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References for the course

Most of the material is directly adapted from the HoTT book:
Homotopy Type Theory: Univalent Foundations of Mathematics

https://homotopytypetheory.org/book.

We also rely (Grothendieck equivalence, circle) on the excellent notes of
Hugo Moeneclaey:

Lecture notes on synthetic homotopy theory,

available from https://github.com/herbelin/LMFI-HoTT.

2/131


https://homotopytypetheory.org/book
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What is type theory?

The origin is the work on solving the paradoxes in the foundations of
mathematics (beginning of the twentieth century):

{alada}

leads to contradictions! Indeed let b be this set, and suppose b € b. Then
by definition of b, b & b: contradiction!

Russell invented type theory to put discipline in this jungle. One can only
form sets of the form {a € A | some property holds}. Here A is a type.
The modern forms of type theory start with Church (A-calculus), until its
present form know as Martin-Lof dependent type theory (1970's), for
which we provide an introduction in this course.
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Homotopy type theory

Dependent type theory has received a new impetus in the late 2000's
under the influence of Fields medallist Voevodsky, who found an
interpretation of types as topological spaces.

This has led to Homotopy type theory, which we shall discuss in this

course.
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Some simple types known to the programmers

e nat is a type, and 3 : nat is an element of that type.
e nat X nat is a type, and (3,4) is an element of this type.

e nat — nat is a type and the function mapping x to 2x x is an element
of this type. Standard notations are

x — 2xx (standard in mathematical texts)
Ax.(2xx) (A-calculus)

A function can be applied to an argument: (Ax.(2xx))7 = 14
More slowly. we have
(Ax.(2xx))7T=2xT7

and the rest is primary school mathematics!
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A-calculus

The A-calculus forms the core of functional programming languages like
OCaml and Haskell:
M = x| Ax.M| MM

Definitional equality (oriented as reduction):

(Ax.M)N — M[x + N]

Warning: renaming of bound variables may be needed! Consider
M = Ax.\y.x + y. Then the intended conversion/value of My x is y + x.
But blind application of the conversion gives

My — Ay.y +vy and hence (My)x — (Ay.y + y)x — x + x

The capture of the red occurrence of y should be avoided. The correct
reduction is (a-conversion):

(My)x = (Az.y +z)x = y + x
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The wildness of untyped A-calculus

In A-calculus too, strange things happen! Consider
A = Ax.xx
(self-application is permitted!). Then we have AA — AA! Slowly:

AA = (Ax.xx)A — AA

Hence computations may not terminate, or may not even produce some
interesting infinite value....

To solve this problem, Church has introduced typed A-calculi. For
example, to type xx, we need to give a type A — B to x and a type A to x
The slogan is that well-typing guarantees termination!
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Examples of dependent types

The type Fin(n) (defined in the second lecture) is the type of finite sets of

cardinal n. For example,
Can(n) := {0p,...(n—1),} : Fin(n)
and we can define the map max := n+— n,11. We have
max : [,y Can(n+ 1)

We also have the type ¥,y Can(n + 1), whose elements are pairs of a
number n and an element of Can(n + 1). For example:

(4, 25) DX N Can(n + 1)
Other example: List(n, A) (lists of length n of elements of A), with

nil : List(0,A) and cons: A x List(n, A) — List(n+1,A)
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> -types versus product types, [l-types versus function types

If B does not depend on A, then X,.4B is Ax B
(think of Ax B as B+ B+ ...+ B for cardinal of A copies of B).

If B does not depend on A, then M,.4B is A — B, also written BA
(think of BA as B x B x ... x B for cardinal of A copies of B).
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The star of (homotopy) type theory

The most important example of dependent type in Martin-Lof type theory
is the identity type. If x: A and y : A, then

Ida(x,y), also written x =4 y, is a type
When x =y, there is a term (constructor) of this type:
refl(x): x =4 x

When x =, y is inhabited (i.e., there exists p: x =4 y), we say that x
and y are propositionally equal.

One can think of the identity type as the equality predicate in first order
logic. But the identity type is best understood in the homotopy
interpretation of type theory:

e Types are spaces,

e a: Ais a point in space A,

e p: a =, bisa path from a to b,

eh: p=,-,p qisa “path”, or homotopy between the paths p and

qg.

10/131



Homotopical reading of identity types

p,q: X=aY
H: p=x=,yq
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The judgments of type theory

e The main judgment is a : A.

A type A is itself an element of a very large type, called U = Uy, for the
universe. But U/ is also an element of an even larger type U, etc., so there
is a hierarchy of universes. (Setting U : U would lead back to paradoxes!)

e Actually, judgments are in context, like for example
x:NF((2xx):N
A context is a list of type declarations. In the setting of dependent types,

the order of these declarations matters, as types may depend on the
previously declared variables, for example,

x N,y :Fin(x) ctx
(meaning that it is a valid context), while y : Fin(x), x : N does not make
sense.
e Finally, definitional (or judgmental) equality is also typed:
Fa=b:A
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Informal conventions

In summary, there are three judgments:

[ctx Na: A Fa=b: A

We often omit ' (or rather its “dummy” part that is not relevant for the
discussion), and we also write a: A for - a: A.

We also often write A to mean that there exists a : A: think of A as a
(provable) formula, and of a as a proof of A.
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Some typing rules

Judgments are the base of the formal typing system of type theory. One
derives judgments from other judgments. They are like phrases, while
types or terms are more like nouns or verbs...

Fr-A:U

Mx:Actx

N-a:A TFA=B:U
N-a:B

(i<j) A:Z/{,'

Uity Al
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Two kinds of equality

We have seen

e The definitional equality, for which the notation is =. In these
lectures, we also use the symbol :=, which stresses more the
definitional side, especially when defining macros.

e The propositional equality a =4 b.
Let us stress the difference:
e The definitional equality is set up at the level of judgments:

FlFa=b:A

This is why it is also called judgmental.
e The propositional equality is set up at the level of types:

x: Ay AF(x=ay): U

Definitional equality is stronger, since if a = b, then (a =4 b) = (a =4 a),

and hence refl(a): a=p b.
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How to prove equalities

e Definitional equality a = b : A: Usual business of equational reasoning:
go from a to b by a sequence of definitional equalities as provided by the
various type formers (starting with the -rules and the definitional
equalities associated with induction operators, see below)

e Propositional equality a =4 b: Produce a term (or proof, or witness)
p: (a=a b). Such a witness is often obtained by applying an adequate
induction operator to an adequate type family of equality types (see the
emblematic case of surjective pairing below).
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Families of types

Fin(n) is a family of types, over N. More precisely, we have
n: Nt Fin(n): U

We can also write
Fin:N—=U

Successive dependencies: if A: U and B : A — U, the type of a family C
depending on A and B is

C:Myea(B(x)—=U)
We have:
x:A,y:BxFCxy:U andhence x:A,y:Bx,z:Cxyctx
Alternatively, we can type C as
C:MNs U
(cf curryfication in functional programming:

A— (B—C) versus (AxB)—C
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The l-type

This is the dependent version of the function type.
olf A: U and B: A— U, then N,.sBx : U.
elf x: A b: Bx, then Ax.b: ,.4B x.
eifa:Aand b: 4B, then ba: Ba
e We require the definitional equality (Ax.b)a = b[x « 4]

For A:U and B : U, we define

A— B :=Mea(Ax.B)x =MNy.aB
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The swap function

Let
e A: U, B:U C:A— B—U,
e h: I'IX:AI'Iy:B.ny

We want
swapAB Ch

to swap the arguments of h (which is possible, because neither B depends
on A nor A depends on B).

We set

swap := AMAABACAhAyAx.hx y :
I_IA:MI_IB:Z/{I—IC:A—)B—>L{((nx:Any:B CX)/) — (ny:an:A ny))

Such a function is called polymorphic.
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The coproduct type

olf A:U and B: U, then A+ B : U.
elf a: A(resp. b: B), then inla: A+ B (resp. inrb: A+ B).

Induction operator: We postulate
inda4p : I'ICz(AJrB)Hu(I'Ia:AC(inl a)) — (nb:BC(iIlI' b)) — nZ:A+BCZ

(intuition: every inhabitant of A+ B comes from A or B).
e We require the definitional equalities

indayp Cfg(inla)="fa inda; g Cfg(inrb)=gb
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The type of booleans

It is the special case 1 + 1. It can be introduced directly:
e 2:U
e The constructors are 0, : 2 and 15 : 2.

e Induction operator:
indglncgﬁu(COQ)—é(Clz)—>n12CZ

(intuition: every boolean is either 0y or 15).
e We require the definitional equalities

ind, Ccyc1 02 = ¢ indy Ccpcrlo =

We also spell out the recursion operator:
recy:Mey C— C—(2— C)

recy, Cpc 00 = ¢ recoCcly=¢
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The 2Z-type

This is the dependent version of the product type.
elf A: U and B: A— U, then X, . sBx : U.
elfa: Aand b: Ba, then (a,b) : L,.4B x.
We bootstrap the induction operator:
recaxg : Ncy(A— B — C)—= ((Ax B)— ()
indaxs : Ne(ax)-u(Mxay:sC(x,y)) = NzaxCz
indy ,Bx: I_IC:(ZX:ABX)—X/[(I—IX:A,}/:BXC(va)) — I_Iz:):X:ABxCZ
(intuition: every inhabitant of X,.4B x is a pair)
e We require the definitional equality indy _,g Cf (a,b) = f ab.
For A:U and B : U, we define

AX B : =YX, a(MAx.B)x = X,.4B

We can complete the list by spelling out the non dependent version of
indy ,Bx:
recy, ,Bx : nc;u(nX;A(BX — C)) — ((ZX;ABX) — C)
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Projections associated with 2-types

We set
pry : (XxaBx) — A pr; = indy By (Az.A) (AxAy.x)
pry i Moy, \BxB(pria) pry = indy, ,6x (A2.B (pr12)) (AxAy.y)

Slowly, setting C := Az.B(pr;z), indy_,px (Az.B (pr;z)) expects an
argument of type MM,.al,.p.C(x, y) = MN,.al,.5«Bx, so that the definition
of pr, type-checks.

The following definitional equalities hold:

pri(x,y) =x pry(x,y) =y

Another equality that we could hope for is the equality between
(pryz,pryz) and z (for z : X,.aBx): it holds, but only propositionally
(surjective pairing) .
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Surjective pairing

Let
C := A\z.((pryz,pr,z) =¥,.4Bx z)

We have, for x : A and y : Bx, that refl((x,y)) : (x,y) =s..Bx (X,¥).
But we have (x,y) = (pri(x,y), pra(x,y)). Hence refl((x,y)) : C(x,y).
We set

surjpair := indy_,pC (Axy.refl((x,y))) : N,x, ,BxCz

We have:
surjpair(z) : (pryz,pryz) =s, .Bx Z
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The types 1 and 0

They are the 0-ary versions of the product and coproduct constructors,
respectively.

e 1:u, x:1, and the induction operator

ind, : nc;l_ﬂ/{(C*) — I_Iz:i(CZ)

e 0 : u, there is no constructor, and there is an induction operator

indp : I_ID:O—>Z/{I_IX:O(D X)

As an illustration, we see that
x:0,y:0FindgDx:x=¢y
where D x := (x =¢ y) (y fixed). With anticipation, this says that 0 is a

proposition.
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The type of natural numbers

o N:U
e The constructors are given by 0 : N and succ: N —- N
e Induction operator:

indy : Nensy (€0) — (Myn(Cn— C(succn))) — MNpnCz
We require the definitional equalities
indy Cc 0= ¢ indy C ¢p ¢s (succ n) = ¢s n(indy C ¢g ¢s n)
e Non dependent version (primitive recursion):
recy:Mey C—- (N—(C— ()= (N— C)
e There is also the (seemingly) more rudimentary iteration:
iter:M¢y C—(C—C)— (N—= ()
with iter C ¢ ¢s (succ n) = cs(iter C ¢y cs n).

e There is also dependent iteration, which is to iter what indy is to

recy.
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Defining n-ary functions by primitive recursion

Primitive recursive functions have typically n arguments. For n = 2, one
would like to have (with g: N — C and h: (N x C xN) = C):

= recyxnCgh: NxN— C
such that

f(0,m):=gm
f(succn, m) := h(n, f(n, m), m)

This can be encoded by the unary version. The trick is to define
recyxy C g h as a function from N to C' := N — C:

recyxn C g h:= recy C' g (AnAfAm.h(n, fm, m))

27 /131



Encoding recursion from iteration (propositionally)

We have, for ¢j: D and ¢, : D — D: iter D¢/ ¢, : N — D. The trick to
encode recy ¢y Cs, with ¢ : C and ¢ : N — C — C, is to gather all the
functions (cs n) into a single function. So we set:
D:=NxC ¢ :=(0,co) ci(n,c):=(succ(n),csnc)
We define recy C ¢ ¢s n := pry(iter D ¢ ¢, n).
e One checks easily that recc g cs 0 = .
e But the other equation holds only propositionally. One establishes:
pry(clz) = succ(pryz) (product induction)
pri(iter D¢jcin) =n (non dependent iteration)
We set a:= iter D ¢/ ¢, n. We get (using surjective pairing):
recy C ¢ ¢s (suce(n)) pry(cla)
pry(ce(n, pr)a))
pr,(succ(n), cs n(prya))
¢s n(prya)
¢s(n,recy C ¢ cs n)) 28 /131
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The identity type

olf A:U, then x: Ay :AF (x=ay)
e Constructor: if a: A, then (refl(a))

Uu.
(a=n a).

e Induction operator (path induction):

ind—, : N, a((x=ay)—U) (My.aCxxrefl(x)) = (Nxy.aAMpx=,y C xy p)

(intuition: the only generic element of the identity type is refl).
We require the definitional equality

ind—, C cx x (refl(x)) = cx
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Path induction (slowly)

e In English, given a family of types C x y p, in order to define a
dependent function in Iy ,.Alp.x—,, C x y p, all we need to have is its
restriction to inputs of the form (x, x,refl(x)).

Here it is important to have both x, y variables. Think of x and y sliding
toward each other along p.

e This game of sliding also works if x is fixed (think then of y sliding all
the way to x along p), giving rise to the following other induction principle
(based path induction):

ind,:A : rlx:ArID:I'Iy:A(x:Ay)—ﬂ/{ DX(refl(X)) - ny:Anp:x:AyDyp
Definitional equality: ind’, aD uva(refl(a)) = vu.
In English, suppose a: A in A is fixed, and that a family of types Dy p

(p:a=ay)is given. In order to define a dependent function in
My.aMp.x—,y Dy p, all we need to have is its value v at (a, a,refl(a)).

o If x and y are fixed, then no sliding is possible! At least one must be

variable.
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The interdefinability of ind_, and ind’

ind=, : M, a(=ay)—ulea Cxxrefl(x) = My allpx=,y Cxy p
indl , : M AN D g (x=ay) st D x (refl(x)) — My.aMpx=,, Dy p

One defines ind from ind’ by instantiation:
ind—, Ccxyp:=ind'_, x(Cx)(cx)yp

Conversely, in order to define ind’:A aDdy p, one uses a polymorphic
trick (due to Christine Paulin) to get an appropriate instantiation of ind.
We set

C = MAYAP.NEN, \(x=pz)su E X (refl(x)) = Eyp
and then
ind. aDdyp:=ind—, C(AxAEXe.e)aypDd
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The general pattern for type constructors

e Formation rules for the new type.

e Introduction rules for the new type, featuring the new constructors:
Ax.a (a,b) inl(a) inr(a) 0, 1, refl(x)

e Rules specifying how the type is used: application, induction
operators (when the induction operator is applied to a constant type
family, we call it recursion operator).

e Associated definitional (or propositional) equalities.

e Sometimes a uniqueness principle holds (or is assumed)
propositionally: for example surjective pairing, or Ax.ax = a.
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Induction principles in a nutshell

inds, ,8x : Nz, a8x)—u(Mxay:BxC(x,y)) = Nzx, ,8xC 2

indatg : Mey(ar8)-u(MaaC (inla)) = (Mp:pC (inr, b)) — NzaypCz
indy : Meio—y(C01) — (C1ly) —» N,nCz

indy : MNensy(C0) = (Myn(N — (€ n) — (C (sucecn)))) = MNynCz

ind_, : I'Ic:nxvy:A(X:Ay)%Ml_IX;A Cxxrefl(x) = My y.alpx=,, Cxyp
ind’:A M Al pony a(x=ay) -t D x (refl(x)) = MNy.aMpx=,y Dy p
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Elementary properties involving identity types

The following properties are easy applications of path induction:

e Paths can be composed (or concatenated) (notation p - g) and inverted
(notation p~1).

e These operations have the structure of a weak groupoid, with refl as
identity:

reflp=p=prefl (p-q)r=p(qr) pp l=refl ptp=refl

e Functions are functors: if A:U,B:U,iff: A— B, and if x,y : A and
p: (x =ay), then we can define

apfxyp:((fx)=s(fy)) (abbreviated as (ap f p) or f(p))

by path induction, setting ap f x x (refl(x)) := refl(f x).
But what if f: M,.4(B x) is a dependent function? We have that

(fx):(Bx)and (fy):(By) do not live in the same type... So we must

do something first.
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Composition, inversion, group laws, slowly

Concatenation: For p: x =4 y and g : y =4 z, to define p - g, we can
apply path induction to p, so that we are left to define refl(x) - g for

g : x =p z. We then apply induction on g, so that we are left to define
refl(x) - refl(x) := refl(x).

Inversion: By path induction on p, we are left to define

(refl(x))~! := refl(x).

Group laws: Again, by path induction! For example, to prove p-refl = p,
it is enough to exhibit an inhabitant of (refl-refl = refl): take
refl(refl).

Remark on composition We could have defined right away refl-q:=gq
(rather than starting a new induction on g), and it works, but it is not
symmetric in p, g in that one can only prove p - refl = p (propositional,
not definitional). In summary, we can define composition in three ways,
leading to propositionally equal definitions satisfying differents definitional
equalities:

refl(x) -refl(x) =refl(x) or refl-gq:=q or p-refl=p
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Transport

This is probably the most ubiquitous application of path induction.
Consider a type family C : A — U. We can define the type family

Dxyp:=(Cx)— (Cy)
Then
transport® := (ind_, D (Ax.id(cxy)) : Mxy:alp(x=ay)(C x) = (Cy)

We shall write (transport® p) for (transport€ xy p).

In English, given p: (x =4 y) and u : (C x), (transport p u) transports
u from (Cx) to (Cy).

We can then define, for f : M. A(Cx), x,y : Aand p: (x =4 y):
apd f xy p: ((transport p(f x)) =gy, (f y))

by apd f x xrefl(x) := refl(f x).
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Equivalence of types

We set (pointwise equality)
f~asp g :=Nealfx=pgx)

An inhabitant of f ~4_.p g is called a homotopy from f to g.
We say that A, B are equivalent via f : A — B if there is an inhabitant in
qinv(f), where

qinv(f) :=Xgpa(fog~id) x (gof ~ id)

The function g : B — Ais called a quasi-inverse of f. We use the
(personal) notation A <~ B for this.

We shall also consider a weaker notion: two types A and B are logically
equivalent (notation A <— B) if we can exhibit f : A — B (written a
A— B)and g: B — A.
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Some properties of transport
e We have, by definition, for C: A — U, x: Aand u: (Cx):
(transport® (refl(x))u) = u
One shows by path induction that transport respects composition of paths:
(transport® q) o (transport® p) ~ (transport® (p- q))
olf C:B—U,f:A—= B, p:(a1 =aa)and u:(C(fay1)), then

transport (f(p)) u = tansport©°f pu

olf A:U and C: A— U is defined by C x := (a1 =4 x) (a1 fixed), then,
for p: (a2 =a a3) and g : (C a2), we have:

transportc pqg=q-p
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ap versus apd

If we apply apd for a constant family Ax : A.B, then, for f : A— B and
p:x=ay,apdf pand apf p do not have the same type:

apfp:(fx=gfy) apd f x : ((transport™AB p (fx)) =5 fy)
But they are related.
e Forall b: Bx,y:Aand p:x =4y, there exists a path
transportconstﬁX:A'B(b) . (transport™AB pb) =g b

This is clear by path induction: since transport™A-Brefl(x)b = b, we
can choose refl(b).

e we have apdf p = transportconstf,‘X:A'B(fx) -apf p.
We prove this by path induction. We are reduced to prove

apd f refl(x) = transportconst;\jf:’f(f)(ﬁ() -ap f refl(x)
which by definition is exactly
refl(f(x)) = (refl(f(x)) - ref1(f(x))) = ref1(f(x)),

so that we can choose refl(refl(f(x))) as witness. 30/131



Some properties of the types f ~ g

e. Homotopy is an equivalence relation. We show transitivity. Let
H:(f ~g)and K: (g ~ h). Then

Ax.((Hx) - (K x)):(f ~h) (using path concatenation)
olf H: (f ~p.pg)and k: A — A. Then
Hok:= XX H(kx'):(fok ~pn g gok)
olf H:(f ~a g g)and h: B— B’. Then

Ax.h(Hx) : (hof ~p.p hog)
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An example of logical equivalence

We set
biinv(f) ;= (Xg.8-a(f o g ~ id)) x (Epgoa(hof ~ id))

We have
qinv(f) <— biinv(f)

Proof: In one direction, if g is a quasi-inverse, then take g, h to be both g.
Conversely, we note that if f o g ~ id and ho f ~ id, then (using the
properties listed in the previous slide)

g~ (hof)og~ho(fog)~h,

and hence gof ~ hof ~ id, establishing (qinv f) via g.
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Characterising =5
We have:

(x =axB y) <— ((pr1 X =a pr1y) X (PT2 X =B Pryy))

We have

Ap-(pry(p), (pr2(p)) : (x =axB y) = (pry X =4 Pryy)*x(PryX =5 Pryy)
For defining a map pair= in the other direction, we use induction for
cartesian products at two levels:

e assume that x = (a,b) and y = (4, V'),

e assume that we have p: (a =4 a') and q: (b =5 b'),
and then path induction: we can assume p, g to be refl, and set

(pair™) ((refl(a)), (refl(b))) := refl(a, b)

And one needs to show that pair= is a quasi inverse of
Ap.((appry p), (appr, p)): do path inductions in the right order!
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Characterising =y _,5x

We have similarly an equivalence between (w =5_,(5,) w') and

Zp:(pr1 w) =4 (pry W’)((transport p (pr2 W)) —B (pr; w') (pI‘2 W,))

We write again pair~ for the quasi-inverse.
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Characterising =4

We have
(x=1y)«—1
Let x : 1,y : 1. We have Ap.x: (x =1 y) — 1. In the converse direction,

let B : 1 — U be the constant family defined by (B z) := (x =1 ). (x,y
fixed). Then, by induction on 1, all we need is an inhabitant [J; : (x =1 y).

For this, we need to be generic in x, y. We shall exhibit an inhabitant
o My ya(x =1 y).

We set (C x) :=,.1(x =1 y). By induction on 1, all we need is an
inhabitant O3 : (C*) = My.1(x =1 y).

We set Dy := (% =1 y). By induction on 1, we can set

O3 := (inds D (refl«))
Os := (ind; C[O3)
01 = (Haxy)

Finally (ind; B[;) : 1 — (x =1 y) is the desired inverse.
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Function extensionality and univalence

We would like to characterise the equality for function types (and [N-types)
and for universes. For this, we need additional axioms, which are:

e Function extensionality: We assume
(f =a»B &) +— (f ~a-B 8)
e Univalence: We set
A B =% ,gbiinv(f)
and write witnesses of this type as (f, g, h,e,n). Then we assume
(A=y B) <~ (A= B)

where in both cases the equivalence is via the canonical morphism from
the equality type to its characterisation.

Note that we used biinv and not ginv in the definition of A= B. More

on this later.
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Canonical morphisms (function extensionality, univalence)

e The family happly(f, g) of canonical morphisms from (f =45 g) to
(f ~a_p g) is defined by path induction: when f and g coincide, then we
set

happly(f, f)(refl(f)) := Ax.refl(f(x)) : (f ~anp f)

e The canonical morphism idtoeqv : (A =y B) — (A = B) is defined
using transport for the family idy : U — U. Let p: (A =y B). We have

transporti® p: A — B

transporti® p=l: B 5 A

(transport%d“ p)o (transportid“' p1l) ~ (transport%d“ refl)
(transporti® p—1) o (transporti® p) ~ (transport® refl)

Therefore we can set idtoeqv p to be
((transport*® p), (transport*® p~!), (transport ¥ p=1) ¢ n)
where €, 1 witness the above two pointwise equalities (recall that
(transporti¥ refl) = id).
46 /131



Zoom on idtoeqv

Slowly, we establish

idy —1

1 p) o (transport™™ p~!) ~ (transport'® refl)

(transport

in two steps:
- We have already established

idy —1

1 p) o (transport ¥ p~1) ~ (transporti® (p. p~1))

(transport
- We show that if p = g, then
(transport p) ~ (transport q)
We fix p, x and define
C pgH = (transport px) = (transport g x)

By path induction, it is enough to find an element of (C p prefl):
take refl(transport p x).
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Two properties of ua

We recall that by definition of idtoeqv, we have, for p: A=y B:

transport'® p = pr,(idtoeqv p)
transporti¥ p~1 = pr,(idtoeqv p) = pr;(idtoeqv p)

where pr; and pr, retrieve the two quasi-inverse fonctions (the second
one being repeated to get a term of biinv type). If follows that for all
e=(f,g,h,e,n): A= B we have

transporti® (uae) = f
transporti®(uae) l=g=nh

Slowly, we have, e.g.:

transport'¥ (uae) = pr;(idtoeqv (uae)) = (pr;e) = f
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An application of univalence

In usual mathematics, if f is a bijection from A to B, and if we have a
semigroup structure on A, with multiplication m: A x A — A, we can
define a binary operation on B, by setting

m/(by, by) = f(m(f~(by), f~*(b2)))
We can then prove that m’ is associative, and hence that we have defined
a semigroup structure on B.
In univalent mathematics, the perspective is different. We define
Semigroup A ‘= ¥ . (axa—a)xy:a(m(m(x, y),z) =a m(x, m(y, z)))
elfe: (AX B) and (m,a) : (Semigroup A), then
transport®*™&°"(yae) (m, a)
is automatically a semigroup structure on B.
e We then need to do a bit of computation to unroll this structure,

and to discover that it is indeed equal to some (m’, a’) where m’ is

the one constructed above.
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Computing m’

We stress from the previous slide that rather than cooking up a definition
of m’, we derive its definition from general principles, and then compute it.
We define, for e = (f, g, h,€,n):

Semigroup(

m' := pry (transport uae)(m,a))

We have (with R := AX.((X x X) = X and Q := AX.(X x X)):
m’(bl, b2)

= (transport® (uae) m) (b1, b2) (using (||) below)

= transport*® (uae) m(transport® (uvae)™! (b, by))

= (f m(transport® (uae)™! (b, b)))

= (f m((transporti® (uae)~! by), transporti® (uae)~! by)))

= (f(m((g br), (g b2))))
where we have used the following property: of Cx := % ,.c x Coxy,
X, x2 1 A, pix1=ax2, a: Cixg and b: Coxga then

(I) pri(transport p(a, b) = transport pa

We also used the non-dependent version of Exercise 7. 50131



Homotopy fibers

o Let f: X — Y. We define fibs(y) := X.x (f(x) =y y) and

fibs := Ay fibe(y) : Y = U.

e Conversely, we can associate (Grothendieck construction) with an

arbitrary P : Y — U the function pry : X,.y Py — Y.

() The following holds: forall Y :U, P: Y — U and b: Y we have
£ibpe, (b) «— Pb

Proof: In one direction, for r : Pb, we set ¢(r) := ((b, r),refl(b)). For
the other direction, by induction on X-types, it is enough to define
W((y,r),q) forally:Y,r:Py,and g:y =y b, and in turn, by based
path induction, it is enough to set ¥((b, r),refl(b)) := r. We have thus
(é(r)) = r and hence a fortiori 1) o ¢ ~ id. For the other direction, we
use again based path induction: we have that

ref1(((b, r),refl(b))) : (v ((b,r),refl(b))) = ((b, r),refl(b))
since ¢(1((b, r),refl(b))) = ((b,r),refl(b))).
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Grothendieck equivalence

For Y : U, we define /Y =X xy (X — Y). We have
(Y =U) < UY

We define (as anticipated):

¢(P) = (Xy.y Py, pry)

B(X, f) ;= fiby
We have ¢(1(P)) = fibp,,, and we deduce ¢(¢(P)) = P by univalence
and by function extensionality from ().
For the other direction, we need a charaterization of =y/v, which itself
relies on the following property:
Forp: A=y A, f:A= Y, f:A =Y, we have

NZ.Z—=Y ~

(transport pf=a_y f) < (f ~(f opr,(idtoeqv(p))))

Proof: By path induction, it is enough to check this for ref1(A), and it is
clear since (transport*44—Y refl1(A)f) = f and
pr;(idtoeqv(refl(A))) = ida.
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Characterising the equality in U /Y

() Let AAY U, f:A= Y, f : A — Y. Then we have
(A, f) =y (A f) = Zeama (f ~ ' opry(e))
Proof: We have

((A,f) =uyv (A, 1)

< T pacya(transport?4=7Y pf =,y f') (induction on I-types)
< Y pacya (f ~ ' opry(idtoeqv(p))) (just proved above)
o Yepmp (F ~ fopry(e)) (by univalence)

In other words, proving (A, f) =y (A’, ') consists in finding ¢ : A — A’
such that
biinv(e) and f~ foe
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Back to Grothendieck equivalence
We have ¥(¢(X, f)) = (X,.vfibs(y), pry), hence by () we want
e: X = X,.vfibe(y)

such that biinv(e)
We take

and prjoe~f

e(x) := (f(x), (x,refl(f(x))))

Since pry o€ = f, we get immediately pry o€ ~ f. We shall prove qinv(e)
which a fortiori implies biinv(e). We define o : X,.yfibs(y) — X by

aly,(x,r)) =x

We have a(e(x)) = x by definition. For the converse direction, we use
induction on Y-types. We have to prove, for all x,y, and r: (f(x)

y):

(v, (x,r)) = (F(x), (x, ref1((x)))) = e(aly, x, 1))

We can leave x (and hence f(x)) fixed and conclude by based path
induction.
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Reflecting on Grothendieck equivalence

The theorem just proved says that any pair of (Z,f) of a type Z and a
map f : Z — X is equal to a pair of the form (X.x Px,pr;), for a family
P : X — U of types depending on X.

Now, for an arbitrary P : X — U, the pair (Xx.x Px,pr;) enjoys a
remarkable property (typical of fibrations in topology and category theory):
($) Forany a,b: X p:a=x band u: Xa, we have a path

q: (3, U) —X,.xPx (b7 (transportP p U))
such that pry(q) := p.
The proof of ($) is obvious: take (p, refl(transport” pu)).

Thus, loosely speaking, by combining this remark with the Grothendieck
equivalence, we have that every map in type theory has a fibration-like
flavour.

These considerations justify the terminology of calling ¥ ,.x Px the total
space of the family P.
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Mere propositions, and contractible types

A type A is a (mere) proposition if we can exhibit an inhabitant of
I_Ix,y:A(X = y)
A type A is contractible if we can exhibit an inhabitant of

ZX:AI_Iy:A (X = J/),

ie.
- an inhabitant a of A (called center of contraction),

- and an inhabitant of M,.4 (a = y).

“Center” is a way of speaking, as in fact, any inhabitant of a contractible
type may serve as center.
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An example of contractible type (solution to Exercise 11)

For any type A and a: A, the type ¥ .a(a =a x) is contractible.

Proof: A candidate for being a center is (a,refl(a)). For any
(x,p) : x.a(@ =4 x) (thus p: a =4 x), we have (using the
characterisation of = on X-types):

(a7ref1(a)) :Zx:Aa:AX (X’ p)
This follows from

transport x47=A% p (ref1(a)) =,=,x (refl(a)) - p =a=,x P

Alternative (simpler) proof: use based path induction.
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Equivalence of propositions

If P and @ are propositions, and P and @ are logically equivalent, then
P+ Q

Indeed, if f: P — Q and g : Q@ — P are given, then g(fx) =p x holds
since P is a proposition (idem Q).

Hence, under the assumption that P and @ are propositions, every pair of

functions f : P — Q and g : @ — P is a pair of quasi-inverses.
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Closure of propositions under some type formers

Type formers preserve propositions. As an example we prove that if
B : A— U is such that, for all x : A, Bx is a proposition, then for any type
A we have that [1,.4Bx is a proposition.

Indeed, suppose that f, g : ,.4Bx. By function extensionality, all we need
to prove is that fx =g, gx for all x, but this holds since Bx is a
proposition.

Note that A does not need to be a proposition in the proof above.
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Curry-Howard

We can interpret types as propositions, and terms as proofs (but the
homotopy type theory perspective says that not all types are propositions).

e One can read A x B as AA B, since in order to prove AA B we
need a pair (p, q) where p is a proof of A and q is a proof of B.

e One can read A — B as A= B, since proving A = B amounts to
proving B under assumption A: compare with

Mx:AFp:B

N=Xx.p:A—B

e One can read A+ B as AV B, since in order to prove AV B we
need a proof of A or a proof of B.

e One can read the identity type as the equality predicate.

e One can read I and X as universal and existential quantification,
respectively.
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Sets

We define a type A to be a set , or O-type, if (isSet A) is inhabited, where

(isSet A) := TNy y:allp g (x=ay) (P = @)
or equivalently if Iy ,.a(isProp(x =4 y)).

We then can define a 1-type, or groupoid, to be a type A such that

My y-a(isSet (x =4 y))

Etc. This yields a hierarchy of types, based on how rich their homotopical
structure is. We set

is-(—1)-type(A) := isProp(A)
is-(n + 1)-type(4) =My yais-n-type(x =, y)

If is-n-type(A) is inhabited, we say that A has h-level n or is an n-type.
For example, sets and groupoids have h-level 0 and 1.
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Characterisations of contractible types

For any type A, the following are logically equivalent:
(1) Ais contractible,

(2) Ais a proposition and is inhabited, i.e. there exists some a: A,
(3) A<= 1.

We need preliminary facts:

(a) Oz in the slide “Characterising =" witnesses that 1 is a proposition.

(b) If A is contractible and A <~ B, then B is contractible. In fact, it

holds more generally if B is a retract (notion defined later) of A, as we
shall see.

It follows from the statement that under the assumption that A is
inhabited (typically when we have x : A in the context), we have that A is
a proposition if and only if it is contractible. We shall refer to this as the
isProp trick.

62/131



Characterisations of contractible types (proof)

e (1) = (2) If Ais contractible with center a, then it is inhabited by
definition, and we have x =4 a=4 y for all x,y : A.

e (2) = (1) Let f : My.aMy.ax =4 y. Then (a, fa) : isContr(A).
¢ (2) = (3) By (a) and since A and 1 are propositions, it is enough to
prove that A and 1 are logically equivalent. Indeed, we have

Axx:A—1 Az.a:1— A

¢ (3) = (2) We note that 1 satisfies (2), and hence (1), so that we can
conclude by (b).
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Every proposition is a set

Suppose that A is a proposition, i.e. we have f such that f(x,y):x=pay
for all x,y : A.

Our goal is to prove that x =, y is a proposition. We show that x =4 y is
in fact contractible. So we look for a center and a contraction.

For this, we fix z : A, and consider the family C := Au.(z =4 u). We have
seen that (transport®pg=g-p)forall p: x =4y and g : Cx.

Let g := Au.f(z,u). We have g : M,.4Cu, and hence
(apdgp) : g(x) - p =2=,, &(y), from which we deduce

P =x—ny (8(x)7" - 5g(¥))

i.e., g(x)~1- g(y) (that depends only on x, y, f) is the center, since this
holds for any p: x =4 y.
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isContr(A) and isProp(A) are propositions

e isProp: Suppose that f,g : I, ,.ax =4 y. By function extensionality,
we have to prove that f(x,y) =«=,, g(x, y) for all x,y : A. But under the
assumption f (or g), A is a proposition, hence is a set. Therefore x =4 y
is a proposition and the sought equality holds for free.

e isContr: By induction on X-types, it is enough to find for all a,a" : A,
7 MNea(@=ax) and p: My.a(a =4 x):

(i) g:a=p4d, and

(ii) an inhabitant of (transport® qn) =cu p (for Cz = My.a(z =4 x)).

- We define g = 7(d').
- By function extensionality, we are left to prove

transportc GUZ =g5—,, PZ

for all z. But under the assumption 7, A is contractible, hence is a
proposition, hence is a set, so that this comes for free.
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Equivalence of contractible types

o If P and @ are contractible, then they are logically equivalent, and all
functions f : P — @ have quasi-inverses.

Proof: The second part of the statement is an obvious consequence of
logical equivalence (as seen before). Let ag and by be centers for P and
Q: then Ax.by and \y.ag witness the two parts of the claimed logical
equivalence.
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Contractible types and X-types

Let P: A — U be a type family.

(i) If each P(x) is contractible, then ¥,.4P(x) is equivalent to A.
Proof: By the assumption, there exists center : [1,.4P(x) such that for
all x and y € P(x) we have y =p(,y center(x). Then we take

pri : LeaP(x) — A Ax.(x, center(x)) : A = L .aP(x).
(i) If A'is contractible with center ap, then ,.aP(x) is equivalent to

P(ao).
Proof: Let (as a first try) (ap, f) : isContr(A). We take

)\b.(ao,b) : P(ao) — ZX:A'D(X)
M(a, b).transport? (fa)~1 b: L. AP(x) — P(a0)

We want to check that these maps are quasi-inverses. One direction
follows from the characterisation of equality types on *-types:

(a,b) =5, ,p(x) (a0, transport’ (fa) "1 b) since fa:ag =4 a

The other direction is more tricky and requires to make a good choice of f.
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Completing the proof of (ii)

(a) First we observe that we can choose f such that fag =4 refl(ap)
(propositionally). Indeed, we can replace an arbitrary f with \a.(fag) ™! - fa:

()\a.(fao)_l . fa)ao = (fao)_l -fag =a refl(ao)

(b) Next, we have the following fact, for any family of types P: A — U. If

x A, if (p =x=,x refl(x)), then for all y : Px we have

(transport? p b) = b. This follows by using based path induction

ind'=,_ ..

(c) Finally, we need another easy fact: if p =,—,« ref1(x), then also

p! =x—,x refl(x). Indeed p = refl(x) implies
refl(x)=p - p=p ! refl(x)=p?

We can now complete the proof of (ii): starting from b : Pag, we get

(ag, b), and then transport” (fag)~! b. But we have chosen in (a) f such

that fap (and hence also (fap) ™! by (c)) is propositionally equal to

refl(agp), and we conclude by (b).
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Stability of contractible types under retraction

A retraction is a function r : A — B such that there exists s : B — A and a
homotopy € : ros ~ idg. We say that B is a retract of A (through r, s, €).

The following closure property holds: if B is a retract of A and if A is
contractible, then B is contractible.

Proof: Let (ao, ) : isContr(A). We take r(ap) as center. For y : B,
f(sy) is a path from ag to sy, from which we get

r(f(sy)) - (ey) - (r(a0) =5 y)
Hence (r(ao), Ay.r(f(sy)) - (ey)) : isContr(B).
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isContr is h-level -2
We have
isProp(A) +— [y ,.aisContr(x =4 y)
We first note that both isProp(A) and [, ,.aisContr(x =4 y) are

propositions (for the latter, we use the fact that isContr(x =4 y) is a
proposition). So we just have to prove a logical equivalence.
- Given d : My y.aisContr(x =4 y), we get
Ax, y.pri(d(x,y)) : isProp(A).
- Given c : isProp(A), and given x,y : A, it is enough to provide an
inhabitant of x =4 y and an inhabitant of isProp(x =4 y):
- for the first, we take c(x, y);
- for the second, using that A is a set, witnessed by ¢/, we take
c(x,y).
It follows that we can start at h-level -2 and set

is-(—2)-type(A) := isContr(A)
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Cumulativity of h-levels

We shall show that, for all types A, if A is of h-level n, it is also of h-level
n+ 1. We prove this universal quantification by induction on n.

e The base case n = —2 is clear: a contractible type is a proposition, and
we have proved that propositions occupy h-level —1.

e For the inductive case, knowing that A has h-level n, we have to prove

is-n-type(x =, y) for all x, y: indeed, since by assumption A has h-level

n, x =4 y has h-level n — 1, and hence has h-level n by induction
hypothesis.
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Closure of n-types under some type formers

n-types are closed under type formers. As an example, we prove hat if
B : A — U is such that, for all x : A, Bx is an n-type, then for any type A
we have that l,.4Bx is an n-type.

e Base case n = —2. We have seen this for n = —1. For n = =2, if all Bx
are contractible, then a fortiori they are propositions, and hence case
n = —1 gives us that lN,.4Bx is a proposition. It remains to show that

My.aBx is inhabited. Let f : M,.4 isContr(A). Then take Ax.pr;(fx).

e Inductive case. f, g : 1,.4Bx. We have to prove that f =p_,g« g is an
n-type. But function extensionality says that this type is equivalent to
My.afx =gx gx. By univalence, these types are in fact equal, and hence, we
can as well prove that l,.4fx =pgx gx is an n-type, since by transport, for
any types C,D and p: C = D we have that C is an n-type if and only if
D is an n-type. But by induction it is enough to show that fx =g, gx is an
n-type, which follows from our assumption that all Bx are of (n+ 1)-type.
One can show that n-types are closed under equivalences without

appealing to univalence.
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is-n-type(A) is a proposition

e We have seen this for h-level —2 (and level —1), so the base case is OK.

e Inductive case. We want to show that I, .4 is-n-type(x =, y) is a
proposition. By closure of propositions under type formers, it is enough to
show that is-n-type(x =, y) is a proposition, but this holds by induction.
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Four logically equivalent notions of equivalence

We have seen qinv(f) and biinv(f), and shown them to be logically
equivalent. Here are two more logically equivalent ways to express
equivalence of A,Bviaf: A— B:

e half adjoint equivalence:
ishae(f) := g8 A e (fogrid)m:(gofrid)[Txea (F(1nx) = €(fx))
e contractible map:
contrmap(f) :=I,.g isContr(fibs(y))
We shall show (remember that <— is logical equivalence):

qinv(f) «— ishae(f)
ishae(f) «+— contrmap(f)

It follows that
biinv(f) <— qinv(f) «— ishae(f) «— contrmap(f)
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Three equivalent notions of equivalence

We shall show that biinv(f), ishae(f) and contrmap(f) are
propositions. It will follow that

biinv(f) <~ ishae(f) +— contrmap(f)

and hence univalence can be formulated replacing biinv by ishae or
contrmap.

We shall thus sometimes use a uniform notation isequiv(f) to stand for
any of biinv(f), ishae(f) or contrmap(f), and in fact for any
proposition logically equivalent to them.

It can be shown that qinv(f) is not a proposition, and hence that qinv(f)
is not equivalent to the three other notions.

We shall sketch the proof that using qinv in the axiom of univalence
would lead to an inconsistent system.
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Notions of equivalence in a nutshell

biinv(f) = (Zg:B_m(f og ~ id)) X (zh;BﬁA(h of ~ id))
qinv(f) = Xgpa(fog ~id) x (gof ~id)
iShae(f) = Zg:B—>A,e:(ngNid),’r]:(gOfNid)I_IX:A (f(nX) = e(ﬁ())
iShae/(f) = zg:B—>A,e:(fogwid),7]:(gof~id) I_Iy:B (g(GX) = ﬁ(g)/))
contrmap(f) :=I,.gisContr(fibs(y)

Remarks:

- qinv(f) stands “in the middle” between biinv(f) and ishae(f), in
the sense that the logical implications

ishae(f) — qinv(f) — biinv(f)

are trivial (forgetful).

- ishae’ is symmetric to ishae. We call f(nx) = e(fx) or
g(ex) = n(gy) coherence equations. It can be shown that requiring
the two coherence equations together also gets us into trouble!
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qinv(f) — ishae(f)

Given (g,€,m) : qinv(f), we define (g,€',n,7) : ishae(f) as follows:

We seek 7(a) : ¢(f(g(f(a)))) " - f(n(g(f(a)))) - e(f(a)) = f(n(a)).
Indeed, we have

f(n(g(f(a)))) - e(f(a)) f(g(f(n(a))))

e(f(g(f(a)))) - f

This is more appealing with string diagrams.

(f(a)) (by Exercise 10)
(n(a))  (by Exercise 9)
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String diagram companion to qinv(f) — ishae(f)

oS TS
AEC,
T JERP N
ST ¢




ishae(f) — contrmap(f)

We shall need a characterisation of the equality in fib(y):

/

(§) (X, P) —fibs(y) (X/, ,D/) <L> Z’y:x:Ax’(f('y) P = ,D)
(the proof is a variation on things seen already).

Let (g,€,m,7) : ishae(f) We have to prove that, for all y : B, £ibs(y) is
contractible. We choose (gy, ey) as center of contraction. Let

(x,p) : £ibs(y). We want a path v : gy =4 x such that f(v) - p =ey. We
take

f(v)-p = (f(g(p))™"-f(nx)-p (functoriality of f)
(f(g(p)))~t-e(fx)-p (half equivalence)
-t (Exercise 9)

I
@)
<
ks
i
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String diagram companion to ishae(f) — contrmap(f)




ishae(f) +— contrmap(f)
Let P : contrmap(f). We define g, € by

gy = pry(pri(Py)) ey = pry(pri(Py))
We are left to exhibit an inhabitant of ¥,.zorviallx.a f(11x) = €(fx). We

can repackage the information needed as follows:

(ﬂ) Zr]:g;ofwidl_lx:/ﬁ\ f(nx):‘f(fx)
+—— [M.a (g(fx),e(fx)):ﬁbf(fx) (x, refl(fx))
Proof of (9): By (§), we retrieve nx and f(nx) = f(nx) - ref1(fx) = e(fx)
from (g(#x), (fX)) =tib,(f) (X, Tefl(fx)).
Back to the proof of ishae(f): By (), we are left to provide a path from

(x,refl(fx)) to (g(fx),e(fx)) in £ibs(fx). But this is a consequence of
our assumption that fibs(fx) is contractible. Explicitly, we take
(pra(P(fx))(x, ref1(x))) ! - (pra(P(f))(g (). (fx)))
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isProp(contrmap(f))

That contrmap(f) is a proposition follows obviously from
isContr(A) — isProp(A) (applied to all fibers of f) and from the
closure of propositions under type formers.

For the other two assertions isProp(biinv(f)) and isProp(ishae(f)), we
shall use the following property:

(1) qinv(f) — isContr(X,.pa(gof ~ ida))

Proof: We have that ¥ ;.5 ,a(g o f ~ida) is fib_or(ida). We next
observe that if g is a quasi-inverse of f, then (— o g) is a quasi-inverse of
(— o f). Hence, by the logical implications proved, (— o f) is a contractible
map, which proves a fortiori the above implication.
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isProp(biinv(f)) and isProp(ishae(f))

e isProp(biinv(f)): We use the isProp trick, i.e., we assume biinv(f)
and prove that biinv(f) is contractible. But since biinv(f) — qinv(f),
we can apply (1) and get isContr(X,.pa(gof ~ ida)). One gets
similarly isContr(X .5 a(f o h ~ ida)), and we conclude by closure of
contractible types under product.

e isProp(ishae(f)): We may again assume ishae(f). By (), we get
ishae(f) +— ¥ ,sTu where
S .= Zh:B—)A(f ohn~ idA)
Tu = I_IX:A (g(fX), E(fx)) —fibg(fx) (X7 refl(fX)) (fOI’ ngrl(”)? GEpr2(u))
We have that
- S is contractible by (the symmetric version of) of (1) (since
biinv(f) — qinv(f));
- Tu is contractible (for all u): we first note that fibs(fx) is
contractible since biinv(f) — contrmap(f)). Then we apply

Exercise 12 and the closure property under l-types of contractibility.
We conclude by Exercise 13. 83/131



The black sheep qinv

e One can show (Section 4.1 of the HoTT book) that qinv(f) is not
always a proposition.

e Let us attempt to reformulate the univalence axiom using qinv instead
of ishae (or biinv, contrmap), i.e., let us assume (“black sheep
univalence”) the existence of a quasi-inverse ua’ for the canonical map
idtoeqv’ : (A =y B) = Xfr.a5qinv(f). One can show that this version
of univalence still works to establish that qinv(f) is not always a
proposition.

e We shall sketch the proof that this univalence axiom is inconsistent. The
proof relies on the fact the property that ishae(f) is a proposition,
established earlier (without making use of a univalence axiom).
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Inconsistency of univalence based on the black sheep

By definition of idtoeqv’ and idtoeqv (adapted to Xf.4_,gishae(f)), we have:
(o) idtoeqv’(m) = pr(idtoeqv(rm)) forallw: A=y B

where pr : Yr.4_,gishae(f) = Xr.a_pgqinv(f) is the projection map. We shall
show isProp(qinv(f)) for all f : A — B, contradicting previous slide. Let

(gi,mi,€i):qinv(f) and (f/, g/, 0., €;, 1) :==idtoeqv(ua’(f, gi, i, €;)) (i =1,2)
Then by (o) and “black sheep univalence” we get
(f,g,-,??,"e,'):(f;-/7g,-/,77,/-,€;) (I:172)

In particular, we have R: f = f/ and S : f = f;, and similarly g = g{ and
g = g5. Since R™1- S : f{ = f], we can use transport to get g’, 7, €/, 7 such that

(fgl_lvg/7 77/7 6/7 7—) = (f2/7 g2/’ 77£7 612) T2)
Since (g1,m1, €1, 1), (g',7',€,7) : ishae(f]) and since ishae(f{) is a
proposition, we get
(g{’/r]i76;_77-1) = (g/777/)€/7 T) and a fortiori (g]/_777176?l) = (g/7,'7/76/)
Collecting this all, we constitute a chain that will allow us to conclude (next slide):

(f>g1~ 7]1561) = (ﬂlag{,niaéi) = (f1/7g/777/ﬂ6/) = (/’Z,gﬁ,né,eé) = (f>g2~ 7]27625')/131



Rounding up the proof of isProp(qinv(f)) in presence of the black sheep

We monitor the chain
black sheep isProp(ishae(f])) transport black sheep
(f,g177/1,€1) = (fllvg{anivell) = (fllaglvnlae/) = (f2/vg2/777§7€l2) = (f7g277/2a 62)

more closely, through the following table (omitting the €'s):

fF R £l refl £l RS £ st £
g = g = g = & = &
m m n' 7 72
We then have, for all x
(mx) = pi-(mx)  (p1:&(fx) = gi(fx))
(mx) = p2-(n'x) (P2 : g1(f{x) = g'(f/x))
(n'x) = p3-(mx)  (ps: g (fix)=g(fx))
(mx) = pa-(mx)  (pa:ga(fix) = ga(fx))

and therefore (n1x) = p’ - (12x), where p’ := py - p> - p3 - ps. Our goal is to prove
(mx) = p- (m2x), where p: g1(x) = g»(x) is induced by g1 = g» (through
g1,8',85). In contrast, p’ is induced by the same proof of g3 = g» and by (cf.
table above) T:= R-refl-(R71-S)-S71 Since T = refl, we deduce easily

o o S
p = p’, which in turn implies the goal. -



Fiberwise maps

Let P,Q: A— U and f : My.4 Px — Qx (fiberwise map from P to Q).
Then f induces a map total(f) : X .aPx — X,.aQx defined by

total(f)(a,u) = (a,f au)
We have, for all (fixed) x : A and v : Qx:
fibtotal(f)(xa V) > f:i-bf(x)(v)
Proof: We have
fj-b‘cot:al(i‘")(x7 V)

— Za:AZu:Pa(av fa U) = (X7 V)

5 TaaXypaXpa—xtransport p(fau) =v (equality in E-types)
Y aaYpaexXypatransportp(fau)=v

<~ Y ,pytransportrefl(x)(fxu)=v (isContr(X,.a4a = x))
= Yupxfxu=v

= fibf(x)(V)

It follows that total(f) is a weak equivalence if and only each fx is an
equivalence. 67 /131



Univalence and 7-rule implies function extensionality

We want to show that happly(f, g): (f = g) — (f ~ g) (defined before)
is an equivalence, for all f, g : [,.aPx. We fix f. We set

Qg :=(f=g) Rg :=(f ~ g)

happly(f, —) is a fiberwise map from Q to R. By what we have just seen,
our goal reformulates as proving that the total map induced, of type

Zg:I_IX;APX(f = g) — zg:ﬂX;APx(f ~ g) = zg:l’IX;APXnX:A(fX = gX)

is an equivalence. By Exercise 11, ¥ .., px(f = g) is contractible. By our
analysis of equivalences between contractible types, it is enough to show
that Xg.n_,px(f ~ g) is contractible. We shall prove this in two steps:
(i) Zg:n,px(f ~ g) is a retract of M,.aX,.pc(fx = u)
(i) The property that a product of contractible types is contractible can
be established using univalence and not using function extensionality.
Then we can conclude: by Exercise 11 again, X ,.p(fx = u) is

contractible, and a retract of a contractible type is contractible.
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Y on..prx(f ~ g) is a retract of My X ,.px(fx = v)

More generally, let A: U P: A— U and Q : MNy.a(Px — U). Then
() Zgnapxea @x(gx) is a retract of Tea¥,.pc Qxu

We define maps in the two directions as follows:

o(g, h)x := (gx, hx) (k) = (Ax.pry(kx), Ax.pr,(kx))
(the type of pr,(kx) is Q x (pr;y (kx)) = Q x (Ax.(pry (kx))) x)).
We have ¥(¢(g, h)) := (Ax.gx, Ax.hx) = (g, h).
Our claim (1) then follows by instantiation of (||||) with Qxy := (fx = y).
Note the use of the (here assumed) propositional 7-rule, namely

Ax.fx = f (for x not free in f)

Remarks:
- Propositional 7 follows from function extensionality.

- We have ¢(¢(f)) ~ f for all f, and hence, if function extensionality is
assumed, or proved, we have ¢ 09 ~ id, and hence ¥ .n_,px(f ~ g) is in
fact in the end equivalent to My.aX . px (X = u) . 89 /131



Plan for the proof of (ii)

Let P: A — U be a family of contractible types. We have seen earlier that
pry : (Xx.aPx) — A'is an equivalence (and this does not use function
extensionality).

We shall prove the following properties

(a) My.aPx is a retract of £ib,(ida), where
a = Mx.pry(fx) : (A — LeaPx) — (A — A)

(b) « is an equivalence.

Then we can conclude, because o being an equivalence can be expressed
as contrmap(«), hence MM,.4Px is a retract of a contractible type and
therefore is contractible.
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Proof of (a)

(a) MyaPx is a retract of £ib,(ida), where

a = Ax.pry(fx) : (A= ZaPx) = (A— A)

We define maps in the two directions:

o(f) := (Ax.(x, fx),refl(ida)) : Mx.aPx — £iby(ida)

(g, p) := Ax.transport (happly p x) (pry(gx)) : £ibe(ida) — My.aPx
The definition of v type-checks because

a(g)x =pri(gx)  and  pry(gx) : P(pri(gx))
We have:

Y(d(F)) = Y(Ax.(x,fx), refl(ida)) Ax.transport (refl(x))(fx)

= Mxfx = f
(since happly p (refl(ida)) = refl(x) and pr,((Ax.(x, fx))x) = x).

Note the use of the propositional n-rule again. 01131



Plan for the proof of (b)

(b) «is an equivalence, where

a = AMx.pry(fx) : (A= XaPx) = (A— A)

This is where we make use of univalence!

More generally, we prove that if e : A — B is an equivalence, then so is

A x.e(fx) : (X = A) = (X — B). This goes in two steps:

(b1) We show this in the case e := idtoeqv(p) (for p: A= B).

(b2) We show that if e, = e» and isequiv(Af x. e1(fx)), then
isequiv(Af x. ex(fx)).

We then conclude since, by univalence, we have idtoeqv(ua(e)) = e. So,
setting e = idtoeqv(ua(e)) and e := e, we can apply (b1) and then

(b2).
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Completing the proof of (b)

(b1) Af x.idtoeqv(p) (fx): (X — A) — (X — B) is an equivalence.

e (by) is proved by path induction. We are reduced to prove
isequiv(Af x. (idtoeqv(refl))(fx)), which is trivial since

Af x. (idtoeqv(refl))(fx) = M\ x. fx = Af.f

(identity functions have quasi-inverses!). We use again the 7-rule!

[ (b2) If e = e and isequiv(Af x. e1(fx)), then isequiv(Af x. ex(fx)). ]

e (by) is proved by transport. Consider the family P: (A — B) - U
defined by Pe := isequiv(Af x. e(fx)), and let p : e; = e2. Then
transportfp turns proofs of isequiv(Af x. e;(fx)) into proofs of
isequiv(\f x. ex(fx))

This finally completes the proof that (univalence + 7) implies function
extensionality. 03/131



Some properties of =4, 5

One can prove the following equivalences of types:

((inl al) =A+B (inl 32)) TEAEN (31 =4 32)
((inr bl) =A+B (inr bz)) > (bl =4 b2)
((inl al) =A+B (inr bl)) <50

by the following method, called “encode-decode”. We define a family
code : A+ B — U (tailored to the problem we want to solve) by induction
on coproduct as follows (a; : A is fixed):

code(inl a) := (a1 =4 a) code (inr b) := 0
Then we show, for all z: A+ B that
(code z) <~ ((inl a1) =448 2)
The first and the third properties listed then follow from instantiation with

z = (inl ap) and (inr by), respectively.
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The encode-decode method

[ code : A+B — U code(inl a) := (a1 =4 a) code (inr b) :=0 ]

We exhibit:
e encode : M,.4:5((inl a1) = z) — (code 2)
encode z p := transport®®® p(refl(ar))

e decode : ;.41 5 (codez) — ((inl a;) = z) is defined by induction
on the sum type:

decode (inla) :=

apinl
decode (inr b) :

indo C

where in the last clause C : 0 — U is the constant (inl a;) = (inr b).
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(encode z) and (decode z) witness an equivalence

decode : M, a1 (codez) — ((inl a;) = 2)
encode z p := transport® p(refl(a;)) (p: (inl(ay) = 2))
decode (inl a) := ap inl decode (inr b) := indy C

e By using ind’, decode z (transport®9® p (refl(a;))) = p reduces to
the case where z = (inla;j) and p = (refl(inl a1)), in which case we
indeed have

decode (inl a;) (transport©? (refl (inla;))(refl(a1)))
= decode (inl a;) (refl(a;)) = apinl (refl(a;)) = (refl(inlay))

e To prove encode z (decode z u) = u, we proceed by induction on z. If
z = (inr b), then we are done by induction on 0. If z = (inl a), then we
have u: (a1 =4 a), and:

encode z (decode z u) = transport®? (ap inl u) (refl(a1))
= transport®°inl y(refl(a;)) = (refl(a1)) - u=u

(since code o inl = Az.(a1 = z)) 06/131



The circle

e A type St

e There are two constructors:

base : S!
loop : (base =g base)

Induction principle:

ind51 .
Mp.s1_y (zb:P(base) ((transportP loop b) —P(base) b)) - (I_IX:Sl PX)

Associated equalities:

inds1 P (b,/)base = b (definitional)
apd (indg1 P (b, /)) loop =/ (propositional)
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lllustrating and explaining the induction principle for S*

-]

£ :loop, (b) =b

>

base
In the picture, P on the right should be read as ¥ ,.51 Px. The vertical arrow into
St is pry, and the torus on the left stands for ¥,.1 Px.
We have seen that every path living in the space at the bottom induces a path in
the total space. We instantiate this with loop : base = base and b : P(base),
and we get the path (represented with dashes)

(1oop, refl(transport” loop b)) : (base, b) =5 _, px (base, (transport” loop b))

This path has no reason to be a loop, but a / : ((transport” loop b) =P(base) D)
will complete it (dotted path closing the circle):

(refl(base),/) : (base, (transport” loop b)))) = (base, b)
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The recursion principle for S*
We shall also need a recursion principle for S! for a constant family
C := Ax.A, for some A: U, i.e. we shall use
recgi . nA:L{ (Zb:A (b =A b)) — (51 — A)
Associated equalities:

recsi A(b,/)base = b (definitional)
ap (recsi A(b, 1)) Loop = (propositional)

That recg: can be encoded from indg: is proved via an adjustment
similar to the adjustment from apd to ap discussed before.

Here, U stands for any universe. We shall soon instantiate it to U;.
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The type Z of integers

We define first the type N of strictly positive natural numbers exactly as
Nat, replacing the constructor 0 by a constructor 1 (of course it is
equivalent to N, but we reserve the symbol 0 for the next step!).

We now define the integers:

e A type Z

e The constructors are

0:7Z
+:Nt =527
—:Nt > Z

Induction principe:
indy : Ne.z—y Co — (I'IX:N+ C(+X)) — (I'IX:N+ C(—X)) — (I'IZ;Z CZ)

This principle allows us to define two functions that we shall need
(Exercise 15):

Nz+1:Z—7

Az.loop? : Z — (base =g base)
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Az.z+ 1 and Az. loop?, informally

e We have
0+1=1
(+1) + 1 = +(succ(1))
(+(succ(n))) + 1 == +(succ(succ(n)))
(-1)+1=0
(—(succ(n)))+1=—n
e We have

loop0 =reflyase

loopt! = loop

+(suee(n) = 100p - Loop™”
1= loop_1

loop
loop™
loop~(succ(n) = 100p~ ! - Loop ™"

(whence the notation loop?)
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The fundamental group of the circle

Our goal is to prove
(base =g1 base) +— Z

Here, (base =g base) (or rather its truncation, see final slides) is the
HoTT formulation of the fundamental group 71(S?): its inhabitants are
the loops on base.

We shall use the encode-decode method, and this starts by generalising
the statement. We define Eqq1 : S — U by instantiating

recs : Magy (Tpa (b =a b)) = (S — A)
with A=Uy , b=17Z, and va(Az.z+ 1) : Z =y Z, i.e. we set
Eqq: = recsi Uy (Z,ua(Nz.z + 1)),
and hence we have
Eqgi(base) = Z (apEqg1 loop) = ua(Az.z + 1)
We shall prove, for all x : st

(base =s1 X) — Eqg: (X) 102/131



Yet another property of transport

For B: A— U and p: x =4 y, we have the following property (that does

not require univalence):

transport®p =Bx—By 1dtoeqv(ap B p)

This is proved by path induction: indeed, taking ref1(x) for p, we have
transport®p = idg,, apBrefl(x) = ref1(Bx) and

idtoeqv(refl(Bx)) = idpy.

We apply this general result to Eqq1 and loop and obtain

transportfist loop =

idtoeqv(apEqg: loop)
idtoeqv(ua(Az.z + 1))
Az.z+1

And hence, via happly, we get, for all z : Z:

(¥) transport®s! loopz=z+1
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The encode and decode functions
e For x : S1, define encode(x) : (base = x) — Eqqi(x) by path induction:
encode(base)(refl(base)) := 0 : Eqqi(base)

e We synthesise a definition of decode : .51 (Eqg1(x) — (base = x)) by
induction on S':
decode := indg1 P[]

where P := Ax.(Eqq1(x) — (base = x)) and hence
P(base) := Z — (base = base)

We seek [J : 24, p(pase) ((transport” loop b) =P(vase) D), €., we seek
i : P(base) and [, : ((transport” loop ;1) =p(pase) K1). We take

01 := Az.loop” : Z — (base = base)
and hence we will have
decode base = \z.loop”

For defining [y, we must analyse transport relative to the family
Ax. (Eqg1(x) — (base = x)). 104 /131



Completing the definition of decode

From exercise 6, we get (for P := Ax.(Eqq1(x) — (base = x))):

base=x)

transport” p f z = transport™ p f(transport®ist p~! z)
which we instantiate with p := loop and f := Az.loop”.
e By a variant of the above property (x), we have
(transport®s! loop tz) =z —1
Therefore we have
transport” loop (A\z.1oop?) z

= transport™(*2¢=X) 150p ((Az.1o0p?)(z — 1))

= transport™(Pa5¢=X) 156p 10op? !

= loop®~! - loop

= loop?
Therefore, by function extensionality, we have proved

transport’ loop (Az.1loop?) = Az.loop?

and this proof is our [,. 105 /131



(encode x) and (decode x) are quasi-inverses

We prove decode x (encode x p) = p by path induction, i.e., we consider
only the case where x = base and p = refl(base). Then we have by
definition

(encode baserefl(base)) =0

and in turn

decodebase 0 = (\z.1oop®) 0 = loop’ = refl(base)
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The other direction

e We prove encode x (decode x q) = q for q : Eqe1(x) by induction on S1,
relative to the family

P = Xx.T

We shall need two results:

(%) Zis a set
(xx%) encodebase (loop?) =z (forall z:7Z)

qEqq (x) (encode x (decode x q) = q)

We have to provide an inhabitant of
Zb:P(base) ((transportp loop b) —P(base) b)
But, noticing that P(base) = I,.7 (encode base (decode base z) = z),
we see by (k%) that we shall get
(transportp loop bZ) —(encode base (decode base z)=z (b Z)

for free, hence by function extensionality we only have to care about
producing an inhabitant of P(base), which is given by (xxx), since by
definition

(decode base z) = loop? 107 /131



Proving (sx)

The proof that Z is a set is a variation on the proof that N is a set,
which itself is established via the encode-decode method (see Exercise 16),

in a way very much similar to the analysis of =4 p that we have seen.
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Proving ()

(#+x) encodebase (loop®) =z (forall z:Z)

We first prove
(encode x p) = (transport™® p0)
It follows by path induction, since
(encode base refl(base)) = 0 = (transport"® refl(base)0)
Therefore we have
(encode base (Loop?)) = (transport®®: loop? 0)
Finally, one proves
(transport®® loop? 0) = z

by induction on z : Z, using

(*) transport®s loopz =z+1




Suspension

Let X be a type. The following inductive type captures the notion of
suspension of X:
o If X :U, then X : U

e Constructors:
N: XX, (North)

S: XX (South)
merid: [l.x N=yx S

e Induction operator:

indyx :

MNe.sxou (ZncnZs.cs(My.x transport® (merid x) n =cg s) — (Myxx Cx)
e Associated equalities:

indyx C(n,s,f)N=n (definitional)
indyx C(n,s,f)S=s (definitional)
apd (indyx C (n,s, f)) (meridy) = fx (propositional)

110/131



Pointed types

e We consider the type U, whose inhabitants are pairs (X, x), where X : U
and x : X (a distinguished point of X). Formally, we consider the type
family idy, : U — U, and we define

Z/f* = ZX:Z/[ (ldu X) = ZX:L{X

We usually write an inhabitant of U, as (X, *x) and refer sloppily to X as
pointed type.

e Morphisms of pointed types should preserve distinguished points. Given
two pointed types (X, xx) and (Y, *y), we define a new pointed type
(Map, (X, Y),*xy) as follows:

Map, (X, Y) := Zr.x—y (f(xx) =v *v)
*Xy ‘= )\X.*y
We usually write an inhabitant of Map, (X, Y) as (f,*f)). We refer to f as

. . f
a pointed map and use the notation f : X —, Y or X =, Y.
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Examples of pointed types

Two “king" examples of pointed types are suspensions and loop spaces.
Given a pointed type (A, *a):
- we take (by convention) N as the distinguished point of LA;
- we define the loop space Q(A,xa) of (A, xa) as the pointed type
((xa =a *a), (refl(xa))). We often write QA for short.

One could be tempted to choose the distinguished point of X as
distinguished point of 2 X, but in this axiomatisation, there is no point in
Y X corresponding to a point in X (only a path “going through it").
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Relating suspensions and loop spaces (statement)

We have the following adjunction:
Map*((ZA, N), (B, *B)) L Map*((A, *A)? Q(Bv *B))
We shall prove

Map*((ZA,N), (B,*B)) YRAN st:B(A — (*B = bs))
Map*((A,*A),Q(B,*B)) VEAEN st;B(A — (*B = bs))

We shall use two properties proved before, which we recall. Let P: A — U
be a type family.

(i) If each P(x) is contractible, then X,.4P(x) is equivalent to A.

(ii) If Ais contractible with center ag, then X,.4P(x) is equivalent to
P(ao).
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Relating suspensions and loop spaces (proof)

e An inhabitant of Map, ((XA,N), (B, *g)) is given by two elements by, bs, a function
h1: A — (bv = bg) and a path from by to xg. This can be repackaged as

T o5 .n(bi=rg) Zbs:B(A = ((Pr1p) = bs))

which isolates the contractible type ¥,,.5(by = *g). Hence by property (ii) above, we have
proved Map*((ZAvN)r (Bv*B)) = st:B(A - (*B = bs))

e An inhabitant of Map, ((A, *a), 2(B,*g)) is a function g : A — (*g = *g), together with a
path from (g xa) to refl(*g). So we are left to prove

zg:A—)(*B:*B) ((g *A) = refl(*B)) = st:B(A - (*B = bs))

We have (using (ii) and (i), respectively):

Zg:A—)(*B:*B) ((g *A) = refl(*B)) = z’3zbS:B (xg=bs) Zg:A—)(*B:(prl r)) ((g *A) = (pr2r))
ThsB(A = (kg = bs)) 2 Tp:pY g A s (sp=bs) Zq:(sg=bs) ((&*4) = q)
and conclude since both right hand sides are an easy repackaging of each other.
(Note the clever use of the sequence bs : B, q : (xg = bs) and ((g *a) = q), giving rise to the
two contractible types X p..g (kg = bs) and X q.(,z—ps) ((8%4) = q).)
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Fiber sequences

Given pointed types X, Y, Z : U,, we say that two pointed maps

x5 v5 z
form a (short) fiber sequence if, for all y : Y we have a map

ey - £ibe(y) — (g(y) = xz)

which is a quasi-inverse. Morevoer, we require €,, to be pointed, i.e.,

Exy (XX, %F) = *g
(note that for general y, the types fibs(y) and (g(y) = *z) need not be
inhabited).

In the following, we shall state the results on fiber sequences without
proof. We refer to the HoTT book.
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Fiber sequences versus exact sequences

e In homological algebra, a sequence s M s N & P of linear maps (or
module morphisms) is called exact if im(f) = ker(g), i.e., if forall y € N
we have g(y) = 0 if and only if y = f(x) for some x € M.

e In group theory, a sequence G L H & K of group morphisms is called
exact if for y € H we have h(y) = e if and only if y = f(x) for some
xeG.

If we look at the definition of fiber sequence in a proof-irrelevant way, and
think of £ibs(y) and (g(y) = *z) as propositions, then the notion of fiber
sequence boils down to saying that for all y : Y we have g(y) = 7 if and
only if f(x) = y for some x. But precisely because in general those two
types will have higher structure, the notion of fiber sequence is much
richer.
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Canonical fiber sequence associated with a pointed map

Given pointed types X, Y : U, and f : X —, Y, the sequence
fibr(xy) T X L, ¥

is a fiber sequence.

We note that pr; is pointed, since pr;(xx,*f) = *x.

Every fiber sequence is of this sort, in the following sense: if
Z j* X —f>* Y is a fiber sequence, then we have

(Z,8) =svas,.map,(v,x) (fibs(*v), pry)

(here, XV : U, Map,(V, X) is the pointed version of U/ Y).
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Long fiber sequence associated with a pointed map

Our data are still X, Y : U, and f : X —, Y. We can iterate the
construction £ibs(xy) mx Ly
We set
X0 .=y *(0) 1= *y XM .= x *(1) 1= *x FO .= f
and for n > 1, we set
F(n) .= pr;
X1 = £ib 1) (k(p1))
*(n41) = (X(n)s %))
In this way, we obtain a long fiber sequence

£(n+1) )
- =

X)) F s U0 x @) P8 @) £ x(0)
meaning that for all n, the short sequence

X(n+2) f<_";*” X (n+1) f—(>i X (1)

is a short fiber sequence.
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Reading the long fiber sequence in terms of loop spaces

Consider the last five pointed types in the long sequence:

Then we have
XG5 Qv X® &5 ax

with pointed quasi-inverses. Moreover, under these equivalences, f(3) is
identified with Qf : QX — QY, defined as follows, for all p : xx = xx:

Qf)(p) := (%) ™" - F(p) - %

Setting Z := X, we thus have a long fiber sequence (known to
topologists)

o PX S Y Q7 5 OX QY 2 Z s X = Y
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The long exact sequence of homotopy groups

There is a more down-to-earth even and more anciently well-known long

. . f . .
sequence in topology: with every exact Z —, X £, Y is associated an
exact sequence of groups:

- = 7T3(Y) — 7['2(2) — 7T2(X) — 7T2(Y) — 7T1(Z) — 7T1(X) — 7T1(Y)

where 7,(A) is the n-th homotopy group of the based space A (classes of
maps from S” to A up to homotopy).

Type theory as described so far lacks something to account for this! We
need one more ingredient: truncation. We need a way to say in type
theory that we want to force a type to be a proposition, or a set (as here:
homotopy groups are sets, sets with structure, but sets, not fancy higher
groupoids).
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Truncation
There are truncations for each h-level n
o If A:U, then ||Al|,: U.
e Constructors: we have a function || : A — ||A||»-

olf P: AN—> U is a family of n-types and if f : [1,.4Px then we have a
function f : I_IXZHAHnPX'

e Definitional equality: f(|x|) = f(x) (for all x : A).
Then we can define the homotopy groups in type theory by
(X, xx) = [127(X, %x)llo

and then we can go on and establish the long exact sequence of homotopy
groups, deriving it from the long fiber sequence of spaces.

THE END
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Epilogue

The more traditional definition of 7,(X) for a pointed space is as the set
of all pointed maps from S” to X (quotiented by homotopy). Here is how
it connects to Q"(X,xx) (using the type-theoretical language), informally.
- The data of a pointed map from S* to (X, xx) amounts, by
recursion, to give a point a: X and a path p: (a = a). But since the
map is pointed, and since it maps definitionally base to a, this forces
a = xx. Hence we can identify ST —, X with QX.
- Suppose that we have established

Map, (S"71, X) <= Q™Y (for all Y)

Then, by the adjunction between X and 2 and by the property that
S is the suspension of S™~1 (which serves as type-theoretic definition
of the spheres S” for n > 1), we have

Map,(S",X) = Map,(XS" 1 X) <= Map,(S"1,QX)
= Q"HQX) = Q"X
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Exercises 1-3
In the intuitionistic setting, negation is defined as A — 0.

Exercise 1: Let A: U and B :U. Construct a term (a de Morgan law!) of
type (A+B) - 0) - (A—0) x (B — 0).

Exercise 2: Let A: U, P: A— U and Q : A — U. Construct a term of
type (My.a(Px x @x)) — ((My.aPx) x (My.aQx)).

Exercise 3 We define Can : N — U/ by induction (notice the typographical
difference: on the right, 0 and 1 are types!) :

Can0:=0 Can (succn) := (Cann) + 1

We then define Finn := X o4/(A =y Can n). Define the function max and
in = pickinp, where p: i < n, where (x < y) := ((succx) < y), and
where <: T, ,.nU is defined by induction on x, and then on y:

(0<y):=1 (succx<0):=0 (succx <succy):=(x<y)
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Exercises 4-6

Exercise 4 One can encore coproducts from booleans (using a X-type):
A+ B =% orecoU ABx

Define recp,p using rec,.

Exercise 5 One can encode products from booleans (using a lN-type):
Ax B :=TlorecoUd ABx

Define (a, b), pry, pra and their definitional and propositional equalities.

Exercise 6 Consider two families P: A — U and Q : A — U, and let
Rx:=(Px)— (Qx)

Show that, for x,y : Aand p: (x =ay), and f : (Px) = (Qx), u: (Py),
we have:

transport” p f u = transport? p f(transport’” p~! u)
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Exercises 7-11

Exercise 7 Let P: A — U and Q : (Xx.aP x) — U. These data generate a
family R : A — U of L-types, defined by

Rx =X, pxQ(x,u)
Let p: (x =4 y) and (u,z) : Rx. Find a formula for transport® in
terms of transport” and transport®.

Exercise 8 Show that if B is a proposition, then, for any type A : U,
A — B is a proposition (hint: use function extensionality).

Exercise 9 Let f,g: A— B, H:f ~gand p: x =4 y. Show that
(naturality)

H(X) : g(p) =f(x)=gg(y) f(p) ) H(y)
Exercise 10. Let f : A— Aand H: f ~ id4. Show that
H(f(x)) =f(f(x))=af(x) F(H(x))

Exercise 11 Show that for any A and a: A, the type Xy.poa =4 x is

contractible.
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Exercises 12-16

Exercise 12 Show that if A is contractible, then so are all x =4 y for
x,y A

Exercise 13 Let B : A — U. Show that if all Bx are contractible and if A is
contractible, then X,.4Bx is contractible.

Exercise 14 Let A: U, B: A— U, and C: L., — U. Show that

(ZX:AZy:BxC(X7 y)) > (ZZZZX:ABX CZ)

Exercise 15 Give formal definitions of Az.z+1:Z — Z and Az.loop?.

Exercise 16 Show that N is a set.
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Solution to exercise 3

max 0 := (inr+)  max(succn) = (inl (max n))
and pick: My Piin (i < n) — Can(n) is defined by
picki0p := (recoNp)

pickOsucc(n)p := (inr )
pick (succi)(succn)p := inl(pickinp)
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Solutions to exercises 4-6
(Exercise 4) We derive, for f : A— C, g: B — C,

recporp Cf g :=recy yrec,tABx CU: LyorecolU ABx — C

where O : My.2Dx, with D = Ax.(recoUd ABx — C). We can fill the
unknown [ with ind, D f g, noticing that DOy = A — C and
D1, = B — C. Summing up:

reca g Cfg:= recCy, ,recold ABx C (ind2 D fg)

(Exercise 5) (a, b) := indy (recoUd AB) ab, pry ¢ := c 0y, pryc = c1s.
We have pr; (a, b) := indy (recold AB)ab0, = a. We can also derive
surjective pairing. But this requires function extensionality.

(Exercise 6): The formula type-checks, because

e transport’ p~tu: (Px)
e f(transport” p~tu): (Qx)
e transport® p f(transport” p~1u) : (Qy)

The proof of inhabitation is immediate by path induction.
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Solution to Exercise 7

We seek transport® p(u,z) = (Oy,0z) : Ry, hence we must have
O1:Pyand Oy : Q(y,01). We take

0y := transport’ pu
[, := transport® ((pair™) (p, (refl (transport” pu)))) z

Indeed, we have z : Q(x, u) and
(pair™) (p, (refl (transport” pu))) : (x,u) = (y, (transport? pu)).
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Solution to Exercises 12-13

Exercise 12: Let (a, f) : isContr(A). Our goal is to prove
isContr(x =4 y) (for x,y arbitrary). We fix x and let y vary. We can
take

hxy = ()1 fy

as center. We look for Hy : M. alMpx=,,.Cy p, where
Cyp:=(hxy =x=,y p). By based path induction on A, it is enough to
prove

hxx =x=,x refl(x),

which holds since hx x = (fx)71 - fx = ref1(x).

Exercise 13 We have shown that if all Bx are contractible, the > ,.4Bx is
equivalent to A. Therefore, if A is contractible, then so is ¥,.4Bx.
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Sketch of solution to Exercise 16

The idea is to use the encode-decode method to characterise all types
m =y n. One defines (cf. also the inequality predicates of Exercise 3):

code(0,0) :=

code({ttsucc( ),0) :=
code(0, succ(n)) :=0
code(succ(m), succ(n

0

)) := code(m, n)
An then to prove
(m =y n) <= code(m, n)

by a suitable combination of induction on N and of path induction.
The conclusion then follows from the fact that by definition all the types
code(m, n) are either 0 or 1, which are propositions.
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