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Presheaf models of type theory

A group in a presheaf model over a category C can be seen as a functor from C°PP to the category of
groups.

One way to present type theory is to use a generalized algebraic theory with 4 sorts: contexts, types,
terms and substitutions. Models of type theory form then a category.

If C is a category we define then a presheaf model over C to be a functory from C°PP to the category
of models of type theory. This notion can itself be expressed as a generalized algebraic theory, where
each of the sorts: contexts, types, terms and substitutions is now indexed by an object of C and we add
constants to express the functoriality laws.

One way to think of this is as a kind of “non-standard” extension of type theory. The main application
is that we can now add new constants expressing operations that cannot be expressed in the standard
version. The goal of this note is to provide a concrete example of this phenomena, where we can formulate
laws expressing an internal version of parametricity.

1 A special case

We consider the category which has for objects finite set of symbols I, J,... not containing 0 and maps
f I — J are set-theoretic functions f : I — J U {0} such that f(i) = f(j) implies ¢ = j whenever f(i)
and f(j) are in J. This can also be described as the category of partial bijection. We use the notations
f,g,h,... for the maps of this category. The associated presheaf category is equivalent to the category
of “nominal restriction sets” studied in section 9.1 of the book [3].

If 2 is not in I we write ¢, : I — I, x the canonical injection. The map (z0) : I, 2 — I which sends z to
0 is a retraction of ¢,. It follows that u — ut, is injective. Any map f can be written as a composition
of “elementary” maps that are (x0), setting = to 0, the maps ¢,, and the maps (xy), renaming x to a
fresh variable y.

We are going to describe presheaf models over the opposite of this category.

We believe that this gives a semantics to the parametricity part of the work on “Type Theory in
Colors” [2].
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The equations are

lo=ol=0c (00)v = o(v)

Al=A (Ao)d = A(09) ul =u (uo)d = u(od)
(o,u)d = (00, ud) plo,u) =0 q(o,u) = u
(Il A B)g =11 (Ao) (B(op,q))
app(w, u)d = app(wd, ud) app(Ab, u) = blu] w = A(app(wp, q)) (Ab)o = A(b(op, q))

We have used the defined operation [u] = (1,u)

So far, this is like describing a collection of models, indexed by the objects I. We add the new rules,
the restriction rules, which connect these models
'y F"]A F"](IZA O’ZA—)IF
L'fky, L'fE, Af Tfryaf:Af of :Af =, Tf

for f: I — J. We add also the equations which express that we have a functor from the category of
names to the category of models of type theory

M=r Al=A al=a Tflg=T(f9)  (Af)g=A(f9) (af)g = a(fg)
ol=0 (of)g=0(fg) (00)f=0f(df)
(Ao)f = Af(af) (ao)f = af(of)
(o,u)f =of uf pf=p
(I1 AB)f =11 Af Bf
(Ab)f = A(bS) app(w,u) f = app(wf,uf)

af =q

Theorem 1.1 The rule
I'fw:IIAB T'Fru: A

I by app(w,u) : Blu]

is equivalent (modulo the other rules) to

TrHrw:MAB TfFju:Af
Lf s app(wf,u) : Bfful

Proof. Indeed, if we assume the first rule and we have I' F; w : I A B and f : I — J then we get
Pkywf: (Il AB)f by restriction. But we also have (Il A B)f =11 Af Bf and if I'f F; u : Af then
we get app(wf,u) : Bf[u].

Conversely, if we assume the second rule, in the special case where I = J and f=1:1 — I we get
the first rule since A1 = A and wl = w. |

f:I—=J

If ' b7 A we can think of I" as a context and A as a type dependent on some quantities represented
by the symbols in I, quantities which may get the value 0.

The maps u — ut, are injective since ¢, (20) = 1.

We identify systematically I' with I't,, and A with At, and a with at, and o with ot,. In particular,
we have 'y a: AifI'Fa: A

If for instance I' F;y A and I'' b7 ; w : A and there exists a such that I' -7 ¢ : A and u = at, = a, we
can express this by saying that a is independent of the symbol z.

If -, A we think of A as a line starting from the type - A(z0).



2 Transforming a predicate in a line

In order to internalize parametricity, we add the following “non-standard” operations

' A ' P:A—=U I'tra:A I'trp:Pa
IFrs Axg P I'bFrz(awp): Axg P

and
Phraw:Ax, P

'ty w.ax: Plw(z0)]

with the defining equations

(A%, P)(z0) = A (@, p)(20) = a (a,zp)x=p
and
(A pr)(xz):szP (aywp)(xz):aazp
and
(w.z)(yz) = (w(yz)).x (w.z)(yz) = (w(zz)(yz)).2

The operation A X, P transforms a predicate over the type A to a line starting from A. This is similar
(but much simpler) to the univalence axiom, which transforms an equivalence between two types in a
line joining these types.

We notice that the type A x, P behaves like a telescope (in deBruijn’s terminology). If we have
t:Axy P — Bx,;Qthent(20): A— Bandifu: A, p: Puthen (t (u,zp)).z:Q (£(x0) u). So a term
of type t: A X, P — B X, Q defines an element in (Xf : A — B)(TIu: A)P u— Q (f u).

With these rules, we can internalize parametricity. For instance, using a notation with names for
context, we can build a term of type P (f A a) in the context

fOX:0)X X, A:UP:A—=Ua:Ab:Pa
namely the term (f (A X, P) (a,;b)).x where z is a fresh symbol. Indeed we have
(f (A %y P) (a,,0))(20) = f(20) (A Xz P)(20) (a,,0)(20) = f Aa

In this way, we have a “non-standard” proof of P (f A z). Notice that there is no “standard” proof of
P (f A z) in this context.

Another example is
L=IIX:U)X - (X x, A= X)—> X
which is such that
Lz0)=N=(IX:U)X - (X—>X)—> X

Notice that the type L is a possible type for lists of elements in A while NV is the type of Church numerals.
For instance if ag a1 : A then

AXXaAf f (f (a0 a0),0a1)

is an element [ : L representing the list [ag, a1] and such that

1(z0) = AXXaAf f (f a)

3 Semantics

A context I' -1 is interpreted by a family of sets ' f for f : [ — J with restriction maps I'f — I'fg, p+—
pg satisfying pl = p and (pg)h = p(gh). A type I' - A is interpreted by giving for each f : I — J
and p in T'f a set A(f, p) with restriction maps A(f,p) = A(fg,pg), u — ug satisfying ul = u and
(ug)h = u(gh). The judgement ' by a : A is interpreted by giving a family a(f, p) in A(f, p) such that



(a(f,p))g = a(fg,pg). Finally a substitution o : A —; T is interpreted by giving a family of maps
o:Af = T'f such that (op)g = o(pg).

In particular here is the interpretation of the rule I' b7 , A x, P assuming I' by, ' A, I'F; P
A—U. Given f: I,z — J and p in the set T't, f, we have to define a set (A x, P)(f, p). The definition
is by case whether or not f(x) = 0 or not.

If f(x) = 0 then we define (A x, P)(f,p) = Atz f, p).

If f(x) = y then we define (A x, P)(f, p) to be the set of pairs (u,v) with u in A(¢, f(y0), p(y0)) and
v in Ptz f(y0), p(y0))(u). We use that p(y0) is in the set T't, f(y0).

A similar interpretation holds for T' b, (a,zp) : A x5z P. Given f: I,z — J and p in the set 'y f,
we have to define (a,, p)(f, p) which should be an element of the set (A x, P)p. The definition is by case
whether or not f(x) =0 or not.

If f(x) = 0 then we define (a,, p)(f, p) to be a(t.f, p).

If f(x) =y then we define (a,. p)(f,p) to be the pair a(c, f(y0), p(y0)), p(ez f(y0), p(y0)).

We justify the rule I' -y w.z : P (w(20)) for ' by and Ty b7, w1 A X, P. We take g : I — J and p
in the set I'g and we have to define (w.x)(g, p). We choose y not in J and define (g,x =y) : I,z — J,y.
We have pt,, in the set I'i; (g, = y) since 1(g,2 = y) = gty. The element w(i,(g,x = y), pty) is of the
form u,v and we define (w.x)(g, p) = v.

We justify the rule . A +; if ' 7 A. For this we take f: I — J and we have to define a set (I'.A)f.
We define this to be the set of pairs p, u with pin I'f and w in Ap. If g : J — K we define (p,u)g = pg, ug.

We define next ' =7 IT A Bif I"AF; B. Given f: I — J and p in I'f we define (I A B)p to be the
set of families wg with g : J — K such that

wge [[ Blpg,w)
u€Apg

and (wg(u))h = w(gh)(uh) if h: K — L.
IfT.AF;b: B we can then define the interpretation of ' =y Ab: II A B. Given f: I — J and p in
I'fand g:J — L and u in Apg we define

(AD)(f, p)g(u) = b(fg, (pg,u))

since we have (pg,u) in (T.A) fg.

4 The unit interval

We can introduce a non-standard type I with the rules

'y 'y 'y el
TH 1 TH;0:1 Thyo: I
and the equalities
If=1 0f=0 z(y0) =z x(z0) =0 z(zy) =y z(yz) =z

5 Nominal presentation

We have defined a family of models M connected by homomorphisms. We can associate to this one
model M*. An object of M* (which can be a context, or a type, or a term, or a substitution) is a pair
(I,u) where I is a finite set of symbols and u an object of M;. We identify (I,u) and (J,v) if v and v
become equal in M.

Intuitively an object v of M* depends on finitely many symbols. We can define the independence
relation x#wv to mean that v = (I,u) for some I not containing the symbol . The model M* has an
endomorphism (20) for each symbol z, and automorphisms (zy) for z and y distinct symbols.



6 Type-checking

We write A, B, ... for type values and u, v, ... for values and ¢, 7T, . .. for terms. Type-checking is specified

by two relations
IpTHt| A Lp,TFtq

For the relation I, p,I' -t | A we have I, p,T",t given and A is inferred. For the relation I, p,I' -t f} we
check that ¢ has the right given type A.

In these relations I' gives type values to variables, so I' is of the form =1 : Ay,...,x, : A, while
p gives values to variables and is of the form zy = uy,...,2, = u,. The first argument I is a set of
names/symbols iy, ..., iy,.

If I is a set of symbols we write id; : I — I the corresponding identity function.
We have an evaluation function ¢ f p which takes one term ¢ which has been type-checked using I,
one function f : I — J and one environment of J-values p, and which produces a J-value.

The rules are then
z:AinT

LpTHz | A
LpTHigUTTAF Lo THH A A
Ip, D' Ftoty 4 F (ty idr p)
IpThty Ui A IpTHt A
LpTHtyt: YU
LpTHt | (TAF)ic I,p, Tty A(:0) I,p,T'Fiaf A (t1 idf p)
Lp U Ftoty ta U F (11 ids pyto id;r p)

LpTHU LU
IL(px=XI)),T,xz: A-t: F X(I)

I pTF et fILAF
IL(px=X)),T,x: AFt:U
LpTHEXetUd A
L(pe=XI),y=Y)),T,z: A®i0),y: Ads X(I)Ft: (F (X(I),;Y()).i (c X(I))
LpTHEXytf (TAF)ic
(I,i),p, Tt | (A,;P)

IpTHtil P ((tidr,; p)(i0))

LpTHty A A=B
I.pTFif B
LpTHETHYU I(p,x=XI)),T,x:Tid; p-T' U
LpTHEFOT Qa1 (U
I, p(i0),T'(:i0) - ¢ {r A(<0) 1,p(i0),T'(i0) F p f A.i (¢t id; p(i0))
(1,i),p,T'F (tup) 1 A

The evaluation is defined by
z fp=plx) "ty fo=t fp(tfp)
(tip) fp=1t(f—1i) p(0);p (f =) p(40)
it f(i) =j and
(tip) fo=t(f—i)p
if £(i) = 0.

We also have an application
(Azt) fpo=tf(px=0)

A new operation is A.i with
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