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Abstract

The differential A-calculus augments the A-calculus with differential operators
that mimic the rules of the standard differential calculus. The extension, and
an equivalent calculus, the resource A-calculus, give expression to resource usage
of a computation. Bucciarelli et al. have shown that cartesian closed differential
categories are models of simply-typed differential A-theories. This project proves
the converse, which is a form of completeness: given a typed differential A-theory,
we construct the “smallest” category in which one can soundly model the theory.
Moreover, we show that, under reasonable assumptions, differential A-theory is the
internal language of cartesian closed differential category. Finally, we present the
relational model as a cartesian closed differential category and show that it is in-
complete.
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1 Introduction

A-calculus is introduced by Church in [Chu4l] as a foundation of mathematics which,
instead of focusing on sets, focuses on functions. It proves to be a consistent and elegant
logical system for computation. Indeed, many functional programming languages, e.g.
Haskell, OCaml and Lisp, are based heavily on A-calculus. However, A-calculus does not
provide explicit information on how much resource is required in evaluating a program,
since there is no restriction on the number of times an argument is being used in a func-
tion. In an environment where resource is limited, this is a problem. Ehrhard and Regnier
in [ERO3| designed the differential A-calculus which is an extension of A-calculus and is
resource-sensitive in the sense that we would know exactly if arguments would actually
be used during the evaluation of the program. After studying models of linear logic where
the existence of differential operator naturally arises, they made a key observation that
the linear notion in logic (using arguments exactly once) coincides with the linear notion
in algebra, which is strongly suggestive in the terminology of linear logic suggested by
Girard in [Gir87|. They drew on these insights and presented this new calculus.

Differential A-calculus Differential A-calculus was introduced to explore differentia-
tion as a syntactic operation in A-calculus by extending it with differential operators,
mimicking the rules of the algebraic differential calculus. It extends A-calculus in two di-
rections. First they introduced a new restricted binary operation representing the deriva-
tive of a function along a point, called differential application and denoted as Ds-t, which
has the intuitive meaning that s is provided with exactly one copy of . With this new ap-
plication, the authors introduced a new corresponding differential substitution, denoted as

0s
— - t, which represents the result of substituting exactly one (non-deterministically cho-

ox

sen) linear occurrences of x in s by t. Since differential substitution is non-deterministic,
if there are multiple linear occurrences of x in s, one has a choice of which linear occur-
rences of z to be substituted. In the light of this, the authors extended A-terms in another
direction, introducing sums to the syntax. The introduction of sums allows differential
A-calculus to be non-deterministic and yet confluent (Church-Rosser property).

This new differential A-calculus is a breakthrough since we can now apply useful
theorems from differential calculus in the context of A-calculus. For example, in [ER03;
ERO08|, the authors studied the Taylor expansion of a normal A-term and showed that we
can “express a term as an infinite sum of purely differential terms all of which contain only
(multi)linear applications and applications to 07, which is potentially useful in controlling
programs in an environment with limited resources.

Resource A-calculus Ehrhard and Regnier were not the first to suggest a variant of
A-calculus that is resource-sensitive. Early in 1993, Boudol drew inspirations from the
encoding of A-calculus into 7-calculus by Milner in [Mil92|, and suggested A-calculus
with multiplicities in [Bou93| which is resource-sensitive. Instead of having an additional
application, Boudol’s calculus refines A-calculus by introducing a new type of argument in
an application sT', where T is not a term but a bag of resources, i.e. a multiset of terms each
with a multiplicity, denoted as T' = (M]"*|M3"?|...|M™). The multiplicity of the term
indicates the number of available copies of the term in the reduction. One can construct
a normal A\-term by having a term with an infinite multiplicity. However, this refinement
requires lazy [-reduction and explicit substitution in the syntax in order to perform



the non-deterministic choice during reduction. Therefore, it is not an extension from
A-calculus and is different from differential A-calculus. However after the introduction of
differential A-calculus, Pagani and Tranquilli in [PT09] presented the resource \-calculus
which is similar to Boudol’s calculus but “enriched with the dynamics of differential \-
calculus”, as stated in [Trall], and is translatable to and from differential A-calculus as
shown in [BEM10; Man12].

Categorical model Lambek first discovered the relation between cartesian closed cat-
egories and simply-typed A-calculus in [Lam80]. He showed that any model of a typed
A-theory is a cartesian closed category and any cartesian closed category is a model of
some typed A-theory. We describe this relationship by saying that typed A-theory is
the internal language of cartesian closed category. After the introduction of differential
A-calculus, it is natural to ask what kind of category has this differential A-theory as its
internal language.

Drawing on the insights of defining differentiation in A-calculus from [ER03|, Blute,
Cockett and Seely in [BCS06] abstracted the notion of differentiation categorically and
introduced the differential category. In this category, linear maps are represented as mor-
phisms and the differentiable maps are represented as morphisms in its coKleisli category.
In the subsequent paper [BCS09], the same authors directly axiomatize the differentiable
maps, i.e. characterize the coKleisli structure of differential categories, and introduced the
cartesian differential category, which is a left additive category with finite products and
a cartesian differential operator that satisfies a set of more complicated conditions. In
this category, differentiable maps are represented as morphisms, which matches the intu-
itive meaning of differential A-terms. However, since the cartesian differential operator of
cartesian differential category does not behave well with exponentials, one cannot model
differential A-calculus in it.

Bucciarelli, Ehrhard and Manzonetto added a new condition for the cartesian differen-
tial operator in [BEM10] which ensures that the operator behaves well with exponentials
and proved that one can soundly model differential A-theories in this category, which
they called cartesian closed differential category. It is known in the folklore that the com-
pleteness result is true, i.e. given a differential A-theory, one can construct a classifying,
i.e. “smallest”, cartesian closed differential category such that this theory can be modelled
soundly in.

Contributions The highlight of this project is to prove this completeness theorem. We
first construct a category according to the syntax of the given differential A\-theory and
prove that it is indeed a cartesian closed differential category that soundly models the
theory. After that, we show that it is classifying by establishing an equivalence between
the category of cartesian closed differential functors and the category of differential mod-
els. Assuming that we can extend the theory with constants and function symbols, I
conclude that differential A-theory is the internal language of cartesian closed differential
category. This result allows us to reason about cartesian closed differential category using
differential A-theory. Finally, I discuss the notion of complete categories with respect to
differential \-theories.

Outline The project is split into two parts: syntax and category. We first look at
the syntax of differential A-calculus in section 2, and the syntax of resource A-calculus
in section 3. Then, we conclude part one by looking at translation maps between the
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calculi in section 4. After presenting the syntax, section 5 describes the cartesian closed
differential category and presents the categorical interpretation of differential A-calculus
in it. Following that, we prove the soundness and completeness theorem and show that
differential A\-theory is the internal language of cartesian closed differential category and
give some examples on how to prove properties of the category using the theory. Finally,
we discuss the notion of complete categories and show that the relational model, which
is a classic example of a carteisan closed differential category, is incomplete.

There are two appendices attached at the end of this project. Appendix A presents
the relationship between simply-typed A-calculus and cartesian closed category, proving
both soundness and completeness results. This is meant for readers who are not familiar
with these results. Appendix B provides the proofs of some lemmas and propositions.



2 Differential \-Calculus

Differential A-calculus is introduced by Ehrhard and Regnier in [ER03] as a A-calculus
with a syntactic operation “differentiation” that mimics differential calculus.

2.1 Differential \-Terms

Let’s look at the definition of differentiation in differential calculus. As defined in [Die60],
a function f : U — V on vector spaces is said to be differentiable at x € U if there is a
linear function f'(z): U — V that best approximates the slope of f at z. Given u € U,
f'(x)-u can be read as the linear application of f'(z) to u. So, the function z +— f'(x)-u
from U to V would be linear in u. We denote this function as Df -u : U — V and call
it the derivative of f along u.

Keeping this in mind, one can extend A-terms by introducing a new construct that
mimics this derivative. Given two terms s and ¢, Ds - t is defined to be the differential
application of s to t, i.e. s is provided with exactly one copy of t. We can look at Ds -t
as the derivative of s along ¢. The reason for including sums in this calculus will become
apparent when we move onto the definition of differential substitution.

The syntax stated here is borrowed from [Vau07]|.

Definition 2.1 (Differential \-Terms). Assume we have an infinitely countable set of
variables V. The collection A? of differential A-terms and the collection A® of simple
terms are defined by mutual induction as follows:

A% s,¢tyu,v = x| Ax.s | sT | Ds-t| ()| (s,t) | Fst(s) | Snd(s)
A STUV:=0|s|s+T
where z € V.

We consider differential A-terms up to a-conversion, and up to associativity and com-
mutativity of the sum. We write S = T if S and T are syntactically equivalent. The
term 0 is the unit element of the sum, thus S +0 =5 = 0+ S. The set FV(S) of free
variables of S and the capture-free substitution of x by 7" in S, denoted by S[T/z], are
defined as usual.

Let us explore more on the linearity of differential A-calculus. Adopting the notion of
linear from linear logic, we say that a subterm of a term s is in a linear position if the
subterm is used exactly once in the reduction of s. To be more precise, we say that

e 1 is in a linear position in variable x;

e 5 is in a linear position in the abstraction Ax.s;

e s isin a linear position in the application s T

e s and t are both in a linear position in the differential application Ds - t;
e s and t are both in a linear position in the pair (s, t);

e s and 7" are both in a linear position in the sum s + 7.

In contrast to differential application, the normal application is linear in the function but
not in the argument. This makes sense as there is no restriction on the number of times
the argument is being used in the function in a normal application.



Example 2.1. Consider the subterms of the differential A-term S = \y. ((Dx-y) (x—l—y)).
e r and y are both in a linear position in Dx -y and = + v,
e Dz -y is in a linear position in the application (Dzx - y) (x 4+ y), but = + y is not,
e (Dz-y) (z +y) is in a linear position in the abstraction Ay.((Dz - y) (z + y)).

So, x + y is the only subterm of S that is not in a linear position in any subterm of S.
However, z and y are in a linear position in = + .

To clarify the coincidence of the two notions of linearity, consider the space of differ-
entiable functions from U to V. For any differentiable functions f,g : U — V, the sum
of the two functions is defined to be (f + g)(u) = f(u) + g(u) for any w € U. Moreover,
we also have D(f +¢g)-u=Df -u+ Dg-uand Df - (u+v) = Df-u+ Df -v for any
u,v € U. If we consider terms as differentiable functions, then we have

(s +t)u = su+tu D(s+t)-u=Ds-u+Dt-u
Az.(s+1t) = Ar.s + Aw.t Ds-(u4+v)=Ds-u+Ds-v

In the light of this, we have the following abbreviations.

Notation 2.1. Note that sums are only allowed in the argument of an application, so
the definition given above does not allow the followings as terms, but we will find the
following syntactic sugars useful.

n

)\x(z si> = i AX.S; % Ds; - t;
i=1

O
/N
[

»
N—
.
[

St
N—

Il

i=1 i=1 j=1 i=1,j=1
(Zsi)TEZSZ-T < Si,ztj>5<81,t1>+< Si,zt]’>
i=1 i=1 =1 =1 =2 =2

The definition of differential A-terms allow the argument of an application to be a
sum of terms. Since it is not in a linear position, in general,

Note that if we sum over 0 terms, 0 annihilates all things except when it is the
argument of an application.

2.2 Differential Substitution

After introducing differential application which mimics the derivative D f-u : x — f'(z)-u,
the authors introduced another operation which mimics the result of applying f’(z) to
u linearly. This operation is similar to substitution, and is given the name differential

oS .
substitution, denoted as % T. Tt replaces exactly one linear occurrences of x (non-

deterministically chosen) b§ Tin S.

Consider the situation where there are multiple linear occurrences of a variable in a
term. To perform differential substitution, one has a choice of which linear occurrences
of the variable to be substituted. So, this substitution becomes a non-deterministic



operation. The authors of [ER03| use sums to interpret this non-deterministic property.

a8
Thus, differential substitution e T is actually the sum of all possible terms obtained
x
by substituting exactly one linear occurrences of the variable z by T in the term S.
Furthermore, if there is no such occurrence in S, the result will be 0.
Definition 2.2 (Differential substitution). Let S,T" be differential A-terms and x be a
oS
variable. The differential substitution of x by T" in S, denoted by % T, is defined by
x

induction on S as follows:

@~T—{T if v =y,

or 0 otherwise.
%(Ay.s)-Tsz.(?—i-T) assuming = # y and y ¢ FV(T)
0 _ [0s oU
—(sU) - T = <%-T>U+<Ds-(%-T>>U
0 [/ O0s ou
T-r=0
0 Os ou
%Fst(s) T = Fst(%.T>
(%snd(s) T = sm(% . T>
?-TE
x
0 0s ou

Since differential application is a bilinear operator, a linear occurrence of z in Ds -t is
either a linear occurrence in s or ¢, so we can just sum over both possibilities and obtain

0s Ju
D(%-T)-U—FDS-(%-T).

However, this is not the case for normal application s U. If the linear occurrence of x is
in s, we can apply the substitution directly to s as it is in a linear position, producing

s
the term (8_ . T) U. However, if the linear occurrence of x is in U, we would need to
r

“linearise” the application by “extracting” a linear copy of U, obtaining (Ds - U) U, and
perform the substitution to the linear copy.

linear copy of U the linear copy x

sl extracting a (DS . U) U substitution on (DS . <88_U . T)) U

Again this coincides with the algebraic notion of differentiating a composition of two
functions.

(fog)(z) = f(9(z)) - ¢'(x) = (Df - ¢(x)) g(x)
Note that “linearising” applications is not valid in this calculus. i.e.sU # (Ds-U) U.
It is only used implicitly in the differential substitution of application.
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Example 2.2. Let x,y and z be distinct variables. Consider the differential substitution
of z by z in the term S = \y.((Dz - y) (z +y)).

(w9 @) -

)\y'<8 (Dx -é/)x(x+y) z)

Ay.((a %S;y z) (x+y)+ (D(Dx-y) : (Wz)) (:E+y))

E)\?J.((D(%'Z) -y + Dz - (%z)) (z +y)+
(D(Dazy)(%z+%z)) (x+y))

E)\y.((Dz-y+Dx-O) (x+y)+ (D(Dz-y) - (2 +0)) (a;—l—y))
= 3w-((Dz-9) (2 +9)) + 2. (DO ) - 2) (2 +))

As discussed in example 2.1, the only subterm that is not in a linear position of any other
subterm of S is x+y. Yet, x is a linear occurrence in x+y. In the differential substitution

oS

o z, we consider all possible terms obtained by substituting one linear occurrences of

x
the variable x by z in the term S. Hence, we also substitute this linear occurrence of x

in z + y and obtain \y. ((D(Dx y) - 2) (4 y))

The following proposition tells us that if there is no free occurrences of x in a term
S, the result of differential substituting x in S is 0.

Proposition 2.1. If = ¢ FV(S), then g—S T =0.
x

Proof. Easy induction on the structure of S. m

We have established enough machinery to define differentiation in this calculus. Recall
the algebraic notion of differentiation. The derivative of a function f along wu is the
function

Df-u: z+ f'(z)- u.

In this calculus, we reduce the derivative of a function, i.e. an abstraction A\z.s, along a
term ¢ to another abstraction similar to Az.s, A\x.s’, where s’ is the term where exactly
one linear occurrence of x (non-deterministically chosen) is substituted by ¢. i.e.

D(Az.s) -t — Ax(% -t)

Example 2.3. Consider the differential application of Az.xz(yz) to w.

D(Ax.xz(yz)) cw —> Ax(%ﬁyz) : w)

A:c((% . w) (yz) + (Da:z . (% . w)) (yz))

= Ax(((% -w) z+ (Dz - (% -w)) z) (y2) +O>
= Az.((wz + 0) (y2))
= \r.wz(yz)



There is only one linear occurrence of x in s and it is substituted by w. Note that the
result of the differential substitution remains an abstraction and, in this case, that is the

only difference between the reduction of the differential application D </\a:xz(yz)> -w and

the classical application ()\xxz(yz)) w, where
(Az.22(y2)) w — wz(yz).

Let us consider the differential application of Ax.xx to y.

D(A\zx.xz) -y — )\x(% y)
v (G2 g) a (Do (3 y)) 2)

z.(yz + (Dz - y) )

A
A

Note that in Az.xx, x occurs twice and the reduction only allows exactly one linear
occurrences of x being substituted.

2.3 Type System D

Definition 2.3 (Type System D). Assume we have a collection of type variables TV.
Types and type contexts are defined as follows:

Types a,Bru=unit|v|axf|a=p where v € TV
Type Contexts Az=g | TU{z:a} assuming that {z : a} ¢ T

A differential M\-term s is a differential typed term if there is a type context I' and a type
a such that I' Fp s : « is derivable in the type system D defined by the following rules,

Fru{z:alkrps:pg

b
(UGT)FU{x:&}I—Dx:a (abs) PkpArs:a=pf
( )FI—Ds:a:>B I'Fpt:a
app I'Fpst:f
(unit) ( ,)Fl—ps:oz I'kpt:p
['Fp () @ unit par ['kp (s,t) :axp
FFpp:axp Fpp:axp
Fst Snd
(Pt T Ft(p) - 0 Snd) T4 Snd(p) - 5
'Fps:a=p I'kpt:a I'kps;:a Viel
(©) 'FpDs-t:a=p (sum) Chp Y e sita

Remark. The differential application Ds -t has the same function type o = [ as s as it
is mimicking the derivative of s along t.
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Example 2.4. Let I' = {z:o,y:a,z:a} and I = {y: @, z: a}. We show that the term
D(D()\x.x) . y) - z is a differential typed term.

(var) =————
I'kpx:«
<a(b|;§ IMFp Azz:a= « (var) I"Fpy:a (var)
I"Fp D(Az2) -y =« VFpz:a

) I"tp D(D(Az.x) - y) -2 a = «

Lemma 2.2 (Substitution Lemma for D). Let 'U{x:a}bFp S:fand I'Fp T : a. We
have

(i) D'Fp S[T/x] : B

(i) FU{x:a}l—D%-T:ﬂ

Proof. Easy induction on structure of S. m

2.4 Differential \-theory
Definition 2.4. A simply-typed theory 7 with respect to a type system 7T is a collection

of rules of the form I' 7 s =t : o, where ' -7 s : @ and I" F+ ¢ : o are derivable. We
write 7 >T' 7 s =1t : a to indicate that I' -7 s =t : ais a rule in 7. The A\fBnp-theory
is the smallest theory that is closed under the following rules,

Fkps=s:a=p Thkpt=t:« Fr'u{z:altFps=t:p

(app) TFpst=st:0 (abs) T s =t as
) Fr'v{z:atrps: Thkpt:a () x & FV(s)
Fkp (Az.s)t=s[t/x]: B T Trparsz=s:a=p
. ['Fp s:unit 4 Pkpp:raxp
t .
(unit) ['Fps =) :unit (pair) ['Fp (Fst(p),Snd(p)) =p:axp
I'kp s: « I'kpt: B I'kps:a I'Fpt:p
(P T Fst(s.0)) = s - ) S ) = 1 5
( )Fl—ps:t:a2>6 'Fpu=v:«
appp 'FpDs-u=Dt-v:a=p
I'Fp D(A\z.s) - t:a=pf
(8) p D)1t
I'kp D(Az.s) -t =Az.(—-t) :a=p
Ox
(st) (sum) I'Fps; =t :« Viel

I'FpD(Ds-t)-u=D (Ds-u)-t:« Chp Y icrsi= D iertic

11



with the usual reflexive, symmetric and transitivity rules.
We say a simply-typed theory 7 is a differential \-theory if it is closed under all rules

in A\Gnp.
Remark. Since we are only considering simply-typed theories in this project, we write
theory meaning simply-typed theory.

The following lemma is a direct consequence of the (swp) rule. It shows that differ-
ential substitution of the same variable is unordered.

o (08 o (08
Lemma 2.3. If = ¢ FV(T) U FV(U), then %<% ~T> U %<% : U> T

Proof. Easy induction on the structure of S. m

Notation 2.2. Writing ¢ = t,, ... ,ts, we have the following syntactic sugars

Dfs-F'=D(...(D(Ds-t1)-ts)...) ts g—;i-fz %(... <%<g-t1) ~t2) ) .

Let ¢ be a permutation of ¢ and .7 be a differential A-theory. By the (swp) rule, we have

—

Tp> I'bp Dks-t?: DFfs -t a.
And, by Lemma 2.3, if z ¢ FV(s) U, FV(t;), then

oks =  OFs
T Thpo—i=—-1:q.
> D yk oxk @

Moreover by the (5p) rule, we know that
7 o D (Ohs) - = e (25 7)
> I'bFpD¥(Az.s)-t= x.<@-t>.a.

Example 2.5. In example 2.4, we showed that I'' Fp D(D()\x.x) -y) -z :a = «a. In any
differential A-theory .7, we can write D(D(Az.z) - y) - z as D*(A\z.z) - (y,2), and have

0%z

T UhpD0wa)- (5,2) = Mo (55 (9:2)) =0:a =a.

12



3 Resource \-Calculus

Resource A-calculus is suggested by Pagani and Tranquilli in [PT09] and refined by Buc-
ciarelli et al. in [BEM10|, which is based on Boudol’s calculus [Bou93| but “enriched with
the dynamics of differential A-calculus”.

Resource A-calculus has a bag of resources as the arguments in an application, where
a resource is either a reusable term, with a | superscript, or a linear term. As the names
suggest, a reusable term is a term that is infinitely available, and a linear term provides
exactly one copy of itself. Note that this way of indicating a reusable term comes from
Girard’s linear logic in [Gir87|. In the light of differential A-calculus, sums are introduced
to this calculus to represent all the possible results of a computation. In addition to the
capture-free substitution, resource substitution is also added. Moreover, reductions are
not lazy as in Boudol’s calculus. All these make it possible to define translations between
this calculus and differential A-calculus.

3.1 Resource Terms and Bags of Resources

Recall 3.1 (Multisets). A multiset m over a set S is an unordered list with repetitions,

denoted as m = [ay,aq,...], where a; € S for all i. We say m is finite if it is a finite
list. The union of multisets m; = [a1,aq,...] and my = [by,by,...] is My W my =
la1, b1, a,b,...]. We write N(S) as the set of all finite multisets over S. We denote 1

as the empty multiset | |.
Example 3.1. (i) [1,1,2]®[2,3] = [1,1,2,2, 3]
(i) N(w) = {[n1,n2,...,np] :m>0,n; € w}

Definition 3.1 (Resource Terms and Bags). Assume we have an infinitely countable set
of variables V. The collection A" of resource terms, the collection A" of resources and
the collection A’ of bags are defined by mutual induction as follows, where z € V:

A" MN,L:i=z|XeM|MP| ()| (M,N)|Fst(M) | Snd(M) (terms)
AV MO NG = M| M (resources)
A’ PQR:=1|Pw[MY (bags)
A°: AB,C:=M|P (expressions)

The collection A° of expressions is just the (disjoint) union of the collection A" and A°.

Definition 3.2 (Sums). The collection of sums of terms is the set of all finite multisets
over A", N(A") and the collection of sums of bags is the set of all finite multisets over
A N(A®), with 0 referring to the empty sum.

M,N,L € N (A") (sums of terms)
P,Q,R € N(AY) (sums of bags)
A,B,C € N(A") UN(AY) (sums of expressions)

We consider expressions up to a-conversion and write A = B if A and B are syntac-
tically equivalent. The set FV(A) of free variables of A and the capture-free substitution
of z by a resource term N in an expression A, denoted by A[N/z], are defined as usual.
It is easy to see that we can extend both the free variable and substitution to sums as in
FV(A) and A[N/z| by linearity in A.
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Example 3.2. Similar to Boudol’s calculus, we can express any A-terms using resource
terms. For example,

I=X\vr  w=)valr] Q=wlw] A = \vyz|(z [, y'])] ©=A[A]]

Notation 3.1. The definitions for terms and bags do not include any sums. Thus, the
sums are always on the “surface”. Nonetheless, we would define the following syntactic
sugars where we extend all constructors to the sums. All “positions” in resource A-
calculus are linear, except (—)". So, unlike in differential A-calculus, application is a
bilinear operator in resource A-calculus. This makes sense since sums only arise on the
“surface” in resource A-calculus, while the argument of an application in differential \-
calculus could be a sum.

)\x(iM) — im.Mi [iM} WP = i ([Mi] L+JP>
(ZM)(ZP) ijzm;MP [ZM } = [M!,...,M|wP

Note that if we sum over 0 expressions, 0 annihilates all things except under (—)".

3.2 Resource Substitution

Definition 3.3 (Resource Substitution). Let A be an expression, N be a resource term
and z be a variable. The resource substitution, denoted as A(N/x), is defined by induction
on A as follows:

yVi) = { ' Diftomie
(Ay.M){(N/x) = M\y.(M(N/x)) assuming that © Z vy, y ¢ FV(N)
M P{(N/z) = M(N/z) P+ M P{N/x)
(M(N/z) =)

(M, L)(N/x) = (M(N/x), L{N/x))
Fst(M)(N/x) = Fst(M(N/z))
Snd(M)(N/x) = Snd(M(N/x))

[M](N/z) = [M{N/x)]
[M'|(N/x) = [M(N/x), M|
1(N/z) =0
(PWR)(N/z) = P(N/z)W R+ PW R(N/x)

Similar to capture-free substitution, resource substitution can be extended to sums as in
A(N/z) by bilinearity in A and N.

In differential substitution, we discussed how to linearly substitute a linear occurrence
of x to the argument of an application, which is not in a linear position. However,
in resource A-calculus, this is not necessary as application is bilinear. We can safely
distributes the substitution over application. The only operator that is not linear in
resource A-calculus is (—)'. Thus, for [M'](N/z), we again “extract” a linear copy from

14



the reusable resource M', apply the resource substitution to the linear copy, leaving the
!

reusable copy unchanged and obtain [M (N/x), M’]. This equation
(s[U(T/x) = (s(T/2)) U] + s ([UT /)
= (s(T/x)) [U'] + s [U(T/x),U’]

closely resembles the differential substitution of application.

Example 3.3. Consider the following resource substitution.

(@ + )]+ 2z (ly, (z+y)){z/2)))

T+ ([y(z/z), (€ + )]+ [y, (z+y)(z/z), (x +y)'])
J+2 ([0, (x+y)]+ [y, 2+ 0, (z+)]))

1) + My (2 [y, 2, (x + )"

Note that in example 2.2, we have

% ()\y.((Dx cy) (z+ y))) cZ= Ay, ((Dz y) (x+ y)) + /\y.((D(Dx y) - 2) (z+ y))

which closely resembles our result here.

3.3 Type System R

Definition 3.4 (Type System R). A sum of expression A is a resource typed term if
there is a type context I' and a type a such that I' - A : « is derivable in the type
system R defined by the following rules,

'k N:a TFgP:a (1)
Iz [NYJWP:a FFrl:a

(bag)

(sum) 'R A: o I'Fr B: « B+#0
'k A+B: «

and the usual (var), (abs), (app), (unit), (pair), (Fst) and (Snd) rules.

3.4 Resource A-theory

Notation 3.2. We will have the following abbreviations,

Ly,....L, M[]\z!/x] MI[N}/z] ... [N} /]
=N,,...,N, M{L/x) = M{(Ly/x)...(L,/z)

2 ll

We also write E_j = Ll; R 7Lj—1; Lj+1, R ,Ln.
Every application M P can be written uniquely as M[L, N'], where P = [L, N'] is a
multiset which is unordered.

15



Definition 3.5. The Afng-theory is the smallest theory that is closed under the following
rules,

Fru{z:a}FrM:8 Trg|[L,N]:a
[ Fr (A\e.M)[L,N') = M (L/z) [3, N;/z] : B

(Br)

F'Fr M:a  x&FV(M)
[hr o.M 2] =M«

(77R>

I'Fr M; =N, : « Viel b 'Fr M =N :« ' P=Q: «

(sum)

a
Phr D> Mi=> "/ Nita (bag) Mg (MO P =[NOwQ:a

with the usual reflexive, symmetric, transitivity, (app), (abs), (unit), (pair), (Fst) and
(Snd) rules. We say a theory 7 is a resource A-theory if it is closed under all the rules

in A\fAng.
Remark. In the (Sg) rule, if we only have linear resources in the bag, we would have

e

Fr'v{z:afrr M:8 Trgr[Ll]:a

(Br) I'br (Ae.M)[L] = M(L/z)[0/z] : B

If there is no reusable resources in a bag, this (gr) rule substitutes every free occurrences
of x by 0 after the resource substitution.

Example 3.4. In resource A-theories, (Az.x) [y] is equated to a variable

(Az.z) [y] = 2 (y/2)[0/2] = y[0/2] = y,

whereas in differential A-theories, the differential application D(Az.x) - y is equated to an

abstraction

Ox
D(A\zx.x) -y = )\x(g cy) = A\x.y.
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4 Translation Between Differential A\-Calculus and Re-
source \-Calculus

As mentioned in the previous section, resource A-calculus suggested in [PT09] is inspired
by the dynamic of differential A-calculus. It is not surprising that these two calculi are
closely related.

Along with introducing the categorical models for simply-typed differential A-calculus,
Bucciarelli et al. in [BEM10] defined a “faithful” translation map from resource A-calculus
to differential A-calculus. In a subsequent paper [Man12|, Manzonetto refined the trans-
lation map and provided the backward direction.

4.1 From Resource A-Calculus to Differential \-Calculus
Resource terms can be easily translated to differential A-terms.
(—)*: A" — A
T —x

o.M — Az M?
ML, N']— (D*M*- L%) Y N

O — 0
(M,N) — (M9, N%
Fst(M) — Fst(M?)
Snd(M) — Snd(M?)
d
Remark. This translation can be extended to the sums of term by (ZZ MZ> = > M2

Note that (—)¢ is a partial function. Consider the equivalent resource terms z [y, 2]
and z [z, y].

(x[y.2))* = D(Dx -y) - = (¢[2.y))* =D(Dz - 2) - y.

In differential A-calculus, D(Dz - y) - z and D(Dz - 2) - y are not syntactically equivalent.
However, according to the (swp) rule, they are equal under any differential A-theory.

Example 4.1. The resource term in example 3.3 can be translated to the differential
term we considered in example 2.2 via (—

(M- [y, (z +)'])"

~—
ISH

My (z [y, (x +y)])*
Ay.((Dz? - y?) (z +y)9)
Ay.((Dz - y) (z +y))

The following lemma and proposition show that (—)? behaves well with the substi-
tutions, the typing systems and the theories. The full proofs can be found in Appendix
B.

Lemma 4.1. Let M, N € A" and x be a variable.
(i) (M[N/a])? = M?[N9/z]
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oM?
ox

(ii) (M(N/x))* = N

Proposition 4.2. For any M, N € A", we have
i) ThFr M:a <= TkpMi:aq,

(ii) If M and N are provably equal in the theory Afng, then their translations are also
provably equal in A\Snp. i.e.

Mr>TFr M =N :« — Ao >T'Fp M? = N?: a.

4.2 The Converse - from Differential A\-Calculus to Resource -
Calculus

This direction is more tricky. As discussed in example 3.4, in resource A-theories, if there

is no reusable resources in the bag, the (fr) rule substitutes all free occurrences of x by

0 after the resource substitution. Whereas in differential A-theories, the abstraction is

kept.
Consider the following translation map from differential A-terms to resource A-terms.

(=)": AT — A"
T
Ar.s —> \x.s"
sT +— 5" [(T")']
Ds -t — \y. (S’” [t", y!]) where y is a fresh variable
() —
(s,t)y —> (s",t")
Fst(s) — Fst(s")
Snd(s) — Snd(s")
s+Tvr+——s"+1T"

Example 4.2. In contrast to example 4.1, we show that the differential term we consider
in example 2.2 can not be translated to the resource term in example 3.3 via (—)".

(W-((Dz-9) (@ +4))) =2y(Dz-y) (a+)’
(D) [((z +v))]

Y
Y
y((0=( [, 2D) [z + 9]
Y

Similar to (—)9, the translation (—)" behaves well with the substitutions, typing sys-
tems and the theories. The proofs of the following lemma and proposition can be found
in Appendix B.

Lemma 4.3. Let S, 7 € A? and x a variable.

18



(i) ABpr>T kg (S[T/z])" = ST /2] : «

(i) Ao > T Fr (Z—S T) = S"(T"/2) : a

Proposition 4.4. For any s,t € A% we have
(i) TFps:a <= TI'hkgrs:aq,

(ii) If s and t are provably equal in the theory ASnp, then their translations are also
provably equal in A\fng. i.e.

Mop>ITEFps=t:a — AMnr> TR s" =t": «

4.3 Resource \-Calculus and Differential \-Calculus

As shown in example 4.2, the translations (—)¢ and (—)" are not inverse of each other,
yet we will see that they are close enough.

Proposition 4.5. For any differential typed term S € A? and resource typed term
M e N(A7),

Mo >T bp (S)=5:a and Mg > T Fr (M%) =M : a.

Proof. We first prove that A\gnp > I' Fp (S™)? = S : a for all differential typed terms
S € A? by induction on the structure of S. The only interesting cases are when

e S =sU is an application,
ABnp > ((s U)T)d = (s"[(UN]) = (sNNU) =50 : a.

e S = Ds -t is a differential application,

Ao > T Fp ((Ds- 1)) = Ow.(s7 [, 4'])"
= My ((D(s")*- (1)) )
= \y.((Ds - ) y) (IH)
=Ds-t:a (n)

Now, we consider sums of resource typed terms M € N(A"). We prove that ' Fx
((M ) = M by induction on the structure of M. The only interesting case is when
M = M [L, N'] is an application.

A > T Fr (ML, N = ((DFM?- L) Y N
|
= (DM Ld) (Do)
(Ay.(

= (\v. Ld) yD) [(N9)] (3.1)
Ay y])) [V (IH)
=ML, ] a (%)

L]

This relationship between differential and resource A-theories confirm the initial idea
that differential A-calculus is resource-sensitive.
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5 Model of Differential \-Calculus

In this section, we describe the cartesian closed differential category presented by Buc-
ciarelli et al. in [BEM10]|. It is based on the cartesian differential category introduced by
Blute et al. in [BCS09]. Next, we prove that one can soundly model differential A-theories
in cartesian closed differential category as shown in [BEM10]. After that, we prove the
converse by giving a construction of the “smallest” cartesian closed differential category
that can soundly model any given differential A-theory.

Furthermore, assuming that we can extend the theory with constants and function
symbols, we show that differential A-theory is the internal language of cartesian closed
differential category and “prove” properties about the category using the theory. Finally,
we discuss the notion of complete categories with respect to differential A-theories.

5.1 Cartesian Differential Category

In differential category, morphisms are viewed as linear functions and coKleisli morphisms
as differentiable functions. Cartesian differential category resembles the coKleisli category
of a differential category and directly axiomatizes the differentiable functions.

Definition 5.1 (Left additive and Additive). A category C is left additive if every homset
C(A, B) is enriched with a commutative monoid (C(A4, B),+4p,045) and, the additive
structure is preserved by composition on the left. i.e.

(g+h)of=gof+hof 0o f=0.

We say a morphism f in a left additive category is additive if it also preserves the additive
structure of the homset on the right. i.e.

folg+h)=fog+foh fo0=0.

Example 5.1. Consider the category FVect of finite dimensional vector spaces and dif-
ferentiable functions. For any differentiable functions g,h : U — V, we can define a
differentiable function g + h : U — V, which sends u — g(u) + h(u), where for any
differentiable function f: W — U,

VweW  ((g+h)o f)w) =(g+h)(f(w) =g(f(w) +h(f(w)) =(go f+ho[f)(w)

Moreover, the zero function Oyy : u +— 0 is preserved by composition on the left. Thus,
FVect is left additive. However, not every differentiable functions in FVect is additive.
For instance, (22 o (z + 22))(1) = 2*(1 +2) = 3> = 9, but (22 oz + 2% o (22))(1) =
z?(1) +2%(2) = 12 + 22 = 5.

Definition 5.2 (Cartesian left additive category). A cartesian left additive category is a
left additive category with products where projections and pairings of additive maps are
additive. i.e.

e m; and 7y are additive,
e if f and g are additive, their pairing (f, g) is also additive.

Example 5.2. In FVect, it is easy to check that the projections p; : (u,v) — u and
pe @ (u,v) — v are additive. Also, given additive differentiable functions f and g, their
pairing (f,g) : v — (f(v),g(v)) is also additive. Thus, FVect is a cartesian left additive
category.
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As discussed before, the derivative of a function f : U — V along a point v € U is
the function Df - u : U — V which maps = — f'(z) - u. Consider the situation where
we abstract u € U as well. Then, we obtain a function from U to the space of linear
functions U = V| which we denote as

Df: U — (U=V)
u — Df-u

Note that Df is also differentiable. Now, we consider such a map in a cartesian left
additive category. Given a morphism f : A — B, we define a cartesian differential
operator D, [f] which has the type A — (A = B). Since the cartesian left additive

category is not necessarily closed, we “uncurry” the morphism and obtain Dy [f] : AXx A —
B.

Definition 5.3 (Cartesian differential operator). An operator Dy[—]|: C(A, B) — C(A X
A, B) of a cartesian left additive category is a cartesian differential operator if it satisfies
the following axioms:

[CD1] Dy is linear:
Dy[f + gl = Dx[f] + Dx[gl, Dy[0] =0
[CD2] D, is additive in its first coordinate:
Dy[fl o (h+k,v) = Dx[f] o (h,v) + Dx[f] o (k,v), Dy [f]o{0,v) =0
[CD3] D, behaves with projections:
D, [Id] = m, Dy [m] = m omy, Dy [ms] = mp0om
[CD4] D, behaves with pairings:

Dy [(f.9)] = (Dx[f], Dxlg])

[CD5] Chain rule:
Dylgo f] = Dxlg] o (Dx[f], f o m2)

[CD6] D.[f] is linear in its first component:
Dy [Dx[f]] o ({g,0), (h, k)) = Dx[f] © (g, k)
[CD7] Independence of order of partial differentiation:
Dy [Dx[f]] 0 ({0, h), (g, k)) = Dx[Dx[f]] 2 ({0, g), (h, k)

We say Dy [f] : A x A — B is the derivative of f: A — B.

Definition 5.4 (Cartesian differential category). A cartesian left additive category with
a cartesian differential operator is a cartesian differential category.
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Example 5.3. We can define a cartesian differential operator in FVect as follows,

m,n
-_— T
ydi=1,j=1

D . 1) =
AA@E D = |57
where f = (fi,oo s fn), @ = (x1,...,2p) and ¥ = (Y1,...,Ym). It is easy to check that
D, [—] satisfies [CD1-7|. Thus, FVect is a cartesian differential category.

Remark. In cartesian differential category, the partial derivative of a morphism can be
obtained by zeroing out the components on which the differentiation is not required.
Consider a morphism f : A; x Ay — B. To obtain the partial derivative of f on the first
component, we zero out the component A,. i.e.

<IdA1 ’ 0A2>><IdA1 X Ag

Dx[f]

A1 X (Al X Az) (Al X AQ) X (Al X A2> B

Therefore, we define D} [f] := Dy [f]o ({Id4,,04,) X Id4,x4,) to be the derivative of f on
its first component. Similarly, we define D%[f] := Dy[f] o ({0a,,1d4,) X lda,x4,) to be
the derivative of f on its second component.

5.2 Cartesian Closed Differential Category

Cartesian differential category is not enough to provide categorical semantics for differen-
tial A-calculus as the cartesian differential operator does not necessarily behave well with
exponentials. Bucciarelli et al. added a new rule to the cartesian differential operator and
proved that a cartesian differential category with such an operator can soundly model
differential A-calculus.

Definition 5.5 (Cartesian closed differential category). A cartesian differential category
is a cartesian closed differential category if

e it is cartesian closed,
e \(—) preserves the additive structure, i.e. \(f + ¢) = A(f) + A(g) and A(0) =0,
e D, [—] satisfies the following (D-curry) rule. For any f: A; x Ay — B,

Dy M) = AMDx[f] o (1 X 04y, m2 X 1da,))

It is easy to check that the following diagram commutes.

7T1><0A2,7T2><|dA2>

Dx[f]

(
(Al X Al) X A2 (Al X Ag) X (Al X AQ)
L .
a (Iday,04,)%Id4; x A, DLIf]
/

Al X (Al X Ag)

Hence, we can rewrite the rule (D-curry) as follows,

Dy[A(f)] = MDs[f] o a)

where a : (A; X A7) X Ay — Ay X (A1 x Ajy) is the associative morphism. Intuitively,
(D-curry) says that if we curry f and take its derivative, it is the same as currying the
derivative of f in its first component.
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Recall that in defining the categorical model for simply-typed A-calculus, capture-free
substitution is modelled by composition of morphisms. Since differential substitution is
introduced for differential A-calculus, we need another binary operator that models it.

Definition 5.6. Let x : C(A; x Ay, B) X C(Ay, As) — C(A; X Ay, B) be a binary operator
where
f*g = Dx[f] © <<0121><A27g © 7T1>7 IdA1><A2>

The binary operator = can be viewed as the counterpart of differential substitution. It is
easy to check that the following diagram commutes.

A XA
<<0A1X 27go7r1>,|dA1><A2> Dy [f]

Al X A2 (Al X AQ) X (Al X Ag)

A
0a,,Id xId
<9°7|'17|dA1 X Ag < o A2>| A Di [f]

A2 X (Al X AQ)

B

So, we can write
fxg=D%[f]o(gom,ldaxa,).

Intuitively, f x g is obtained by force-feeding the second argument of f with exactly one
copy of the result of g.

The following proposition tells us that the order of force-feeding f with results of
morphisms does not matter. The proof can be found in Appendix B.

Proposition 5.1. Let f: A; x Ay — B and g, h : Ay — A, be morphisms in a cartesian
closed differential category. We have

(fxg)xh=(fxh)xg.

5.3 Categorical Semantics of Differential Typed Terms

Definition 5.7 (Categorical Semantics of Differential Typed Terms). Let C be a cartesian
closed differential category. A structrue M in C is specified by giving each type variable
v € TV an object [v]m of C. The interpretation of types and typed terms with respect
to the structure M is defined by induction as follows, where T is the terminal object of
C and 74 is the unique morphism from A to T,

e Types
[unit] :=T
[7] := [7v]m, where v € TV
[or x 5] == [a] x [A]
[o= 8] = [o] = [5]

e Type Contexts
@] =T
[TU{z:a}] =[] x [o]

e Typed Terms

(var) [TU{z:a}lFax:a] =m:[I'] x[o] — [o]
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(abs) [TU{z:a}ttFs:8]=7f:[T] x[a] = [4]
[TEXes:a= 8] :=Af):[T]— ([«] = [8])

(app) [TFs:a=g]=5S:[I'—= ([« = [8]) [THt:a] =T:[I — [o]
[T'Fst:B]:=evo(S,T):[I'] = ([of] = [8]) x [] — [7]

(unit) [CEQ unit) c=7prp - [I] = T

(pair) [TEs:a]j=S [I'Ft:p]=T
PO IO (s,6) s a x B] == (S, T) : [T] — [o] x [A]

[TEp:axp]="P: ] —[of x[A]
[T'F Fst(p) : o] ;=m0 P:[T] = [«

(Fst)

[TEp:axf]="P: I — [af x[A]
[T'FSnd(p): ] ;=m0 P:[I'] — [5]

(Snd)

D) [TrEps:a=p]=5:[]— ([« = [5]) [TFpt:a] =T:[I] — [o]
[TFpDs-t:a=pf]:= )\()\’(S)*T) 1] = ([«] = [8])

[Thkpsi:a]=8:[I]—[aof Viel
[Chp Y iersica] =38 [I]— [a]

(sum)

Remark. These interpretations should come as no surprise. The interpretation of the (D)
rule is basically uncurrying S, force-feed one copy of the result of 7" to the uncurried .5,

and then currying the result.

Recall 5.2 (Model). We say a structure M satisfies a rule I' - s =t : a if the interpre-
tations of ' - s: o and I' - ¢ : o with respect to M are the same. i.e.

[TFs:a]=[CFt:a].

A structure M is a model of a theory .7 if M satisfies all the rules in 7. i.e.

T>I'Fs=t:a = [TFs:a]=[CFt:a].
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5.4 Soundness and Completeness Theorem

The following substitution lemma shows that capture-free/differential substitution can
be modelled soundly by composition/the binary operator x. Note that the (D-curry) rule
is required in proving the following lemma which is crucial in proving the (f8p) case in
the soundness theorem.

Lemma 5.3. (Generalized Substitution Lemma) Let M be a structure in a cartesian
closed differential category. If T'U{x:a}tps:fand I'tFp t: «, then

(i) [Pkpsft/a]: Bl =[TU{z:a}lbps:B]o(ldpy, [T Fpt:al);

(ii) [[FU{x:a}I—D%-t:ﬁ]]:[[Fu{x:a}l—pszﬁ]]*ﬂfl—pt:a]].

Remark. The proof of this generalized substitution lemma is very technical and can be
found in the appendix of [Man12].

Theorem 5.4. (Soundness Theorem) Given a cartesian closed differential category C,
any structure M in C is a model of A\Gnp.

Proof. We show that a structure M satisfies all rules in ABnp by induction. The cases for
the rules in ABn can be found in th proof of Theorem A.5.

(Bp) Let S=[TU{x:a}tbps:pland T =[I' Fpt:a]. We have
[l'Fp D(Az.s)-t:a= g] = )x()\’ (A(9)) *T)
=ANS«T)
= A(ﬂF U{z:a}bp g—i -t B]]) (Lemma 5.3 (ii))

:[[FI—D)\x.(%~t) ca =[]

Thus M satisfies I' -p D(Az.s) - t = )\x(? ) ra=p.
T
(swp) Let S=[I'Fps:a=p],T=[TFpt:a]and U= [I"Fpu:a].
[CHp D(Ds-t)-u:a= B]=AXA"(AMA(S)*T)) *U)
T
U)*T) (Prop. 5.1)
=[C+p D(Ds-u)-t:a= /]
Thus M satisfies I' Fp D(Ds - t) -u=D(Ds - u) - t : « = .

The induction case for the (appp) and (sum) rules are trivial. O

Soundness tells us that the categorical semantics of differential typed terms actually
makes sense. Thus, we can now define a differential A\-theory based on any cartesian
closed differential category.

Corollary 5.5. Every cartesian closed differential category C gives rise to a differential
A-theory Th(C).
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Proof. Let M be a structure in C. Let
Th(C):={Ttps=t:a|[lrps:a]=[Tkpt:a] }.
By soundness, A\gnp is included in Th(C). So, Th(C) is indeed a differential A-theory. [

We have proved that for any cartesian closed differential category, one can define a
differential A\-theory with respect to it. Now, we consider the converse. Given a differential
A-theory, we would like to construct a cartesian closed differential category in which the
theory can be modelled soundly in the category. More specifically, we would like to
construct the “smallest” such category. We call it the classifying category of the theory.
The classifying category is the “smallest” in the sense that for any other categories D, in
which the theory can be modelled soundly, there is a cartesian closed differential functor
F' from the classifying category to D such that the interpretation of the theory in D
can be expressed as the composition of the interpretation of the theory in the classifying
category and F'.

To have a notion of “smallest”, we consider the category CCDCat~(C, D) of cartesian
closed differential functors C — D and natural isomorphisms. We say a functor F': C —
D between cartesian closed differential categories is a cartesian closed differential functor
if F' preserves

e the additive structure, i.e. F(f +g) = F(f) + F(g) and F'(0) =0,
e products via the isomorphism ¢ := (F'my, F'my),

e exponentials via the isomorphism ¥ := )\(F (ev) o <I>),

e the cartesian differential operator, i.e. F(Dy[f]) = Dx[F(f)] o ®.

We also consider the category DMod~(.7, C) of models of a differential A-theory .7 in
a cartesian closed differential category C and additive model homomorphisms. A model
homomorphism h : M — N is given by isomorphisms h, : [y — [7]n for each type
variable v, and

hoxp = ha X hg and homp = ht = hg := )\(hg oevo (Id x h;l)).

Definition 5.8 (Classifying Category). Given a differential A-theory .7, we say a cate-
gory, denoted CI(.7), is classifying if there is a “generic” model that soundly interprets
Z in CI(7) and for every cartesian closed differential category D, there is a natural
equivalence

CCDCat~(CI(7), D) ~ DMod~(7, D).

So, for any cartesian closed differential category D, a model of .7 in D can be rep-
resented by a functor from the classifying category Cl(7) to D. Thus, the classifying
category is the “smallest”. It is not difficult to see that for any differential A-theory, its
classifying category is unique up to isomorphism.

We set up the equivalence in the forward direction via the following family of modelling
functors.

Definition 5.9 (Modelling functors). Let C and D be cartesian closed differential cate-
gories, .7 be a differential A-theory in C and M be a model of .7 in C. We define a family
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of modelling functors DApy; : CCDCat~(C, D) — DMod~(.7, D) which for any cartesian
closed differential functor F': C — D, DApy F' is a model of .7 in D, where

[Vloae,F == F([7v]m),

and for any natural isomorphism ¢ : F' = G, DApy¢ : DApy F' — DApyG is an additive
model homomorphism where

(DAPM(b)V = O]

Remark. 1t is easy to check that DApy F' is indeed a model of 7 in D, DApy¢ is indeed an
additive model homomorphism and DApy, is a well-defined functor from CCDCat~(C, D)
to DMod~(.7, D).

The following technical lemma will be used in proving completeness. Complete proofs
can be found in Appendix B.

Lemma 5.6. (i) If = ¢ FV(¢), then

(D(Az.(t[t'/2'])) -u) s = (D(A2".t) - (DAz.t') - u) 8)) t'[s/x].

(i) if e 2y, x,y ¢ FV(M) and z,y, z ¢ FV(u) U FV(v),

(2 (e -u) ool = (2L 0,0)) .0/

Theorem 5.7 (Completeness Theorem). Every differential A-theory 7 has a classifying
cartesian closed differential category CI(.7).

Proof. We first construct a cartesian closed differential category based on the syntax of
the given differential A\-theory .7 and then prove that it is classifying by presenting the
“inverse” for the functor DApg : CCDCat~(Cl(.7), D) — DMod~(.7, D).

Given a differential A-theory .7, we define a cartesian closed differential category

Cl(.7) where
e objects are types of .7,

e morphisms f : o — 3 are equivalence classes of typed terms [{x oy M B},
where two typed terms are equivalent if they are provably equal in .77. We write
{z:a}+ M : B instead of [{z:a}F M : ],

e composition of g ={y: S} F N:vand f={z:a}t+ M:[is
fog={z:a}F N[M/y|:~,
e identity morphism of the object a is ldy, :={z: a} F 2 : a,
e product of objects « and (3 is a x 3 with projections
m ={z:ax B} Fst(z): and  ma={z:ax B}k Snd(z): 0,
e pairing of morphisms f ={z:y}FM:aandg={x: v} - N:[is
(fig) ={z: 7} (M,N):axj
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e exponential of objects # and v is = v and the evaluating morphism is
ev={z:(8=7) x B} F Fst(z) Snd(z) : v,
where for any morphism f = {z:a x 8} = M : 7, the exponential mate of f is

A(f) ={z:a} F Ay (M[{z,y)/2]) : B =7,
where z and y are distinct and fresh variables,

e given objects o and f3, (CI(?)(OA, B), 4+, O) is a commutative monoid where the sum
of the morphisms f ={z:a}FM:fandg={zx:a}b N:[is

frg={r:a}F M+N:p
and the unit is 0 :={z : a} F 0: f,
e given morphism f = {x : a} F M : (5, its derivative is
Dy [f] =={y:axa}F (D(Az.M) - Fst(y)) Snd(y) : 5,
where y is a fresh variable.

The proof that CI(.7) is a cartesian closed category can be found in the proof of
Theorem A.7. To verify CI(.7) is a cartesian closed differential category, it is enough to
prove that it is cartesian left additive, and D [—] satisfies [CD1-7] and (D-curry).

Verifying that CI(.7) is a cartesian left additive category is easy. We would only look
at the requirement that the pairing of additive morphisms is additive, since this explains
the syntactic sugar on sums of pairing terms in differential A-calculus given in 2.1.

Let f={y:v}FM:acaandg={y:~v} - N: [ beadditiveand h ={z:0} - H : v
and k = {z:0} F K : v be morphisms.

(frgpo(h+Ek)={y: 7} F (M N):axp)o ({z:0}FH+K:7)
={z:0}F(M,N)H+ K/y]:axp
={z:0} F(M[H+ K/y], NJH+ K/y]) :a x
— (fo(h+k),go(h+k)
=(foh+ fok,goh+gok) (f and g are additive)
=(foh,goh)+ (fok+gok)
=(f,g9)oh+(f,g)ok

(f,9)00=({y: v} F(M,N):axp) o ({z:0}F0:7)
={z:0} - (M,N)[0/y] : a x 3
={z: 6} E{M[0/y], N[0/y]) - ' x B
=(f00,g00)
(0,0) (f and g are additive)
0

We check that D [—] is indeed a cartesian differential operator that satisfies [CD1-7]
and (D-curry).
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[CD1] Dy«[f +g] = Dx[f] + Dx[g] and D«[0] = 0.

Dy [f + 9]
=D[{z:a} M+ N:p|

—{y:axa}k <D(/\:z:.(M +N)) -Fst(y)) Snd(y) :
={y:axa}lr (D(Az.M) - Fst(y)) Snd(y) + (D(Az.N) - Fst(y)) Snd(y) : $
= Dy [f] + Dx[g]
Dy[0] =D[{z:a}+0: 0]
={y:axa}t (D(Az.0) - Fst(y)) Snd(y) :
={y:axa}r0:5=0
[CD2] Dy[f]o(h+ k,v) = Dyx[f] o {(h,v) + Dyx[f] o (k,v) and Dx[f] o (0,v) = 0.
Dy [f] o (h+k,v)
=D[{z:a}rM:8] o ({y:7}FH+K:a {y:7}FV:a)
= ({z cax a} b (D(Az.M) - Fst(2)) Snd(z) : B) o {y:v}FH+KV):a)
— [y} F ((D()\x.]\/[) - Fst(z)) Snd(z)) (H+ K, V)28
={y:7}+ (D\z.M) - (H+K)) V:p
={y:7}+ (DAz.M)-(H)) V+ (DAz.M)- (K)) V:8
= Dy[f] o (h,v) + Dx[f] o (k,v)
D.[f]0(0,0) = {y: 7} (DOwM) -0) Vi B ={y: 7} F0:7=0
[CD3] Dy[ld] = 71, Dy[m1] = w1 0 w1 and Dy [ma] = 73 0 7.
Dyd]=D[{z:a}baz:a]

={y:axa}t (D(Az.z) - Fst(y)) Snd(
={y: &xa}l—()\x (— Fst(y )) Snd(y (Bp)
={y:axa}t (Az.Fst(y)) Snd(y) : a
={y:axa}lbFst(y):a (B)
D[]
=D[{z:axf}FFst(z): ]
={y: (axB)x(axp)}F (D(Az.Fst(z) Fsty)S
(P st(y)) ) snay (8o)

={y: (axB)x (ax M} (x(
(

={y:(axp)x(axp)}F )\stt— Fst(y )Snd(y

={y: (axp)x axﬁ}l—()\sttht )) Snd(y) : a
={y: (axp)x (ax )} Fst(Fst(y)) : a (8)

=71 0T

The proof for Dy [mwy] = 75 0 7y is similar.
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[CD4] Dy [(f,g9)] = (Dx[f], Dx[g])

D [{f,9)]
={y:axa}lt (DO -Fst(y)) Snd(y) : 8 x ~
={y:axa}lt (Ax - Fst( ))) Snd(y) : B x vy (Bp)
={y a><a}|—<)\x_|:5 a—NFt()>)Snd(y):6><7
:{y:axa}l—<(A — - Fst(y )Snd(y)
6N

(Ae.(S- - Fst(y) ) Snd(y)) : 8 x )

= (Dx[f], Dx[g])

(1) Note that
T (Aeds, ) u (s, 8)[u/a] = (s[u/a], tlu/a]) £ (Az.s) u, Azt) u)  :a

[CD5] Dx[f og] = Dx[f] o (Dxl[g],g 0 m2)

Dx[.f] o <D><[g]’90772>
= ({w: B x B} (DOW.N) - Fst(w)) Snd(w) : 7) o

({z taxa} bt ( (D(Az.M)-Fst(z)) Snd(z), M[Snd(z)/z] ) : 3 x B)
:{z:axa}l—<( (Ay.N) - Fst(w)) Snd(w )

[((D(Az.M) - Fst(z)) Snd(z), M[Snd(z)/x])/w] : v

—[z:axa}F ( (Ay.N) - ((D(\z.M) - Fst(z)) Snd(= ))) MISnd(2) /] : 4
={z:axa} H(D(A\z.N[M/y]) - Fst(z)) Snd(z) : v (Lemma 5.6 (i))
=D[{z:a} - N[M/y|:v]
= Dx[f og]

[CD6] Dy [Dx[f]] o {{g,0),{h,k)) = Dx[f] 0 (g, k)
Dy [Dx[f]] o {{(g,0), (h,k))
=D[{y:axa}lr (D(Az.M)-Fst(y)) Snd(y) : ] o
({w:} F (G, ><HK>>1(axa)X(axa))
— {w: ")} F(( D(Az.M) - Fst(y)) Snd(y))) -Fst(z)) Snd(z))
[((G,0), (H, K>>/Z} i
— {w: 7}F(D /\y D(Az.M) - Fst(y)) Snd(y))) - (G,0) ) (H, K) : f

={w:~} l—(/\y (Az.M) - Fst(y)) Snd(y)) (@G, 0>)) (H,K) : (Bp)

5, (D
={w:y}+ /\y 82 (Az.M) - Fst(y))) - (G,0>> Snd(y) +
0 Snd(y)

(D (Az.M) - Fst(y)) - ( o .<G,0>)) Snd(y))) (H,K): 8
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— {w: 7} I—(Ay.((D()\x (%‘7‘; (G.0))) - Fst(y) + DO M) - (2 F;;(y) -(G,0)))

Snd(y) + (D(D(Az.M) - Fst(y)) - 0) snd(y))) (H,K): B (o)
— {w:"} I—(Ay.(0+ (D(\z.M) - G) Snd(y) +o)) (H,K): (Prop. 2.1)

={w:y} DMz M)-G) K : 8 (B)
= {w : v} F((D(Ax.M) - Fst(y)) Snd(y)) [(G,K)/y] : B
:Dx[f] o <gak>

[CD7] DX[DX[f]] © <<Ovh>a <gak>> = DX[DX[.ﬂ] o <<Oag>9 <h7k>>

D, [Dx[f]] 0 ({0, k), (g, k)
— D[ {y:axa}+ (D(.M)-Fst(y) Snd(y) : 8] o ((0,h), (g, k)

:({z:(axa)x(axa)}l—
<D()\y.((D()\:c.M) . Fst(y)) Snd(y))) - Fst(z)) Snd(2) : 5) o
({w: 7 F (0. 1), (G K)) - (a x a) x (@ x a))
={w:v}+ (D(N\y ((D(Afc M) - Fst(y)) Snd(y))) - (0, H)) (G,K) : 8

— w7} F (30 (5, (OO0 - Fotly) Snd) - 0.1))) (G.K): 6 (Fo)
={w:y}+ </\y ( D(Az.M) - Fst(y)) - (0, H)) Snd(y) +
(D(D(Az.M) - Fst(y)) (%ﬁj@) (0, H))) Snd(y)) ) (G, K) : 6

:{w:fy}f—</\ ((Do Fst(y) + D(Az.M) - 0) Snd(y) +

(D(D(A\z.M) - Fst(y)) - H) Snd(y)>> (G,K): B
={w:~}+ (D(DAz.M)-G)-H) K : 8 (B)
={w:~}+ (D(Dz.M)-H)-G) K : 8 (swp)
= Dx[Dx[f]] 0 ({0, 9), (h, k))

(D-curry) DIA(£)] = A(D[£] o (m1 X 0,72 x Id))
A(D[f] o (m1 X 0,73 x Id))
= A(({w (0% ) x (a x §)} F (D(\=.M) - Fst(u)) Snd(u) :7) o
({o: (o x @) x 8} F {(Fst(Fst(v)), 0), (Snd(Fst(v)), Snd(v)) )) )
— A({v (a x a) x B} - (D(A=z.M) - (Fst(Fst(v o>) (Snd(Fst(v)), Sn

d(v)) : ”y)
—{w:axa}F Ay.(((D()\z M) - (Fst(Fst(v)), 0))
(Snd(Fst(v)),Snd(v))) [(w,y /U> b=~

—{w:axa}F Ay.((D()\z.M) . (Fst(w), 0)) (Snd(w), >) B =y
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—{w:axa}l k(A ( (Fst(w), 0))) (Snd(w),)) : 8 =~ (o)
= (wraxa) (20 )[<Snd<> w)/2) 8= ()
— {w:axa . ((ZHEE2/ Fst< )) [Snd(w)/a]) : 8= (5.6 (i)
— {w:axa}r (a2 g Fst(u )))5nd<w>-6:v ®)
:{w:axa}l—< (a M“//Z )snd B =y

— {w: a x a} F Oy (M((2,)/2) - Pl >>s dw): =1 (o)

=D[{z: a} F Xy.(M[(z,y)/2]) : B =]
= D[A(f)]

Thus, CI(.7) is indeed a cartesian closed differential category. Now, we show that it is
classifying by providing the “inverse” of the modelling functors.
Let G be a structure of 7 in CI(.77) which sets
Ve ==~

It is easy to check that G is indeed a model of 7. Let D be a cartesian closed differential
category. We define DAp;' : DMod=~ (.7, D) — CCDCat~(Cl(.7), D) where, for any model
M of .7 in D,
DAp;' (M) : (7)) —D
a— [a]u
{z:a}b-M:pr—[{z:atrkM: Blu: [a]u — [B]u-
Soundness tells us that DApg' (M) is well-defined. Note that
® := (DApg' (M)(m1), DApg' (M)(m2)) =1d and W := \(DApg' (M)(ev) o @) = Id

are isomorphisms. Thus, DApél(M) preserves products and exponentials. For any mor-
phisms g={z:a}FG:fand h={z:a}+ H:pj,
DAp;'(M)(g 4+ h) = [{z:a} -G+ H : j]
=H{z:a}FG:B]+[{z:a}FH:[]
= DApg' (M)(g) + DApg' (M)(h).
DAp:' (M)(0) = [{z:a} F0: 8] =0.
Hence, DApg' (M) preserves the additive structure. Now, consider a morphism f = {x :
al =M : B,
DAP({EI(M) (Dx [.f])
— DApg! (M) ({y : @ x a} F (D(A.M) - Fst(y)) Snd(y) : )
=[{y:axa}r (D(Az.M) - Fst(y)) Snd(y) : 5]
=evo <[[{y caxatb DAz M) -Fst(y) : a= F],[{y:axa}ltSnd(y) : a]]>
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Since ¢ = Id, DAp@l(M) preserves cartesian differential operator and we conclude that it
is a cartesian closed differential functor.

For any additive model homomorphism h : M — N in DMod~ (.7, D), we define the
natural isomorphism DApg'(h) : DApg' (M) — DApg' (N) by setting

(DAp@l(h))a = he : [a]u = [o]n-

We verify that (DAp(gl(h))a is a natural transformation by induction on the length of the
derivation of the differential typed terms I' = M : 3 that the following diagram commutes.

[Tl —=> [T
[[FI—M:ﬁ]}Ml l[[F&—M:B]]N
181 —2= [B]

The cases for the rules (var), (abs), (app), (unit), (pair), (Fst) and (Snd) are already con-
sidered in the proof of Theorem A.7.

(sum) If 'k s; o forall i € I, then ' ). s; : a is also a typed term

[[I’I—Zsi:a]]Nth: <Z[[F|—Si304]]1\f>0hr

=> (ITF i afyohr) (D is left additive)
= (hao [T+ si: ofu) (IH)
= hy 0 Z[[F F s alu (he is additive)

:hao[[Pl—Zsi:a]]M

(D) For typed terms '+ s:a = Sand ' F ¢ : «, there is typed term T' F Ds -t : a = f.
Let Sy =[TFs:a= fB)u, Sy =['Fs:a= f]yand Ty :=[[' F ¢ : afu,

33



Ty = [I' k¢t : a]y. By inductive hypothesis, we know that Sy o hr = haep 0 Siy
and T o hyr = hy o Thy. So, on the left hand side, we have

[lFDs-t:a= f]yohr
= A\ (Sy) *Ty) o hr

= MDx[A™(Sn)] © ({0, Ty o m1),1d)) o hr
= M(Dx[evy o (Sy o m1,m2)] 0 ({0, Ty o m1),1d) o (hr X Id)) (Prop. A.3)
= M(Dy [evn] o (D [(Sn 0 71, m2)], (Sy 0 71, m2) 0 Ta) ©
({0, Ty o m1),1d) o (hr x Id)) (CD5)
= )\(DX[evN] o <(DX[SN] o () 0Ty, T O Ma), My 0 M), (SN 0 My, Ma) © 7r2> o
((0,Ty o hr o), (hr o 71, T2))) (CD4, 5)
)\(D [evy] o <(DX[SN] 0 (0, hp om), T o hrom),{(Sy o hro 7T1,7T2>>)
= )\(D [evy] o <(O,TN o hr o), (Sy o hr o, 7r2)>) (CD2)
= )\(D [evy] o <(O,ha o Ty omy), (hamp © Sy o 7T1,7T2>>) (IH)

And on the right hand side,

hosgo[I'FDs-t:a= f]u
= Mhgoevo(ld x hy')) o N(A™(Sy) * Tr)

- A(hﬁ cevo(ldx hl)o (A()C(SM) «Ty) x Id)) (Prop. A.3)
A(h ~(Sar) * Tas) o (Id x h;1)>
= A(hsoD [/\ w)] 0 (0, Ty o ), Id) o (1d x 1))
= A(hs 0 Dx[ewsro (Sar o w1, m)] 0 (0, Tar o), Id) o (14 x b))
A(hﬁ o Dy [evia] o ((Dx[Sas 0 m], Dy [ma]), (Sar 0 1, m3) 0 w3}
({0, Ty 0 m1), 1d) o (Id x h;l)) (CD5)
_ A(hﬁ o Dy [evay] o (D [Sar] 0 {my 0 74,y 0 ma), o 0 1), (Sag © 71, ) 0 7 0
({0, Ty o my), (my, byt o n2>>) (CD3, 5)
_ A(hﬁ o Dy [evig] © ({Dy[Sar] © (0, m1), Tag o m1), (Sas 0 1, hy! 0772>>)
- A(hﬁ o Dy [evg] © ({0, Tay 0 1), (Sps 0 7, b o 7r2>>> (CD2)
- A(DX [evir] 0 (hass X he) X (hasp X ha)) ©
({0, Ty o 7r1> (Sprom, holo 7r2>>> (IH on ev)
_ ( [evar] 0 {{hasp © 0, ho 0 Ty © 1), (hasp © Sas © 1, ho 0 h o w2>>>
- ( [evir] 0 ((0, o © Tas 0 1), (hass © Sy 0 m,w2>>> (hasp is additive)

I'Ds-t: 04:>B]]N0hp

Thus, DApg' : DMod~(.7,D) — CCDCat~(CI(.7), D) is a natural transformation.

Since h,, is an isomorphism for any type «, DApé1 is a natural isomorphism.
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Lastly, we check that DAp¢ and DAp(E’1 are indeed equivalence by defining the following
natural isomorphisms
1t : DApgDApPG" = ldpmoda (7, D) and v : ldcepcata(ci(#), p) = DApg ' DApg
such that for any model M of .7 in D, py : DApgDApg'M — M is defined as

(tne)y = 110y, + [V oapepaps i = [Vl = [7]m
and for any cartesian closed functor F' : CI(.7) — D, we define
(VF)a :=ldre : Fa — (DApg' (DApgF))a = F([a]g) = Fou.
Obviously, o and v are natural isomorphisms. Thus,
DAp; : CCDCat~(CI(.7),D) ~ DMod~(.7,D) : DApg'

and Cl(.7) is indeed a classifying category with the model G. O

5.5 Internal Language of Cartesian Closed Differential Category

In this subsection, we assume that we have an extension of differential \-theory with
constants and function symbols. We further assume that the soundness and completeness
results are preserved in this extended theory. These assumptions are reasonable as shown
in [Cro93|.

With such an extended theory, given any cartesian closed differential category C, we
can define a collection of function symbols which allows us to prove CI(Th(C)) ~ C. Thus,
one can say that the internal language of a cartesian closed differential category C is the
differential A-theory Th(C). i.e. Th(C) precisely describes the internal structures of C.
This correspondence gives us a way to “prove” properties about the category using the
theory.

Let C be a cartesian closed differential category. We have

e TV :=0b(C), i.e. every object of C is a type variable,

e every morphism of the form k& : T — A is a constant, every morphism of the form
f A — B is a function symbol and there are function symbols I, : [a] — « and
Jo 1 @ = [o for every type a, so the collection of function symbols is

Fo={k:A|lkeC(T,A}U{f: A= B|feCAB)and A#T} U
{I, : [o] = a,Js :a— [a] | ais a type}.
The canonical structure M sets [A] := A for every A € TV, [k] := k, [f] :== f and
I, = J, = ld[q for every type a. By soundness,
Th(C) ={T'Fps=t:a|['Fps:a]=[TFpt:a]}
is differential A-theory, and M is a model of Th(C) in C.

We now show that CI(Th(C)) and C are equivalent by considering the following func-
tors.

Eq:CI(Th(C)) — C Eq':C — CI(Th(C))
a— [of A— A
{r:a}bp M:B+—[{zx:a}bp M:j] f:A=>Br—{r:A}brp f(x): B
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It is easy to see that Fqo Eq~' = Idc. To show Eq~!o Eq = Idci(th(c)), we define natural
transformations p : Eq o Eq — Idci(thc)) and v : ldci(the)) — Eq~!'o Eq where for every

type «a,
po :=Az: [a]} Fp [a(2) : & Vo :=A{z:a} Fp Ju(x) : [a].

It is easy to show that they are indeed natural isomorphisms.

Thus, Fq : CI(Th(C)) ~ C : Eq~' and the internal language of C is the differential
A-theory Th(C). We illustrate in the following example that one can use Th(C) to reason
about C.

Example 5.4. Let C be a cartesian closed differential category and f: (C' x A) x D —
B,g:C — Aand h: C — B’ be morphisms in C and sw := ((m o my, ), T 0 m1) :
(AxB)xC— (AxC)xB.

(i) mxg=gom

(if) (hom)xg=0
(iii) A(f) *x g = A(((f o sw) x (g o)) 0 sw)

We convert f, g and h to typed terms using function symbols and write [—] for the
canonical model of Th(C) in C. Since Th(C) is the internal language of C, we can prove
the results by showing that the corresponding typed terms are the same.

(i) Writing mo = [{z: C,y : A} Fpy : A],
moxg=[{z:Cy: A} Fpy: Al *[{z: C} Fp g(x) : A]

=[{z:C,y: A} Fp g—Z -g(x) + A] (Lemma 5.3)

=[Hz:Cy: A} bp g(x) : A]
=[{z:C x A} Fp g(Fst(z)) : 4]

:goﬂ'l

(ii) Note that the result of differential substitution in a function symbol where the
variable is not free is zero.

(hom)xg=[{y:C,x: A} Fp h(y) : B *[{y: C} Fp g(y) : 4]

=Hy:C,z: A} bp 32;3/) ~g(z) : A] (Lemma 5.3)
=[Hy:C,z: A} Fp 0: 4]
=0

(iii) Note that we can write swy := [{(z : C,y: D),z : A} bp ((z,2),y) : (C x A) x D]
and swy :=[{(r: C,s: A),l: D} Fp ((r,1),s) : (C x D) x A]. We first look at the

morphism ((f o swy) x (g om)) o sws.

((f o swy) * (gom)) o swy
= ([{(z: Coy:D),z: Ay bp f({{x,2),9)) : Bl *[{z: C,y: D} Fp g(x) : A]) o swy

= ([[{(x :Ciy:D),z: A} Fp 0 fll{z. 20, 9)) ~g(x) : B]]) 0 SwWsy (Lemma 5.3)

0z
g(r) : B]

9 f({(r.s).1)

=[{(r:C,s:A),l: D} Fp Os
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)\(((f oswi) *(gom))o sw2)

=[{r:C,s: A} Fp Al.(w -g(r)) : B]

— [ s Ay p PIUE) ) gy

=[{r:C;s: Ay Fp ALf({(r,s),)) : Bl x[{z: C} Fp g(2) : A]  (Lemma 5.3)
=Af)*g

Note that these proofs are more straightforward than the categorical proofs given in
[Man12].

We have shown that one can reason about cartesian closed differential category using
differential A\-theory. Is it possible to reason about differential A-theories using cartesian
closed differential category? The main appeal of doing so is to allow the use of proof
techniques available in the more abstract mathematical structure (category) in reasoning
about differential A-theories.

Following the definition given in [Sim95|, we say a cartesian closed differential category
is complete with respect to a differential \-theory 7 if

TIplkps=t:a = for any structure M, [['Fps:a]=["Fpt:q]

Consider the “smallest” differential A-theory, namely A\Gnp. It is easy to see that the
classifying category Cl(A8np) is complete with respect to ABnp. However, the classifying
category is too syntactical to be useful. In the following subsection, we consider the
relational model and show that it is incomplete with respect to ABnp.

5.6 Relational Model

The relational model MRel is the main example of cartesian closed differential category
known in the literature |[Gir88; BEM07; BEM10; Man12|. Other examples are the finite-
ness spaces semantics MFin in [BEM10| and game semantics in [LMM13; TO]. Despite
being very simple, we can define a cartesian differential operator in MRel and prove that
it is a cartesian closed differential category.

We describe MRel directly, where

e objects are all the sets,
e morphism f : A — Bis arelation from N'(A) to B, i.e. MRel(4, B) := P(N(A)xB),
e identity of A is the relation Ild4 := {([a],a) : a € A},

e composition of s € MRel(A, B) and r € MRel(B, () is given by

" m=myW---Wmy and ([by,...,b],c) €T}

o {(m@_ Ik € N and 3(my, by), ..., (my, by) € s such that }

It is easy to verify that MRel is indeed a category. We now give the cartesian closed
structure of MRel.

e For any objects A and B, the categorical product A x B is given by the disjoint
union AW B := ({1} x A) U ({2} x B), and the terminal object is given by @.
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e For any morphisms s € MRel(A, By) and t € MRel(A, Bs), the pairing is given by
(s,8) := {(m, (1,)) : (m.a) € s} U {(m, (2,a)) : (m,a) € t}.
e For any objects A and B, the exponential object A = B is given by N'(A) x B and
ev :={(([(m,b)],m),b) : m € N(A),b € B}.
For any morphism s € MRel(A x B, ), there is a unique morphism

As) = {(p, (m, b)) = ((p,m), b) € s}
such that s = evo (A(s) x Id).

As shown in [BEMO07|, MRel is a cartesian closed category. It is also a cartesian closed
left additive category with a cartesian differential operator.

e Each homset has a commutative monoid (MRel(A4, B), U, @).

e Given s € MRel(A, B), its derivative is

Dy[s] = {((la],m),b) : (m & [a],b) € s}

It is easy to see that D, [—] satisfies the axioms [CD1-7] and (D-curry). Thus, MRel is a
cartesian closed differential category.
By soundness, we have

Moo >TkFps=t:a = for any structure M in MRel, [I'Fp s: o] = [['Fp t: a].

We prove that the converse is false. Let M be a structure in MRel and " Fp s : a.
Say [I' Fp s : ] = f : [I'] — [a]. Note that in ASnp, sums are not idempotent.
i.e. \Bnp Fp s # s+ s : a. However,

[CFps+s:a]j=[Fps:a]U[['Fps:a
=fuf
- f
=[I'Fps:qa]

Thus, MRel is not complete.
It is actually quite difficult to find a “meaningful” cartesian closed differential category
that is complete with respect to A\Gnp.
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6 Conclusion

Summary At the start of this project, we followed the research of differentiation in
A-calculus. We explained how the syntax of differential A-calculus is discovered and
showed that it is resource-sensitive by providing translation maps between differential
A-calculus and resource A-calculus. After that, we turned to research of differentiation
in the categorical setting. We described the cartesian closed differential category and
presented the proof that every structure in a cartesian closed differential category is a
model of A\@np.

Next, I have provided a completeness result for differential A-theory, thus confirmed
that cartesian closed differential categories precisely capture differential A\-theory. More-
over, assuming that we can extend differential A-theory with constants and function
symbols, I have showed that the internal language of a cartesian closed differential cat-
egory C is exactly the differential A\-theory Th(C), and have given examples to illustrate
how one can “prove” properties about the category using differential A-theories. Finally,
I have showed that the relational model is not complete with respect to A\fnp.

This project can be improved by including a treatment of differential A-theory with
constants and function symbols, which is not expected to pose any difficulty.

Further Work Inspired by [Sim95], it would be interesting to find the requirements
for cartesian closed differential categories to be complete with respect to ABnp, or an
arbitrary differential A\-theory.

In a more categorical direction, Laird et al. gave a construction of cartesian closed
differential category from symmetric monoidal closed category in [LMM13]. As suggested
in [BEM10], it would then be interesting to see if one can transfer the graphical notion
of symmetric monoidal closed category to cartesian closed differential category.
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Appendices

A Simply-typed A-Calculus and Cartesian Closed Cat-
egory

This section is targeted for readers who are not familiar with the soundness and complete-
ness theorems for simply-typed A-calculus and cartesian closed categories. Most material
in this section is borrowed from Crole’s book [Cro93].

First we recall the syntax of simply-typed \-calculus. Note that to prove completeness,
we include projection and pairing terms in our calculus. After that, we describe the
categorical semantics of the simply-typed A-calculus in a cartesian closed category with
respect to a structure M, which gives the interpretations of all the type variables. We say
a structure is a model of a theory if it satisfies every rule in the theory. i.e.If s =t is a rule
in the theory, the morphisms interpreting s and ¢ are the same in the category. We then
prove the soundness theorem stating that any structure is a model of the A\3n theory. A
corollary of soundness shows that every cartesian closed category C give rise to a A-theory
Th(C). After that, we prove the converse. Given a A-theory .7, we construct a classifying
cartesian closed category Cl(.7) which is the “smallest” cartesian closed category that can
soundly model the theory.

A.1 Syntax

Definition A.1 (A-terms). Assume we have a infinitely countable set of variables V. The
collection A of A-terms is defined as follows:

A sityuvi= x| drs| st ] ()| (s, t) | Fst(s) | Snd(s) where x € V

Remark. We consider A\-terms up to a-conversion, indicated by =. The set of all free
variables in a term FV(—) and capture-free substitution s [t/z] are defined as usual.

Definition A.2 (Typed Terms). Assume we have a collection of type variables TV. Types
and type contexts are defined as follows:

Types a,fu=unit|v|axp|la=p where v € TV
Type Contexts LA=g | TUu{z:a} assuming that {z : a} €T

A A-term s is a typed term if there is a type context I' and a type « such that I' - s : «
is derivable in the type system with the following rules:

Fr{z:alks:p
'FXzs:a=p

(abs)

(var) F'u{z:altz:a

'Fs:a=p 'Ft:«
I'st:p

(app)
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'Fs:«a 'Et:p

(unit) TF QO unit (pair) [ (s,t):axp
TEp:axp F'Ep:axp
(Fst) TF Fst(p) - a (Snd) ' Snd(p): 3

Proposition A.1 (Weakening). Let I' - s : awbe a typed term and I' C I, then I F s : «
is derivable.

Definition A.3 (Theory). A simply-typed theory 7 is a collection of rules of the form
'Fs=t:a where'Fs:aand I' -t : « are derivable. We write  >[1'Fs=1:«
to indicate that ' - s =t : v is a rule in 7. The simply-typed \Bn-theory, denoted by
ABn, is the smallest theory that is reflective, symmetric, transitive and closed under and
the following rules,

l'ks=¢:a=p Trt=t:« Fru{z:alks=t:p
(app) FEst=35t:p (abs) F'FXzs=Xet:a=pf
Fr'v{z:a}kFs:p TI'Ft:a xz & FV(s)
(8) 'E(Axs)t=slt/x]: 0 () 'Xzsr=s:a=p4
. ' s:unit . 'Ep:axp
(unit) ['Fs=():unit (pair) I'F (Fst(p),Snd(p)) =p:axp
(Fst>F|—3:a 'Et:p (Snd)Fl—s:a F'Ht:p

['F Fst((s,t)) = s: « I'FSnd((s,t)) =t:p
A simply-typed \-theory is a theory that is closed under all the rules in A\3n.

Remark. Since we are only considering simply-typed theories in this project, we write
theory meaning simply-typed theory.

A.2 Categorical Semantics of Typed Terms

Please refer to [Cro93| for a detailed discussion on how such a categorical semantics
arises. Here, we only provide the definition and point out essential lemmas in proving
the soundness and completeness results.

We first provide the categorical interpretation of the syntax with respect to a structure
in a cartesian closed category.

Definition A.4 (Categorical Semantics of Typed Terms). Let C be a cartesian closed
category. A structrue M in C is specified by giving each type variable v € TV an object
[v]m of C. The interpretation of types and typed terms with respect to the structure
M is defined by induction as follows, where T is the terminal object of C and 74 is the
unique morphism from the object A to T,
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e Types
[unit] :==T
[v] :== [v]m, where v € TV
[or x 8] == [a] x [A]
[ov = B] = [ = [6]

e Type Contexts
@] =T
[TU{x:a}] =[] x [a]

e Typed Terms

(var)

[TU{z:a}lbax:a]:=m: ] x[a] — [¢]

[MTu{z:atbs:B]=f:[I] x[o] = [7]

(abs) [T Azs:a= B]:=Af): [T ([a] = [8])

[TFs:a=g]=5:[I'— ([« = [8]) [THt:a] =T:[I — [o]
[T'Fst:B]:=evo(S,T):[I'] = ([of] = [8]) x [e] — [7]

(app)

(unit) [CEQ unit) :=7prg - [I] = T

[TFEs:a]j=S [I'Ft:p]=T
[Tt (s,t) :ax B] :=(S,T):[T] = [a] x [5]

(pair)

[TEp:axpB]="P: ] - [of x[A]

(Fst) [CFFst(p):a] =moP: 1] — [a]

[TEp:axpf]="P: I — [af x[A]

S T Snd(p) « A= 7 0 P+ [T - [4]

We say a structure M satisfies a rule I' - s = ¢ : « if the interpretations of I' - s : «
and I' - ¢ : @ with respect to M are the same. ie.[['Fs:a] =[I'F ¢ : «a]. We say a
structure M is a model of a theory .7 if M satisfies all the rules in 7. i.e.

TlkFs=t:a — [TEs:a]=[CFt:a].

Remark. Since any A-theory must be closed under all the rules in A7, a model of any
A-theory must also be a model of Agn.
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A.3 Soundness and Completeness Theorems

Now we show that this interpretation actually makes sense. i.e.If two typed terms are
equal in A8n, their interpretations are also the same with respect to any structure in any
cartesian closed category. First we show that capture-free substitution is soundly mod-
elled by categorical composition with the help of the following propositions on cartesian
closed category.

Proposition A.2. Let C be a cartesian closed category and t : A — D be a morphism
inC. Let g: (CxA)xD — Bandk: (CxD)x A — B be morphisms such that
k = go ¢, where ¢ := (m x Idg,mom): (C x D) x A— (C x A) x D. Then,

go(lde xIda,tom) =ko (ldo,t) x Id4.
Proof. Consider

po(lde,t) x Idg = (m x Ida, m 071) 0 ((Idc,t) X IdA)
(71'1 X |dA) ¢} (<|dc,t> X |dA),7T2 [ovig e (<|dc,t> X |C|A)>
(7r1 o (Idc,t>) X ldg, my om0 <(Idc,t> om,ldy o 7r2)>

IdC X |dA,tO7T1>.

o~ o~ o~ ——

Thus,
gO<|dC X |dA,tO7T1> :gO¢O<|dc,t> X |dA =ko <|dc,t> X |dA

]

Proposition A.3. Let C be a cartesian closed category and f: AxB — C and g : A’ —
A be morphisms in C, then

A f)og=A(fol(gxldp))

Proof. Note that for any h : A’ x B — C| there is an unique morphism A(h) : A’ — (B =
C) that satisfies the equation h = ev o (A(h) x Idg). So, for any k : A’ — (B = C), we
have k = A(evo (k x Idg)).

Af)og= evo(()\(f)og)xIdB)>

folgxldp)) 0

Lemma A.4. (Substitution Lemma) Let M be a structure in a cartesian closed category
C.IfTU{zx:a}Fs:fand'Ft:«, then

[T+ sft/a]): Bl = [T U{z:a}bs:B)o(ldpy, [T Ht:a]).

Proof. Induction on the structure of typed term s.
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(var) If s = x is a variable, then o = (3, and

[[Fl—x[t/a:]:B]]:[[Fl—t:ﬁ]]:7r20<|d[[p]],[[Fl—t:6]]>
=[PU{z:B}ta:p]o(ldpy, [T Ft: 4]

(abs) If s = Ay.u is an abstraction, say ' U {z : a} F Ay.u : { = 7, then

[T+ (Ayw)ft/z] : ¢ = n]
= [T+ \yault/x] : ¢ = n]

=A(I0U{y: ¢} Fult/a] )

= A([[FU{y PG U{m ey Fun] o (Mdpryuge, [TU{y: Ch it C]]>)
A([[Fu{y YU {za} ] o (ldgy x Mg, [Tt : a] o7T1>>

A([[F U{z:a}U{y: Cru:n]o (ldpy, [T Ft:a]) x Idm> (Prop. A.2)
A

([[FU {z:a}U{y:(}Fu: 7]]]) o (ldyry, [T+ ¢ : a]) (Prop. A.3)
=[PU{z:a}t Ayu:¢=n]o(ldpy, [ Ft:a])

(app) If s = wv is an application, we have

[T+ wolt/x] : f]

[T+ uft/z]olt/z] : 5]

evo ([I'Fult/z]: (= B, [T Foft/z]: (])

evo<[[FU{x catbu: = B]o(ldyy, [LHt:a]),
[[FU{x:a}l—v:(]]O<|d[[p]],[[Fl—t:a]]>> (IH)
=evo([TU{z:alru:(= g [PU{z:a}tv:(])o(ldpy,[IFt:a])
=[TU{z:a}ruv:p]o(ldp, [ Ft:a])

(unit) If s = (), then S = unit, and
[C'FQt/z] cunit] = [['F () : unit] = 7qep : [I] — T.
Moreover,
[TU{z:a}r () :unit]o (ldiy, [ Ht:a]): []— T.
Since the morphisms from [I'] to the terminal object T are unique, we have

[T Oft/a] s unit] = [T U{z: o} F () :unit] o (Idgry, [T F ¢ 2 a]).
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(pair) If s = (u,v) is a pair, then

[T F (u,v)[t/2] : ¢ x 7]
= [+ (uft/z],v]t/z]) : ¢ x 7]
— <[[r Fult/z] 2 C], [T F oft/2] : n]]>

— ([P U{z:a} b usclo(idpy, [T Ft:al),
[[FU{m:a}l—v:n]]o<|dup]],[[F|—t:a]]>> (IH)

:<[[FU{x:a}|—u:C]],[[FU{x:a}l—v:n]]>o<|d[[p]],[[Fl—t:a]]>

=[P U{z:a}t (u,v): ¢ xn)o(ldpy, [TFt:a])

(Fst) If s = Fst(u), then

[T+ Fst(u)[t/x] : (]
= [ F Fst(uft/z]) : (]
=m o [T Fult/z]: ¢ x 1]

:7710([[FU{Q::a}i—u:Cxn]]o<|d[[p]],[[Fl—t:a]]>> (IH)
=[P U{z:a}F Fst(u): ¢ xn]o(ldpy, [T Ft:a])
(Snd) Similar to the case (Fst).

[]

Note that the fact that capture-free substitution is interpreted soundly by composition
is essential in proving the () case for the soundness theorem.

Theorem A.5. (Soundness Theorem) Given a cartesian closed category C, any structure
M in C is a model of the A\Bn-theory.

Proof. We show that a structure M satisfies all rules in ABn by induction on the rules of
ABn. The proofs of the rules (refl),(sym) and (trans) follows directly from the fact that
= is an equivalence relation.

(app) By inductive hypothesis, M satisfiess 'Fs=¢:a=fand 'Ft=1": a.

[CHst:B]=evo([lFs:a=p][[Ft:a])
=evo([I'+s:a=g)[PHt:a])=[T"+st:p]

Thus M satisfies ' = st = s't' : 3.
(abs) By inductive hypothesis, M satisfies T U{x :a} Fs=1t: 0.

[CHXzs:a= B]=AN[TU{z:a}ts:3])
=M[Tu{z:a}r+t:4])
=+ Aet:a=[F]

Thus M satisfies I' - A\x.s = \z.t : a = f.
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(B) Recall the (/) rule states that I' - (Az.s)t = s[t/z] : B, where TU{z :a} F s: [
and [' F ¢ : a are typed terms.

[TH Azs)t: Bl =evo (M[TU{z:a}s:8]),[LFt:a])
=evo (A([TU{z:a}F s:B]) xIdj) o (Idpry, [T Ht:a])
=[PU{z:a}ts:B]o(dpy, [IFt:a])
=[I'Fsft/z]:f] (Sub. Lemma A.4)

Thus, M satisfies T - (Az.s)t = s [t /2] : 5.
() Assume that z & FV(s), we have
[CF Ar.sz:a= G :)\([[Fu{a::a}I—sx:B]D
:)\<evo<[[FU{x:a}l—s:aéﬂ]],[[FU{x:a}l—x:oz]D)
_ A(evo<[[F Fs:a= 6] o7r1,7T2>>
—AMevo ([TFs:a= 8] x ld))
=[Fs:a= /]
Thus, M satisfies I F Az.sz = s : a = §.

(unit) Consider [I' = s : unit] = 7y @ [I] — T. Since T is the terminal object, 7y
is unique. Therefore, [I' F s : unit] = [I' & () : unit] = 7y, and M satisfies
I'Fs=():unit.

(pair) Let T'F p:a x ( be a typed term.

[T+ (Fst(p),Snd(p)) : a x ] = ([I' F Fst(p) : ][+ Snd(p) : A])
=(mo[lkp:axf],mo[lFp:ax/f])
=[CkEp:axp]

(Fst) Let 'Fs:aand 'F1¢: p.
[T'F (Fst((s,t)) :a] =m o [I'F (s;t) : a x f]
=mo ([['F(s):a],[TF(t): 3]
=['Fs:a
(Snd) Similar to the case (Fst).
[

Knowing that the interpretation actually makes sense, we can define a A-theory based
on any cartesian closed category.

Corollary A.6. Every cartesian closed category C gives rise to a A-theory Th(C).

Proof. Let M be a structure in C. Define a theory as follows.
Th(C):={Tks=t:a|[[Fs:a]=[Ft:a] }

By soundness theorem, M satisfies all rules in A\3n, hence A7 is included in Th(C). So,

Th(C) is indeed a A-theory. O
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Soundness tells us that for any cartesian closed category, we can define a A\-theory with
respect to it. Now, we consider the converse. Given a A-theory, we would like to construct
a cartesian closed category in which the theory can be modelled soundly in the category.
More specifically, we would like to construct the “smallest” such category. We call it the
classifying category of the theory. The classifying category is the “smallest” in the sense
that for any other categories D, in which the theory can be modelled soundly, there is a
cartesian closed functor F' from the classifying category to D such that the interpretation
of the theory in D can be expressed as the composition of the interpretation in the
classifying category and F'.

To establish this, we need to consider the two categories. Given cartesian closed
categories C and D, we define the category of cartesian closed functors CCCat~(C, D) as
the category with objects as cartesian closed functors from C to D, and morphisms as
natural isomorphisms. Recall a cartesian closed functor F': C — D is a functor where

e F preserves products via the isomorphism ® 4 5 := (F'ry, F'ma),

e F preserves exponential via the isomorphism W4 g := A\(F(ev) o @Z;BA).

Let .7 be a A-theory and C be a cartesian closed category. We define the category of
models Mod~(.7,C) as the category with objects as models of the A-theory 7 in C,
and morphisms as model homomorphisms h : M — N which is given by a collection of
isomorphisms A : [y]m — [v]n in C, for each type variable v € TV, and

haxp = ha X hg and homp i=hy' = hg = A(hgoevo (Id x h,"))

Definition A.5 (Classifying Category). Given a A-theory .7, we say a cartesian closed
category is classifying, denoted as ClI(.7), if there is a “generic” model G that soundly
interpret .7 in CI(.7), and for any cartesian closed category D, there is a natural equiv-
alence

CCCat=(CI(7), D) ~ Mod= (7, D).

The idea behind this definition is that for any cartesian closed category D, a model
of 7 in D can be represented by a functor from CI(.7) to D. It is not difficult to see
that for any given A-theory, its classifying category and “generic” model are unique up to
isomorphism.

We shall first set up the equivalence in the forward direction. Note that this direction
is well-defined for any cartesian closed category C.

Definition A.6 (Modelling functors). Let C and D be cartesian closed categories, .7 be
a A-theory and M be a model of .7 in C. We define a family of modelling functors Apy; :
CCCat~(C, D) — Mod~(.7,D) by defining, for any cartesian closed functor F' : C — D,
a model Apy F' of .7 in D, where

[V apyr := F([v]m),

and for any natural isomorphism ¢ : F' — G, a model homomorphism Apy @ : Apy F —
Apy G where

(APw0)., = PPyl

Remark. Tt is easy to check that ApyF is indeed a model of 7 in D, Apy¢ is in-
deed a model homomorphism and Apy; is a well-defined functor from CCCat~(C, D) to
Mod~(7,D). We call this Apy; a collection of modelling functors since it specifies a
family of models of .7 in D such that there is some cartesian closed functor F': C — D
that maps to this model via Apy,.
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Now, we prove the completeness theorem by first constructing a cartesian closed cat-
egory based on the syntax of the given A-theory .7 and then proving that it is classifying
by finding the “inverse” for the functor Apg : CCCat~(CI(.7), D) — Mod~(7, D).

Theorem A.7. (Completeness Theorem) Given a A-theory .7, we can construct a clas-
sifying category CI(.7).

Proof. Define the classifying category Cl(.7) as follows:
e objects are types of .7,

e morphisms f : a — [ are equivalence classes of typed terms [{x oy b M 6},

where two typed terms are equivalent if they are provably equal in 7. We write
{:a} b M: S instead of [{z:a}F M : 3],

e composition of g ={y: 5} N:vand f ={x:a}F M: [ is given by
fog=A{z:a} k- N[M/y|:~
e the identity morphism of the object avis ldy :=={z:a}F 2z : a,
e the product of objects a and  is a x 8 with projections
={z:ax B} FFst(z): « and o ={z:ax B} Snd(z): p,
e the pairing of morphisms f ={z:y}F M :aandg={z: v} N: [ is
(frg) ={z 7} (M,N):axj
e the exponential of objects 8 and v is § = = and the evaluating morphism is
ev={z: (8 =) xS} EFst(z) Snd(z) : v
where for any morphism f = {z: a x 8} = M : 7, the exponential mate of f is
A(f) ={z:a} Ay (M[(z,y)/2]) : =1,
where z and y are distinct and fresh variables.

We first need to check that CI(.7) is indeed a cartesian closed category. Consider
morphismsa(iCiﬁwheref:{x:C}I—M:ozandg:{a::C}l—N:ﬂ. Then
mo(f,g) = ({z:axﬁ}l— Fst(z) :a) o ({w:(}l— (M, N) : axﬁ)

={z:(}FFst(z)[(M,N)/z] :
={x:(} FFst((M,N)): «
={z:(JFM:a=f

and similarly, m o (f,g) = g. To prove that the pairing is indeed unique, it is enough to
show that for any h = {z : (} F p: a x 8, we have h = (7 o h, T3 o h).

<7T10h 7T20h>
= (({z:axpyFFst(z):a) o ({r: (b hpraxf),
z:axﬁ}l—Snd(Z):a)o({:czg}l—p:axﬂ)>

({
= ({&: (} FFst(p) : o, {x : (} F Snd(p) : B)
= {z: ¢} + (Fst(p),Snd(p)) : v x 8
={z:(}Fpraxf=h
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The terminal object of CI(.7) is the type unit. Indeed, for any type «, there exists a

unique morphism
To ={z :a} F () :unit.

Now we prove that CI(7) is indeed cartesian closed by showing that it has exponen-
tials. For any types 8 and ~, there is a type 8 = ~ and morphism ev := {2z : ( =
v) X B} F Fst(z) Snd(z) : v where for any f = {z: «a x 8} b M : v, there is a morphism

AXf)=A{zx:a}F )\y(M[(x,y)]/z) : 8= v and

evo (A(f) x Idg)
=ev o (A(f) omy,ldg o ma)

=evo <{w cax B (Ay.(M[(z,y)/z]))[Fst(w)/z] : B = 7,71'2>

=evo <{w ca X fYE Ay (M[(z,y)/z][Fst(w)/z]) : B = v,{w: a x B} F Snd(w) : ﬂ>
=evo <{w caxX fE <)\y.(M[<:1:,y)/z][Fst(w)/x]),Snd(w)> (B=1) x 6)
={w:ax B+ (\y.(M[(z,y)/2][Fst(w)/z])) Snd(w) : v

= {w:ax B} M[(z,y)/z][Fst(w)/z][Snd(w)/y] : v

={w:ax p}F M[(Fst(w),Snd(w))/z] : v

={w:axp}rFMuw/z vy

~ f.

Finally, to prove that the exponential is unique, we show that for any h = {w : o} F H :
8=,

A(ev) o (h X Idg) = A(ev) o (h o 7y,ldg o 73)
= A(evo {z:ax g} (H[Fst(z)/w],Snd(2)) : (B =~) x B)
= A({z: ax B} F H[Fst(z)/w] Snd(z) : 7)
={z:a}t Ay.((H[Fst(Z)/w] Snd(z))[(w,y>/z]) =7

={z:ab b ((Hle/w] y)) : 8=
={z:a}F Hlz/w]: =~
—h

Now we show that CI(.7) is classifying. We define the “generic” model G of .7 in

CI(.7) by setting
Ve ==~

for all type variables v, thus [a] = « for all types a. Let D be a cartesian closed
category. To establish the equivalence CCCat~(Cl(7), D) ~ Mod~(.7,D) we define a
functor Apg' : Mod~(.7, D) — CCCat~(CI(.7), D), and prove that it is the “inverse” of
the modelling functors.

For any model M of .7 in D, we define the functor

Apg' (M) : (7)) — D
a— [a]u
{z:a}bM:B— [{z:a} b M:Blu: [a]u = [Blu

52



Soundness tells us that Apg' (M) is well-defined and it is easy to check that it is a cartesian
closed functor. For any model homomorphism A : M — N in Mod~(.7,D), we define the
natural isomorphism Apg' (k) : Apg' (M) — Apg'(N) by setting

(Apél(h))a = ha : [[Oé]]M — [[@]]N-

We first show that (Ap@l(h))a : [a]m — [a]n is a natural transformation. For any
morphism I' = M : § in CI(7), we prove by induction on the derivation of the typed
terms I' = M : 8 that the following diagram commutes.

hr
[T — [Tn
[[F)—M:,B]]Ml lﬂI‘l—M:,@}]N
h
[8]n: — [B]n
(var) [TU{z:a} Fx:a]yohrxe = wao(hr X hy) = haome = ho[lU{z : a} -z : a]y

(abs) Let n = [TU{z : a} F s: By and m = [ U{z : a} F s : f]m. By induction
hypothesis, we know that nohry, = hgom, and this is equivalent to no (hp x Id) =
hgomo (Id x h'). We want to prove that

[TFXe.s:a= fF]nohr = hampo[['F Az.s:a= f]u
= A(n)ohr = (h,' = hg) o A(m)
= A(hgoevo (ld x h;')) o A(m).

We would prove it by showing that A(n) o hr and A(hg o evo (Id x hy')) o A(m)
have the same exponential mate.

evo (A(n)ohr x Id) =evo (A(n) x Id) o (hr x Id) = no (hr x Id),

and

evo ((A(hﬁ oevo (ld x h'))o A(m)) X Id>
—evo (A(hﬂ oevo(ld x hyl)) x Id) o (A(m) x Id)
=hgoevo (ld x h,') o (A(m) x Id)
=hgomo (Id x h;")
By the induction hypothesis, they are equal.

(app) Let n = 'k s:a=flyand m =['F s:a = [y, and n’ = [I' F ¢ : |y
and m’ = [[' - t : a]y. So, by induction hypothesis, n o hr = hyep 0 m and
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n’ ohpr = h,om'.

[T+ st: B]n
=evo (n,n')ohr

=evo (nohrn' ohr)

=evo (hyepom,h,om’)

—evo <)\(h5 oevo(ld x hy')) om, hy o m’>

=evo <)\(h5 oevo (ld x hy')o(m x Id)), hg o m’> (prop A.3)
—evo (A(hﬁ oevo (Id x h3') o (m x Id)) x Id) o (Id, hy o m’)

=hgoevo (ld x h') o (m x Id)o (Id, h, o m’)
=hgoevo (m x h,")o(ld h, om’)
=hgoevo(mold, h,'oh,om)

(m, m’)

:hﬁoevo

(unit) [I'F () : unit[yohr = Ty, 0hr @ [I']m — unit must be equals to 7y, : [I'Jm — unit
since unit is the terminal object. Note that hyni o [I' F () : unit]m = 7pry,,. Thus,
[T+ () : unit]y o hr and hAynie o [I'F () : unit]y are the same.

(pair) Let n = [’ F s : a]Jy and m = [I' - s : a]u, and n’ = [I' F ¢ : ]y and
= [I'+t: B]m. By inductive hypothesis, nohr = h,om and n’ohyr = hgom'.

[T E (s,;t) : @ x B]nohr={(nn')ohr

= (nohp,n’ ohr)
= (hoom/ hgom')
(

ha X hﬁ) ¢} <m,m’>

(Fst) Let n =['F p:axf]yand m = ['F p: ax S]y. Then, by inductive hypothesis,
10 hp = hoxg o m.

[T Fst(p) : o]y ohr = wyon o hr
:ﬂlohaxﬁom
=m0 (ha X hg) om

=hg,omom

= ho o [I'F Fst(p) : afm

(Snd) This is similar to the case (Fst).

Thus, qu_}l(h) is indeed a natural transformation. Since h is a model homomorphism,
by definition, (Apél(h))a is an isomorphism. So, Ap(}l(h) is a natural isomorphism.

The final thing we need to check is that Apg and Ap(_;l are indeed equivalence. We
define natural isomorphisms

1 ApgApg' X ldvoda(7p)  and v ldeccata(ci(7)p) = Apg ' Apg

o4



such that for any model M of .7 in D, py : ApGApélM — M is defined as

(kne)y = g1 [V apgapzinn = [VIre = [7]ma
and for any cartesian closed functor F' : CI(.7) — D, we define
(VF)a = ldpa : Fa — (AP@,I(APGF))Q = F([a]g) = Fa.
Obviously, u and v are natural isomorphisms. Thus,
Apg : CCCat~(CI(7), D) ~ Mod~(.7,D) : Apg'

and Cl(7) is indeed a classifying category with the “generic” model G.
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B Proofs

Lemma 4.1. Let M, N € A" and x be a variable.
(i) (M[N/x])* = M[N"/x]
oM
— . N¢
Oz
Proof. (i) Straightforward induction on the structure of M.

(if) (M(N/x)) =

(ii) Prove by induction on the structure of M. The only interesting case is when M is
an application.

M M M

— 9 kasd  7d d d kasd  7d aZde d d
= (5o (0"t L) - N ) STNI+ (D(DFM L) - (S N ) SO,
;%((Dkw ) YNy N

D, = v
z%(M[L,N'])d N"

Proposition 4.2. For any M, N € A", we have
i) ThFr M:a <= TkpM?:a,

(ii) If M and N are provably equal in the theory Afng, then their translations are also
provably equal in A8np. i.e.

Mr>TFr M =N :a — Moo > T Fp M4 = N : a.
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Proof. (i) Easy induction on the length of the proofs.

(ii) Induction on all the rules in the theory ABnr. The only interesting rules to consider
is the (Gr) rule.
Consider A\gng > I’
know that ((Az.M)]

terms.

_,( )[ , ] (L/:U>[ZN,/$] : . By part (i), we
N'] ) nd (M(L/x) [ZNZ/de are both differential typed

l_
L,
Ao > (M. M)[L, N')* = (DF(Ae.M?) - LY ZNd

e (58 ) 2N (o)
(G ) [ZN“/x] ®
(

oz
M(L/z) ZN/ZL‘) :a (Lemma 4.1)

]
Lemma 4.3. Let S, T € A? and x a variable.
(i) ABpr>T g (S[T/z])" = ST /2] : @

(i) A3 > T Fr (% : T)T = S"(T"/2) : a

Proof. (i) Straightforward induction on the structure of S.
(ii) Induction on the structure of S.
(app) Consider the case where S = sU is an application.
osU r ds oU "
T) = ((52-T)u+ (D 1)U
(5 ( oz + (s (50D

—=-1) )] + (Ds- (‘;U 7)) ()]

= (221) 0] + (s [ 1) ) [0

= (s"(T" /) [(U")'] + s"[U(T" /), (U")'] (TH and Sg)
= (s"[(U)])(T" /)

= (sU)(I" /)
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(D) Consider the case where S = Ds - u is a differential application.

<§-T>W>Hy-(sf[(z“ )))

= X (57 (T ) o 4']) + D57 (T ), ) (1H)
=y (57 (T [} ] + (T ), y') + (T ) ) ()
= \y. <s’"< ") [u” ] ([ ,y]TT/x )

|

s D) T
(%) Note that by notation 3.1, [u", y(T"/x),'] = [u",0,y'] = 0.

Proposition 4.4. For any s,t € A% we have
(i) PFps:a <= TI'tgrs:aq,

(ii) If s and t are provably equal in the theory ASnp, then their translations are also
provably equal in Afng. i.e.

Mop>ITEFps=t:a — AMBnr >R s" =t": «

Proof. (i) Easy induction on the length of the proof.

(ii) We prove it by induction on all the rules in the theory ASnp. We would only
consider the (fp) rule where D(Az.s) - T' = Az. <? : T).
x

(D(Az.s) - T)" = Ay.((A\x.s") [T"y])
= \y. (s’" :c> [y/x] )
= Az.(s"(T"/z))
= \r. ( )T (Lemma 4.3)

Il
v
5

]

Proposition 5.1. Let f: A; x Ay — B and ¢g,h : Ay — A, be morphisms in a cartesian
closed differential category. We have

(fxg)xh=(frh)xg.
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Proof. Note that (0,0) = 0.

(f *g)h
= D|DIf] o ({0, g0 m),1d)] o <<0 hom),ld)
[D[f]]o< ((0, g0 m),1d)], ({0, g 0 m), |d>o7r2>o<(0,ho7r1>,|d> (CD5)
= D[DIf]] o {((0, Dlg] o (1 x m)), m), (0,9 0 m),Id) 0 w3 ) 0 (0, o 1), d) (CD3-5)
— D[D[f]] o<<<o (0,71)), (0, h o m)), (0, go7r1>,|d>>
= D[D[f]] = (((0.0). {0, hom>> ((0.gom).1d)) (CD2)
= D[Df] o ({0, (0. o m)), ({0, g o 7). Id))
= D[D[f] o<<0 cgom)), ({0, hom), Id>> (CD7)
= (f*h)xg
O

Lemma 5.6. (i) If 2 ¢ FV(¢t), then
(D(Az.(t[t'/2'])) - u) s = (D(A2'.t) - (DAz.t') - u) 8)) t'[s/x].

(i) if x 2y, x,y ¢ FV(M) and z,y, z ¢ FV(u) U FV(v),

(Z (atf(e./e]) ) /) = (2L (0.0) [fw.9)/]

Proof. (i)

(DA (tlt'/2])) - u) s =(D(Aw8((kfc’t) t)-u) s
= (. (z- (A1) ¢) -u)) s
ot’

- (m.((%(m )-u) ¢ + (D) - (5 - w) 1)) s

= (Ot (5 ) 4 O (55 (O )y 1) s

= 0+ (o O i) s

= (0wt 25/

DO ) (DOt ) 8)) Vs/a] = O (0% (A (O ) ) 1]s/a]

= (2 (Gl al) s !

= (2 O s/l

= (2L s

(ii) Prove by induction on structure of M.
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o M =w#=z
Note that w # x,y since x,y ¢ FV(M)

(Lt g = (220) fofal = 0= (22 w)) [0/

o M =2

(P90 o) = (00 o] = .0) = {0) [0 /2] = (L) (o)

9 sl(w.y) /7] ) [o/a] Tl{wy)/)lv/x] +

(sl A/l - (L) foga])) Tl /2l

(
(
(
(
(
(DGsltwan/aD) - (22 ga)) Tt/ (1H)
(
(
(
(
(

The proof for the cases for Aw.s, Ds-t, 0, s+ 1T, (s, t), Fst(s) and Snd(s) are trivial.
]
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