'F t1 : OF1]s(g),..., [T F t,: OF,]s(9)))
(m2(DUP(mi([I' ¢ : OF]s(9)))), m2([I' F & - OF]s(9)))
= (m([I'Fti: 0F]s(g)), m=([L -t : OF]s(9)))
[Tkt :0F]s(g)

Then, as for (i), an easy induction, whose base cases we have just examined, shows that s = ¢ implies
[TFs:Fls(g)=[CFt: F]s. O



Before we go on, notice that the fact that we used dcpos instead of mere cpos does not matter: everything
still works with cpos instead of dcpos. In fact, even the continuity assumptions on functions were completely
superfluous in this section, and we could have developed the same theory by only considering the category
of preorders with monotonic functions, instead of dcpos with continuous functions. Continuity will play a
more essential role in the next section.

3.2 Using Pointed Dcpos

For computational relevance, it would be nice to be able to define functions by fixpoints in any type. This
is possible in ordinary dcpo theory by having each domain F contain a bottom element |, and defining the
least fixpoint of f : F — F as Y (f)={L, f(L), f2(L),...,f*(L),...} 1. However, our dcpos don’t have
bottoms in general, in particular no depo of the form F(1) has a bottom.

A natural fix is to lift the latter dcpos, and define [OF], as [F],(1),, where F, denotes the disjoint
union F U {L}, with the ordering <z, such that L <z « for all z, and z <z, y if and only if z < y, for
all x,y € F, where < is the ordering on F.

All our dcpos will then be pointed, i.e. they will have a bottom. The modified interpretation [-], is
defined on Figure 2.

[FD>G], = P
[OF], = [Fl,(1),

[T,z: F,AFax: F],(g,v,d)

[T+ st: G]p(g)
[TFXep-t:FDG](9)
I»(9)
I»(9)

[Chs: FD G (g) (I Ft: Fly(g))

M€ [F]p-[T,z: FEt:G]ug,v)

7y ([0 Ft:0F],(g)) where 73 (v, w)Z=w, T (L)=L1
([A+t: G],(MaP(DUPori)(d)), [AFt: G]]p( )

where A=y : OF), ..., x, : OF,, c={21 :==t1,..., 2, :=1,}
and d=([I' ¢, : OF ], (9), ..., [['F tn - OF,]p(9))

and 71 (v, w)Z=w, 7 (L)=1

e T | R T

[T F unboxt : F,(g
[T F boxt with o : OG],(g

Figure 2: The Pointed Dcpo Interpretation

So quoting still maps v to (v,v), even when v = L. On the other hand, unbox is a strict function, mapping
L to L. The proof term Azg(p~¢) - Ayor - box (unbox 21 ) (unbox 2 ) with {331 = 2,29 := y} realizing (K) still
maps (f,g) and (v,w) to (f(v),g(w)); it now also maps L and (v,w) to (L, L) L and L to (L,1), and
(f,g) and L to (f(L),g(L)). In particular, it is not strict, i.e. it is lazy in both its arguments. Similarly,
the proof term A\xgp - boxa’ with {z’ := z} for (4) maps (v,w) to ((v,v), (v,w)), and L to (L, L), so again
kwote is given a lazy interpretation.

We leave it as an exercise to the reader to show that this interpretation is sound wrt. g4, and even (7),
but not (nbox). Indeed, [I" F box (unbox z) with {x :=t} : OF],(g) equals (L, L) when [I' ¢ : OF],(g) = L,
and is therefore different from [I'F ¢ : OF],(g).

Adding | actually leaves more choices as to the definition of modal constructions. We may for example
decide that (K) will be given an interpretation that is strict in its first argument, or that (4) will be strict,
and so on.

3.3 A Note on O"F

Let’s return for a short while to the unpointed dcpo interpretation. The types 0" F—meaning F' boxed n
times—gets interpreted as [F]s(1)...(1). But it is easy to see that this is isomorphic to [F]s(n):

Lemma 3.5 F(1)...(1), where there are n occurrences of (1), is canonically isomorphic to F(n).



Proof: By induction on n. It is enough to show that F(n+ 1) is canonically isomorphic to

F(n)(1). The former is the set of non-decreasing sequences (vy,...,v1,v0,v—1), ordered by < on
the v_; component, and by equality on all other components. The latter is the space of couples
((Un=1y-++500,v-1), (Vn—1,...,00,0"1)), With v,—1 < ... < vy < v_; < v, ordered by < on
(Un—1,...,v0,v"_ ) and by equality of (v,—1,...,v0,v-1), i.e. by < on v’ ; and equality on all the v;’s.
Map the former sequences (v, ...,v1,v0,v_1) to ((Un,...,v1,v0), (Un,...,v1,v_1)), and conversely map
((n—1,-+-500,v-1), (Un_1,---,00,v"_1)) to (Vp_1,...,v9,v_1,v" ;). It is easy to see that this defines an

isomorphism of dcpos. O

Now the point here is that the definition of the spaces F(n), n > 0, looks very much like that of the
nerve of a category [GM96).

The notion of nerve applies to all categories, but it will suffice to explain it in the case of preorders. The
nerve of a preorder F is a graded set N, (F), n > 0, consisting of all non-decreasing sequences (vo, - . ., Uy)
of elements of F. Such elements v are called n-simplices of the nerve, and can be seen as geometric objects
of dimension n, having n + 1 faces that are (n — 1)-simplices: face i is the subsequence where v; has been
removed. Also, every n-simplex can be coerced to a degenerate (n + 1)-simplex by mapping it to its ith
degeneracy (Vg, ..., Vi—1, Vi, Vi, Vit1, .-, Un), for every i, 0 < i < n.

This looks very much like the description of (F(n)), ~,. However, if we wish to be formal, we need a few
additional simple constructions. A slice F/v_y is a preorder consisting of elements of the form (v,v_1) with
v < v_y; their elements are ordered by: (v,v_1) < (w,v_1) if and only if v < w. The opposite F°P of a
preorder F is a preorder whose elements are those of F, and whose preorder <°? is such that x<°Py if and
only if y < 2 in F. The dual notion of a slice F/v_; is called the coslice v_1\F: this is the set of all pairs
(v_1,v) with v_y < w, ordered by (v_1,v) < (v_1,w) if and only if v < w. Note that F(1) is just the direct
sum of all coslices of F; a formally similar notion will be used in Section 4.

A few simple computations now show that F(n) is just the same as the union over all v_; of all
Ny (v—1\F°P). Taking face 0 does unbox, and taking degeneracy 0 does kwote. In other words, modulo
a few gadgets like slices and taking opposites, N, (F), n > 0, is a nerve. Our point here is that the S4 O
modality can be essentially interpreted as a geometric construction. This will be more apparent in Section 4.

4 Geometric Models

It is also possible to interpret types as topological spaces, without any order structure underlying them.
Morphisms will be continuous maps, again. But for our category of topological spaces to be cartesian closed,
we need an additional restriction. A standard trick is to restrict to compactly generated spaces [Str, ML71]:

Definition 4.1 Say that a subset E of a topological space F is k-closed if and only if f~(E) is closed in
K, for every compact space K and every continuous function f from K to F.

A topological space F is compactly generated if and only if for any subset E of F, E is closed if and
only if E is k-closed.

Note that every closed subset is k-closed. The converse is the part that is not true of every topological space.

Recall that a topological space is Hausdorff, or Ts, if and only if, for every two elements xz, y such that
x # y, there exist opens O, and O, such that z € O,, y € O, and O, N O, = 0; and that F is compact if
and only if F is Hausdorff, and from any open cover of F we can extract a finite subcover of F.

Say that F is weakly Hausdorff [Str] if and only if, for every compact space K, for every continuous
function f from K to F, the image of K by f is closed in F. It is clear that every Hausdorff (7%) space
is weakly Hausdorff, and that every weakly Hausdorff space is Ti, i.e., every singleton {x} is closed. We
shall deal with weakly Hausdorff spaces as this is slightly more general than Hausdorff spaces, but the results
would be the same with Hausdorff spaces: see [ML71], Chapter 7, Section 8, for an introduction to compactly
generated Hausdorff spaces.

Every Hausdorfl space can be turned into a compactly generated space by adding a few opens (equiv-
alently, a few closed) sets to its topology, this is point (¢) below. As this will be more practical, we shall
see topologies as given not by their sets of opens, rather by their sets of closed subsets. Recall also that a
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function f is continuous if and only if f~1(O) is open for every open O, if and only if f~!(F) is closed for
every closed subset F'. The following Lemma is a summary of some of the results in [Str]:

Lemma 4.1 Let the kelleyfication k(F) of the topological space F be defined as follows: the elements of
k(F) are those of F, the closed sets of k(F) are the k-closed sets of F. Then:

(1) k(kE(F)) =k(F), so k(F) is compactly generated;

(i) (“There are many compactly generated spaces”) Every locally compact Hausdorff space is compactly
generated;

(73i) the category CGWH of compactly generated weakly Hausdorff spaces with continuous maps has products,
and the product [ ], ; Fs of the family (F;),c; is k(H?GI F:), where [T° denotes the set-theoretic product
with the product topology.

(iv) CGWH is cartesian-closed; we shall note the exponential object G* as F — G.

Alternatively, let Co(F,G) be the space of all continuous maps from F to G, with the compact-open
topology, namely that generated from the basic opens {f continuous from F to G | f(K) C O}, where
K ranges over compacts in F and O over opens in G. Then F — G = k(Co(F,G)).

(v) if F is locally compact Hausdorff, and G is CGWH, then F — G = Co(F,G).

(vi) CGWH has sums: the sum of the family (F;);c; of CGWH-spaces is the set-theoretical sum ;e F;,
with the sum topology (the least making all injections F; — ;e F; continuous).

The compact-open topology is better known, in the special case of uniform, and even of metric spaces, as
the topology of uniform convergence on every compact. This means in particular that, if F is compact, and
G is a metric space with distance d, then F — G is metrizable as well, by defining the distance between f
and g as max,cr d(f(v), g(v)). (Note that the max is reached, since F is compact.) The category of CGWH
spaces is a kind of souped-up version of that of compact metric spaces, with enough spaces to be cartesian
closed.

We now define the interpretation [-]; as follows. Let [F D G]:=[F]: — [G]:- We may de-
fine [T,z: F,AFx: F|i(g,v,d) as v, where g € [[']s, v € [F]t, d € [A]s; this is indeed contin-
uous from [I']; x [F]; x [A]; to [F]:: projections from product objects are morphisms in CGWH,
hence continuous. Equally easily, [ st : G]; is the (continuous) function mapping every g € [I']; to
[CEs:F>G(g)([LCFt: Fli(g)), and [I'F Azp -t : F D G] is defined as the (continuous) function map-
ping each g € [I']; to the (continuous) function mapping each v € [F]; to [T,z : F+t: G]:(g,v). That
everything is continuous follows from the fact that CGWH is cartesian closed.

It remains to interpret boxed types:

Definition 4.2 Given o« CGWH space F, and vy € F, let the coslice vg\F be defined as the space of all
continuous functions a from [0,1] to F such that a(0) = vg, with the compact-open topology.
Let then F(1)= 1, cr vo\F, and [OF]:=[F]+(1).

Lemma 4.2 For every CGWH space F, F{(1) is CGWH.

Proof: Since [0,1] is compact, in particular it is locally compact Hausdorff, so Cy([0, 1], F) is CGWH, by
Lemma 4.1 (v). Since F is weakly Hausdorff, hence T7, {vg} is closed in F. Because the projection a — a(0)
is continuous, it follows that vo\F is closed in Cy([0, 1], F). Therefore: (a) every subset E of vg\F is closed
in vo\F if and only if it is closed in Cy(]0, 1], F).

It also follows from (a) that: (b) for every function f from G to vo\F, f is continuous from G to vo\F if
and only if f is continuous when seen as a function from G to Cy([0, 1], F).

We can now show that: (¢) vg\F is compactly generated. Since every closed subset is automatically
k-closed, it remains to prove the converse. So let E be k-closed in vo\F. This means that: (*) for every
continuous f from a compact K to vo\F, f~1(E) is closed. So let f be continuous from an arbitrary compact
K to Cy([0,1], F). Since vo\F is closed in Co([0, 1], F), K'=f"1(vo\F) is closed in K, hence compact. The
restriction f’ of f to K’ is then continuous from K’ to Cy([0, 1], F), and its range is included in vg\F, so

11



by (b) f' is continuous from K’ to vo\F. By (*), f/~"(E) is then closed in K’, hence in K. But by the
definition of K’ and f', /" (E) = f~Y(E), so f~1(E) is closed in K. As K and f are arbitrary, E is k-closed
in Cy([0,1], F). Since the latter is CGWH, E is closed in Cy([0, 1], F), hence in vo\F.

On the other hand, for every compact space K, every continuous function f from K to vo\F is continuous
from K to Cy([0, 1], F) by (b), so since Cy([0, 1], F) is weakly Hausdorff, f(K) is closed in Cy([0, 1], F), hence
in vo\F since f(K) is by assumption included in the latter. Since K and f are arbitrary, it follows that: (d)
vo\F is weakly Hausdorff.

By (c) and (d), vo\F is CGWH, hence the sum space F(1) is CGWH by Lemma 4.1 (vi). O

Compared to the [-]s interpretation, we have replaced pairs (v, w) with v < w by continuous paths leading
from v to w. It is interesting to see these paths as specifications of processes starting at time 0 and stopping
at some later time that we decide to name 1. Then:

e Quoting, which used to map v to (v,v) in the depo model, will be the function ’ : v € F — (A7 €
[0,1] - v) € F(1) mapping v to the constant path that stays at v. Because of the topology we put on
F(1), ? is not continuous in general. This is a feature: it represents semantically the fact that although
we can deduce OF from F', there is in general no proof of F D OF.

More precisely, if * is continuous, then it maps every connected component C' of F to some connected
subspace of F(1), hence to a subspace of some v\F: it follows that C must be the singleton set {v},
for every C. In other words, ’ is continuous from F to F(1) if and only if F is totally disconnected.

e (K), which used to map (f, g) and (v, w) to (f(v), g(w)), will here be the function * mapping every path
a from a(0)=f € F — G to a(l)=g € F — G, and every path 8 from S(0)=v € F to B(1)=w € F to
the path ax 8=A1 € [0,1] - a(7)(8(7)). In terms of processes, this is synchronous parallel application.
In general, define a x (B1,...,08,), where a € (Fy X ... x F, = G)(1) and B; € F;(1) for every i,
1<i<n,as At € [0,1] - a(7)(B1(7), ..., Bn(T)).

e (T) is interpreted by the ev function, defined here as the projection mapping o € F(1) to a(1). In
terms of processes, this is the function waiting for its argument process « to terminate, and which then
returns the final value «(1) of a.

e (4) is a bit more complex. Remember that it used to map (v,w) to ((v,v), (v,w)) in the decpo model.
The function kwote which realizes it here will map the path o € F(1) to the path of paths 5 € F(1)(1)
such that 8(7)(7') = a(r.7’), where 7.7’ is the ordinary product of 7,7’ € [0,1]. That is, 3 is a path
from the constant path 8(0) = ’(«(0)) to the path 5(1) = a. In terms of processes, kwote(«) is a
process that starts from the syntactic description ’(«(0)) of the process «, and eventually returns the
actual process « at time 1. This is therefore an interpretation in terms of higher-order processes, that
may compute other processes.

We then define [I' - boxt with {z1 :=t1,...,2, :=t,} : OG]; as the function mapping every g € [[I‘]]t to
([AFt:G]i) * (kwote([T' F ¢y : OF ] (g )) ., kwote([T' Ft, : OF,]:(g))), where A=z, : OF},...
OF,,—a similar formula in fact works also for the depo interpretation [-]s. More synthetically, define [[ ]]t on
terms as in Figure 3.

[TFs:F>G(g)(TFt: Fl(g))

M € [F];-[Tyz: FEt:G]i(g,v)

[CHt:0F)(g)(1)

At €[0,1] - [AFt: Gle(ar(7),. .., an(T))

where a;(7)=AT" € [0,1] - [T F ¢ : OF ]+ (g9)(r.7'),1 <i<n

[Tyz: F,AFx: F]; (g,v,d)
I:(9)
[[Fl— Ap-t: FD Gﬂt(g)

[T F unboxt : F[;(g)
[T+ boxt with o : OG]+(g)

(> A1 1

Figure 3: The Geometric Interpretation

For every function f, let fj4 be the restriction of f to the set A.
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Lemma 4.3 For every CGWH spaces F and G, f : F — G(1) is continuous if and only if the following two
conditions are satisfied, for every connected component C of F:

(¢) for every x,y € C, f(x)(0) = f(y)(0);
(i1) fic is continuous from C to Co([0,1],G).

Proof:  Only if: since C' is connected and f is continuous, the image f(C) is connected. But every
vo\G, v9 € G, is both open and closed in G(1) by construction, so every connected subset of G(1) is a
connected subset of some vo\G, vy € G. In particular, for every x,y € C, f(x) and f(y) are both in vp\G, so
J(x)(0) =vo = f(y)(0), therefore (i) holds. On the other hand, since f is continuous, f|c is also continuous
from C to G(1), hence also from C to vo\G. But the topology of vp\G is a subset topology of Cy([0,1],G),
so (i) holds.

If: assume that (¢) and (i4) hold for every connected component C' of F. Let vy be f(x)(0) for some
x € C. By (i), vop does not depend on the choice of x, and therefore f(C) C vo\G. By (ii), and since the
topology of v9\G is a subset topology of Cy([0,1],G), fic is continuous from C to vp\G, hence also from C
to G(1). For every open O in G(1), f~1(O) is the union of f‘cfl(O), when C' ranges over the connected
components of F, and is therefore open. So f is continuous from F to G(1). O

Lemma 4.4 Let C be a connected component of F1 X ... X F,, where each F; is CGWH. Then C C
Ci X ... x Cy, where C; is a connected component of F; for each i, 1 <i <mn.

Proof: FEvery connected component of F; is both open and closed in F;, so every product C; x ... x Cj,
is both open and closed in the product H(1)<i<n}} (with the product topology). Since every closed set is
k-closed, Cy x ... x Cy is also both open and closed in [],_,., Fi. Let S be the set of all n-tuples of
connected components (C1,...,C,) as above such that C N (Cy x ... x Cy,) # 0. Since C N (Cy x ... x Cy)
is both open and closed in C, and since C is connected, there can be at most one element (C1,...,C,) in S.
It follows that C C C7 x ... x (). O

Lemma 4.5 For every term t such that I' - ¢ : F is derivable, [T -t : F]; is a continuous function from
IIF]]t to IIF]]t

Proof: We first establish a few claims. First: (a) ev: a € F(1) — «(1) is continuous. Let F be any
closed subset of F, then ev™'(F) = {a € F(1) | a(1) € F} = U, crfa € vo\F | a(l) € F} =, crfa €
Co([0,1], F) | a(0) = vwg,a(1) € F} = Uvoe}-(ﬂal({vo}) N (F)), where 7, is the projection o — (1),
which is continuous from Cy([0,1],F) to F. So F,,=m; ({ve}) N7y (F) is closed in Cy([0,1],F), hence
also in vo\F. Recall that a set is closed in a sum space if and only if it is closed in every summand. Here,
ev 1 (F)N(vo\F) = F,, is closed in every summand vo\F of F(1), so ev"!(F) is closed. Since F is arbitrary,
ev is continuous.

We now claim that: (b) * is continuous from (F; x ... x F, = G){(1) x F1(1) x ... x F,(1) to G(1). For
convenience, when z=(3, a1, ..., ay,), we shall also write 5 * (a1,...,a,) as (x)(z). Let C be any connected
component of (F1 x ... x Fp, = G){(1) x F1(1) X ... x Fp(1). By Lemma 4.4, C C Cy x C; X ... x Cy, where
Cy is some connected component of (F; x ... x F,, = G)(1), C; is some connected component of Fi (1), ...,
C, is some connected component of F,,(1). In particular, Cy is included in some fo\(F1 X ...x F, = G), C;
is included in some v\ Fy, ..., Cy, is included in some v, \F,. So for every (8, aq,...,ay) € C, B(0) = fo,
a1(0) = v, ..., ap(0) = v,. Therefore, for every z=(83, a1,...,a,) and y=(8',a},...,al) in C, (¥)(x)(0) =
B(0)(1(0), ..., an(0)) = folvo,...,v,) = B'(0)(c4(0),...,a,(0)) = (*)(y)(0), so condition (i) of Lemma 4.3
is satisfied. On the other hand, * is continuous from Cy([0,1], (F1 X ... X F,, = G)) x Co([0,1], F1) X ... %
Co([0,1], Fn) to Coy([0,1],G) because * is defined from abstractions and applications only, and CGWH is
cartesian closed. So given any closed subset F' of Cy([0, 1],G), (*)|C_1(F) = (*)‘C_l(Fﬂ (fo(vo, -, v)\G)),
since the range of (x) o is included in fo(vo,...,vn)\G. But fo(vo,...,vn)\G is closed in Co([0,1],G), so
F N (fo(vo,...,vn)\G) is closed again, therefore (*)lcfl(F) is closed, hence closed in C. So % is continuous
from C' to Cy([0,1],G), therefore condition (iz) of Lemma 4.3 is satisfied. It follows that % is continuous.

Similarly, we claim that: (c) kwote is continuous from F(1) to F(1)(1). Again, this will be by Lemma 4.3.
Let C be any connected component of F(1), in particular C' C vg\F for some vy € F. So for every a € C,
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a(0) = vg, and therefore kwote(a)(0) = (A7, 7"-a(7.77))(0) = A" - (0) = A7’ -vp. In particular, condition (7)
is satisfied: for every a,a’ € C, kwote(a)(0) = A7’ - vo = kwote(a’)(0). We now show condition (ii).
Given any closed set F' of F(1)(1), kwote|c~*(F) = kwote;c *(F N (M - v9)\F(1))) = kwotejc ' (F N
(A" - v0)\(vo\F))) is closed in Cy([0,1],F). Indeed, (AT - vo)\(vo\F)) is closed in Cy([0,1],Co([0,1],F)),
and kwote|¢ is continuous from Cy([0, 1], F) to Co([0, 1], Co([0, 1], F)), since abstraction, application and
multiplication are. So kwote‘cfl(F) is closed in C, hence kwote|¢ is continuous.

Finally, we claim that: (d) provided F is CGWH, for every continuous functions f; : F — G;, h=Xv €
F - (fi(v),..., fu(v)) is continuous from F to [[,.,., Gi- To do this, we shall show that, for every closed
subset F' of [[,<;<,, Gi, h=1(F) is k-closed in F. So let K be any compact space, and f be any continuous
map from K to F. To show that h=1(F) is k-closed, we have to show that f~1(h=1(F)) is closed in K. But
F YR Y(F)) = (ho f)""(F), and ho f is trivially continuous from K to H(1)<i<n G;. Recall that F is closed
in [[,<;<,, Gi, so F is k-closed in H(1)<i<n G;; by definition of being k-closed, using the compact K and the
function ho f, f~1(h=1(F)) is closed in K. Since K and f are arbitrary, h=(F) is k-closed in F. Since F
is CGWH, h~1(F) is closed in F. Because F is arbitrary, h is continuous.

We now prove the Lemma by structural induction on ¢. It remains to show this in the cases of terms
of the form unboxt or boxt with . In the first case, this follows from (a). In the second case, recall
that we can write f=[I" F boxt with {1 :=t1,...,x, :=t,} : OG]: as the function mapping every g € [I'];
to *([AFt: G]y) « (kwote([T' F ¢y : OF1]:(g)),. ..  kwote([T' F ¢, : OF,]:(g))), where A=z : OF), ..., x, :
OF,. In particular, observe that ’ (A F ¢ : G];) makes sense, because [A F ¢ : G]; is continuous by induction.
Then f is continuous by (b), (c) and (d). (Note that the left argument to * is constant.) O

Lemma 4.6 For every term t such that U',xq : Fy,...,z, : F, Et: F is derivable, for every terms ty, ...,
t, such that Ty A & t; : F; is derivable for every i, 1 <i <n, [[AFt{x; :=t1,..., 2y :=1tn}: F]s is the
function mapping (g,d), where g € [I']; and d € [A]y, to :

Hrvxl :Fla”'axn : Fn l_t:F]]t(gv[[FvAl_tl : Fl}]t(gad)a"'allrvAl_tn : Fn]]t(gvd))
Proof: As for Lemma 3.2. O

Lemma 4.7 If x is not free in t, then for every g € [T, v € [FJt, d € [A]s, [T 2 : F,AFt:Glt(g,v,d) =
IIF,A Fit: G]]t(g,d)

Proof: Easy structural induction on ¢. O

Theorem 4.8 The [-]; interpretation is sound wrt. Agy with the extensional equalities: for every terms s
and t such that T'F s : F and I' -t : F are both derivable, and such that s =, t, we have [I's: F]; =
[TEt: F;.

Proof: As for Theorem 3.4. We only deal with the rules (unbox), (box), and (n box), where the difficulty
resides.
We first note that: (a) ev(’v) = v for every v € F. Indeed, ev(’v) = (’v)(1) = v.

Also: (b) ev(vx(wy,...,w,)) = (ev(v))(ev(wy),...,ev(wy)). Indeed, ev(v*(wy,...,w,)) = (v*k(wy,...,
wy))(1) = (A7 € [0,1] - v(T)(wi(7), ..., wa (7)) (1) = v(D)(wi(1), ..., wn(1)) = (ev(v))(ev(wi),. .., ev(wy)).
Let’s examine rule (unbox): let o be {x1 :=t1,..., 2, :=t,}, and A be z1 : OF},...,z, : OF,, then:

[T F unbox(boxt with o) : G]:(g)
= evO[AFt: G *([CFt1: OF](g),-.., [T Ft, : OF,]:(9)))
(ev’[AFt:G]))(ev([T F ¢y : OF]e(g)),- .- ev([T F ¢y : OF,]:(9))) (by (b))
[AFt: Gli(ev([TF ¢ty : OF1]e(9)),...,ev([T F ¢, : OF,]:(g))) (by (a))
= [I,AFRt:Gl(g,ev([TFt1: OF1]e(g)), ... ev([T F ty : OF,]:(9))) (by Lemma 4.7)
[T Fto: G]i(g) (by Lemma 4.6)
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Now for rule (box): as in Theorem 3.4, we show that (‘s){z := ‘t} and ‘(s{z := ‘t}) have the same
interpretations. So, assume that the free variables of s are among z, x1, ..., z,, and that z; : OF,... z, :
OF,,z:0FFs:G,and vy : OGy,...,Ym : OG, Ft: F. Then:

[x1:0OF, ..., : OF,,y1 : OG1, ..., Ym : OGp F (“s){z := t} : OG]t(v1, ..., Up, W1, ..., W)
= [z :0F,...,2, : OF,, 2 : OF F ‘s : 0G]¢(vy, ..., vn,
[x1:0F,...,2n : OF,,y1 : OG1, ... Ym : OGp B ¢ OF]¢(v1, ..« y Uny w1, ..oy Wiy))
= [zy:0F,...,2, : OF,,2: 0FF ‘s: 0G]:(v1,...,vn,
[yr : OG1, ... Ym : OGp bt OF(we, ..., wp)) (by Lemma 4.7, n times)
= M€e0,1] [z, :OF,...,z, : OF,,z:0OF F s: Gl:(A7" € [0,1] - vy (7.7"), ..., A" €[0,1] - v, (7.77),
A €00,1] - [yr : OGy, ..., Ym : OG,, F 4 OF [y (wy, ..., wp)(7.7))
= Me0,1][z1:0F,...,z,:0F,,z:0F F s: Gly(A7" € [0,1] - v1(7.7"), ..., A" €[0,1] - v, (7.7"),
AT €00,1] - [y1 : OGa, .oy Ym : OG Ht 2 Fy
A" e [0,1) - wy (7.7 7", AT €[0,1] - wen (77 TT)))

On the other hand:

[x1: OF, ..., 2y : OF,,y1 : OG1, ... Ym : OGp B (s{z := “t}) : OG]t(v1, ..., Upy W1, ooy Wip)
= A €[0,1]-[ay : OF,...,2, : OF,,y1 : OG1, ..., Ym : OGy b s{z := ‘t} : G]s
AT e [0,1] - vy (7.7), ..., AT €]0,1] - vp (7.7,
AT € [0,1] - wi(r.7), ..., A € [0,1] - wi (1.77))
AT €[0,1] - [x1: OF, ... 2, : OF,, 2 : OF F s: Gl (A € [0,1] - v1(7.7"), ..., A7 € [0,1] - v (7.77),
[x1 : OF, ...,z : OF,,y1 : OGy, ..., ym : OGy b ¢ : OF]y
A" e [0,1] - vy (1.7), ..., AT €]0,1] - vp (7.7,
A e [0,1] - wi(T.7"), ... AT €[0,1] - wi (7.7)))
AT €[0,1] - [x1: OF, ... 2, : OF,, 2 : OF F s: G], (M € [0,1] - v1(7.7"), ..., A7 € [0,1] - v (7.77),
[y1: OG1, .. Ym : OG, F t: OF],( A € [0,1] - wi (7.7"), ..., AT € [0,1] - wy (7.7)))
(by Lemma 4.7, n times)
AT €[0,1] - [x1 : OF, ... 2, : OF,,x: OF F s: Gl (M € [0,1] - v1(7.7"), ..., A7 € [0,1] - v (7.77),
AT € [0,1] - [yr : DGy, ..., ym : OG, Ft: F]y
A" e 0,1] - wi (.7 7", AT € [0,1] - wi (17 TT)))

Notice that we have only used the associativity of the product in [0, 1], and that we did not need commuta-
tivity.

Finally, let’s examine (nbox). Let o={xy := t1,...,2, : t,}, and assume that T' - ¢; : OF; is derivable
for each 7, 1 <1¢ < n; then:

[T F box (unbox x;) with o : OF]+(g)
= A €[0,1][xy : OF,...,2, : OF, F unboxx; : OF;];
AT e [0,1] - [Tty : OF](9) (7)), ... A7 € [0,1] - [T+ t,, : OF,]i(g)(7.7"))
= A e0,1]- (M €[0,1]- [T+ ¢t : OF]:(g9)(r.7"))(1)
= At €0, 1]-[I'Ft: OF](g)(r) = [I'F ¢ : OF](g)

a

4.1 A Note on O"F, and Simplices

If F is a space of points, and F(1) is a space of paths, what are F(1)(1), F(1)(1)(1), and so on? Let’s
examine F(1)(1) first. This is a space of paths 3, such that each 5(7), 7 € [0, 1] is itself a path, so § is a

15



kind of square, up to deformation. However, § is continuous and [0, 1] is connected, so the range of 3 is
connected as well. But the range of 3 is a subset of F(1), which is the direct sum of spaces vo\F, vg € F.
But in any direct sum of topological spaces, every summand is both open and closed, hence every connected
subspace is in fact a subspace of some summand. In our case, this means that the range of [ is a subset of
vo\F, for some given vy € F. In other words, 5(7)(0) = vy for every 7, so the range of 5 assumes the shape
of a triangle, up to deformation: see Figure 4.

F (points) F<1> (paths) F<2> (2-simplices)
BM®
X
0
% 0 B
@m0 B (D)
X X (forany 1)

B (0 BO) @

Figure 4: Singular simplices

In general, define F(n)°, for n > 0, as the set of all extended singular (n — 1)-simplices in F. For every
q > —1, the extended singular q-simplices are the continuous maps from A%, to F, where A*  ={(79,...,7,) |
70 >0,...,74>0,70+...+7, < 1} is the standard extended q-simplez; AT _; is the singleton containing only
the empty tuple (). Otherwise, AT, is a polyhedron whose vertices are (0,...,0) first, and second the points

€o, - .., €q, where e;=(7g,...,7) with 7, = 1 and 7; = 0 for all j # ¢. This is analogous to the more usual
notion of standard q-simplices Ay, for ¢ > 0, which are the sub-polyhedra with vertices e, ..., e, namely
Ag={(10,...,7g) | 70 >0,...,7¢ > 0,70 + ... + 7, = 1}. The singular q-simplices of F are the continuous

maps from A, to F. See Figure 5 for an illustration of what the standard simplices, and standard extended
simplices, look like.

A 4 (asegment) 2 (atriangle)
A (apoint) 1
=
0 1 0 1
Y At +
A 1 LY 1
Ay (atriangle)
(asegment) (atetrahedron)

Figure 5: Standard Simplices

The topology on F(n)° is given as follows. When n = 0, F(0)° is isomorphic to F. Otherwise, F(n)° is
viewed as the topological sum of all spaces Y\, F={f € Co(A*n_1,F) | fia,_, = 7}, when ~ ranges over all
singular (n — 1)-simplices of F.

Lemma 4.9 F(1)...(1), where there are n occurrences of (1), is homeomorphic to F(n)°.
Proof: By induction on n. The base case is by definition, so it remains to show that F(n)°(1) is
homeomorphic to F{n + 1)°.

On the one hand, we map every 8 € F(n+1)° to p(B8) € F(n)°(1), by defining ¢(B)=Ar € [0,1] -
705y Tno1) € AT 1 - B(10, -+, Tne1, (1 = 7).(1 =79 — ... — T,_1)). We must show that indeed p(3) €
F(n)°(1), and that ¢ is continuous.
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First, 8 is in v\, +1F, where v=8a .. So @(8)(7) = AM(70, ..., Tn—1) € At y_1-B(70,. -, Tn-1, (1= 7).(1—
To— ... — Tn—1)) is in ¥\, F for every 7 € [0,1], where 7 is the singular (n — 1)-simplex A(7g,...,Th—1) €
A,y - B(70,--.,Tn—1,0). Note that ~ is independent of 7, and that ¢(8)(7) is continuous in 7 (recall that
abstraction and application are continuous for the compact-open topology, and that the topology of v\,F
is exactly the compact-open topology). So ¢(f3) is in w\(y\nF), where w=p(8)(0), hence it is in F(n)°(1).

Then, observe that ¢ maps every v\, 1 F to w\(y\nF), where v € Co(A,,F), ¥=A(70,...,Tn—1) €
Ap_1-v(T05- -+, Tno1,0), and w=N (10, .., Tn_1) € ATy 1 -v(70,.. ., Tn_1,1 — T — ... — Th_1), and that
these spaces have exactly the compact-open topology. Since abstraction and application are continuous, ¢
is continuous on each summand v\, +1F; so ¢ is continuous from F(n + 1)° to F(n)°(1).

On the other hand, we define a continuous map 1 from F(n)°(1) to F(n + 1)° as follows. For every
a € F(n)°(1), ais in w\F(n)°, where w=a(0). Since « is continuous from [0, 1] to F(n)°, and since [0, 1]
is connected, the range of « is, too, so it must be included in some ~\,F. In particular, Oé(T)‘ATk] =~ for
every 7 € [0,1]. Then let:

P(a)E=N(10, ..., ) € AT, - a( 1—T0—...=Tn—1 ) (70, Tn1) ?f Tt A o1 £
7(7_03"'37_71,—1) 1f7—0+...+7'n_1:1

¥(a) is in v\p41F, where v=¢(a), . Indeed, we just have to check that ¢(a) is a continuous function.
Clearly, 1(«) is continuous over the set of all (g,...,7,) € At, such that 79 + ...+ 7,—1 # 1 (first case
of the definition), as well as over the set of those such that 7o + ...+ 7,1 = 1 (second case). Then, when
(105---,7n) € AT, tends to (77,...,70_1,70) in AT, such that 70 + ...+ 7% ; =1, then a((1 —79 — ... —
Tn-1—Tn)/(1=T0— .. —=Tpn_1))(T0, - ., Tn—1) tends to y(70,...,70_;), although (1—79—...— 7,1 —75)/(1—
To— ... — Tp—1) may not tend to any limit. This is because « is continuous, application is continuous and
a(r)(18, ..., ) =~(7Y,...,70_,) whatever the value of T is.

Then, ¥ is continuous from w\(y\pF) to v\n11F, for all v € Co(A,—_1,F), all w € v\, F, and where
vEXNT0, .. Tn) € Ay - w(To,. .., Tno1), for similar reasons as ¢. So 1 is continuous from F(n)°(1) to
F(n+1)°.

It remains to show that ¢ and v are mutually inverse:

1—7T0—c.—Tp—1—Tn .
@) = o[ Mroereimy e at, - { O UTEREET) (oreimn) bt £
7(7-0’“-77%—1) ifTo—f—...—FTn_l:l

= M€0,1]- N7y, Tn1) EAT, -
o (R ) ) () b # ]
,Y(TO?"';Tnfl) ifTo+...+Tn,1:1
= ATE [07 1] ’ )‘(7—07 L) Tn—l) S AJrn—l : O‘(T)(T07 s 7Tn—1) =«

P(p(B) = AT e[0,1]- Moy, Tn1) EAT 1 - B0y 3T, (1 =7).(1—T0 — ... — Tn_1)))
B (To, ooy Ta—1, (1 - —iﬁ’%’;fﬁ”;ﬂi“) (A=70—...— Tnfl)a)
= /\(T07""TH)EA+TL' ifTo-i—...—‘rTn_l;él

ﬁ(To,...,Tn_l,O) ifT0—|—...+Tn_1:1 (hence TnZO)
= M70,..-,Tn) €EAT L B(T0s oy, Tno1,Tn) = B

Note that (extended) simplices over a space of functions F — G also have an elegant geometric interpre-
tation. While 7 — G is a set of continuous functions, (F — G)(1) is a set of continuous paths from functions
f to functions g in F — G, so (F — G)(1) is a set of homotopies between continuous functions from F to
G. The elements of (F — G)(n)°, n > 1, are then known as higher-order homotopies: F — G(2)° is the set
of homotopies between homotopies, etc. This is a classical construction in algebraic topology [May67].
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5 Combinatorial Models

The idea of the combinatorial models is to abstract away from dcpos or CGWH spaces: just take the spaces
of extended singular simplices themselves as denotations for the types, and throw away all the topology.
What we keep is the information on how all simplices are glued together, i.e., along which faces, and which
simplices are degenerate, i.e., which triangles are really flattened and look like lines, and so on. That is,
we keep the simplicial structure of the spaces [May67]. This looks reasonable, as the simplicial structure
is the one feature that emerged from both the dcpo interpretation (as a nerve) and from the geometric
interpretation (as extended singular simplices). Our thesis is that the simplicial structure is actually all that
we need to interpret S4 proof terms.

5.1 Simplicial Sets, Augmentations, Godement Enriched

First, we recall some classical notions. All the notions we introduce in this section are well-known, but we
shall explain them at some length, since they are not standard notions in computer science. The only new
result of Section 5.1 is Lemma 5.1, which we use as an illustration.

A simplicial set [May67] is a graded set (Kg) 5 , that is, an infinite sequence of sets K, indexed by
integers, together with face functions 82 : Ky = Kqoq for every 0 < i < g, ¢ > 1, and degeneracies
sf] : Ky — Ky for every 0 < i < ¢, obeying Equations (i)—(vi) below. The elements of K, are called
g-simplices, or simplices of dimension q. Every g-simplex u, ¢ > 1, has ¢ + 1 faces agu, .oy Ofu: the two
endpoints of the segment A, the three segments that form the sides of Ay, for example (see Figure 5). On
the other hand, every point (0-simplex) can be seen as a degenerate segment sju in exactly one way, every
segment u can be seen as a degenerate triangle in two ways s{u or siu (lift the first or the second endpoint
by an infinitesimal amount), and so on. Formally, the faces and degeneracies should obey the following
equations:

(i) 0 1(0du) =) _1(Qiu) (id) siyy(silu)=s)  (siu) (iii) i, (siu) = s)_1(0iu)
0<i<j<qq>2) (0<i<j<q) (0<i<j<gq)

(i) 9g11(squ) = u (v)  Fti(siu) =u (vi) i1 (u) = 911 (shw)
(0<i<q) (0<i<q) (0<i<j<q)

For example, the space of singular g-simplices of a topological space F is the space of all continu-
ous functions from the standard n-simplex A, to F. The faces of o : A; — F are the functions
=10, ..., Tq—1) € Ag1-a(T0, ..., Ti—1,0,Tiy1, ..., Tg—1), and the degeneracies are s,a=\(70, ..., Tq41) €
Agi1-a(mo, ..., Tic1, Ti+Tigt1, Tit2, - - -, Tqt1). What we have just defined is a functor Sing from the category
of topological spaces, or in fact of CGWH spaces, with continuous functions as morphisms, to the category
of simplicial sets with simplicial maps as morphisms [May67]. A simplicial map f from K to L is a collection
of maps f; : K; = L, which “commute with every face and degeneracy”, that is such that 62 ofq=fq—1 0(92
for every 0 <i < ¢, g > 1, and such that sé ofg=fq+10 sf] for every 0 < i < ¢. The functor Sing maps the
continuous function f : F — G to the simplicial map Sing(f) such that Sing(f),=Aa € Co(Ag, F) - f o a.

Another presentation of simplicial sets and simplicial maps is as follows. Let A, the simplicial category,
have as objects all sets [¢]={0,...,q}, ¢ > 0, and as morphisms all non-decreasing maps p : [m] — [n]. As
special cases of morphisms in A, we find 52 2 [g—1] = [q], for every 0 < i < ¢, ¢ > 1, which is the only
injective increasing function that does not take the value 7; and ofz : g+ 1] = [g], 0 <i < g, which is the
only surjective non-decreasing function that takes the value i twice. It is easy to see that every morphism
in A can be written as a composition of 5fls and oés. Then the simplicial sets are exactly the functors K
from the opposite category A°P to the category of sets Set. Indeed, K maps [g] to the set of g-simplices,
the morphisms 67 : [¢ — 1] = [¢] to 9} : Ky — K,_1 and o}, : [¢+ 1] = [q] to s} : K; — Kg11. Simplicial
maps are just natural transformations between simplicial sets, viewed as functors. See [ML71], Chapter 7,
Section 5, where A is called AT instead. (We use A because this is the name most topologists use.)

This categorical way of seeing simplicial sets allows one to define simplicial objects in a category C as
functors from A°P to C. That is, C replaces Set. For example, simplicial topological spaces are just simplicial
sets (K q)q>0» where each K, is a topological space, and the faces and degeneracies are continuous maps, and
morphisms between simplicial topological spaces are simplicial continuous functions.
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Another interesting category is that of augmented simplicial sets. These are simplicial sets (Kq)q>0,

together with an additional set K_; and an augmentation € : Ko — K_; such that e(00u) = €(diu) for every
u € Kj. The main point in augmented simplicial sets is that f,=eo %o ...0 (‘32 defines a simplicial map
from K to the trivial simplicial set K*; whose sets of g-simplices are K_1, independently of ¢, and whose
faces and degeneracies all are the identity function. See [And74] for applications. Another presentation is to
say that augmented simplicial sets are graded sets (Kq)q>71 together with face maps 8; : Kyg—1 — K, and

degeneracies sfl t Kgp1 — K, for every i, 0 < ¢ < g, obeying equations (i)—(vi), but where the condition
q > 2 is dropped in (i): the augmentation € is just the new face operator 9.

Again, augmented simplicial sets can be seen as functors, this time from A% to Set, where A is the
category whose objects are [¢q] for all ¢ > —1 (instead of ¢ > 0 for A), and whose morphisms are again
all non-decreasing maps. That is, we just add the object [—1]=0. Augmented simplicial maps are natural
transformations between these functors, that is, Collections of functions fq Ky — Ly, —1, such that
8’ o fqg=fg-10 Ol for every 0 < i < ¢, and such that s; o f; = fy+1 0 s; for every 0 < i < q. See [ML71],
Chapter 7, Sectlon 5, where A® is named A.

As for simplicial sets, we may also consider augmented simplicial objects in a category C, that is, functors
from A’’’ to C. For example, the augmented simplicial topological spaces are those such that K, is a
topological space for every ¢ > —1, and 9} and s, are continuous.

This is all the more relevant to us as:

Lemma 5.1 For every CGWH space F, (F{q+ 1>o)q>71 defines an augmented simplicial CGWH space,
with faces and degeneracies given by: B
5}104

7
SqOé

)\(qul,. . ,To) € A+q,1 . Q(qul,. .. ,Ti+170,’7'1‘,1,. . ,To)
)\(Tq+1, .. .,To) € A+q+1 . Oé(Tq+1, ey T2, Tig1l + Tiy Tie1, - - .,To)

> 1P

foralla € Flg+1)°,0<i<q.

Proof: The equations (i)-(vi) follow by simple computations. It remains to show that d; and s/ are
continuous from F(g + 1)° to F(g)°, and from F(g+ 1)° to F{q+ 2)° respectively. First, they are clearly
continuous from Co(A*,, F) to Co(At,_1,F) and to Co(AT 41, F) respectively, since 0, +, abstraction and
application are continuous. Moreover, they map ~\,F, for every singular g-simplex v, to 837\,1_1]-' and to
sty \q+1F respectively. So they are continuous from F(g+ 1)° to F(g)°, and to f(q +2)° respectively The
point here is that the notations 0, 'y\q 1F and sq’y\qH}' make sense, because 9 ;Y and squ are standard
singular simplices: indeed, 7q_1 + ... 7341 + 0+ 7—1 + ...+ 79 = 1 whenever 7,_; —|— .+ 70 = 1 in the first
case, and Ty41 + ... Tt + (Tit1 -‘rTi) +Ti1 4+ T = 1 whenever 7,11 +...+ 7 = 1 in the second case. O

For every a € F(n)°(1), we may convert a to an element () of F{n+1)° (see Lemma 4.9). Then
notice that 8%(¢(a)) = a(l) = eva. In other words, ev and taking face number 0 are the same thing.
Similarly, kwote and s” correspond, in that for every a € F(n)°(1), computing s%(¢(a)) € F(n+2)°
corresponds through ¢ = 1~! (see Lemma 4.9) to an element in F(n)°(1)(1) that happens to be exactly
kwote . Formally, the conversion function ¢ from F(n + 2)° to F(n)°(1)(1) is defined by ¢2(B)=AT €
[0,1] - p((B)(7)), and we can check that ¢a(s2 (1 (a))) = kwote a.

However, ’> has no interpretation as a face or a degeneracy in any augmented simplicial CGWH space,
because it is not continuous in general. Similar computations as for ev and kwote above show that °
corresponds to some additional degeneracy operator s L g > —1, defined by Sq Yaz=N(Tg41, 45 70) € AT gq1-

a(Ty41,...,71), which is not continuous in general. ThlS operator obeys the following additional equations:

(i) ki (55 0) = s (55 0)

0<j<q) 4 X
(W) By (s7'w) = () s, (0fu) = 0 (57 w)
(-1<4q) 0<j<aq)
An augmented simplicial set (K, )q> , with an additional set of operators s~ : Ky — Kg41, ¢ > —1,

obeying equations (ii'), (v') and (vi'), is called a Godement-enriched szmplzczal set (see [Tho95], Sec-
tion 2.2). Again, it can be described as a functor, as follows. Let A1 be the category whose objects
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are [q]+£{71,07 ...,q}, ¢ > —1, and whose morphisms are all non-decreasing functions p : [m]+ — [n]+

that fix —1, i.e., such that u(—1) = —1. Then the Godement-enriched simplicial sets are exactly the functors
from ATP to Set.

We have just shown that (F(g + 1)) 4>—1 Was not only an augmented simplicial CGWH space, but was
also a Godement-enriched simplicial set. However, it is not in general a Godement-enriched simplicial CGWH
space, because s; ! is not continuous in general—remember that it is a feature, as it explains why F D> OF

q
is not provable in general.

Note that the categories A°PSet of simplicial sets and simplicial maps, A°°’Set of augmented simplicial
sets and augmented simplicial maps, AT°"Set of Godement-enriched simplicial sets and Godement-enriched
simplicial maps, are all cartesian closed. In fact, they are more: as functor categories from some category—
AP AP or AT°P—to Set, they are elementary toposes [Gol84]. While cartesian closed categories are
models of proof terms for intuitionistic propositional logic, elementary toposes are models of proof terms for
intuitionistic set theory; the proof terms themselves are known as the Mitchell-Bénabou language.

We shall need to use the cartesian closed structure of A°°’Set, but it is rather complicated, and we shall
only need elementary properties of this structure. Let us just recall that being cartesian means that we
can build the product F1 x ... x F, of n augmented simplicial sets Fi, ..., F,, that we can build tuples of
augmented simplicial maps f; from H to F;, 1 <1i < n, as new augmented simplicial maps (f1,..., f,) from
H to Fi X ...x Fy,, and that we have corresponding projections 7, 1 < i < n, which are augmented simplicial
maps from Fj x ... X F, to F;, obeying all the expected equations. Also, being cartesian closed means that
for any two augmented simplicial sets F and G, there is an augmented simplicial set G7, which will interpret
the type of functions from F to G, that there is a currification or abstraction operation A mapping every
augmented simplicial map f from F x G to H to an augmented simplicial map A(f) from G to H”, and an
augmented simplicial map called application from GF x F to G related to A by forms of the 5 and 7 rules.
More details on the actual definitions of these can be found in Appendix A.

5.2 Defining the Combinatorial Model

Now that we have defined all the required notions, we turn to the definition of our third and last model, the
combinatorial model. In it, as promised, we forget about all order structures or all topologies, and keep only
the simplicial structure.

In view of Lemma 5.1, the right notion is to define the interpretation [F]. of types F' as augmented
simplicial sets. The interpretation of arrow types F' O G, of application and of abstraction, follow from the
fact that the category A°°’Set of augmented simplicial sets is cartesian closed.

There is simple way to interpret box types OF. For disambiguation purposes, write 8}@ instead of 8;, s%q
instead of sfl for the faces and degeneracies of the augmented simplicial set K. Then we may define [OF]. as

[F]c(1), where the g-simplices of [F].(1) are the (¢ + 1)-simplices of [F]., ¢ > —1, and 6(i[[F]]c<1>)qﬁaﬁ}r}]1cq+1’

SéﬂFﬂa(l))qﬁsﬁchH’ 0 <i<gq. That is, [F].(1) is [F]. with all dimensions shifted up by 1.

Recall now that we wish to interpret S4 proof terms as morphisms in the category at hand, namely
A%PSet; in other words, as augmented simplicial maps.

There is a simplicial map ev=9" from F(1) to F, for every augmented simplicial set F: let (9°) , map
every g-simplex u of F(1), ¢ > —1, to 8§_-q+1u € F,. As suggested in Sections 3.3 and 4.1, 9° will serve as
interpretation of unbox. This definition is valid, because u is by definition a (g + 1)-simplex of F as well.
Moreover, 0° is an augmented simplicial map: for every 0 < i < g, Gé-q o (aO)q = 8}-(1 o@?_-q+1 = 8%1 o ’}fgil (by
Equation (i); recall that in the augmented case, the constraint ¢ > 2 is dropped) = (3O)q_103§_ﬂ;}rl =(9°),_0
62}-“))7; and sl}-qO(BO)q = s’}-qoag.)_-q+1 = 89_—q+20821+1 (by Equation (iii)) = (80)%10821+1 = (80)q+1082}'(1>)q‘

There is also a simplicial map kwote =s” from F(1) to F(1)(1): let (s°), map every g-simplex u of F(1),
L.e., every (¢ 4 1)-simplex u of F, to 59 ju € Fyra = (F(1)(1)),. s° is again an augmented simplicial map:
this is by Equations (i7) and (vi).

For any simplicial map f from F to G, we may also define a simplicial map ’ f from F(1) to G(1) by letting
(* f), map every g-simplex u of F(1), that is, every (¢ + 1)-simplex u of F, to fg+1(u) € Gg41 = (6(1)),. To
enforce some analogy with Godement-enriched simplicial sets, we can also write * f as s~ f. But, just like
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’ was not continuous in the dcpo or in the geometric model, here s~! = ? is not a simplicial map.

The combinatorial interpretation [-]. is summed up in Figure 6. As usual, [T'];, where T=xq : FY, ..., 2,
F,, is taken to denote the product [Fi]. X ... X [Fy]e.

[F>6]. =[Gl
[OF]. = [F](1)

1

where Fﬁl'l : F17~-~733i71 : Fi,1
Appo([T'Fs: F D G].,[L'Ft: F].)

Az : F,TFt:G]e)

o[l +t:0F],

"[AFt:Gleo (oLt :OF],,...,s%0 [ Ft,:0F,].)
where A=z : OF), ...z, : OF,, c={a; :=t1,..., 2, =t}

>

[C,z: F,AFx: F].

[T F st:G]e
[TFXep-t: FDG]e
[Tt unboxt : F.(g)
[T F boxtwith o : OG].

I (R

Figure 6: The Combinatorial Interpretation

We can now reproduce the lemmas that we have been proving for the dcpo and the geometric interpre-
tations:

Lemma 5.2 For every term t such that T' &bt : F is derivable, [['F ¢ : F]. is an augmented simplicial map
from [T to [Fe.

Proof: By structural induction on t. Recall that i, App, 0°, s are augmented simplicial maps, and that
tupling, A, ’ and composition take augmented simplicial maps to augmented simplicial maps. All cases except
possibly that of terms of the form boxt with o are then trivial. In the latter case, observe that [AFt: G].
is an augmented simplicial map from [A].=[F1]c(1) x ... x [F,]c(1) to [G]e, by induction hypothesis,
so that *[AFt: G]. is an augmented simplicial map from ([F1]c(1) x ... X [En]c(1))(1) to [G](1). But
by construction ([Fi]e(1) X ... x [Fp]c(I)){(1) = [Fi]o({1){(1) x ... x [F,](1)(1), so: (a) *[AFt:G]. is
an augmented simplicial map from [Fi].(1)(1) x ... x [Fp]c(1){1) to [G]c(1). On the other hand, by
induction hypothesis [I" F ¢; : OF;]. is an augmented simplicial map from [I']. to [F;].(1) for every i, 1 <
i < n,sos’o[[Ft:0F]. is an augmented simplicial map from [[']. to [F;].(1)(1), hence: (b) (s° o
[C+t:0R].,...,s%0 [l Ft,:0F,].) is an augmented simplicial map from [[]. to [F1].(1)(1) x ... x
[F.]c(1){(1). Composing (a) and (b) then proves the claim. O

Lemma 5.3 For every term t such that I'y,xq1 @ Fy, ...,z 1 F,Is Et: F is derivable, for every terms tq,
ooy ty such that Ty, A, T's b t; 1 F; is derivable for every i, 1 < i < n,

[Ty, A To b t{zy :=1t1,..., 2 =t} : F]¢

== [[Fl,l‘lZFl,...,InZFn,Fgl_tZF]]CO
<T’ak717[[F17A7F2}_t1F1]]ca7[[F13A7F2}_tnFnﬂcakl +€+1aak1 +€+k2>

where T'y consists of exactly ky bindings, T's of ko bindings, and A of £ bindings.

Proof: By structural induction on ¢, using standard equational reasoning in cartesian closed categories
[Cur93]. O

Lemma 5.4 Ifz is not free int, then [[,x: F,AFt:G].=[[,AFt:Gl.o(1,....,k,k+2,....,k+{+1),
where there are exactly k bindings in I and £ in A.

Proof: By structural induction on ¢, as for Lemma 5.3. O
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Theorem 5.5 (Soundness) The combinatorial interpretation is sound wrt. Ags with the extensional equal-
ities: for every terms s and t such that ' s: F and I' =t : ' are both derivable, and such that s =, t, we
have [T+ s: F]l.=[CFt: F]..

Proof: We first check each a-equivalence rule:

o = first rule. Let I' contain k bindings.

[CF etz =g} F5 Gl = Ally: AT F e =} : GL.)
= Az:FT+t.0(,....,k+1)) by Lemma 5.3
— A(e: FT )= [IF g F oGl

Indeed, (1,...,k + 1) is the identity, and composing with the identity does nothing.

e =, second rule.

[T Fboxt{z: :=y1,...,2n := ynp with {y1 :=¢1, ..., yn :=t,} : OG]e
= [y :0F, ...,y OF, Ft{z1 :=y1,.. ., Zn = yn} : G|
o{s' o [[' 1ty : OF]e,...,s° o [T Ft, : OF,].)
= fxp:0F,...,2,: OF, Ft:G],
o(s o [['+t;: OF],,...,s° o[ Ft,:0F,].) by Lemma 5.3
[Tk boxtwith {z1 :=t1,...,2, :=t,} : OG],

e (). Recall that in any cartesian closed category App o (A(u),v) = uo (v,id) [Cur93]. Then:
[TEMxp-8)t:Gle = Appo{[l’FXxp-s:FDG].,[TFt:F].)

Appo (A([z : F,TFs:G].),[I'Ft: F].)
= [z:FI'Fs:G)co([LFt: Fle,idpry,) = [+ s{z =1t} : G].

by Lemma 5.3.

e (unbox): first, note that: (a) 30’ f = fod" for every augmented simplicial map f from F to G, where
the equality is between two augmented simplicial maps from F(1) to G. Indeed, for every g-simplex v

of F(1), (8° 0 f),(v) = gq+1((’f) (v)) = 3gq+1(fq+1(v)) = fq(8%q+1(v)) (because f is an augmented
simplicial map) = (f 0 d"),(v).

Then, observe also that: (b) 9% (f, g) = (%0 f,d"og), for every augmented simplicial maps f from H to
F(1) and g from H to G(1). Indeed for every g-simplex v in H, (9° o (f, 9)),(v) = 99, 1(fq(v),g4(v)) =
(001 (f4(0)), %41 (94 (1)) (since faces operate pointwise) = (30 £, o ), (v).

Finally: (c) 8° 0 5 = idz(1). Indeed, for every g-simplex v of F(1), (9% 0 s°) (v) = 99,4(s941(v)) = v
by Equation (iv) defining augmented simplicial sets.

By (a), (b), (c), then: (d) %0’ fo(sV0 f1,...,8%0 fr) = fo(fi,. ., fn)

Now let o be {z1 :=1t1,...,Tp :=tn}, A=zy : OF,...,x, : OF,, and assume that A ¢ : G has been
derived, as well as I' - t; : OF; for each 7, 1 <1 < n.

[T unbox(boxtwith ) : G]. = 08° o [I' I boxt with o : OG]..

Ao’ [AFt:G)eo(s®o [T Ft:0R].,...,s° o[ Ft,:OF,].)
[AFt:Glo([LFt:OF ..., [CF tn:0F].) by ()

[T Fto:G]. by Lemma 5.3

e (gc): First, define 7o as the augmented simplicial map from F; X ... X Fp, to Fa X ... X F, (n > 1),
mapping every tuple (v1,va,...,v,) to (va,...,v,). (This is the same 79 as in Appendix A.)
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Observe that: (e) ’(f oma) =’ f o my for every augmented simplicial map f from F to G, and where
both sides of the equality are viewed as augmented simplicial maps from (H x F)(1) to G(1). Indeed,
for every g-simplex v in (H x F)(1), we may write v as (v1,v2), so (*(f om2)),(v) = (f om2),,,(v) =

fara(v2) = ( f)y(v2) = (O f o ma), (v).

Now assume that x; is not free in ¢, then:

[T F boxtwith {z1 :=t1,...,2, :=1t,} : OG].
= [z :0OF,20:0F,...,2, :0OF, Ft:GJ.o(so [Tty :0F]e,...,s%0 [ Ft,:O0F,])
= ([xo:0OFy, ...,z : OF, Ft: G].0ma)
o(s% o [TFt: OF]e,...,s°0 [ Ft,:0F,].) by Lemma 5.4
= zg:0F...,z,:0OF, Ft:G].om
o(so [+t :0F].,...,s"o[[Ft,:0F,].) by (e)
= fag:0F,...,2,:0F, Ft:Gl.o(s%0 [T Fty:0OFR].,...,s°0 [T Ft,:0F,].)
= [I'F boxtwith {zg :=ta,..., 2, :=t,} : OG].

(ctr): note that: (f) ?(fo(1,idrxg)) = > fo(1,id) for every augmented simplicial map f from F x F x G
to H, and where the equality is between augmented simplicial maps from (F x G)(1) to H(1). Indeed,
for every g-simplex (v1,v2) of (F x G)(1), (* (f o (T,idrxg)))y(v1,v2) = (F o (L,idprg))ysy (v1,2) =
far1(v, (v1,02)) = (O f) (v1, (v1,v2)) = ( f o (L,id)) (v1, v2).

Now assume t1; = to, then:

[T F boxt{xy := xo} with {zg :=ta,...,2, :=t,} : OG].
= xe:0F...,z,: OF, Ft{z1 := 22} : G]. 0 (s [[Fty: OF],,...,s° o[ Ft,: OF,].)
"([or : OFy,zo : OFy, ... 2, : OF, Ft: G]. o (1,id))
o(s’ o [I'Fty: OF],,...,s° o [['Ft,:0F,].) by Lemma 5.3
= fxy:0F, 20 :0F, ... 2, : OF, Ft:G].o(1,id)
o(s®o [Tty : OF]e,...,s° o [T Ft,:OF,].) by (f)
= xy:0F,29:0F, ... 2, : OF, Ft:G].
o(s' o [['Fty: OFy].,s° o [Tk ty: OFy)e,...,8% 0 [T Ft, : OF,]c)
= [Tk boxtwith {z :=t1, 20 :=ta,..., 2y :=1t,} : OG],

since indeed t; = to.

(box): again, we shall show that the interpretations of (‘s){x := ‘t} and of ‘(s{x := ‘t}) are equal.

Notice that: (g) s”o (f,g) = (s o f, 5" 0 g) for every augmented simplicial maps f from H to F(1) and
g from H to G(1), where the equality is between augmented simplicial maps from H to (F x G)(1)(1).
Indeed, for every g-simplex v of #, (s° o (f,9)),(v) = sg,1(f4(v), 94(v)) = (541 (fq(v)), 5911 (94(v))) =
((s° 0 f,5% 0 ), (v)-

It follows that, for every s for which this makes sense: (h) [['F ‘s: OF]. = ’[[' F s: F].0s". Indeed,
[CF¢s:0F).="[Fs:F].o(s®0T,...,5°0k) (where there are k bindings in I') = *[['F s : F].o
90 (1,...,k) (by (g)) = [T+ s: FJ.o0s°

Then, observe that: (i) s°0T =Tos" and s° omy = my 05", Let’s deal with the first case, as the second
is entirely similar. This is an equality between simplicial maps from F(1) x G to F(1)(1). So for every
g-simplex (vi,vg) of F(1) x G, (s%01),(v) = 5041 (v1) = (105%),(v).

Similarly: (j) s 0 =i o0 s for every i.
Then, note that: (k) s®o’f =" f 05" for every augmented simplicial map f from F to G, where the

equality is between two augmented simplicial maps from F(1) to G(1)(1). Indeed, for every g-simplex
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v of F(1), (s” 0 f),(v) = sg11(far1(v)) = fara(sg11(v)) (because f is an augmented simplicial map)
= (2" fos%),(v).

We also have: (1) >(fog)="fo’g, ’(f,g9) = (’f,’g), and i =i for every i. This is straightforward.
Finally, let s'=’s% Then: (m) s o s? = s! 0 5% as an equality between augmented simplicial maps
from F(1) to F(1)(1)(1). Indeed, let v be any g-simplex in F(1), then (s° o so)q(v) = 50,9(s0,,1(v) =
sey2(s9,1(v)) (by Equation (ii) for augmented simplicial sets) = (’so)q_H( 0 1(v)=(s'o so)q(v).
So, assume that the free variables of s are among x, x1, ..., T, and that z; : OF,...,x, : OF,,x :
OF Fs:G,and y; : OG1,...,Ym : OGy, Ft: F. Let also 74 denote the n-fold composition of ms.
Then:

[x1:0F, ...,y : OF,,y1 : OG1, ..., Ym : OGp, F (“s){z := ‘t} : OG].
= [xp:0F,...,2,: 0F,,z: 0FF ‘s: 0G].
o(l,...,m,Jo1 : OFy, ..., 2y : OF,,y1 : OGYq, ..., ym : OGy F ¢ : OF],)
by Lemma 5.3
= [zy:0F,...,2,: 0F,,z:0FF ‘s:0G].
ofl,...,m, Jy1 : OG1,...,ym : OGy F ‘t : OF].o7wy) by Lemma 5.4
= [z :0F,...,2,:0F,,z:0FFs:G].0s°
ofT,...,7, [y1 : OG1, ..., ym : OG-t : Fl.0 s’ od) by (h)
= fzy:0F,...,z,:0F,,z:0FFs:G].
o(s%01,...,8%0m,8%0 " [y1 : OG1, ..., Ym : OG F t: F]e 05 o) by (g)
'z : OF,...,2, : OF,,z:0FFs: G].
oTos ..., mo0s%s%0 [y; : OG1,...,Ym : OGy Ft: F]lo oy 0s”) by (i) and (j)
= zy:0F,...,z,:0F,,z:0FFs:G].
o(Tos? ....,mos" ?[y; : OG,...,ym : OGp Ft: Fl.omy 05’05 by (k) and (i)
’[[xl:DFl,...,xn:DFn,z'DFFS:G]]C
oTos ...,mos’, "7 [y; : OG1, ..., Ym : OGp Ft: Fl.omh 0o s' 0s%) by (m)

On the other hand:

[x1:0F,...,2xn : OF,,y1 : OG1, ..., Ym : OGp, F (s{z := “¢}) : OG].
= [z :0F,..., 2, OF,,y : OGy, ..., Ym : DG F s{z:= t} : G]. 05" by (h)
= ([, :0F,...,z,: 0F,,z:0F Fs:G].
o(I,...,.,[xy : OFy,..., 2 : OF,,y1 : OG1, ..., ym : DGy F ¢t : OF],)) 0 s°
by Lemma 5.3
= ([x1:0F,...,2, : OF,, 2 :0OF F s: G,
ofT,...,m, [y1 : OG1, ... Y : OGp F “t : OF .o m5)) 0s° by Lemma 5.4
= ([z1:0F,...,z, : OF,,z:0F F s: G,
ofT,...,7, [y1 : OG1, ..., ym : OG-t : Flo.o s’ ond)) o s® by (h)
= ([x1:0F, ..., 2, : OF,, 2 :0FF s: G,
ofT,..., 7, [yr : OG1, ... Ym : OGm Ft: Fleomy 0s%)0s” by (i)
= ?fxy:0F,...,z,:0F,,xz:0FF s:G].
ofT,...,m, " [y1 : OG1, ..., Ym : OG Ft: Fleond os')os® by (1)
= zy:0F,...,2, :DFm;v'IIIFI—S:G]]C
o(Tos? ..., mos 2 [y; : OGy,...,Ym : OGp Ft: F].omh os' 0%
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e (n): assume that I' ¢ : F D G is derivable, and z is not free in ¢, then:

[TFXep-tez: FDG]. = AAppo([z:F,TFt:G].[z: F,TFx:F].))
= AAppo([z: F,T +t:G].1))
= A(Appo([TFt:G].0ms,1)) by Lemma 5.4
= [[Ft:G].

since indeed, in any cartesian closed category A(Appo (f oma, 1)) = f.

e (nbox). Let 9'=>9°. Then: (n) 0" 0 s” = idz(;y. Indeed, for any g-simplex v in F(1), (0* o so)q(v) =
(?0°%o so)q(v) =0}, 5(s9,1(v)) = v by Equation (v).
Now let o={x1 := t1,..., 2z, := t,}, and assume that I' - ¢; : OF; is derivable for each i, 1 <1i < n;
then:

[T F box (unbox x;) with o : OF].
= [z :0F,... 2, : OF, Funboxz; : F.o(s'o [[' ¢, : OF].,...,s o[ Ft,:0F,].)
2 0i)o(sPo Lt : OF].,...,s° 0 [[Ft,: OF,].)
2% 0io(sPo [Tkt :0OF].,...,s%0 [T Ft,:0F,].) by (1)
= 9% s [[Ft;:0F].=[+t:0F]. by (n)

O

5.3 Geometric Interpretation

Just as the functor Sing maps every topological space to a simplicial set, and every continuous function to
a simplicial map, there is a functor Geom running in the opposite direction mapping every simplicial set K
to a topological space Geom(K) called its geometric realization, and mapping simplicial maps to continuous
functions [May67]. It can be described as follows: let the copower K, - A, be the topological sum of K,
copies of the standard g-simplex A,, or equivalently the topological product of K, and A,, where K, is
equipped with the discrete topology. Then define Geom(K) as (Il;>0K, - Ay)/ ~, where ~ is the smallest
equivalence relation such that:

(Olw,u) ~ (z,6u) (0<i<qq>12€ K, uc A1)

(sf]z,u) ~ (x,aéu) (0<i<qureKgueAg)

where 62 is the standard inclusion of face number 7 of A, into Ag:
) o
(5q(7'q,1, N 77_0)—(qu17 ey Thy O,Tifl, e ,’7’0)

and where af] is the standard (flattening) ith projection from A,y to Ag:

O-Z;](Tq+17"'77_0) = (Tq+17~-~77—i+277—i+1 +Ti77—’i717"-77—0) (nggq)

The idea is that Geom(K) is just a collection of standard extended simplices of all dimensions, glued
appropriately along the faces that should be equated, as specified by the equations that hold in K.

Geom(K) is a nice topological space, in that it is a CW-complex, and every CW-complex is compactly
generated Hausdorft [May67].

That Geom is left adjoint to Sing shows how close the notions of topological spaces and of simplicial
sets are. In particular, there is a continuous function from Geom(Sing(F)) to F for every topological space
F. This continuous function is even surjective. On the other hand, there is a simplicial map from K to
Sing(Geom(K)) for every simplicial set K, which is in fact an inclusion of simplicial sets (it is injective in
every dimension).
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Geom and Sing preserve all finite limits and colimits, which means that products, sums, truth, falsity,
etc., correspond exactly in both the worlds of topological spaces and of simplicial sets.

Similarly, augmented simplicial sets have geometric realizations, which are just the geometric realizations
of the underlying simplicial sets (see [ML71], Chapter 9, Section 6 and Chapter 7, Section 5, p.174)

In Section 5.1, Lemma 5.1, however, we did not resort to Sing to build the augmented simplicial sets that
we considered next from our CGWH spaces F. Rather, we defined a functor XSing mapping each CGWH
space F to XSing(F) whose set of g-simplices, ¢ > —1, was the set F(q)° of extended singular g-simplices
of F. This functor maps every continuous function f from F to G to an augmented simplicial map g such
that g, sends every extended singular g-simplex o to f o a.

Just as Sing had Geom has a left adjoint, we can show:

Theorem 5.6 XSing has a left adjoint XGeom.

Proof: We use a general category-theoretic argument. Recall (see [Bru]) the following results: let A be a
small category, C be a category, then every functor F' : A — C determines another functor F™* : C — A°PSet,
where A°PSet is the category of contravariant functors from A to Set, defined on objects by: F*(X) is the
functor Home (F(-), X); that is, F*(X) maps objects Y of A to the set of morphisms in C from F(Y) to
X, and morphisms g from Y to Y’ in A to the function \f € Home(F(Y),X) - f o F(u°P). F* acts on
morphisms in the natural way, which means that it maps any morphism ~ from X to X’ in C to the natural
transformation F*v from F*(X) = Home(F(), X) to F*(X') = Home(F(_), X’) that maps every object YV
in A to the morphism A\f € Hom¢(F(Y),X) -~ o f in Set. Then, provided C has all small inductive limits
(a.k.a., small filtered colimits), F** has a left adjoint F} : A°°’Set — C: F) is the unique functor that commutes
with small inductive limits and such that F} o h4 = F, where h* is the Yoneda embedding mapping each
object Y in A to Homy4(-,Y) in A°PSet.

In our case, take A=A?, CECGWH, F : A - CGWH maps [¢] to AT,; we define the action of F' on
morphisms of A? by defining F(6)=9}, F(o})=s., 0 < i < q (see Lemma 5.1): this defines F uniquely,
since the morphisms of A are generated from the (52 and Ué’s, under the duals of the simplicial equations.
Then F* is a functor from CGWH to A°°’Set which is exactly XSing, as is easily checked. The Lemma
then follows from the fact that CGWH has all small filtered colimits, a consequence of the fact that it has
all sums and equalizers (see Lemma 4.1 (vi) and Corollary 22 in [Str]). O

Again, we call XGeom the (augmented) geometric realization functor. We can again give a direct definition
of it—a fact which we let the reader check—, and it is similar to that of Geom: given an augmented simplicial
set K, let the copower K, - A1, be the topological sum of K, copies of A", or equivalently the topological
product of K, and AT, where K, is equipped with the discrete topology. Then define XGeom(K) as
(Iy>_1 K, - A1)/ ~, where ~ is the smallest equivalence relation such that:

(8ém7u) ~ (x,déu) (0<i<gquxe K ueAt, )

(sqT,u) ~ (x,aéu) (0<i<guxe€KyueAt 1)

Write |v, x| the class of (v,2) modulo ~. On morphisms, XGeom maps every augmented simplicial
map f from K to L to the function mapping every |v,z| where v € K, x € AT, to |f,(v),z|. That this
is well-defined, continuous and defines a functor is standard: the arguments of [May67], Chapter III, go
through.

Finally, XGeom and XSing preserve the operators d° = ev, s = @ and ’ in both directions (up to
isomorphism in the category of CGWH spaces, the isomorphism being given by the pair ¢, ¢ of Lemma 4.9).
So they preserve the whole modal structure. This in particular entails that homotopies are preserved,
since homotopies are composites of elementary homotopies or their inverses, and elementary homotopies are
simplices in the function spaces [May67].

The point that we wish to make is that the combinatorial model gives a recipe to build models of
intuitionistic S4 proofs. Take a combinatorial model, expressed in terms of augmented simplicial sets, and
use any geometric-realization-like functor: this can be done by replacing the sequence of standard extended
simplices AT, by any other sequence of spaces having operators 52 and af] verifying the dual of Equations (i)—
(vi) (obtained by replacing 0 by 4, s by o and reversing the sense of compositions). This general approach to

26



geometric-like realizations is one of the themes of [GZ67]. For completeness, we illustrate it by the analogue
of Theorem 5.6 in the case of ordered sets, that is, that of Section 3. We just extract the simplicial structure
(the nerve) and find a left adjoint:

Theorem 5.7 Let Ord be the category of all posets. Let N°° be the augmented opposite nerve functor
from Ord to A°°"Set, defined as follows: for every poset (F,<), NOP(F) is the simplicial set whose q-
simplices are all sequences (vy, ..., v0,v—1) of elements of F with vy < ... <wvy <wv_1, and whose faces and
degeneracies are defined by:

(93(’0117 e ,’1}07’071) = (Uq, ey Vi1, V-1 - - - 7’[)0,’[),1)

>

7
Sq(vq7 e ,’U07’U71) (Uq7 ey Vi1, Vi, Uiy Ug—15 - v e a’U07’U71)

Then N° has a left adjoint Nofp.

Proof: Let F be the functor from A° to Ord that maps [g] to the the poset ¢ < ¢ —1<... <0< -1,
and the morphism p from [m] to [n] to the map of posets that sends —1 to —1 and coincides with p on
qg<qg—1<...<0. It is easy to see that F* = NOOp7 and that Ord has all small inductive limits, so that
F* has a left adjoint F. O

In some sense, N O?p is a geometric realization functor: it realizes augmented simplicial sets as posets.

In fact, the order-theoretic model of Section 3 and the geometric model of Section 4 were found precisely
by considering such geometric realizations in an informal way, and looking at the way quoting and evaluation
operated through the realization. Intuitively, geometric realizations preserve the modal structure: so for any
topological space F, F(1) should be a space of paths in F, evaluation should be taking face number 0 (so
we defined eva=d%a=a(1)). Quoting some point v should yield some path ’v such that 9Y(’v) = v, i.e.,
a(l) = v: the canonical way is to take for v the constant path that stays at v. In fact, the geometric
realization mandates that ’v be exactly this path, for already in the augmented simplicial case ’> merely
shifts dimensions, that is, in a sense, “promotes points to paths in a trivial way”. Then ’ should be the least
continuous that we can, and the simplest way was to impose a topology on paths such that two paths o and
B with a(0) # 8(0) did not lie in the same connected component. Similar considerations led us to the model
of Section 3.

A last point before we conclude: how come did we get to the idea that the category of augmented
simplicial sets would be a model for intuitionistic S4 proofs? It turns out that, if we take the Aev@ j-calculus
of [GL96b]—which is isomorphic to Ag4y in the typed case—, this calculus contains a set of operators that
look very much like faces and degeneracies. In particular (see op.cit. for notations), if we define 8; as the
map sending every AevQ-term ¢ of type D97 F, 0 < i < ¢, for any type F, to evit!t id* of type O¢F, and
where idoﬁ()7 and if we define sf] as the map sending every Aev(@Q-term t of type J9T1F, 0 <4 < g, to Q*T't
of type 092 F | then a quick examination of the rewrite rules of AevQ,; shows that all Equations (i)—(vi)
defining augmented simplicial sets are valid. So the Aev(Q -terms modulo conversion form an augmented
simplicial set. A more careful examination shows that it is even an augmented simplicial CCC, i.e. an
augmented simplicial object in the category of (small) cartesian closed categories, and also a Godement-
enriched simplicial set provided that we define s;l as a quoting operation, noted t t ] in op.cit.

Another way would have been to observe that the Ag4g-calculus itself modulo conversion has all the
syntactic machinery to define a comonad (L, ¢, d), where L is quoting (L(¢)=’t = boxt with {}), the counit
€ is ev = 9° = unbox, and comultiplication § is Q = s = At - boxx with {z := t}; and that comonads and
augmented simplicial sets are basically the same thing (see [ML71], Chapter 7, Section 6). The fact that
comonads had something to do with S4 was already known to Bierman and De Paiva [BdP92, BdP96],
who suggested that models of intuitionistic S4 proofs should be cartesian closed categories with a monoidal
comonad, and proved that any such category yields an interpretation of equations () and (unbox). (We
believe that any cartesian closed category with a monoidal comonad actually interprets the whole of Agy,
including the extensional equalities.) Bierman and De Paiva also considered full propositional intuitionistic
logic with false, disjunction, and conjunction. Although we seldom mentioned it, all our models do interpret
these other connectives as well, as empty spaces, sums and products respectively. In fact, the combinatorial
model even interprets modal intuitionistic set theory, as it is an elementary topos.
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It would have been possible, naturally, to rephrase this paper so that, instead of using Ag4 as a description
of what intuitionistic S4 proofs are, we would use the language of cartesian closed categories with a monoidal
comonad. We did not do this for three reasons: first, it has not been formally proved yet that they were
two equivalent languages, although this is highly plausible; second, we believe that Ag4 carries a clearer
computational interpretation; third, this would not make our correctness proofs simpler: doing so would
only allow us to trade a few complex computations, like checking that rule (box) is interpreted correctly, by
lots of slightly less complex ones.

Nevertheless, category-minded people might find it interesting to discuss our models under the angle of
comonads. In the combinatorial model, the comonad (?,9°,s°) on the category A%PSet is induced by a
monad (7T,6° 6%) on A® as follows. The functor T : A° — A® maps the object [g] to [¢ + 1], ¢ > —1, and

the morphism [m]—=[n] to [m + I]M[n + 1] defined by:

T(p)(0) = 0
T()(k) = pk-1)+1 (1A<k<m)

The unit 6° of the monad is the natural transformation from the identity functor on A° to L that maps
0

5
each object [¢] (¢ > —1) to the arrow [g]-"3[¢ + 1], and the multiplication ¢° is the natural transformation

0

from L? to L that maps each object [q] to the arrow [q + 2]%—+§[q + 1]. That the monad (7,4°,0°) on
A% induces the comonad (?,9°,s%) on A’°’Set just means that > maps any augmented simplicial set (any
functor K : A°” — Set) to K o T, that 9° is the family of augmented simplicial maps from K (1) to K
defined as K o (6°)°, and that s is the family of all K o (¢°)°", both indexed by the augmented simplicial
set K. The comonad (?,8° s%) on the order-theoretic model and on the geometric model follow through
composition with the nerve functor (see Section 3.3) and the geometric realization functor respectively.

Finally, the comonad (’,8°, s°) is monoidal in each case, that is, there are functors mp g : OF x OG —
O(F x G) and mt : T — OT satisfying certain commutation rules (see [BdP96], Appendix A). In the
combinatorial model, mg 1, is the identity functor from products of augmented simplicial sets K (1) x L(1)
to (K x L)(1), and m is also the identity, since T(1) = T: In this case, the comonad (’,3°, s°) is monoidal
on the nose. In the geometric model, mz ¢ maps pairs of paths « : [0,1] — F and 5 : [0,1] — G to the path
of pairs At € [0,1] - (a(7),B(7)), and m~ (where T is the one-point topological space {*}) maps * to the
only path A7 € [0, 1] - . Similarly, in the order-theoretic model, mz g maps pairs of pairs (z,y) with z <y
and (2/,y") with 2’ <y’ to ((z,2'),(y,vy’)), and mt (where T is the one-point ordered set {*}) maps * to
(*, %). These are all easily seen to be monoidal.

6 Conclusion

It is time to end this journey through models of proof terms for the intuitionistic modal propositional logic S4.
We started by presenting a simple model based on dcpos, since it is built with standard tools in theoretical
computer science. This model also works with cpos or partial orders. We showed that this model could
be enriched to allow one to define functions by fixpoints, i.e., by general recursion. In fact, the standard
embedding-projection pairs technique can be used to produce models of untyped S4 proof terms, i.e. of
untyped Ags-terms—this is standard, and did not need to be presented here.

We then shifted to an apparently completely different model based on ordinary topological spaces, with
just enough restrictions (the CGWH hypothesis) to get cartesian-closedness. A general theme that emerged
from these models was the notion of simplices, and the idea that modalities and modal operators combine
forces to produce a whole structure of augmented simplicial topological space.

This led us to so-called combinatorial models, where simplices play the most important role: every other
notion (products, function spaces, etc.) is defined in terms of simplices. This justifies our claim that simplices
should be considered as the notion that explains the S4 modality semantically.

Combinatorial models arise naturally from the study of AevQy [GL96b], a calculus for intuitionistic S4
that directly exhibits an augmented simplicial structure.

Finally, combinatorial models are interesting in at least two respects. First, they give us much more than
what we expected at first, since they actually interpret all proof terms for intuitionistic S4 set theory, not
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just propositional logic. Second, combinatorial models are interesting because, in some way, they are bases
for designing other models: we have suggested that a recipe to get a model for S4 proof terms was to define
some geometric-like realization functor and look at its range. This is what we have done informally to derive
our order-theoretic and geometric models.
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A The Cartesian Closed Structure of A’’Set

First, A°°’Set has products: the product F x G of two augmented simplicial sets F and G is defined
by (F x G),=F; x Gq, and faces and degeneracies operate componentwise, that is, 9 (v, w)=(9v, Jyw)
and s (v, w)=(siv, siw). Given any two augmented simplicial maps f from H to F and g from H to G,
the pairing (f,g) is the augmented simplicial map from H to F x G mapping every g-simplex v of H to
(fq(v), gq(v)). Conversely, there are two augmented simplicial maps 71 and mg, called the first and second
projection respectively, defined as mapping every g-simplex (v, w) of F X G to v, and to w respectively.

The terminal object (truth, in logical terms) is the augmented simplicial set T such that T,={x} for
every ¢, and all faces and degeneracies are the identity. There is a unique augmented simplicial map * from
any augmented simplicial set F to T, and it maps every simplex to the element .

In general, we may define n-ary products, n > 0, by letting the 0-ary product be T, and the (n + 1)-ary
product Fi X...xF, 41 be the binary product of F; with the n-ary product Fa x...x F,4+1. Given a product
F1X...xFy, of augmented simplicial sets, we let i, 1 < i < n, denote the ith projection, that is, the augmented

simplicial map mapping every g¢-simplex (v1,...,v,) of F1 X ... X F, to v;. Note that, because of our
definition of n-ary products, (vi,...,v,) denotes (v1, (va, ..., (vpn,*)...)). In particular, n=my omg 0 ... 0 ma.
—_—

n—1 times
Conversely, (f1,..., fn) denotes tupling: this is an augmented simplicial map from F to G; X ... X G, for
all augmented simplicial maps f; from F to G;, defined so that (f1,..., f,) maps every g-simplex v of F to
(f14(v), ..., fng(v)). Because of our definition of n-ary products, {f1, fa,--., fn) = (f1, (f2,- - s (fn, %) .. ).
Let us describe the exponential objects; this is by far the most complex construction. For every ¢ > —1,
let A%g] denote the augmented simplicial set whose n-simplices, n > —1, are all non-decreasing sequences
of elements of [g] (compare the nerves of Section 3.3), with faces and degeneracies given as follows:

(A%, = A{Gos--dn) [0< o <o < < ¢}
6711(3077]774) = (j07"'7ji717j7,'+1a"'7jn)
s;(j@v"'ajn) = (jOa"'7ji—17jiajiaji+lv~"7jn)

Note that A°[—1] is the augmented simplicial set that has one —1-simplex, the empty tuple (), and no simplex
in any other dimension. There is only one n-simplex in A°[0], the tuple (0, ... ,0), so A°[0] is isomorphic to T.
The n-simplices of A°[1] are (0,0,...,0,0), (0,0,...,0,1), (0,0,...,1,1), ..., (0,1,...,1,1), (1,1,...,1,1).

Then, given two augmented simplicial sets F and G, the exponential object G” is the augmented simplicial
set whose g-simplices are all augmented simplicial maps from F x A®[g] to G. The —1-simplices in the
exponential object are just maps from F_; to G_;. Since A°[0] is isomorphic to T, O-simplices in G” are
exactly the augmented simplicial maps from F to G. The 1-simplices are known as homotopies between
augmented simplicial maps (see e.g. [May67], Proposition 1.6.2), and in general the n-simplices are higher
homotopies (compare Section 4.1).
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The faces 6‘; f and degeneracies sfz f of higher homotopies f are defined by:

(931)
(54)

(v,2) = fu(v,6,(2))
(v,2) = fulv,7g())

3

3

for every augmented simplicial map f from F x A%q] to G, for every n > —1, for every v € F,, and for
every z € (A%g]),,, and where:

i . N L i R | if j <14
Og(Jos---rdn) = (64(do), -+, 06 (jn)) 5q(j)_{ j+1 ifj>i
—i (s . - i (g i) 2 . ify<i
U‘I(]O)"W]Tl) = (Uq<]0)’-..7aq(jn)) Oq(]):{ zi]‘ lf:; >

The 52 and aé are, by the way, the same as those we introduced earlier in this section.
Application App is an augmented simplicial map from GF x F to G, defined by:

Appy(fiv) = fo(v,(0,1,...,9—1,9))

for every (f,v) € (gf)q x Fq, ¢ > —1. Note that f is in (gf)q, so it is itself an augmented simplicial map
from F x A°[q] to G, and that (0,1,...,q — 1,q) is an element of (A%[g]),.

Conversely, abstraction, i.e. currification A maps every augmented simplicial map f from F x G to H to
an augmented simplicial map A(f) from G to H”. To define it, we need to observe that every € (A%q]),,
can be written (jo,...,Jn) with 0 < jo < ... < j, < ¢, and is therefore a non-decreasing function i — j;
from [n] to [g], that is, a morphism from [n] to [q] in the category AY. Since G, as an augmented simplicial
set, is a functor from A% to Set, it maps = to a map G(z) from G, to G,. (For those who would like a
more concrete description: x, as a non-decreasing function, can be written as a composite of d’s and o,
then G(z) is the composite of the corresponding operators 9° and s°, in the reverse order.) The definition of
A is then as follows:

(A())y(©), (w,2) = fa(w, G(z)(v))

for every v in Gy, ¢ > =1, w € F,, n > —1, z € (A%q]),,. To help type-check this, notice that (A(f))q(v)
should be an element of (H7) . that is, an augmented simplicial map g from JF x AYq] to H. So g, should

map every (w,z) € F, X (A%q]),, to some element of H,,. But G(x) is a map from G, to G,, so G(z)(v) € Gy,
and therefore f, (w,G(z)(v)) is well-defined and in H,,.
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