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Abstract Cubical type theory is an extension of Martin-Lof type theory recently proposed
by Cohen, Coquand, Mortberg, and the author which allows for direct manipulation of n-
dimensional cubes and where Voevodsky’s Univalence Axiom is provable. In this paper we
prove canonicity for cubical type theory: any natural number in a context build from only
name variables is judgmentally equal to a numeral. To achieve this we formulate a typed
and deterministic operational semantics and employ a computability argument adapted to a
presheaf-like setting.
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1 Introduction

Cubical type theory as presented in [7] is a dependent type theory which allows one to directly
argue about n-dimensional cubes, and in which function extensionality and Voevodsky’s
Univalence Axiom [15] are provable. Cubical type theory is inspired by a constructive model
of dependent type theory in cubical sets [7] and a previous variation thereof [6,10]. One of
its important ingredients is that expressions can depend on names to be thought of as ranging
over a formal unit interval I.

Even though the consistency of the calculus already follows from its model in cubical sets,
desired—and expected—properties like normalization and decidability of type checking are
not yet established. This note presents a first step in this direction by proving canonicity for
natural numbers in the following form: given a context I of the form iy : I, ..., i : I,k > 0,
and a derivation of I F u : N, there is a unique n € N with I - u = S" 0 : N. This n can
moreover be effectively calculated. Canonicity in this form also gives an alternative proof of
the consistency of cubical type theory (see Corollary 2).
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The main idea to prove canonicity is as follows. First, we devise an operational semantics
given by a typed and deterministic weak-head reduction included in the judgmental equality
of cubical type theory. This is given for general contexts although we later on will only use
it on terms whose only free variables are name variables, i.e., variables of type I. One result
we obtain is that our reduction relation is “complete” in the sense that any term in a name
context whose type is the natural numbers can be reduced to one in weak-head normal form
(so to zero or a successor). Second, we will follow Tait’s computability method [12,13] and
devise computability predicates on typed expressions in name contexts and corresponding
computability relations (to interpret judgmental equality). These computability predicates are
indexed by the list of free name variables of the involved expressions and should be such that
substitution induces a cubical set structure on them. This poses a major difficulty given that the
reduction relation is in general not closed under name substitutions. A solution is to require
for computability that reduction should behave “coherently” with substitution: simplified,
reducing an expression and then substituting should be related, by the computability relation,
to first substituting and then reducing. A similar condition appeared independently in the
Computational Higher Type Theory of Angiuli et al. [4,5] and Angiuli and Harper [3] who
work in an untyped setting; they achieve similar results but for a theory not encompassing
the Univalence Axiom.

In a way, our technique can be considered as a presheaf extension of the computability
argument given in [1,2]; the latter being an adaption of the former using a typed reduction
relation instead. A similar extension of this technique has been used to show the independence
of Markov’s principle in type theory [8].

The rest of the paper is organized as follows. In Sect. 2 we introduce the typed reduction
relation. Section 3 defines the computability predicates and relations and shows their impor-
tant properties. In Sect. 4 we show that cubical type theory is sound w.r.t. the computability
predicates; this entails canonicity. Section 5 sketches how to adapt the computability argu-
ment for the system extended with the circle and propositional truncation, and we deduce an
existence property for existentials defined as truncated X -types. We conclude by summariz-
ing and listing further work in the last section. We assume that the reader is familiar with
cubical type theory as given in [7]. The present paper is part of the author’s PhD thesis [11].

2 Reduction

In this section we give an operational semantics for cubical type theory in the form of a typed
and deterministic weak-head reduction. Below we will introduce the relations I - A > B
and I - u > v : A. These relations are deterministic in the following sense: if ' = A > B
and I' = A > C, then B and C are equal as expressions (i.e., up to «-equivalence); and, if
I''u>v:Aand I' - u > w : B, then v and w are equal as expressions. Moreover,
these relations entail judgmental equality, i.e.,if ' = A > B,then I’ - A = B, and if
I'u>=v:Athenl"+~u=v:A.

For a context I" -, a I'-introduced expression is an expression whose outer form is an
introduction, so one of the form

0,Su,N,Ax: Au,(x: A) — B, (u,v), (x : A) x B, U, (i)u,PathAu v,
[o1 t1, .. n tal, Qlue [p — t]a, Glue[p — (T, w)] A,

where we require ¢ # 1 mod I" (which we from now on write as I" = ¢ # 1 : F) for the
latter two cases, and in the case of a system (third to last) we require I" - ¢ V- - -V, = 1: F
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but I" = ¢ # 1 : T for each k. In case I" only contains object and interval variable
declarations (and no restrictions A, ) we simply refer to I"-introduced as introduced. In
such a context, I' - ¢ = ¢ : [F iff ¢ = 1/ as elements of the face lattice IF; since I satisfies
the disjunction property, i.e.,

oVy=1=>¢=1 or y=1,

a system as above will never be introduced in such a context without restrictions. We call an
expression non-introduced if it is not introduced and abbreviate this as “n.i.” (often this is
referred to as neutral or non-canonical). A I"-introduced expression is normal w.r.t. I" - > -
and I - > -1 A.

We will now give the definition of the reduction relation starting with the rules concerning
basic type theory.

I'Fus>=v:A I'A=B
I'tu>v:B

I''x:NFC T'Fz:C(x/0) TI'kFs:(x:N)—C— C(x/Sx)
I' =natrecOzs > z: C(x/0)

I't:N
INx:NFC T'kFz:Cx/0) TI'kFs:(x:N)—C— C(x/Sx)

I' = natrec (St)zs = st (natrectzs) : C(x/Sr)

'Ft>1t:N
'x:NFC I'kz:C(x/0) 'kFs:(x:N)—C— C(x/Sx)

' natrectzs > natrect’ zs : C(x/t))

F'x:A+t:B T Fu:A 'Ft>=t:x:A) =B Tlu:A
' @Qx:Atu>t(x/u): B(x/u) I'btus>tu:B(x/u)
I''x:AFB TI'Fu:A T'Fv:Bx/u) FHt>t:(x:A) xB
'F@@v).l>u:A 'Htls>=t.1:4
x:A+B TFu:A TFv:Bx/u) 'kFt>t:(x:A) xB
'k (u,v).2 >v:B(x/u) FEt2>1t.2:Bx/t.1)

Note, natrect z s is not considered as an application (opposed to the presentation in [7]);

also the order of the arguments is different to have the main premise as first argument.
Next, we give the reduction rules for Path-types. Note, that like for IT-types, there is no

n-reduction or expansion, and also there is no reduction for the end-points of a path.

I'HA ri:l+¢t:A '—r:1 I'Ft>=t:PathAuv 'kr:1
F'Eit)yr =t(i/r): A F'Ftr>tr:A

The next rules concern reductions for Glue.
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''tA T,o+T Teortw:EQUVTIA TI'bFe=1:F
I't+Glue[p— (T,w)]A =T

Netw:EquvT A Tekt:T T'bFa:Alp—>wlt] T'Fe=1:F
I'tqgluelp—>rtla=t:T

NeFw:EqQuvT A Tett:T T'tFa:Alp—>wlt] T'Fe#1:F
I' - unglue ¢ — w](glue[p — tla) =a: A

eFw:EquvT A T'Fu:Gluefp— (T,w)]A T'Fe=1:F
I' Fungluefp — wlu > w.lu: A

Fu>u :Gluefpr— (T,w)]A T'kFe#1:F
I - unglue ¢ — w]u > unglue[p — wlu': A

Note that in [7] the annotation [¢ — w] of unglue was left implicit. The rules for systems
are given by:

'eiv---vo,=1:F T,¢FA (1<i<n)
Foinpj A =A; (1<i,j<n) kminimalwithl"F¢=1:TF
I'Fle1 AL, ..o 00 Anl > Ag

rteprv---veg,=1:TF I'HA oibti: A1 <i<n)
FoinepjEti=tj:A(1<i,j<n) k minimal with I’ =g = 1: F

I'FHleirt,...,ontyl =t A

The reduction rules for the universe are:

I'-A>B:U
I'A>B

Fr'cA:U Te+T:U ToFw:EQUVTA TI'kFg=1:F
I'+~Gluelg— (T,w)]A>~T:U

Finally, the reduction rules for compositions are given as follows.

ri:I-A>=B I'kFoe:F Fe,i:TFu:A I'Fug: AG0)[@ — u(i0)]
I'+comp’ Alg — ulug > comp’ Bl — ulug: B(il)

'te:F Tei:TFu:N e, i:ITFu=0:N
I't+comp'N[g — u]0>0:N

I'e:F Tei:TFu:N  e,i:TFw:N
e, i:IFu=Sw:N TI'tuy:N TI,¢oFu@i@0) =Suy:N

I +comp’ N[¢ — u] (Sug) > S(comp’ N[¢ — predu]ug) : N
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Here pred is the usual predecessor function defined using natrec.!
'e:F Iei:TFu:N  TI'Fug:Ne+— u@0)] IFug>=vo:N
' +comp’ N[¢ — ulug > comp’ N[¢ — u]vg : N

I'ke:F ri:I1+-A ri:Ix:A+B
e,i:lFu:(x:A)—- B T'Fug:((x:A) — B)(I0)[p — u(i0)]
It comp’ ((x: A) — B) ¢ — ulug >
Ay @ A(il).comp’ B(x/y) [ — uy](uo y(@0)) : (x : A@il)) — B(il)
where y' =filll AG/1 —i)[]yandy = y'(i/1 —i)

'ke:F ri:I-A ri:ILx:A+B
e,i:IFu:(x:A)xB I'Fug:((x:A) x B)(Ii0)[p +— u(i0)]
I'+comp’ ((x : A) x B) [¢ — ulug >
(v(i1), comp’ B(x/v) [¢ — u.2] (u9.2)) : (x : A(i1)) x B(il)
where v = fill A [@ — u.1] (ug.1)

'te:F TIi:IFA ri:l+~v:A ri:l+tw:A
Iei:TFu:PathAvw I Fug:Path AG0) v(i0) w(i0)[¢ — u(i0)]
I' - comp’ (Path Avw) [¢ — ulug >
(yecomp' A[(j=0) > v, (j=1) > w, @ ujluoj):PathAG) v w(il)

ri:I+A ri:lFe:F ri:l-e#1:F ri:Le=T
ri:Logrw:EQuvTA T'ky:F  y,i:Iu:Gluelp— (T,w)] A
'~ ug: (Glue[p — (T, w)] A)E0)[Y — u(i0)]
I' +comp’ (Glue[¢ — (T, w)] A) [V — ulug >
glue[p(il) — t1]a; : (Glue[p — (T, w)] A)(i1)

Here a; and ¢, are defined like in [7], i.e., given by

a = unglue [¢ —> w]u ri:Ly
ap = unglue [¢@i0) — w(@0)]ug r
§=Vig r
aj = comp’ A [y — alag r
t; =comp' T [y > u]ug r,s
w=pres w[y — ulug r,s
(t1, ) = equivw(il) [6 — (t{, w), ¥ — (u(@l), (j)ai)]ai I, o(il)
a; = comp’ A1) [p(i1) — a j, ¥ — a(i)]d] r

where we indicated the intended context on the right.
'te:F Tei:TFu:U  T'Fug:Ulp — u@0)]
I+ Compi Ulg — ulug > Glue[p — (u(@il), equivi u(@/1 —1i))Jug : U

! This trick allows us that we never have to reduce in the system of a composition when defining composition
for natural numbers, which also gives that reduction over I" never refers to reduction in a restricted context
I, ¢ (given that I' is not restricted). If we would instead directly require u above to be of the form Su’, we
would have to explain reductions for systems like [(i = 0) (St), (i = 1) (St’)] and more generally how
reduction and systems interact.
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178 S. Huber

Here equivi is defined as in [7]. This concludes the definition of the reduction relation.

For I' = A we write Al if there is B such that I" = A > B; in this case B is uniquely
determined by A and we denote B by A| j; if A is normal we set A| - to be A. Similarly
forI'+u: A, u!? and uiﬁ. Note that if a term or type has a reduct it is non-introduced.
We usually drop the subscripts and sometimes also superscripts since they can be inferred.

From now on we will mainly consider contexts /, J, K, ... only built from dimension
name declarations; so such a context is of the form iy : I, ..., i, : Iforn > 0. We sometimes
write 1, i for I,i : 1. Substitutions between such contexts will be denoted by f, g, &, .. ..
The resulting category with such name contexts / as objects and substitutions f: J — [ is
reminiscent of the category of cubes as defined in [7, Section 8.1] with the difference that the
names in a contexts / are ordered and not sets. This difference is not crucial for the definition
of computability predicates in the next section but it simplifies notations. (Note that if I is a
permutation of 7, then the substitution assigning to each name in / itself is an isomorphism
I'"— I)Wewriter e I[(I)if IFr:I,and g € F(I)if I - ¢ : F.

Note that in general reductions / - A > BorI - u > v : A are not closed under
substitutions f: J — [.Forexample,ifuisasystem[(i = 0)uy, lus],theni -u > us: A
(assuming everything is well typed), but - u(i0) > u(i0) : A({0)andu, up mightbe chosen
that #1(i0) and u>(i0) are judgmentally equal but not syntactically (and even normal by
considering two A-abstractions where the body is not syntactically but judgmentally equal).
Another example is when u is unglue [¢p — w](glue[¢ — t]a) with ¢ # 1 and with
f:J — I such that ¢f = 1; then u reduces to a, but uf reduces to wf.1 (glue [¢pf >
tflaf) which is in general not syntactically equal to af.

Wewrite/ - A >s Band I - u >g v : Aiftherespective reduction is closed under name
substitutions. Thatis, I - A >g B whenever J - Af > Bf forall f: J — I. Note that in
the above definition, all the rules which do not have a premise with a negated equation in
and which do not have a premise referring to another reduction are closed under substitution.

3 Computability Predicates

In this section we define computability predicates and establish the properties we need for
the proof of Soundness in the next section. We will define when a type is computable or
forced, written I |-, A, when two types are forced equal, / -y A = B, when an element is
computable or forced, / I-¢ u : A, and when two elements are forced equal, 7 I, u = v : A.
Here ¢ is the level which is either O or 1, the former indicating smallness.

The definition is given as follows: by main recursion on £ (that is, we define “IFo” before
“I1”) we define by induction—-recursion [9]

Il A

Ity A=B

ITlhou:A by recursion on I I, A
IlFpu=v:A by recursionon / I, A

where the former two are mutually defined by induction, and the latter two mutually by
recursion on the derivation of I |-, A. Formally, / |-y A and I |-, A = B are witnessed
by derivations for which we don’t introduce notations since the definitions of 7 Iy u : A
and / IFp u = v : A don’t depend on the derivation of / I, A. Each such derivation has a
height as an ordinal, and often we will employ induction not only on the structure of such a
derivation but on its height.
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Note that the arguments and definitions can be adapted to a hierarchy of universes by
allowing ¢ to range over a (strict) well-founded poset.

We write I Iy A = B for the conjunction of I Iy A, I |-, B,and I I-; A = B. For
¢ € F(I) we write f: J — I, ¢ for f: J — I with ¢f = 1, furthermore we write

Lol A for Vf:J—>1Lo(JlF  Af)&I, o+ A,
I,olFy A=B for Vf:J—>I1Lo(JlFeAf =Bf)&l, o+ A =B,
Lolu:A for Vf:J—>1LoJlFeuf:Af)&l,pbFu:A,

LolFpu=v:A for Vf:J—->Lo(JlFpuf=vf:A)&l,oru=v:A

Where the last two abbreviations need suitable premises to make sense. Note that 7, 1 I-, A is
apriori stronger than / |-, A; that these notions are equivalent follows from the Monotonicity
Lemma below. Moreover, the definition is such that / = _# whenever I |-, ¢ (where ¢ is
any judgment form); it is shown in Remark 4 that the condition /, ¢ = _# in the definition
of I, ¢ Iy _# is actually not needed and follows from the other.

I IF¢ A |assuming I - A (i.e., the rules below all have a suppressed premise / - A).

N-C
I'lFy N

L1k A IL,x:AEB Vf:J—=IVu(Jlrpu:Af = J ke B(f, x/u))
Vi:J— INu,v(JIFpu=v:Af = J Iy B(f, x/u) = B(f, x/v))

PI-C
Iy (x:A) — B
L1k A I,x:AFB Vf:J—=IVu(Jlrpu:Af = J Iy B(f, x/u))
Vf:J— INu,v(JIFpu=v:Af = J Ik B(f,x/u) = B(f, x/v)) se
1-

Il (x:A) xB

I,IH—[A I”—ga()ZA I”—galiA
I ¢ Path A ag a;

PA-C

l1£peFU) I 1A
I,olkg EQUVT A  I,olky w:EquivT A I,¢|FgGlue[<p»—>(T,w)]AG

I Glue[p — (T, w)] A

L-C

Ani. Vf:J > I(Af!1&J g Af))
Vf:J— IVg: K Kl A = A
U f:J—>IVg: K - J(K g Aflg fgL)N_C
I+ U Il A

Note, that the rule GL-C above is not circular, as for any f: J — I, ¢ we have ¢f =1
and so (Glue [¢ — (T, w)] A) f is non-introduced.
assuming / -y A, I |-, B,and I = A = B (i.e., each rule below has the
suppressed premises I Iy A, I I, B,and I - A = B).
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180 S. Huber

———F N-E
I'lFg N=N
I,1IF, A=A
I,x:AFB=BVf:J— INu(Jlrpu:Af = J I B(f,x/u) = B'(f, x/u)) bLE
I-
IFe(x:A) > B=x:A)— B

I1IF, A=A
I,x:AFB=BVf:J— INu(JIFgu:Af = J I~y B(f, x/u) = B'(f, x/u)) SLE
I-
Il (x:A)xB=(x:A)x B

I,L1lFg A=B IlFgag=0by: A IlFpay=by: A
I Ik Path A aga; = Path B by by

PA-E

l#£pelFWI, 1 A=A I,¢l- EqQuivT A=EquivT’ A’
Iolkpw=w :EqQUivTA I,¢l Glue[p — (T,w)]A = Glue[p — (T', w)] A’

I+ Glue[p — (T, w)] A = Glue[p — (T', w)] A’

GL-E

v AorBni.  Vf:J—> 10l AfL=Bf1)
IHU=U Ik A=B

I-E

I u : A by induction on [ I, A‘ assuming / + u : A. We distinguish cases on the
derivation of I I, A.

Case N-C
uni. Vf:J > TufN&JIFouf N N)
IlFeu:N Vi:J—> INg: K — J(K e uf{Ng =ufgiN:N)
I'lFpO:N Il Su:N I'lFgu:N
Case PI-C

Vf:J—> IVu(JlFpu:Af = JIFg wfu: B(f, x/u))
Vi:J = INu,v(JIrpu=v:Af = JIpwfu=wfv:B(f x/u))
IFpw:(x:A)—> B

Case SI1-C

IFoul:A IlFpu2: B(x/u.l)
IVou:(x:A)xB

Case PA-C

Vf:J— INr e l(J)J IFeufr: Af) IFouO=aqap: A IFpul=a:A
Ilkp u: Path Aaga
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Case GL-C
I,olFgu:Glue[p — (T, w)] A
Vi:Jd— IVu'(J,of IFw' =wf:EqQUivTf Af =
J - unglue [pf +— w'luf = unglue[pf — wfluf : Af)
Ileu:Gluelp— (T,w)] A

Later we will see that from the premises of GL-C we get I IF w = w : Equiv T A, and the
second premise above implies in particular / I unglue [¢ — w]u : A; the quantification

over other possible equivalences is there to ensure invariance for the annotation.
Case U-C

Il A
I'lFi A:U
Case NI-C

Vi:Jd = I(J bouf: Af])
IH‘[MZA

’I IF¢ u = v : A by induction on [ I, A‘ assuming [ Fpu : A, IlFpv:Ayand I Fu =
v : A. (L.e., each of the rules below has the suppressed premises [ IFp u : A, I I, v : A, and
I+ u = v : A, but they are not arguments to the definition of the predicate. This is subtle
since in, e.g., the rule for pairs we only know 7 |-y v.2 : B(x/v.1)not [ Iy v.2 : B(x/u.1).)
We distinguish cases on the derivation of 7 I, A.

Case N-C

Ileu=v:N worvni. VFU IeufiN=0vfIN:N)
IlFp0=0:N I'lFp Su=Sv:N I'Fpu=v:N
Case PI-C

Vi:J — IVu(Jlrpu: Af = J kg wfu=w fu: B(f x/u))
IFpw=w:(x:A) — B

Case SI1-C
IFpul=v1:A [Il;u2=v2:Bx/u.l)
IFpu=v:(x:A)xB
Case PA-C
Vi:J = INr e l()J IFgufr=vfr:Af)
IlFpu=v: PathAaoal
Case GL-C

IL,olkgu=v:Gluelp — (T,w)] A
1,11y unglue[¢ — wlu = unglue[p — wlv: A

I'Fou=v:Glue[p — (T,w)] A
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Case U-C
IlFo A=B
I A=B:U

Case NI-C

Vi J = I(JIFpuf =vf 1 Af)
IFeu=v:A

Note that the definition is such that I |- A = B implies [ Iy A and I I, B; and,
likewise, I IFpu =v:Agives I lFpu:Aand I -, v: A.

Remark 1 1. In the rule NI-E and the rule for 7 Iy, u = v : N in case u or v are non-
introduced we suppressed the premise that the reference to “|” is actually well defined;
it is easily seen that if I I+, A, then A| is well defined, and similarly for I Ik, u : N,
u¢N is well defined.

2. It follows from the substitution lemma below that / I, A whenever A is non-introduced
and I - A >g B with I I, B. (Cf. also the Expansion Lemma below.)

3. Note that once we also have proven transitivity, symmetry, and monotonicity, the last
premise of NI-C in the definition of / |-, A (and similarly in the rule for non-introduced
naturals) can be restated as J |-y Af| = Al f forall f: J — I.

Lemma 1 The computability predicates are independent of the derivation, i.e., if we have
two derivations trees dy and dy of I k¢ A, then

IV u: A TFPu: A, and
III—Z‘u:v:A<:>IH—Zzu=v:A
where H—‘éi refers to the predicate induced by d;.

Proof By main induction on £ and a side induction on the derivations d; and d5. Since the
definition of 7 Ik, A is syntax directed both d; and d> are derived by the same rule. The
claim thus follows from the TH. m]

Lemma?2 1. IfI Iy A, then I - A and:

@ IlFpu:A=1Iku:A,
® IFpu=v:A=>IFu=v:A.

2. IfI'lFy A= B, then [ - A = B.
Lemma3 1. If] Ik A, then:

(a Ik A
® IlFpu: A IlFu:A
© IlFpu=v:AsIllFfu=v:A

2. IfIFo A= B, thenl -1 A =B.
Proof By simultaneous inductionon / I-g A and I IFg A = B. O

We will write I I A if there is a derivation of / I, A for some £; etc. Such derivations will
be ordered lexicographically, i.e., I Iy A derivations are ordered before I || A derivations.
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Lemmad4 1. IIFH A= ITIFH, A=A
2. 1lFp A&lFpu:A=>1Tlpu=u:A

Proof Simultaneously, by induction on ¢ and side induction on I I, A. In the case GL-C,
to see (2), note that from the assumption [ I+ u : B with B being Glue [¢p — (T, w)] A we
get in particular

I,olFw=w:EquivT A = I |- unglue[¢ — w]u = unglue ¢ —> wlu : A.

But by IH, the premise follows from 7, ¢ IF w : EqQuiv T A; moreover, I, ¢ I u = u : B is
immediate by IH, showing I - u = u : B. O

Lemma 5 (Monotonicity/Substitution) For f: J — I we have

1. I'lFp A= J I Af,

2.1k A=B = J I~ Af = Bf,

3. I A&IlFpu: A= JlFuf: Af,

4. Il A&Ipu=v: A= Jlrouf =vf: Af.

Moreover; the respective heights of the derivations don’t increase.
Proof By induction on £ and side inductionon / Iy A and I |-, A = B. The definition of

computability predicates and relations is lead such that this proof is immediate. For instance,
note for (1) in the case GL-C, i.e.,

L £9eF(I) L1l A
Lol EQUVT A Lol w:EquivT A 1,9l Glue[p — (T, w)] A
I ¢ Glue[p s (T, w)] A

GL-C

we distinguish cases: if ¢f = 1, then J Ik, Glue[pf — (Tf, wf)] Af by the premise
I, ¢ k¢ Glue[p — (T, w)] A;in case ¢f # 1 we can use the same rule again. O

Lemma6 1. IFA=1TIFA|

IFWA=B=1IFA] =B
IFA&IFu:A=1IFu: Al
IFA&ITIFu=v:A=ITlFu=v:A]
IFu:N=TlFul:N

IFu=v:N=TITlFul=v|{:N

Moreover; the respective heights of the derivations don’t increase.

AR

Proof (1) By induction on I I A. All cases were A is an introduction are immediate since
then A| is A. It only remains the case NI-C:

A n.i.
Vi:J—> I(Af1&JIFAf)) Vf:J—> IVg: K — J(KIF Aflg= Afgl) e

II-A '

We have I |- A as this is one of the premises.

(5) By induction on 7 IF u : N similarly to the last paragraph.

(2) By induction on I |- A = B. The only case where a reduct may happen is NI-E, in
which I IF A| = B/ is a premise. Similar for (6).

(3) and (4): By induction on I I A, where the only interesting case is NI-C, in which
what we have to show holds by definition. O
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Lemma7 1. IfI |- A= B, then

@ IFu:As ITlFu:B, and
® IFu=v:AsIlFu=v:B.

2.I1FA=B&IIFB=C=1IFA=C
3. Given I IF A we get

INu=v:A&lIlFv=w:A=TlFu=w:A.

4. IWA=B=I1IFB=A
5 1IFA&IFu=v:A=IlFv=u:A

Proof We prove the statement for “I,”” instead of “I-” by main induction on £ (i.e., we prove
the statement for “I-¢” before the statement for “I-;”); the statement for “I” follows then
from Lemma 3.

Simultaneously by threefold inductionon 7 Iy A, I Iy B, and I I+, C. (Alternatively
by induction on the (natural) sum of the heights of I Iy A, I I, B, and I I+, C; we only
need to be able to apply the IH if the complexity of at least one derivation decreases and the
others won’t increase.) In the proof below we will omit £ to simplify notation, except in cases
where the level matters.

(1) By distinguishing cases on / |- A = B. We only give the argument for (1a) as (1b) is
very similar except in case GL-E. The cases N-E and U-E are trivial.

Case PI-E Let I IF w : (x : A) — B and we show I I w : (x : A’) - B’. For
f:J —>TletJIFu:Af;thenbyIH (since J I Af = A'f)we get J IFu : Af, and
thus J IF wfu : B(f, x/u); again by IH we obtain J I+ wf u : B'(f, x/u). Now assume
JIFu=v:Af;sobyIH, JIFu=v:Af,andthus J IF wfu = wfv: B(f, x/u).
Again by TH, we conclude J I+ wf u = wf v : B'(f, x/u). Thus we have proved I I+ w :
x:A)— B.

Case SI-E Let I IF w : (x : A) x Band we show I |- w : (x : A) x B’. We have
I'Fwl:Aand/ IF w2 : B(x/w.1). Soby IH, I I w.1 : A’; moreover, we have
Ik B(x/w.1) = B'(x/w.1); so, again by IH, we conclude with I I+ w.2 : B'(x/w.1).

CasePA-E Let] I+ u : Path Aaga; andweshow I I+ u : Path Bbgb;.Given f: J — I
andr € F(J) wehave J - ufr: Af and thus J IF uf r : Bf by IH. We have to check that
the endpoints match: 7 I+ u 0 = ag : A by assumption; moreover, I |- ag = bg : A, so by
TH@3), I IFu0=bg: A, thus again using the IH, I IF u 0 = by : B.

Case GL-E Abbreviate Glue [¢ — (T, w)] A by D, and Glue [¢ — (T', w’)] A’ by D'.

(layLetI lFu: D,ie., I,¢lFu: D and

J I-unglue [pf — w”luf = unglue [pf — wfluf : Af (1)

whenever f:J — [ and J,¢of IF w” = wf : EquivTf Af. Directly by IH we obtain
I,o Ik u: D .Nowlet f: J — [and J,of I w’ = w'f : EquivT'f A’ f; by IH,
also J,of I w” = w'f : EquivTf Af. Moreover, we have J, of |- wf = w'f :
Equiv Tf Af, hence (1) gives (together with symmetry and transitivity, applicable by IH)

J I-unglue [¢f — w”luf = unglue [¢pf — wfluf : Af, and
J IFunglue [¢of — w' fluf = unglue[pf — wfluf : Af.

Hence, transitivity and symmetry (which we can apply by IH) give that the above left-hand
sides are forced equal of type Af, applying the IH(1b) gives that they are forced equal of
type A’ f,and thus I |- u : D'
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(Ib)Let I lFu=v: D,sowehave I, ¢ IFu =v: D and
I - unglue[¢p — w]lu = unglue[p — wlv: A 2)

ByIH,wegetl,¢l-u=v: D fromI,¢l-u =v: D.Note that we also have I |- u : D
and / |- v : D, and thus

I I-unglue [¢ — w]u = unglue[p — w']u: A, and
I I-unglue [¢ — w]v =unglue[¢p — w'lv: A

and thus with (2) and transitivity and symmetry (which we can apply by IH) we obtain
I I unglue [p — w'lu = unglue [¢ — w']v : A, hence also at type A’ by TH. Therefore
weproved [ lFu=v:D.

Case NI-E Let I I+ u : A; we have to show I IFu : B.

Subcase B is non-introduced. Then we have to show J I uf : Bf | for f: J — I. We
have J IF Af| = Bf] and since I/ IF B is non-introduced, the derivation J I+ Bf is
shorter than I I+ B, and the derivation J I+ Af] is not higher than 7 I A by Lemma 6.
Moreover, also J |- uf : Af so by Lemma 6 (3) we get J I uf : Af|, and hence by IH,
JI-uf:Bf].

Subcase B is introduced. We have I IFu : A} and I - A} = B but B is B, and
I |- A has a shorter derivation than 7 I A, so I I+ u : B by IH.

(2) Let us first handle the cases where A, B, or C is non-introduced. It is enough to show
JIFAf] = Cf| (f A and C are both introduced, this entails I I- A = C for f the identity).
We have J I Af| = Bf| and J IF Bf| = Cf|. None of the respective derivations get
higher (by Lemma 6) but one gets shorter since one of the types is non-introduced. Thus the
claim follows by IH.

It remains to look at the cases where all are introduced; in this case both equalities have
to be derived by the same rule. We distinguish cases on the rule.

Case N-E Trivial. Case SI-E. Similar to PI-E below. Case PA-E and GL-E. Use the IH.
Case U-E. Trivial.

Case PI-E Let use write A as (x : A’) — A” and similar for B and C. We have I I+ A’ =
B'and I I+ B"=C’,andsoby IH,we get I IF A’ = C';for J |- u : A’ f where f: J — Iit
remains to be shown that J I A”(f, x/u) = C”(f, x/u). By IH, we also have J |- u : B’ f,
so we have

JI-A"(f.x/u) = B"(f.x/u) and J I B"(f.x/u) = C"(f, x/u)

and can conclude by the IH.

(3) By cases on [ |- A. All cases follow immediately using the IH, except for N-C and
U-C. In case N-C, we show transitivity by a side induction on the (natural) sum of the height
of the derivations I IFu = v : Nand I IF v = w : N. If one of u,v, or w is non-introduced,
we get that one of the derivations J IF uf] = vf] : Nand J IF vf| = wf] : Nis
shorter (and the other doesn’t get higher), so by SIH, J I uf] = wf| : N which entails
IFu=w:N.Otherwise, I Fu =v :Nand I I v=w : N have to be derived with the
same rule and I |- u = w : N easily follows (using the SIH in the successor case).

In case U-C,wehave I IFj u = v :Uand I Ik v =w : U,ie, I kg u = v and
I ko v = w. We want to show 7 |-y u = w : U, ie., I IFp u = w. But by TH(¢), we
can already assume the lemma is proven for £ = 0, hence can use transitivity and deduce
IlFou=w.

The proofs of (4) and (5) are by distinguishing cases and are straightforward. O
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Remark 2 Now that we have established transitivity, proving computability for /7-types can
also be achieved as follows. Given we have / |- (x : A) — B and derivations / - w :
x:A) - B, I+w :(x:A) — B,andI - w =w : (x : A) - B, then
IlFw=w:(x:A) — B whenever we have

Vi:Jd = IVu,v(JIFu=v:Af = JIFwfu=wfv:B(f x/u)).

(In particular, this gives I IFw : (x : A) > Band I IFw’: (x : A) - B.)
Likewise, given [ - (x : A) > B, I - (x: A’) > B',and I + (x : A) > B = (x :
Ay — B',wegetll-(x:A)— B=(x:A")—> B whenever I I A= A" and

Vf:J— IVu,v(J IFu=v:Af = JI- B(f,x/u) = B'(f, x/v)).

Lemma8 1. IFA=1IFA=A]
2.IlFu:N=>TFu=ul:N

Proof (1) We already proved I I+ A} in Lemma 6 (1). By induction on 7 | A. All cases
where A is an introduction are immediate since then A, is A. It only remains the case NI-C:

Ani.
Vi:J —> I(Af1&JIFAf]) Vf:J—>IVg: K —> J(KIFAflg=Afgl) NiC
I-

1A

Wenow show I IF A = A ;since A is non-introduced we have toshow J |- Af | = (A} f)]
for f: J — I.I I A} has a shorter derivation than 7 I A, thus so has J I A f; hence by
IH,JIFAlf=(Alf)].Wealsohave J I A| f = Af] by definition of I |- A, and thus
we obtain J IF Af| = (A} f)! using symmetry and transitivity.

(2) Similar, by induction on 7 IF u : N. O

Lemma 9 (Expansion Lemma) Let I -y Aand I & u : A; then:

Viod = Tuf™ &JlkpuflA - Af) Vf:J—> I bpufl =ulf:Af)
I'Fou:A&lIlFpu=ul:A

In particular, if [ Fu >sv:Aand I \Fgv: A thenllFpu:Aand I g u=v:A.

Proof By induction on I |- A. We will omit the level annotation £ whenever it is inessential.

Case N-C. We have to show K |- uf g =ufgl :Nfor f: J - Tandg: K — J; we
have J IFuf| =ulf :N,thus K - uf|g =ul fg : N. Moreover, K IFu| fg =ufgl :
N by assumption, and thus by transitivity K |+ uflg = ul fg = ufgl : N. (Likewise one
shows that the data in the premise of the lemma is closed under substitution.)

I - u =u| : Nholds by Lemma 6 (2).

Case PI-C. First, let J IFa : Af for f: J — I. We have

KF@fag > (ufg)l (ag): B(fg,x/ag)

forg: K — J,and also K I+ (ufg)| (ag) : B(fg,x/ag) and we have the compatibility
condition

K- (ufa)gl = ((ufg)l) (ag) = (uflg) (ag)
=ufla)g= ufa)lg: B(fg x/ag),

sobyIH, J IFufa:B(f,x/a)and J IFufa=ufla: B(f x/a).Sincealso J I uf] =
ulf:((x:A)— B)fwealsogetJ IFufa=ulfa: B(f x/a).
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Nowif JIFa =b: Af,wealsohave J IFa : Af and J IF b : Af, so like above
wegetJIlFufa=ufla:B(f,x/a)and J IFufb=uflb: B(f,x/b) (and thus also
JIrufb=uflb:B(f x/a)). Moreover, J I-ufla=ufl|b: B(f, x/a)and hence we
can conclude J IF ufa = uf b : B(f, x/a) by transitivity and symmetry. Thus we showed
both/lFu:(x:A)— Band/Fu=ul:(x:A)— B.

Case SI-C. Clearly we have (u.1 )| = (uf]).1, J IF (ufl).1: Af, and

JIF@I)=@fl)l=@lf)l=wlDf=wDlf:Af

so the IH gives I I u.1 : Aand I IF u.l = (u}).1 : A. Likewise (u.2f)] = (ufl).2
and J IF (ufl).2 : B(f,x/uf|.1), hence also J I (uf|).2 : B(f,x/uf.1); as above
one shows J I (u.2f) = u.2} f : B(f, x/uf.1), applying the IH once more to obtain
I'lFu.2=ul.2:B(x/u.l)) which was what remained to be proven.
Case PA-C. Let us write Path A v w for the type and let f: J — I, r € I(J), and
g: K — J. We have
Kt (ufr)g > (ufg)l(rg): Afg

and K I (ufg)l (rg) : Afg; moreover,
KIF@ufr)gl=fg)l (rg) = wflg) (rg) = (ufir)g = wfrilg:Afg.
Thus by IH, J IFufr : Af and
JIFufr=uflr=ulfr:Af. 3)

Soweobtain I I u0 =ul0=v:Aand/ IFul = ull = w : A, and hence
I'lFu:PathAvw;IIFu=ul :Path Avw follows from (3).

Case GL-C. Abbreviate Glue [¢ — (T, w)] A by B. Note that we have ¢ # 1. First, we
claim thatforany f: J — I, JI-b: Bf,and J, of IFw' =wf : EQUiVTf Af,

J, of IFunglue [pf — w']b=w'.1b: Af. 4)
(In particular both sides are computable.) Indeed, for g: K — J with¢fg = 1 we have that
K - (unglue [¢of — w']b)g s w'g.1(bg) : Afg

and K I- w'g.1(bg) : Afgsince I, ¢ I B = T (which follows from Lemma 8 (1)). Thus
by IH (J I+ Af has a shorter derivation than I I+ B), K I (unglue[¢f — w'lb)g =
(w'.1b)g : Afg as claimed.

Next, let f: J — I such that ¢f = 1; then using the IH (J I Bf has a shorter
derivation than 7 I+ B), we get J I uf : Bf and J |- uf = uf] : Bf, and hence also
JIFuf =ulf:Bf (since J IFuf] =ul f: Bf). Thatis, we proved

IL,olFu:B and I,¢lFu=ul:B. )
We will now first show
J I unglue [pf — w'luf = (unglue [of — w'luf)l : Af 6)

forand f: J — I and J, ¢f IF w' = wf : EqQuivTf Af. We can assume that w.l.o.g.
of # l,since if of = 1, J IF uf : Bf by (5), and (6) follows from (4) noting that its
right-hand side is the reduct. We will use the IH to show (6), so let us analyze the reduct:

/ | w'g. D) (ufg) ifpfg =1,
(unglue [of — w'luf)gl = unglue [of > w'g] (ufel) otherwise. 7
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where g: K — J. In either case, the reduct is computable: in the first case, use (5) and
J IFw'.1: T — A together with the observation I, ¢ I B = T in the second case this
follows from J IF ufgl : Bfg. In order to apply the IH, it remains to verify

K IF (unglue [pf — w'luf)gl = (unglue[pf — w'luf)lg: Afg.
In case ¢fg # 1, we have
K Ik unglue[pfg = w'gl (ufgl)
= unglue [¢fg — wfg] (ufgl) since K IF ufgl : Bfg

= unglue[¢fg — wfgl (uflg) since K IFufgl =uflg: Bfg
= unglue [pfg — w'gl (uflg) : Afg  since K I-uflg: Bfg

which is what we had to show in this case. In case ¢ fg = 1, we have to prove
K I- (w'g.1) (ufg) = unglue [of — w'gl(uflg): Afg. ®)
But by (5) we have K - ufg =ufgl =uflg: Bfg, so also
K- w'g.l) (ufg) = (w'g.1) (uflg) : Afs,
so (8) follows from (4) using J I+ uf | : Bf. This concludes the proof of (6).
As w’ could have been wf we also get
J - unglue[¢f — wfluf = (unglue[pf — wfluf)l : Af. 9)

In order to prove I I u : B it remains to check that the left-hand side of (6) is forced
equal to the left-hand side of (9); so we can simply check this for the respective right-hand
sides: in case ¢f = 1, these are w’.1uf and wf.1uf, respectively, and hence forced equal
since J I w’ = wf : EQUiVTf Af; in case ¢f # 1, we have to show

J I unglue [pf — w'] (ufl) = unglue [pf — wf](ufl): Af

which simply follows since J IF uf| : Bf.
In order to prove [ |- u = u| : B it remains to check

I I unglue [¢ — w]u = unglue[p — w](ul): A,

but this is (9) in the special case where f is the identity.

Case U-C. Let us write B for u. We havetoprove I I} B:Uand I |-y B = B : U, i.e,
I'lFo Band I -9 B = B].By Lemma 8 (1), it suffices to prove the former. For f: J — [
we have

JFBf>BflY:U
and hence also
J+ Bf > Bf|Y

i, Bf!, and Bf| is Bf|Y; since J IF; Bf} : U we have J kg Bf|, and likewise
J ko Bf] = B f. Moreover, if also g: K — J, we obtain K g Bfgl = Bl fg from
the assumption. Hence K |9 Bf|g = Bl fg = Bfgl, therefore I Iy B what we had to
show.

Case NI-C. Then I I+ A has a shorter derivation than 7 |- A; moreover, for f: J — [
we have J - uf > uf A : Af soalso J - uf > uf A : Al fsince J - Af = ALf.
By Lemma 6 (1), IF A=Al soalsoJ IFuf|:AlfandJIFuf] =ulf:Alf,and
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henceby IH, I Fu: Aland I IFu =ul : Al,soalso/ Fu:Aandl Fu=ul:A
using [ IF A = A again. O

4 Soundness

The aim of this section is to prove canonicity as stated in the introduction. We will do so
by showing that each computable instance of a judgment derived in cubical type theory is
computable (allowing free name variables)—this is the content of the Soundness Theorem
below.

We first extend the computability predicates to contexts and substitutions.

assuming I" .

T i¢dom(I") FT Thke:F
ko IFT,i:1 FT, ¢
T
VIVo(I ko :T = I[IF Ao) VIVo,t(IlFo=1:T = I IF Ao = A7) x ¢ dom(I")
FT,x: A

I|Fo : I |byinductionon I " assuming I -0 : I".

IFo: I reld) IlFo: ' g@go=1
IF(Q:0 I (o,i/r):T,i:1 IlFo:T e

Iro: T IlFu:Ac
Il (o,x/u): T x:A

IlFo =t :T |byinductionon I+ I",assuming I IFo : ', I -t :andI o =7:T.

IWo=7:I rell) IFo=1:T ¢o=¢pt=1
IFO0=0:¢ Il (o,i/r)y=(t,i/r):T,i:I IFo=1t:T,¢

IFo=t:I IlFu=v:Ao
Il (o,x/u)=(t,x/v): [,x:A

Wewrite [ IFr :Iforr e I(I),IIFr =5 :1forr =s € l(l), and likewise [ IF ¢ : F
forop e F(I), I IF ¢ = : F for ¢ = ¢ € F(I). In the next definition we allow A to be F
or [, and also correspondingly for a and b to range over interval and face lattice elements.
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Definition 1

= & =

I''=A=8B & I''FA=B&T = &
Vi,o,t(IllFro=t:I = 1+ Ao = BT)

r=A & I'FA&T A=A

I''=Ea=b:A & I'Fa=b:A&T'EA&
Vi,o,t(Illro=t:I =1\ ao =bt: Ao)

I'Ea:A & I'Fa:A&T'Ea=a:A

I'Eo=1:A & 'Fo=1:A&T"E &AE &
VI,§,y(IlFéd=y : I =1lFod=1ty:A)

I'=Eo: A & I'Fo:A&l'=o0=0:A

Remark 3 1. Foreach I wehave IF I,and J IFo : [iffo: J — I;likewise, J I+ o0 =
t:liffo =r.

2. For computability of contexts and substitutions monotonicity and partial equivalence
properties hold analogous to computability of types and terms.

3. GivenlF I'and I IFo =t : ', thenforany I F ¢ : F we get po = ¢t € F(I) since
@o and ¢t only depend on the name assignments of o and 7 which have to agree by
I'Fo=t:I. Similarly for I' -r : L.

4. The definition of “E" slightly deviates from the approach we had in the definition of
“IF” as, say, I' |= A is defined in terms of I" = A = A. Note that by the properties we
already established about “IF” we get that ' = A = B implies ' = Aand I" = B
(given we know I = A and I" F B, respectively); and, likewise, I" =a = b : A entails
I''Ea:Aand ' =b:A(given ' -a: Aand I' - b : A, respectively). Also, note
that in the definition of, say, I |= A, the condition

Vi,o,t(IlFo=1:I =1 Ao = A1)
implies
Vi,oc(llFo:T' =11 Ao).

In fact, we will often have to establish the latter condition first when showing the former.
5./ EA=BiffI[FrA=B,andl =a=b:AifflIl-FAand!lIFa =b: A; moreover,
given/ =Aand I, x: A+ B,thenl,x : A = B iff
Vf:J—> INu(JIFu:Af = JIF B(f,x/u)) &
Vf:J—> INu,v(JIFu=v:Af = JIF B(f,x/u) = B(f,x/v))
(Note that the second formula in the above display implies the first.) Thus the premises
of PI-C and SI-C are simply / = A and I,x : A = B. Also, I,¢ IF A = B iff
IL,oEA=B;andl,p=a=b:Aiff ,plFAand I,¢lFa=0b: A.
6. By Lemma7wegetthat ' =- =T E-=-:A,and " - = -: A are partial
equivalence relations.

Theorem 1 (Soundness) '+ ¢ = I' = ¢

The proof of the Soundness Theorem spans the rest of this section. We will mainly state and
prove congruence rules as the proof of the other rules are special cases.
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Lemma 10 The context formation rules are sound:

I'= i¢dom(I) I'=g¢:F I'=A x¢dom(I)
= ri:lE I ok I''x:AE
Proof Immediately by definition. O

Lemmall Given ' =, ’'tr: L, I'ts: L IT't@:F,and ' = : F we have:
I.I'kr=s:I=>TEr=s:1
2. T'rto=yv:F=TEFEep=¢y:TF

Proof (1) By virtue of Remark 3 (3) it is enough to show ro = so € (1) for I I- o : I". But
then by applying the substitution/ - o : I'weget! - ro = so : [,andthusro = so € (1)
since the context I does not contain restrictions. The proof of (2) is analogous. O

Lemma 12 The rule for type conversion is sound:

I'=a=b:A TI'EA=B
I''Ea=b:B

Proof Suppose I IF o =t : I'. By assumption we have I |- ac = bt : Ao. Moreover also
IlFo=0:I,s01lF Ao = Bo,and hence I I ac = bt : Bo by Lemma 7 which was

what we had to prove. O
Lemma 13
I'Eo=1t:4 AEA=B I'Eo=1t:4 AkEa=b:A
I' = Ao = Bt I' =Eao =bt: Ao

''Eo=1:A AEdé=y:~&
I'eEédo=yr: &

Proof ITmmediate by definition. O

Lemma 14 The rules for I1-types are sound:

I'eA=A" TI,x:A=B=B8

1.
I'=sEx:A)—->B=x:A)—> B
, TEA=A Ix:Api=1:B
"I'eEiax:At=ixx:A4 :(x:A) —> B
3 Fsew=w:x:A)—=B TIkEu=u:A
' '=Ewu=w'u:B(x/u)
4 I'x:AEt:B TI'kEu:A
"TEOx:ADu=t(x/u): B(x/u)
s Fr'ew:x:A)—>B TIEw:(x:A—>B INx:AFwx=wx:B

=sw=w:(x:A4A) — B
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Proof Abbreviate (x : A) — B by C. We will make use of Remark 2.

(1) It is enough to prove this in the case where I" is of the form 7, in which case this
directly follows by PI-E.

(2) Suppose I' = A = A"and I',x : A=t =1t : B;thisentails I',x : A = B.
Forl Fo =1t : T weshow I IF (Ax : At)o = (Ax : A'.t')t : Co. For this let
JIFu=v:Aocf where f: J — I.Thenalso J IFu=v: A'tf,

JEQOQx:At)ofu>st(of,x/u): B(of,x/u), and
JEQOQx: A )tfv>st'(tf, x/v) : B(xf, x/v).

Moreover, J I+ (of,x/u) = (tf,x/v) : I',x : A,and so J |- B(of,x/u) = B(tf, x/v)
and

JIFt(of, x/u) =t'(zf, x/v) : B(cf, x/u)
which gives
JIFOQx:Atofu=t(of,x/u): Blof, x/u), and
JIF(x A Ytfv="r(tf,x/v) : B(tf, x/v),
by applying the Expansion Lemma twice, and thus also
JIFOQx:Atofu= Qx:A.t)tfv: B(of x/u)

what we had to show.

B)ForllFo=1t:TwegetllFwo =wt:Coand! IFuoc =u't: Ac; so also
I - wo : Co, therefore I IF (wu)o = wo u't = (w' u')t : B(o, x/u).

4) Given I IF o =17 : A we get, likein (2), I IF (Ax : At)ouo = t(o,x/uo) :
B(o, x/uo) using the Expansion Lemma; moreover, I |- (o, x/uc) = (t,x/ut) : I, x : A,
hence

I'lF(x:At)ouo =t(o,x/uc) =t(t,x/ut): B(o, x/uc).

(5) Suppose I IF o0 =t : Tand J I u : Aof for f: J — I. We have to show
JIFwofu=wrtfu:B(of,x/u). We have

JIF(f,x/u)y=(tf,x/u): Lx: A
and thus, by the assumption I", x : A = wx = w' x : B, we get
JIFwx)(of, x/u) = W x)(zf, x/u) : B(of,x/u).
Since x does neither appear in w nor in w’ this was what we had to prove. O
Lemma 15 The rules for X-types are sound:

A=A T x:AEB=F
I=sx:A)xB=x:A)xB

Nx:AEB TIkEu=u:A TkEv=v:Bx/u
=@, v)=0,v):(x:A) xB

3 Nx:AEB TIkEFw=w:(x:A)xB
' Fr'Ewl=w.l1:A
Few2=w.2:Bx/w.l)
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4 I''x:A=EB TI'kEu:A TI'kEv:Blx/u)
’ e @wv).l=u:A
I' = (u,v).2=v:B(x/u)
I'x:A=EB T'Ew:(x:A)xB
F=sw :x:AxB TIEwl=w.l1l:A TI'kEw2=w2:Bx/w.l)

5.
F=sw=uw:(x:A) xB

Lemma 16 Given I, x : N = C we have:

| IFu:N TlFz:Cx/0) Ilks:(x:N)—C— C(kx/Sx)

I'l-natrecuzs: C(x/u)
II-natrecuzs = (natrecuzs)] : C(x/u)

IFu=u:N
5 IFz=7:Cx/0) IlFs=s:(x:N)— C— C(x/Sx)

!

I lFnatrecuzs =natrecu’ z's" : C(x/u)

Proof By simultaneous inductionon / |- u : Nand I IFu =u": N.

Case I I+ 0 : N. We have I + natrecOzs >g z : C(x/0) so (1) follows from the
Expansion Lemma.

Case I I 0 = 0 : N. (2) immediately follows from (1) and I I+ z = 7' : C(x/0).

Case I I Su : N from I IF u : N. We have

I +~natrec(Su)zs s su(natrecuzs) : C(x/Su)

and I Ik su (natrecu zs) : C(x/Su) by IH, and using that u and s are computable. Hence
we are done by the Expansion Lemma.

Case I - Su=Su' :Nfrom I IFu=u':N.(2)follows from (1)and I IFs =s": (x :
N) - C— C(x/Sx),IFu=u':N,and the IH.

Case I I+ u : N for u non-introduced. For f: J — I we have

J - (natrecu zs) f > natrec (uf ) zf sf : C(f, x/ufl).

Moreover, we have I |- uf| and I IF uf] = ul f : N with a shorter derivation (and thus
also J I C(f, x/ufl) = C(x/ul)f), hence by IH

JIFnatrec(uf|)zfsf : C(x/ul)f, and
J IFnatrec (uf|)zf sf = (natrec (ul)zs)f : C(x/ul)f,

which yields the claim by the Expansion Lemma.
Case I IFu = u’ : N for u or u’ non-introduced. We have

I IFnatrecuzs = natrec (ul)zs : C(x/u)

by either (1) (if u is non-introduced) or by reflexivity (if u# is an introduction); likewise for
u’. So with the IH for I |- u} = u’'] : N we obtain

I |- natrecu zs = natrec (ul) zs = natrec (u’}) 7’ s’ = natrecu’ 7' s’ : C(x/u)

what we had to show. ]

We write n for the numeral S"” 0 where n € N.
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Lemma 17 IfI - u : N, then I - u = n : N (and hence also I -+ u = n : N) for some
neN.

Proof By inductionon I I u : N. The cases for zero and successor are immediate. In case u
is non-introduced, then / I- u| = n for some n € N by IH. By Lemma 8 (2) and transitivity
we conclude I IFu =n : N. O

Lemma 18 7 I+ - = : Nisdiscrete, ie., if [ Fu :N, I'lFv:N,and J Ik uf = vg : N for
some f,g:J — I, then I lFu=v:N.

Proof By Lemma 17, we have I IF u = n : Nand I IF v = m : N for some n,m € N,
andthus J IFn =uf =vg =m : N,ie., JIFn=m :Nandhence n = m which yields
I'Fu=v:N. O

Lemma 19 The rules for Path-types are sound:

F=eA=A TkEu=u:A TkEv=1V:A
I' =PathAuv="PathA v

L.

F=A Ti:lEt=t:A
") = (i) :PathAr(G0)t(i1)

=sw=w:PathAuv TI'lk=r=r":1I
F'=wr=wr:A

I'=w:PathAuv
Fr'eEw0=u:A TI'kEwl=v:A

F'=A TIi:Tkt:A [gEe=r:1
F'E{i))r=tG/r): A
'=w:PathAuv TI'kEw :PathAuv TIi:lEwi=wi:A
'=sw=uw :PathAuv

Proof (1) Follows easily by definition.
(2)For I IF 0 = o’ : I" we have to show

IIF ((i)t)o = ({(i)t')o’ : Path Ao t(0,i/0) t (0, i/1). (10)
For f: J — Iandr € I(J) wehave J IF (o f,i/r) = (o' f,i/r) : I',i :Tand
JEWi)(of)r =st(of,i/r): Acf, and
JE) ' Hr =st'(0'fii/r): Ad'f,

and moreover J I-t(of,i/r) =t'(¢'f,i/r) : Aof and J IF Acf = Ac’f by assumption.
Hence the Expansion Lemma yields

JIFiyt)(of)yr =t(of,i/r): Acf, and
JIE @' Hr = (' fi/r): Ao,

in particular also, say J I+ ((i)t)o 0 = (0,i/0) : Ao and J I+ ((i})o’ 0 = t'(c”,i/0) =
t(o,i/0) : Ao. And hence (10) follows.
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(3) Supposing I IF o = o’ : I" we have to show I IF (wo) (ro) = (w'o’) (o) : Aoc.
We have I IF wo = w'o’ : Path Ao uo vo and ro = r’o’, hence the claim follows by
definition.

(4 Let I IF o = o’ : I'; we have to show, say, I I wo 0 = uo’ : Ao. First, we get
I - wo : Path Ao uo vo. Since I' = w : Path A u v we also have I' = Path A u v, hence

I I Path Ao uo vo = Path Ao’ uo’ vo'. (1D

Hence we also obtain I I wo : Path Ao’ uo’ vo’, andthus I I wo 0 = uo’ : Ac’.But (11)
also yields I I+ Ao = Ao’ by definition, so I IF wo 0 = uo’ : Ac what we had to show.
(5) Similar to (2) using the Expansion Lemma.
6)Forl o =0":I,f:J— I,andr € I(J),wehave J I+ (of,i/r) = (o' f,i/r):
I',i: 1, and thus

JIFwiof,i/r) =W i)c f,i/r): Acf. (12)
But(wi)(of,i/r)iswof r,and (w'i)(c’' f,i/r)isw'c’ f r,so (12)is what we had to show.
]

Lemma 20 Let ¢; e F(I) and o1 VvV ---V ¢, = 1.
L. Let 1, ;- Ajand 1, 0; N @) lbg Aj = Aj foralli, j; then

@ Ilrg o1 Ay, ..., 00 Apl, and
(b) Ilk¢[@1 AL, ..., ¢n Ayl = Ar whenever ¢ = 1.

2. Letllrg A, Ik t; : A, and 1, @ A @jlbg t; =t 2 A foralli, j; then

@ Ilrelert,...,onty]l : A and
®) Ilelerty, ..., ¢nth]l =tk : A whenever g = 1.

Proof (1) Let us abbreviate [¢1 Aj, ..., ¢, Ap] by A. Since A is non-introduced, we have
toshow J IF Af| and J IF Af] = A| f. For the former observe that Af | is Ay f with k
minimal such that ¢ f = 1. For the latter use that J IF Ay f = A fif ox f =l and ¢ = 1,
since I, gx A ¢y IF Ay = Ay

(2) Let us write ¢ for [¢g t1, ..., ¢, t,]. By virtue of the Expansion Lemma, it suffices to
show J IFtf) : Af and K IF tf | =t]f : Af. The proof is just like the proof for types
given above. O

Lemma 2l Given ' =@V ---V @, =1:F, then:

Fa‘ﬂl'Z/Fv@n':/
e/

Proof Letg = ¢1V---Vg,.Sayif 7 isatyping judgment of the form A.For I I- o : I" we
have po = 1,so pr0 = 1forsomek,hence I |- Ao by I', o = A.Nowlet/ IFo =1 : T
then ;0 = ¢; T (0 and t assign the same elements to the interval variables), so o = @7 = 1
yields gro0 = ¢t = 1 for some common k and thus I I Ao = At follows from I, ¢ = A.
The other judgment forms are similar. O

For I IF Aand I,¢ IF v : A wewrite I IFu : Alp — v]forI IF u : A and
ILolFu=v: A. Andlikewise I F u = w : Alp — vlmeans [ IF u = w : A and
I,¢lFu=v:A((in this case also I, ¢ |- w = v : A follows). We use similar notations for
f0r44'=7!-
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Lemma 22 Givengp e F(I)and I ¢ A, 1, ¢ k¢ T, and I, ¢ -y w : EQuiv T A, and write
B for Glue [¢p — (T, w)] A. Then:

I.IlFgBandI,¢ ke B=T.

2. IfI g A=A Lol T =T,1,¢9 kg w=w :EqUiVvT A, then I |-y B =
Glue[p — (T',w")] A’

3. Iflrpu:Bandl, ¢ty w=w':EquivT A, thenI I, unglue[¢p > w']u : Alp >
w’.1u] and I |k, unglue [¢p — w]u = unglue[¢p — w']u : A.

4. If I lkg u =u' : B, then

I I-¢ unglue [¢ — w]u = unglue [p — wlu': A.
5. IfLLolbgt=t:TandIlFpa=d : Alp — w.lt], then

(@) Ilggluefp — tla=glue[p +— f']a’ : B,
) I,plkeglue[p — tla=1t:T, and
(¢) I k¢ ungluefp — w](glue[y — tla) =a: A.

6. If I kg u: B, then I |-y u = glue [¢p — u](unglue [¢ — w]u) : B.

Proof (1) Letus firstprove I, ¢ IF Band I, ¢ IF B = T;butin I, ¢, ¢ becomes 1 so w.l.o.g.
let us assume ¢ = 1; then B is non-introduced and I - B >g T so I |F B from [ I+ T. For
Il B =T wehave toshow J |- Bf| =Tf| for f: J — [.But Bf| is Tf so this is an
instance of Lemma 8.

It remains to prove I |- B in case where ¢ # 1; for this use GL-C with the already proven
1,9 - B.

(2) In case ¢ # 1 we only have to show I, ¢ I B = B’ and can apply GL-E. But restricted
to I, ¢, ¢ becomes 1 and hence we only have to prove the statement for ¢ = 1. But then by
(I)wehave IFB=T =T =B’

(3)Incase ¢ # 1, I IF unglue [¢ +— w']u : A and

I g unglue [¢ — w]lu = unglue[p — w'lu: A (13)

are immediate by definition. Using the Expansion Lemma (and I  unglue [¢ — w']u >
w'.1u : A for ¢ = 1) we obtain I, ¢ |- unglue [¢ — w']u = w’.1u : A, which also shows
I IFunglue[p > w']u : A as well as (13) in case ¢ = 1.

(4) In case ¢ # 1, this is by definition. For ¢ = 1 we have

IlFungluefop — wlu =w.lu =w.1u’ =unglue[¢p — wlu' : A.

(5) Let us write b for glue [¢p > ] a, and b’ for glue [¢p > t']a’. We firstshow I I+ b : B
and I, ¢ IF b =t : B (similarly for b').

Incasep = 1,1+ b =gt : T soby the Expansion Lemma / IFb:Tand I IFb=1¢:T,
and hence also I IF b : Band I IF b =1t : B by (1). This also proves (5b).

Let now ¢ be arbitrary; we claim

I lFunglue[gp — w]b: Aand I IFunglue[p— wlb=a: A

[and thus proving (5c)]. We will apply the Expansion Lemma to do so; for f: J — I let us
analyze the reduct of (unglue [¢p — w]b) f:

wflbf ifef =1,
af otherwise.

(unglue [¢p — wlb) fl = {
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Note that, if ¢f = 1, we have as in the case for ¢ = 1, J IF bf = tf : Bf and hence
J I wflbf = wfltf = af : Af. This ensures J |+ (unglue[yp — wlb)f| =
(unglue[¢ — w]b)| f : A, and thus the Expansion Lemma applies and we obtain / I+
unglue [¢ — w]b = (unglue [¢ — w]b)| : A; but as we have seen in either case, ¢ = 1
ornot, I IF (unglue [¢ — w]b)| = a : A proving the claim.

Letnowbep # 1, f: J — I[,and J |- w' = wf : EQuiv Tf Af. We can use the claim
for Bf and Glue [¢f — (Tf, w’)] Af (which is forced equal to Bf by (2)) and obtain both

JI-unglue [¢f — wflbf =af : Af and J IFunglue(pf — w']bf = af : Af,

so the left-hand sides are equal; moreover, 7, ¢ I+ b : B (as in the case ¢ = 1), and hence
I I+ b : B. Likewise one shows [ |- 5" : B.

It remains to show I |- b = b' : B.If ¢ = 1, we already showed I IF b = ¢ : T and
II-b =1t :T,sothe claim follows from I IF ¢+ =+ : T and I IF T = B. Let us now
assume ¢ # 1. We immediately get I, ¢ - b =1 =1 = b’ : B as for ¢ = 1. Moreover, we
showed above that I I- unglue [¢ — w]b =a : A and I I unglue[¢p > w]b' =da’ : A.
Hence we obtain

I |- unglue [¢ — w]b = unglue[p — w]b’ : A

from I IFa=d: A.
(6) In case ¢ = 1, this follows from (5b). In case ¢ # 1, we have to show

I I unglue [¢p — w]u = unglue [p — w] (glue [¢p — u](unglue[¢p — w]u)) : A and
I, ¢ IF u =gluelp — u](unglue[¢ — wlu): T.

The former is an instance of (5¢); the latter follows from (5b). ]

Lemma 23 Let B be Glue [¢p — (T, w)] A and suppose I |+ B is derived via GL-C, then
also 1, ¢ = T and the derivations of 1, ¢ |- T are all proper sub-derivations of I |- B (and
hence shorter).

Proof We have the proper sub-derivations /, ¢ IF B. For each f: J — I with ¢f = 1, we
have that Bf is non-introduced with reduct 7' f so the derivation of J I Bf has a derivation
of J IF Tf as sub-derivation according to NI-C. O

For the next proof we need a small syntactic observation. Given I" F « : F irreducible,
there is an associated substitution a: I, — I where Iy skips the names of « and applies
a corresponding & to the types and restrictions (e.g., if I"isi : [,x : A, j : [, ¢ and « is
(i =0),then Iy isx : A@0), j : I, ¢(i0)). Since e = 1 we even have @: I, — I', «. The
latter has an inverse (w.r.t. judgmental equality) given by the projection p: I, o — I (i.e.,
p assigns each variable in Iy, to itself): in the context I', «, ap is the identity, and pa is the
identity since the variables in I, are not changed by .

Remark 4 We can use the above observation to show that the condition 7, ¢ = _Z in the
definition of 1, ¢ Iy _# (in Sect. 3) already follows from the other, i.e., J Iy ¢ f for
all f: J — I,¢: We have to show I, = _# for each irreducible o < ¢. But we have
Iy k¢ _# & by the assumption and @: I, — I, ¢, and hence I, - _#a. Substituting along
p:I,a — Iy yields I,a = 7.

Theorem 2 Compositions are computable, i.e., for ¢ € F(I) and i ¢ dom([):

@ Springer



198 S. Huber

LilFA Lijolru:A IlFup:AGO) ¢ — u(i0)]

I I-comp’ Alp — ulug: AGD)[@ — u(il)]
I I-comp’ A[p — ulug = (comp’ Afp — ulug)d : A1)

LilkA LiglFu=v:A Iluy=uvy:AGO0)[¢ — u(i0)]
I Ik comp’ A[p — ulug =comp’ Afp — v]vg: A(il)

s LilbA=B Liglru:a [Ilug:AGOlp — uG0)]
" IIFcomp’ Al — ulug =comp’ Bl > ulug: A(il)

Proof By simultaneous induction on /,i IF A and I,i I A = B. Let us abbreviate
compi Al — ulug by uy, and compi A [¢ +— v]vg by v;. The second conclusion of (1)
holds since in each case we will use the Expansion Lemma and in particular also prove
I'lFupl : AGL).

Let us first make some preliminary remarks. Given the induction hypothesis holds for
I,i - A we also know that filling operations are admissible for 7, i I+ A, i.e.:

LilFA ILi,olru:A TlFug: A@GO)[¢ — u(i0)]
1iHfill Alp — ulug: Alg — u, (i = 1) > ug]

(14)

To see this, recall the explicit definition of filling
filll' Alp — ulug=comp’ AG/i A j)[@+— u@i/i A j), G =0)— uglug

where j is fresh. The derivation of 7,i, j I A(i/i A j) isn’t higher than the derivation of
1,i |- A so we have to check, with u’ = [@ u(i/i A j), (i =0)upland A’ = A(i/i A j),

Li,jov(i=0)IFu:A" and I,i,¢V(i=0)IFu(0) =ug: A@0). (15)
To check the former, we have to show
Li,j,oAn(i=0)IFu@/inj)=ug:A

in order to apply Lemma 20. So let f: J — [,i, j with ¢f = 1 and f(i) = O; then as
¢ doesn’t contain i and j, also ¢(f — i, j) = 1 for f —1i, j: J — I being the restriction
of f, so by assumption J |- u(i0)(f — i, j) = uo(f —i,j) : AGO)(f — i, j). Clearly,
{0 (f —1i,j)= (/i A j)f so the claim follows.

Let us now check the right-hand side equation of (15): by virtue of Lemma 21 we have
to check the equation in the contexts 1, i, ¢ and I,i, (i = 0);but I, i, ¢ I- u'(j0) = u(i0) =
uo: A@{0)and 1, i, (i =0) IF u'(jO) = up : A(i0) by Lemma 20.

And likewise the filling operation preserves equality.

Case N-C. First, we prove that

I,o,i :T+u=up:N. (16)

To show this, it is enough to prove I, «,i : I + u = ug : N for each « < ¢ irreducible.
Let &@: I, — I be the associated face substitution. We have 1, i IF u(@,i/i) : N and also
Iy Ik u(a,i/0) = up : N since pa@ = 1. By discreteness of N (Lemma 18),

Iy, ilFu(a,i/i) =uox : N,

therefore Iy, i F u(a,i/i) = uoa@ : N, ie., Iy, i b uad = upa : N with @ considered as
substitution I,,i — I, i and ug weakened to 7,i. Hence I, ,i : I - u = up : N by the
observation preceding the statement of the theorem.
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Second, we prove that
Lo lFu@l) =ug:N. (17)

I,¢ F u(il) = up : N immediately follows from (16). For f: J — I with ¢f = 1 we
have to show J IF u(il)f = uof : N;since of = 1 we get J |- u(i0)f = upf : N by
assumption, i.e., J IF u(f,i/j)(j0) = uo(f,i/j)(jO) : N (where ug is weakened to I, j
and j fresh). By discreteness of N, we obtain J, j IF u(f,i/j) = uo(f,i/j) : N and hence
JIFu(f,i/1) =uo(f,i/1) : Nyie., JIFu(@l)f =uof : N.

We now prove the statements simultaneously by a side induction on I I+ ug : N and
I'lFug=nvo:N.

Subcase I I+ 0 : N. By (16) it follows that I - u; >s 0 : N, and hence I IF u; : N and
I'lFu; =0: N by the Expansion Lemma. Thus also 7, ¢ IF u; = u(i1) : N by (17).

Subcase I'l- Sug : N from I IF uj : N with ug = Suy. By (16) it follows that

I Fuj >5 S(comp’ N[¢ — predu] up) : N.

From I, ¢ |- Sug = u(i0) : N we get 1, ¢ IF uy = pred(Sug) = predu(i0) : N by
Lemma 16 and thus by SIH, / |- comp’ N[¢ +— predu]ug : N[¢ — (predu)(i1)]; hence
I'lFu; :Nand I IF u; = S(comp’ N[¢ — predu] ué)) : N by the Expansion Lemma.
Thus also

I,¢ Ik uy =S(predu(il)) = S(pred(Suj)) = Sug =u(il): N

using (17).
Subcase ug is non-introduced. We use the Expansion Lemma: for each f: J — [

ur f 4 = comp’ Nlof — u(f,i/j)](uof)

the right-hand side is computable by SIH, and this results in a compatible family of reducts
by SIH, since we have K IF uoflg = uofgl : N.Thuswe get I IFu; : Nand I IF u; =
urd :N.BySIH, 7, ¢ IF u;| = u(il) : Nand thus also I, ¢ IF u; = u(il) : N.

Subcase I IF 0 =0 : N. Like above we getthat I IF u; =0 =v; : N.

Subcase I |+ Suy = Svj : N from I I+ uj = vj : N. Follows from the SIH 7 I+
comp’ N[ — predu]u, = comp’ N[¢ — predv] v : N like above.

Subcase I I+ ug = vo : N and ug or vy is non-introduced. We have to show J Ik u; f| =
vifl :Nfor f: J — I.Wehave J IF ugf| = vofl : N with a shorter derivation, thus by
SIH

J IF comp’ Ngf = u(f,i/P)] (o f 1) = comp’ Nlgf = v(f,i/)](wof)): N

which is what we had to show.

Case PI-C. Let us write (x : A) — B for the type under consideration. (1) In view of
the Expansion Lemma, the reduction rule for composition at I7-types (which is closed under
substitution), and Lemma 14 (2) and (5), it suffices to show

I,x: A1) = comp’ B(x/%)[¢ — u ] (uo%(i0)) : B(i1), and (18)
I,x: Ail), ¢ = comp’ B(x/%)[@ > ux] (uo ¥(i0)) = u(il)x : B(il),  (19)

where x’ = filll' A(i/1—i)[lxandX = x'(i/1—i).ByIH,weget[,x : A(il),i : I =X%:A
and I, x : A(il) = x(@1) =x: A(@l),ie.,

Ix:AGD,i:TEfill AG/1—i)[1x: AG/1 — i), and (20)
Ix:AGD = ilF AG/1 = i) [1x)30) = x : AGi1). @1
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To see (20), let J I- (f,x/a) = (f,x/b) : [,x : A(il),ie., f:J —> [and J IFa=0b:
A(il) f; for j fresh, we have J, j IF A(f,i/1 — j) (notethat (i1) f = (f,i/1 — j)(jO)) and
we get

J,j IV ACS /1= Hlla=1filV A(fi/1— ) [1b: Af,i/1— ))
byIH,ie., J, jIFx'(f,x/a,i/j) = x'(f,x/a,i/j) : A(f,i/1— j),and hence for r € I(J)
JIW-X'(f,x/a,i/r) =x'(f,x/b,i]r): (AG/1 —D)(f, x/a,i]r).

Thus we get I, x : A(i1) = upx(i0) : B@I0)(x/x(0)), I,x : A(il),p,i : Il Eux:
B(x/x), and

I,x : AGD), ¢ Eugx(i0) = u(@i0)x(i0) = (ux)({0) : B(I0)(x/x({0)).

And hence again by IH, we obtain (18) and (19).
2 Let f:J —> Tand JIFa: A(f,i/1). Then J, j IFa : A(f,i/j) as above and we
have to show

J - comp’ B(f, x/a,i/j) lof > u(f,i/j)al(uof @)
= comp’ B(f,x/a,i/j)[ef — v(f.i/j)al (vof a) :
B(f,x/a(il),i/1). (22)

But this follows directly from the IH for J, j I- B(f, x/a,i/j).
Case S1-C. Let us write (x : A) x B for the type under consideration. (1) We have

Li,plFul:A and I IFug.l:Alp +— u.1]
so by IH,
Li Ffilll Alp — w.1] (uo.1) : Al — u.1, i = 0) — ug.1].

Let us call the above filler w. Thus we get 1, i |- B(x/w),

Li,¢lF B(x/u.l) = B(x/w) and I IF B(x/up.1) = (B(x/w))(i0)
and hence

Li,plFu?2:B(x/w) and I IFug.1:(B(x/w))(i0)[¢ — u.2].

The IH yields

I+ compi Bx/w) [¢ — u.2] (ug.2) : (B(x/w))(i D[ — u.2(i1)];

let us write w’ for the above. By the reduction rules for composition in X-types we get
I+up =g (w@l),w’): (x: A@i1)) x B(il) and hence the Expansion Lemma yields

IFup = w(@l),w): (x:A@l)) x B(il).
Which in turn implies the equality
IolFu=w@l),w)=wl@l),u2il) =u@l): (x : A@{1)) x B(i1).
The proof of (2) uses that all notions defining w and w’ preserve equality (by IH), and

thus 7 IFuy| = v : (x : A1) x B(il).
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Case PA-C. Let us write Path A ag a; for the type under consideration. We obtain (for j
fresh)
1, jIFcomp’ A[(j =0) > ap, (j =1) > ai, ¢ — ujl(uoj):

AGDIG =0) = aoiD), (G =1) = a1(@), ¢ = u(il) j] (23)
by the TH. Using the Expansion Lemma, the reduction rule for composition at Path-types,
and Lemma 19 (2) this yields

I'Fuy :PathAGD a(jO)u(j D — () @l) ]
where # is the element in (23) and u; is (j)u. But I I+ a(jb) = ap(il) : A@il),so I IFuy :
Path A(i1) ag(i1) a; (i1). Moreover,
LolFuy=()u@l)j)=u(@l):PathAG@1)ap(il)a;(il)

by the correctness of the n-rule for paths (Lemma 19 (6)).

Case GL-C. To not confuse with our previous notations, we write ¥ for the face formula
of u, and write B for Glue [¢p — (T, w)] A.

Thus we are given:

l#£9peFU,i) I1ilFA Iiglw:EQuUVvTA I, ¢l B
1,ilF B

GL-C

and also 7,i,¢¥ IFu : Band I I ug : B(i0)[y — u(i0)]. Moreover we have I,i, ¢ IF T
with shorter derivations by Lemma 23. We have to show

(i) IIFuy: B(il),and
G) I,y IFuy =u(@l): B@il).

We will be using the Expansion Lemma: let f: J — [ and consider the reducts of u{ f:

comp! Tf' [y f +— uf1uof) ifof =1,

urfl = gluelpGD) f — t1 f1(a f)  otherwise,

with f/ = (f,i/j), and r; and a; as in the corresponding reduction rule, i.e.:

a =ungluep — wlu L
ap = unglue [¢(i0) — w(i0)] ug I
8 =Vi.g 1
a) = comp’ A [ + alag I
1] =comp' T [y > u]ug 1,8
a):presiw[wl—>u]u0 1,6
(1, ) =equivw(il) [§ — (z{, w), ¥ — (u(@l), (j)ai)]ai I, 9(1)

ay = compf A [p@l) > a j, ¥ > a(il)] ai 1

First, we have to check J I- uy f] : B(il1)f. In case ¢f’ = 1 this immediately follows
from the IH. In case ¢f’ # 1, this follows from the IH and the previous lemmas ensuring
that notions involved in the definition of #; and a; preserve computability.

Second, we have to check J IF u; f| = u1l f : B(il)f. For this, the only interesting
case is when ¢f’ = 1; then we have to check that:

T Ik comp! Tf' [y f = uf'l(uof) = gluelpl) f > 11 fl(a1 f) : BUD)f  (24)
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Since all the involved notions commute with substitutions, we may (temporarily) assume
f =1id and ¢ = 1 to simplify notation. Then also 6 = 1 = ¢(i 1), and hence (using the IH)

It =1t =comp' T [y > ulug: T(il),

so (24) follows from Lemma 22 (5b) and (1).

So the Expansion Lemma yields (i) and I I+ u; = glue[p(il) — f1]a; : B(il). (ii) is
checked similarly to what is done in [7, Appendix A] using the IH. This proves (1) in this
case; for (2) one uses that all notions for giving a; and #; above preserve equality, and thus
I'lFuy) =v1l : B(il)entailing I - u; = vy : B(@il).

Case U-C. We have

I+ compi Ulp = ulug >s Glue [ — (u(il), equivi u(@/1—i)Ju:U
thus it is sufficient to prove that the right-hand side is computable, i.e.,
Il Glue[p — (u(il), equiv u(i/1 —i))]ug: U

that is, _
I 1o Glue [¢ — (u(il), equiv’ u(i/1 —i))] ug.

We have I |- ug so by Lemma 22 (1) it suffices to prove
I o equivi u(i/1 —i) : Equivu(i1) uo.

To see this recall that the definition of equiv[ u(i/1 —1i) is defined from compositions and
filling operations for types I, i Io u and I, i I u(i/1 —i) using operations we already have
shown to preserve computability. But in this case we have as TH, that these composition and
filling operations are computable since the derivations of 1,i I-o u and I, i I-o u are less
complex than the derivation / I-; U since the level is smaller.

Case NI-C. So we have J |- Af | foreach f: J — I,iand J IF A| f = Af (all with
a shorter derivation than 7, i I A). Note that by Lemma 8§ (1), we alsohave /,i IF A = A|.

(1) We have to show J I u; f : A1) f] foreach f: J — I.1Itis enough to show this
for f being the identity; we do this using the Expansion Lemma. Let f: J — I and j be
fresh, f' = (f,i/j); we first show J |- uy f| : AL(i1) f. We have

J Fuif > comp’ (Af' 1) [of + ufTuof : Af'(j1)

hence also at type Af'(j1){, and so, by IH (1) for J, j I+ Af’], we obtain J IF u; f :
Af'GD).But JIFAf' (G, = ALGED fosoJ Fup fl: ALGD f.

Next, we have to show J |- ujlf = uifl : ALG1)f. Since J, j IF AL f/ = Af'|
(with a shorter derivation) we get by TH (3), J I uy | f = uy f| : A} f/(j1) what we had
to show.

Thus we can apply the Expansion Lemma and obtain 7 I+ u; : A}(il) and I IF u; =
upd : A}(i1), and hence also I I+ uy : A(il) and I IF u; = uy| : A(@1). By IH, we also
have I, ¢ Fuy = u1 =u(@l) : AL(G1) = A@1).

(2) Like above, we obtain

IlFup=ul:AlGl) and IIFvy=v1):ALGED).

But since the derivation of ,i I~ Al is shorter, and u;| = comp’ A} [¢ — u]ug and
similarly for vy, the IH yields 7 IF u1] = v1| : A}(@i1), thus also I IF u; = vy : A}(i1),
thatis, I IFu; = vy : A(il) since I,i IF A = A].

It remains to show that composition preserves forced type equality (i.e., (3) holds). The
argument for the different cases is very similar, namely using that the compositions on the
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left-hand and right-hand side of (3) are equal to their respective reducts [by (1)] and then
applying the IH for the reducts. We will only present the case NI-E.

Case NI-E. Then A or B is non-introduced and 7, i I A = B with a shorter derivation.
Moreover, by (1) (if the type is non-introduced) or reflexivity (if the type is introduced) we
have

I - comp’ A[p — ulug = comp’ (A})[¢ — ulug: AGil), and
I I+ comp’ B¢ — ulug = comp’ (Bl) [¢ — ulug : B(il),

but the right-hand sides are forced equal by IH. O

Lemma 24 The rules for the universe U are sound:

.ITEA:U=TEA
2. T=EA=B:U=>TEA=B

Moreover, the rules reflecting the type formers in U are sound.

Proof Of the first two statements let us only prove (2): given I I o0 = t : I’ we get
I I+ Ao = Bt : U; this must be a derivation of / IF; Ao = Bt : U and hence we also have
Ity Ao = Br.

The soundness of the rules reflecting the type formers in U is proved very similar to proving
the soundness of the type formers. Let us exemplify this by showing soundness for /7-types in
U:wearegive ' =A:Uand I',x : A = B : U, and wanttoshow I" = (x : A) - B : U.
Let/ lFo =1t:1,thenl IF Ao = At : U, so, as above, I |-y Ac = Art; itis enough to
show

J ko B(of, x/u) = B(zf, x/v) (25)

forJIFu=v:Aof with f: J — I.Then J |- (of, x/u) = (vf,x/v) : I, x : A, hence
J Ik B(of, x/u) = B(tf, x/v) : U and hence (25). m]

Proof of Soundness (Theorem 1) By induction on the derivation I" = 7.

We have already seen above that most of the rules are sound. Let us now look at the
missing rules. Concerning basic type theory, the formation and introduction rules for N are
immediate; its elimination rule and definitional equality follow from the “local” soundness
from Lemma 16 as follows. Suppose I’ =u : N, I',x : N = C, I" =z : C(x/0), and
I'es:(x:N)—-> C— C(x/Sx).Forll-o =1 :Nwe getby Lemma 16 (2)

I IF natrecuo zo so = natrecurt zt st : C(o, x/uc).

(Hence I' = natrecu zs : C(x/u).) Concerning, the definitional equality, if, say, u was of
the form S v, then, Lemma 16 (1) gives

I |+ natrec (Svo) zo so = natrec (Svt) zt st = (natrec (Svt) zt st)d : C(o, x/uoc).
and (natrec (Svt) zz s7)| is st vt (natrec vt zt st), proving

I' =natrec (Sv)zs =sv (natrecvzs) : C(x/Sv);

similarly, the soundness of the other definitional equality is established.

Let us now look at the composition operations: suppose I, i : I = A, " =@ :F, I, ¢,i :
ITEu:Aand I’ = ug: A(0)[¢ — u(i0)]. Further let I IF 0 = t : I', then for j fresh,
I,jlko’ =1 :T,i:Iwherec’ = (0,i/j)and v/ = (,i/j), hence I, j I+ Ao’ = A7/,

@ Springer



204 S. Huber

po = o1, 1, j,9p0 Ik uoc’ = ut’ : Ao’, and I I+ ugo = ugt : Ao’(jO)[po — uc’(j0)].
By Theorem 2,

I Ik comp’ (Ac”) [po + uc'] (ugo) = comp’ (At") [pt — ut’] (uot) : Ao’ (j1)
and
I, o |- comp’ (Ac”) [po +— uc'] (upo) = uc'(j1) = ut’'(j1) : Ao’ (j1)

hence we showed I" }= comp’ A [ — ulug : AGi1)[¢ — u(i1)]. Similarly one can justify
the congruence rule for composition.

The definitional equalities which hold for comp follow from the second conclusion of
Theorem 2 (1), i.e., that a composition is forced equal to its reduct.

The remaining rules for systems follow from their “local” analogues (Lemma 20); let us,
say, suppose I' =1V --- V@, =1:F, I'¢; = A;j,and I',¢; A@j = A; = Aj. For
IlFo =r1:TI wegetk with gro = ¢t = 1 like in the proof of Lemma 21 so, writing A
for [p1 A1, ..., ¢n Al

I|FAO:AkO':Ak'E:A‘E

by Lemma 20 and using I, ¢ = Ag, so I' = A. Likewise, if I" = ¢; = 1 : I for some /,
then I I Ao = Ajo = Ajt, showing I' = A = A in this case. The other rules concerning
systems are justified similarly.

The soundness of the remaining rules concerning Glue follow similarly from their “local”
version in Lemma 22. O

Corollary 1 (Canonicity) If I is a context of the form iy : 1,...,ix : Tand I & u : N, then
I+ u=n:Njforauniquen € N.

Proof By Soundness, I |=u : Nhence I I-u : N,so I IFu =n : N for some n € N by
Lemma 17, and thus also I + u = n : N. The uniqueness follows since I - n =m : N
yields I IF n = m : N which is only the case for n = m. O

Corollary 2 (Consistency) Cubical type theory is consistent, i.e., there is a type in the empty
context which is not inhabited.

Proof Consider the type Path N0 1 and suppose there is a u with - u : PathN O 1. Hence
wegeti:IHui:N,aswellasku0=0:NandF u1 = 1:N. By Canonicity, we get
n € Nwithi : T+ ui =n : N,andhence (by substitution) 20 =n:Nand+-ul=n:N,
sok 0 =1 : N, contradicting the uniqueness in Corollary 1. O

Remark 5 One could also extend cubical type theory with an empty type Ny whose forcing
relation is empty; consistency for this extension is then an immediate consequence of the
corresponding Soundness Theorem.

Remark 6 Soundness also implies injectivity of [T (and likewise for other type formers)
in name contexts: if / - (x : A) - B = (x : A)) - B/, then ] H A = A’ and
I,x : A+ B = B’. Moreover, we get a canonicity result for the universe U: if I = A : U,
then A is judgmentally equal to an introduced type B with I IFg B.
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5 Extension with Higher Inductive Types

In this section we discuss two extensions to cubical type theory with two higher inductive
types: the circle and propositional truncation. For both extensions it is suitable to generalize
path types to dependent path types Path’ A u v where i might now appear in A, with u in
A(i0) and v in A(i1). This extension is straightforward, e.g., the B-reduction rule for paths
now reads

ri:I+-A ri:l-t:A kEr:l
' iytyr=t@i/r): AG/r)

and likewise the computability predicates and relations are easily adapted.

5.1 The Circle

In this section we sketch how the proof of canonicity can be extended to the system where a
circle S' is added; the extension with n-spheres is done analogously.
First, we have to extend the reduction relation as follows to incorporate the circle.

Ik [i:l+u:S
I' +loop0 > base : S' I +comp’ S'[1 — u]u(i0) > u(il) : S
I'+loopl > base : S’

(For simplicity, we will use comp’ S instead of adding yet another constructor hcomp' as
was done in in [7].) 4
Given,x:S'~C,C'+b: C(x/base), and I [ : Path’ C(x/loopi) b b we also
add the reduction rules for the elimination
I' + S'-elim, ¢ baseb! = b : C(x/base)

'+ S'-elim, ¢ (loopr)bl > 1r: C(x/loopr)

where I' - r # 1 : [, and moreover for I' ¢ # 1 : F,

I+ S'-elim,.¢ (comp’ S' [¢ — ulug) bl
> comp' C(x/v) [¢p > u'lufy : C(x/comp’ S' ¢ — ulugp)

where v = filll S'[¢ — ulug, ' = S'-elim,cubl, uy = St'elim, cugb!, and we
assumed i ¢ dom I” (otherwise rename 7).
Furthermore, if ' ¢ = ¢/ : S, then

r+S'-elimyctbl = S'elimect' bl: Cx/t).

Consequently, we also call expressions introduced if they are of the form S', base, loop r
with 7 ¢ {0, 1}, and comp’ s! [¢ = u]up with ¢ # 1.

Next, the computability predicates and relations are adapted as follows: / I-, S and
Il S'=8" ITlkpu:S"and I IF u = v : S are defined simultaneously (similarly as
for N):
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rel(I)—1{0,1} Ilgloop0:S' I, loopl:S!
I I+, base : S' I ¢ loopr : S'

1#£9eFU) ILigliu:S
Ileug:S"  Iolroug=u@0):S" 1,9l comp’ st [o — ulug : s’

I l-¢ comp’ S' [ > ulug : S!

uni. Yf:J > Iwf'S &J o ufS :8Y
Vf:J—> IVg: K — J(KFpuflg=ufgl:S"H
Ilou:S'

Note, the (admissible) two last premises in the case for loop are there to not increase the
height of the derivation when doing a substitution (Lemma 5); similarly for the last premise
in the rule for composition. The relation I |-, u = v : S is defined analogously, that is,
by the usual congruence rules and a clause for when u or v is non-introduced as we have it
for N (see also the next section). To adapt Theorem 2 note that compositions are computable
for ¢ = 1 by using the Expansion Lemma and the reduction rule; using this, compositions
are computable by definition also for ¢ # 1.

5.2 Propositional Truncation

We will use a slight simplification of propositional truncation as presented in [7, Section 9.2].
Let us thus recall the typing rules (omitting congruence rules): the formation ruleis I” F ||A]|
whenever I' - A, and likewise I - ||A|| : U whenever I" - A : U. Moreover:
'kta:A I'Fu:|All Tk Al TkEr:lQ
I'Einca: ||A] I' -squashuvr: ||A|

'A T'rFe:F Tei:Tku:|Al T Fug:||Allg — u(i/0)]
I+ hcompj , [¢ > ulug : | A

with the judgmental equalities (omitting context and type):
squashuv0 =u squashuvl=v hcompi 4 [1F > uluo = u(i/1)

Note that the type in hcompi does not depend on i and we call these homogeneous compo-
sitions. The eliminator, given I" = A and I, z : ||A|| F C(z), is given by the rule
I'Ew:|A| I'tt:(a:A) — C(inca)
'bEp:@v:||ADx: Cw)(y: C)) — Path’ (C(squashuvi))xy
I'+elim,cwtp:C(w)

together with judgmental equalities (assuming i fresh):

elim,c (inca)trp=ta
elim; ¢ (squashuvr)tp = puv(elim,cutp)(elim, cvtp)r

elim, ¢ (hcompi [¢ — ulug)t p = comp’ C(z/w)[¢ — elim,.cut p](elim,cupt p)

where w = hcomp’ [¢ — u(i/i A j), (i = 0) — ug] uo.
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Instead of transp and squeeze in [7] we take the following forward operation:

ri:1FA T'kFr:I T'lFu:|AG/
I'=fwdjaru:|A@G/D]

which comes with the judgmental equalities:

fwdlu=u
fwdr (inca) = inc(compi AG/ivr)[(r=1)+ ala) (26)
fwd r (squashu vs) = squash (fwdr u) (fwdr v) s 27

fwdr (hcomplfl‘A(i/r)|| [ = ulug) = hcomp‘/"A(i/l)|| [ — fwdru] (fwdrug) (28)
Composition for || A|| is now explained using fwd and homogeneous composition:
comp’ [|A]l [g — ulug = hcomp),; 1y ¢ = fwd; aqyj) i ul (fwd; a4 0 uo)

Next, we extend the reduction relation by directing the above judgmental equalities from
left to right, but requiring the following extra conditions to guarantee determinism (addition-
ally to the suppressed well-typedness). The directed versions of (26)—(28) require r # 1;
(27) and (28) additionally require s % 1 and ¢ # 1, respectively. Similarly for the reductions
of elim. Additionally, we need congruence rules:

ri:1-A ''tr#1:F TFu>=v:|AG/r]
Fl—de,;Aru >dei.Arv:||A(i/1)||

and a similar such rule for elim. Correspondingly, we also call expressions of the following
form introduced: ||A||, inC a, squashu vr with r # 1, and hcomp’s with ¢ # 1.
To incorporate propositional truncation in the computability predicates we add new the
formation rules:
1,11k, A Il A=B
—— P1-C ——  PT-E
I'le Al Il JAl = [IB]

And in the case I Iy, A was derived via PT-C the definition of I I, u : A is extended to:

Ilhpa:A
IlFginca: | A

0,1#4reld) Ilgsquashuv0:| Al Il squashuvl: |A]
IlFp squashuvr: ||A]l

l#eeFU) Liglrou:|Al
Igug: Al 1@ ke ug =u@0) : |Al 1@ Ik hcomp, [p — ulug : A

I ¢ hcompi 4 [¢ > ulug : | A

uni. Yo J — TufM & g ik uf AT Af )
Vf:J— IVg: K — J(K lFeuflg = ufgl : IAfg])
IlFpu:| Al
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As before, the rather unnatural formulation of the rules for squash and hcomp is to ensure
that the height of a derivation is not increased after performing a substitution (Lemma 5).

Ilria=d : A 0,1£reld) Ilreu=u":||A]l Ilk;v=1":|A]
IlFpinca =inca’ : | A I ¢ squashu vr = squashu’v'r: ||A|

l£pelFU) ILiplkpu=u':|A|
Ilkeuo=uq: |All 1, ¢ ke hcomp), [¢ + ulug =hcompj  [¢ = u'lug : || A

I ¢ hcompy 4 [¢ > ulug = hcompi 4, [¢ — u'Jug : | Al

woru' ni.  Vf:J — I euf AT =u £ 1A AF D
Ileu=u':|Al

We now sketch how one can extend the proofs of Sects. 3 and 4. The additional case in
the Expansion Lemma is handled as for natural numbers. Next, one proves the introduction
rules for inc, squash, and hcomp correct. To handle the new case PT-C for propositional
truncation in Theorem 2 one has to simultaneously prove

IT'Fu:||AG/r)| = T IFfwdru: ||AG/D)|
IFu=v:|AG/r)|=I1IFfwdru=fwdrv:|AG/D]|

by a side induction on the premises. Finally, one can then show soundness of elim.
We not only get the corresponding canonicity result for the extended theory, but we can
also extract witnesses from || A|| as long as we are in a name context:

Theorem 3 [fI = Aand I+ u : ||A|, then I & v : A for some v, where I is a context of
the formiy : 1, ..., i, : Twithn > 0.

Proof By Soundnessweget! = Aand/ =u : ||A|,andhencealso/ - Aand [ IFu : ||A].
By induction on / IF u : ||A|| we show that there is some v such that I |- v : A. In the case
for inc this is direct; any other case follows from the IH. Thus also / - v : A as required.

As a direct consequence we get that the logic of mere propositions (cf. [14, Section 3.7])
of cubical type theory satisfies the following existence property. Define 3(x : A) B as the
truncated X'-type, i.e., [|[(x : A) x B]|.

Corollary 3 If I = 3(x : A) B(x) is true (i.e., there is a term inhabiting the type), then
there exists u with [ = u : A such that I & B(x/u) is true, where I is a context of the form
i1:0,...,i, :Twithn > 0.

6 Conclusion

We have shown canonicity for cubical type theory [7] and its extensions with the circle and
propositional truncation. This establishes that the judgmental equalities of the theory are
sufficient to compute closed naturals to numerals; indeed, we have even given a deterministic
reduction relation to do so. It should be noted that we could have also worked with the
corresponding untyped reduction relation A > B and then take / - A > B to mean
I-A=B,I+A,IF B,and A > B etc.

To prove canonicity we devised computability predicates (and relations) which, from a
set-theoretic perspective, are constructed using the least fixpoint of a suitable operator. It
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is unlikely that this result is optimal in terms of proof-theoretic strength; we conjecture
that it is possible to modify the argument to only require the existence of a fixpoint of a
suitably modified operator (and not necessarily its least fixpoint); this should be related to
how canonicity is established in [3].

We expect that the present work can be extended to get a normalization theorem and
to establish decidability of type checking for cubical type theory (and proving its imple-
mentation? correct). One new aspect of such an adaption is to generalize the computability
predicates and relations to expressions in any contexts in which we get new introduced
expressions given by systems; moreover, we will have to consider reductions in such general
contexts as well which has to ensure that, say, variables of path-types compute to the right
endpoints.

Another direction of future research is to investigate canonicity of various extensions of
cubical type theory, especially adding resizing rules.
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