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Lambda-calculi with vectorial structures have been studied in various ways, but their
semantics remain mostly untouched. The main contribution of this paper is to provide a
categorical framework for the semantics of such algebraic lambda-calculi. We first
develop a categorical analysis of a general simply-typed lambda-calculus endowed with a
structure of module. We study the problems arising from the addition of a fixed point
combinator and show how to modify the equational theory to solve them. The
categorical analysis carries nicely over to the modified language. We provide various
concrete models, both for the case without fixpoints and the case with fixpoints.
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1. Introduction

The term “algebraic lambda-calculus” comes from a line of work (Breazu-Tannen and
Gallier, 1991; Blanqui et al., 1999; Barbanera and Ferndndez, 1993) which focuses on
general algebraic rewrite systems and studies the conditions needed for obtaining prop-
erties such as confluence or strong normalization. In this paper, we are concerned with
the particular algebraic structure of module over a lambda-calculus, and we shall use the
term “algebraic” or “vectorial” to refer to this particular structure. Vectorial lambda-
calculi have at least two distinct origins. The first one is the calculus of (Vaux, 2009),
building up upon the work of (Ehrhard and Regnier, 2003). The goal here is to capture a
notion of differentiation within lambda-calculus. The notion of algebraic lambda-calculus
also arises in the work of (Arrighi and Dowek, 2008) where a lambda-calculus oriented
towards quantum computation is defined in the style of (van Tonder, 2004).

Both (Arrighi and Dowek, 2008) and (Vaux, 2009) are concerned with a lambda-
calculus endowed with a structure of vector space. They both acknowledge the fact that
for an untyped lambda-calculus, a naive rewrite system renders the language inconsistent,
as any term can be made equal to the zero of the vectorial space of terms. However, coming
from different backgrounds, they provide different solutions to the problem. In (Arrighi
and Dowek, 2008), the rewrite system is restrained in order to avoid unwanted equalities
of terms. In (Vaux, 2009), the rewrite system is untouched, but the scalars over which the
vectorial structure is built are made into a positive semiring with particular properties,
making the system consistent. Finally, (Arrighi and Diaz-Caro, 2009) shows that a type
system enforcing strong normalization can also be a mean of solving the problem.

In this paper, we turn to the yet untouched question of the semantics of lambda-calculi
endowed with a structure of vector space (or more generally, a structure of module). We
are not concerned with the question of a rewrite system, but only with the equational
theory that is required to make the system consistent. In the following, we recall what are
the problems occurring while defining a naive equational theory for a vectorial lambda-
calculus.
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Table 1. Naive equational system.

Algebraic rules

0-8s ~a O 0+s5 ~gz S a-(B-8) ~a (aB)-s
a0 ~g O 1-s ™~ 8 a-(s+1t) ~u a-st+a-t
a-s+B-s ~a (a+p)-s r+s ~g s+7r r+(s+t) ~a (r+s)+t

Rules for call-by-value

(s+8)r ~az st +tr (o 8)r gz a-(sr) Or ~g; 0
r(s+t) ez rs+rt  r(a-s) ez a-(rs) r0 =~ 0

(Az.s)v ~gq s[x < v]
Rules for call-by-name

(s +t)r ~az sr+tr (- s)r ~2gz - (sr) Or >~y 0
Az.(s+1t) Moz Az.s+ Azt Az.(-S) ez @ ATs  Ax.0 g O

(Az.8)t oz s|z 1]

1.1. An untyped calculus

Consider a ring (A, +,0, x,1). Elements of A are called scalars. A lambda-calculus to-
gether with a vectorial structure over A should at least contain the terms

s,t u= z|Ax.s|st|s+t|a-s|O0,

where « ranges over A, and where x ranges over a fixed set of term variables.

1.2. Naive equational system

In order to give some meaning to the language, we equip it with an equivalence ~,, on
terms, called aziomatic equivalence.

The equivalence should make the set of terms into a module over a ring A with the term
0 as unit of the addition. In particular, the addition on terms should be commutative
and associative, and the terms ¢t — ¢ and 0 - ¢ should equate the term 0. This is described
in the algebraic set of rules in Table 1.

Now, we need to set some distributivity laws on the term constructs and to say how
the lambda-abstraction and application interact with each other. For reasons similar to
the ones appearing in probabilistic languages, we cannot both have distributivity on the
left side of the application and a general substitution:

(Az.(fz)x)(s + 1) ~ax (f(5+1))(s + 1) ~aa (f5)s+ (f5)t + (ft)s + (1)t
cannot be equated with
(A (F2)2) (s + ) ~ar M- (f2))s + (N foa)t ~as (f5)s + (FE)E

in general. If f stands for the boolean operation XOR and s and t respectively for the
value true and the value false, the two paths cannot be merged: the former corresponds
to the sum of true and false and the latter is equal to true.

We therefore have to decide on a strategy for substitution. The usual call-by-value and
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call-by-name strategies (Arrighi and Dowek, 2008; Vaux, 2009) have been studied in the
literature for vectorial lambda-calculi.

Call-by-value. In this case, the application is distributive on both side, and the lambda-
abstraction is not distributive at all. There is a notion of value: a value is either a term
variable z or a lambda-abstraction Az.s, for s any term. The equivalence on terms for
call-by-value is defined in Table 1, together with some congruence rules. In Table 1, the
term v stands for a value, and the notation s[z « t] stands for the term substitution of
all the free instances of = by t in s.

Call-by-name. In call-by-name, an argument is substituted in the body of a function
without being evaluated. In our case, this is to say that the application is distributive on
the left but not on the right. For consistency, the lambda-abstraction is also distributive.
The rules are found in Table 1.

1.3. Breaking consistency

Although the set of requirements for call-by-name and call-by-value looks reasonable, as
was shown in (Arrighi and Dowek, 2008), the equational system is not sound. Indeed,
given any term b where z is not free, one can construct a diverging term Y, = (Az.(xx +
b))(Az.(zx + b)) verifying the equation

Yb ax 1/b +0b (1)

both in call-by-name and in call-by-value, rendering the system inconsistent as enlight-
ened in the following sequence of equalities:

Ogaz Yb_Y;):az (Yb+b)_n:az b+(Y27_Yb)2azb~ (2)

This shows that any term can be equated to O.

Solutions in the literature. There are various solutions to this problem. The most obvious
one is to forbid diverging terms, either by modifying the rewrite system so that some
terms do not rewrite anymore (Arrighi and Dowek, 2008) or by adding a type system
to the language, as was done in (Vaux, 2009; Arrighi and Dfaz-Caro, 2009) so that the
diverging terms are not allowed at all. A third option (Vaux, 2009) is to work with
positive semirings instead of rings. In this case, the addition does not have an inverse
anymore, and it solves the inconsistency.

This is not the choice of this paper, where we want to be able to work with a ring and
nonetheless be able to have fixpoints.

1.4. Plan of the paper and highlight of contributions

In this paper, we are interested in the axiomatic semantics of the vectorial lambda-
calculus, and in the interpretation of divergence in this context. This novel analysis is
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general enough to be able to capture distinct notions of convergence, as enlightened in
Section 3.3.

In Section 2, we present a simply-typed lambda-calculus generalizing the call-by-value
and call-by-name lambda-calculi sketched in 1.2. In Section 2.1 we give the equational
theory associated to the language. We provide a categorical model in Section 2.2 and
prove that the interpretation of the axiomatic description is sound (Theorem 2.28) and
complete (Theorem 2.37). In Section 2.3, we give various concrete models, effectively
showing that the equational description is consistent.

In Section 3, we turn to the question of how to add fixpoints to the language. We
said in Section 1.3 that adding a fixpoint combinator breaks the equational theory by
making all terms equal to the zero of the module of terms. In Sections 3.1 and 3.2 we
perform an analysis of the problem in the light of the developed semantics. We come to
the conclusion that the only problematic rule is the one stating that 0-s = 0 and we
adjust the semantics accordingly. We devote Section 3.3 to the construction of a concrete
instance of the modified categorical structure. In Sections 3.4 and 3.5, we adjust the
algebraic computational lambda-calculus and its equational theory to support fixpoints.
We show in Section 3.6 how various terms can be interpreted in the concrete model of
Section 3.3 and we state in Section 3.7 the consistency of the resulting system.

Finally, in Section 4, we discuss various issues and the relation to other works in the
literature. We conclude the paper in Section 5.

A preliminary version of this work appeared in (Valiron, 2010).

2. A simply-typed lambda-calculus

The problem occurring in Section 1.3 is due to the possibility of constructing diverg-
ing terms. In this section we define a simply-typed, vectorial lambda-calculus with two
distinct lambda-abstractions for being able to encode the two behaviors described in Sec-
tion 1.2: one lambda-abstraction will be distributive over the vectorial structure while
the other will not be. We equip this language with an axiomatic equivalence relation,
then develop the categorical analysis of the generated equational theory.

Definition 2.1. We suppose the existence of a ring A, called the ring of scalars. In
particular, the scalars can be summed and multiplied. Any scalar « admits an inverse
—a with respect to the addition. The sum admits a unit 0 and the multiplication a
unit 1. A simply-typed, call-by-value, vectorial lambda-calculus called the computational
algebraic lambda-calculus is constructed as follows. Types are of the form

AB = |A—>B|A=B|AxB|T,

where ¢ ranges over a set of type constants. Terms are implicitly typed and come in two
flavors:

s, t x| dzs|Axs|st|(s,t)|m(s)|m(s)| *|s+t|a-s]|0,

u,v = x| Az.s|{(u,v) | m(u) | me(u) | *,
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Table 2. Typing rules.

(id) Ajx:Ak+s: B (A Ayjx:AkFs: B )
Az:Abz: A AFAzs: A= B ) AFMXr.s: A— B
AFs:A=B AFt:A AFs:A—B AFt:A

AFst:B (appa) AFst:B (app»)
AFs: A x A AFs:A AFt:B
() AbsidixAz x
Abs:T AF s Ay (m2) AF (st):AxB ()
— (0) AFs: A AFs:A AbFs: A
AF0:A Al—a-s:A(a) Abs+t: A )

where a € A. Terms of the form s, ¢ are called computations and terms of the form u, v are
called base terms. The terms Az.s and Ax.s are two lambda-abstractions whose difference
lies in their behavior with respect to the module structure: the latter is distributive while
the former is not. Using a standard notation, we shall use the notation Az ...z,.s in
place of Az1.Azs. ... Ax,.8.

We define the notions of typing context A and of typing derivation A F s : A in the
usual way (see e.g. Pierce, 2002). Terms are considered up to a-equivalence, and valid
typing derivations are built using the rules of Table 2.

Lemma 2.2. Any valid typing derivation A - s: A has a unique typing tree.

Proof. The proof is done by induction on the structure of s using the fact that the
term s is implicitly typed: each subterm has a fixed type, and for each possibility only
one typing rule can be applied. ]

Lemma 2.3. Let A F s: A be a valid typing judgment and let x : B be a variable not
belonging to A. Then A,z : B+ s: A is also valid.

Proof. Proof by induction on the typing derivation of A s: A. ]
Lemma 2.4. If u and v are any base terms, then u[z < v] is also a base term.
Proof. Proof by induction on the structure of w. ]

Lemma 2.5 (Substitution). Let A+ v: A and Az : A+ s: B be two valid typing
derivations, where v is a base term. Then A F s[x + v] : B is a valid typing derivation.

Proof. By structural induction on the typing derivation of A,z : A+ s: B. ]

2.1. FEquational theory

We equip the language with an axiomatic equivalence relation similar to the one in
Table 1. The relation is augmented with the rules taking into account the new term
constructs for the product.

Definition 2.6. Given a relation R on terms, we say that it is a congruent relation if
for all pairs (s,s'),(t,¢') € R, the pairs (st,st’), (st,s't), (s +t,s +t'), (s +t,8 +1),
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Table 3. Axiomatic equivalence relation: Algebraic rules.

(3) 0-5 ~¢ O $+0 ~gp s
158 ~gz 8 a-st+a-t g a-(s+1t)
a-s+B-s ~az (a+B)-s (r+s)+t ~e r+(s+1t)
a-(B-8) ~ax (af)-s S+t ~az t+s

Table 4. Aziomatic equivalence relation: Distributivity rules.

(4) (r+st) ~a (rt)+(s,t) m(s+1t) ~ez m(s)+m(t) (5
(6) (r,s+t) ~az (rs)+(rt) m(s+t) ~e ma(s)+m2(t) (7
(8) (a-st) ~a a-(s,t) T 8) ~ap a-mi(8) (9
(10)  (s,a-t) ~az a-(s,t) mo(a- 8) ~ap a-ma(s) (1
(12) (0,t) ~a O 71(0) ~as O (
(14) (t,0) ~a O m2(0) ~4 O (15
(16) (r+s)t ~az rt+ st (- 8)t ~az - (st) (
(18) r(s+1t) ~az rs+rt 0t ~u: O (
(20) s(a-t) ~ag a-(st) t0 ~gz O (

(22) Az.(s+t) Moz Ax.s + Azt (23) Az.(ov - 8) oz - Az (24) Ax.0~4; O

Table 5. Aziomatic equivalence relation: computational rTules.

(25) (U V) NMag U (Az.8)u ~gz s[z  u]
(27) mo{ UV ) oz U (Az.s)t ~ap (Az.8)t

29) (m(u),m(u)) ~az u Az.(8T) ~az S

(31) * ~ar ou Az.(uz) ~az u

(33) (Az.x)s ~az s Az.(Ay.s))t ~az Ay.((Az.5)t)
(35) (AzA7B zt)s ~gp st Ay.Qz.(Az.r){ z,y ))s)t ~az (Az.1){s,t)
B7)  (Azr)(Ay-s)t) ~az (Ay.(Az.r)s)t (Az.(Ay.r)s)t ~az (Ay.(Az.r)t)s
(39) (Az.m1(2))s ez w1(S) (Az.m2(x))s ez m2(S)
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({8, ), (s,t')), ({s,8),(&,t)), (mas,m28"), (m18,m18"), (- s,c-8"), (Ax.s,\x.s") and
(Ax.s,Azx.s") are in R.

Definition 2.7. We define an equivalence relation ~,, on terms as the smallest con-
gruent equivalence relation, closed under a-equivalence and the equations of Tables 3,
4 and 5. Two valid typing judgments A F s,t : A are aziomatically equivalent, written
AF s~ t: A, if s~,, tis provable.

Lemma 2.8. If u is a base term and if u ~,; v then v is also a base term.

Proof. By structural induction on the derivation of u ~,, v. |

2.2. Categorical model

We now turn to the question of the structure of this equational theory. It is composed of
various pieces: a notion of module, a distinction between base terms and computations,
and two notions of functions. For the first part, we use enriched categories. For the second
part we use a strong commutative monad, following (Moggi, 1991). For the third part,
we define the closure of the product in the base category and in the Kleisli category.

2.2.1. Module.

Definition 2.9. An A-module (M, +,0,-) is an abelian group (M, +,0) and an operation
(-) : Ax M — M such that for all a,b in A and for all z,y in M,

a-(z+y)=a-z+a-y, a-(b-z)=(ab)- =z,
(a+b)-z=a-x+b-x, 1-x=u.

Lemma 2.10. Let (M,+,0,-) be an A-module. If x € M and a € A,
1 a-0=0;

2 0-2=0;

3 —(a-z)=a-(—x).

Proof. (1) a-0=a-(040) =a-0+a-0. By adding the inverse of a -0 to both side of
the equality, we get 0 =a-0. (2) 0-2=0-(2-2)=0-(1-24+1-2)=0-2+0-z. Using
the same remark as in the previous case, we get that 0 =0-z. (3) a-(—2)+a -z =
a-(—x+x)=a-0=0. Thus a- (—=z) is the inverse of a - x. Ul

2.2.2. Categorical notions. These definitions are taken from (Mac Lane, 1998), (Moggi,
1991) and (Kelly, 1982).

Definition 2.11. An object T in a category C is called a terminal object if for each
object A there exists a unique map ()4 : 4 — T.

Definition 2.12. Given a category C and two objects A and B, if it exists, the product
of A and B is the data consisting of an object A x B and two maps wf’B :AxB — Aand
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B.AxB = B, such that for all maps f : C — A and g : C' — B there exists a unique
map { f,g): C — A x B with the following equations holding for all h: C — A x B:

(fg)miP=f (41)
(f9)m P =g (42)
(h;minB hah By =h (43)

AB when the context is clear.

We usually omit the subscripts A and B in 7;
We say that the category C has binary pmducts if there is a product for all A and B.

It is cartesian if it has a terminal object and binary products.

Definition 2.13. A monad over a category C is a triple (M,n, n) where M : C — C is
a functor,  : id = M and p : M? - M are natural transformations and the following
diagrams commute:

Mpa NMA Mmna

(44)  M3A—> M?A MA M?A MA. (45)
NMAi l#A idk i#%
M2A 25 MA, MA

The natural transformation p is called the multiplication of the monad and 7 the unit of
the monad.

Definition 2.14. A strong monad over a cartesian category C is a monad (M,n,u)
together with a natural transformation t4 g : Ax M B — M(A x B), called the strength,
such that the diagrams

(46) Tx MA—=—= MA (Ax B)x MC <=— A x (Bx MC) (48)
\ TN i o
AX B M(T x A), M((Ax B) x () Ax M(BxC)
W"l * \ l
AXx MB—> M(A x B) M(A x (B x ()),
Ax M2B—%+ M(Ax MB) > M?(A x B) (47)

commute. The strength is commutative if moreover
MAx MB—Y> M(MA x B) —> M(B x MA) ——> M2(Bx A)  (49)
MB x MA—'> M(MB x A) —=> M(A x MB) —~ M?(A x B)
commutes. In this case, we write s4 p for the map M A x MB — M(A x B) defined by
MAx MB -4 M(MAx B) = M(Bx MA) % M?*(Bx A) £ M(B x A) = M(A x B).
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By abuse of notation, we refer to s as the strength of the monad.

Lemma 2.15. If M is a commutative, strong monad over a cartesian category (C, x, T),
the cartesian structure of C induces a monoidal structure on Cyy. ]

Notation 2.16. If f: A - MB and g : B — MC are two morphisms of C, we write
fin g for the map f; Mg; pc, that is, for the composition in the Kleisli category. We
write X7 for the tensor of Cas induced by the product of C, and ( f, g ),, for the map

(f,9);s.

Lemma 2.17. Using the notations of Definition 2.14, the following equations hold:

Cnams ) MAXx MB Cnrvid ) MAXxMT
/ /
(50) Ax B SA,B MA sT.a (51)
T M(A % B) MA
Proof. The proof uses extensively the equations of Definition 2.14. ]

Definition 2.18. Suppose that (C,®,—, T) is a symmetric monoidal closed category.
C is enriched over A-modules if

— for any objects X, Y the set C(X,Y) is equipped with a structure of A-module;

— the composition C(X,Y) x C(Y, Z) — C(X, Z) is a bilinear map of A-modules;

— as a mapping of morphisms, the tensor ® : C(X,Y) xC(X",Y') - C(X X" Y ®Y’)
is a bilinear map of A-modules;

— the natural isomorphism C(X ® Y, Z) — C(X,Y — Z) is a linear map of .A-modules.

The unit of the module C(X,Y) is written 0.

2.2.3. Enriched computational category. We are now ready to define the category that
serves as a basis for interpreting the algebraic computational lambda-calculus.

Definition 2.19. We define an A-enriched computational category to be a cartesian

category (C, x, T), together with a strong commutative monad (M, 7, p,t), such that

— The Kleisli category Cps is enriched over A-modules.

— There exists a bifunctor =: C x Cp; — C such that there is a natural isomorphism
U, :Cuy(X xY,Z) - C(X,Y = Z). That is, for all maps f: X - X', g: Y =Y,
h:Z —- MZ and k: X' xY' — MZ of C, the following equation hold:

Vo (f % giks Mh;p) = f;Y5.(K); (9 = h).

— The Kleisli category is monoidal closed: there exists a bifunctor — on Cp; and a
natural module isomorphism W_, : Cps (X x Y, Z) = Cpr(X,Y — Z). That is, for all
maps [ : X > MX', g: Y - MY', h:72' - MZand k: X' xY' — MZ of C, the
following equation hold:

Vo (f xnm g ke ) = fim Yo (K)sm (9 — h).
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Using Notation 2.16, we can rewrite it as follows:
U (f % g3 8 Mks s Mhbs o) = fs MU (k); 3 M (g — h); .

We use the notations € x, x for the map (A = B)x A — M B in C defined by ¥Z!(id o~ )
and 4, p for the map (A — B) x A — MB in C defined by ¥=!(na_,5).

Lemma 2.20. Suppose that f: A — MA', g: B— MB and h : C — MC" are three
maps of the A-enriched computational category of Definition 2.19. Then the following
equations hold.

(fHg.h)y=CL00)w+(gh)y, (hof 490 =Ch far+(hag )
(a-fih)yy=a-(f,h)y, (hyoo- f )y =a-(h f )y,
(f,0)=0, (0,f)=0.
Proof. Using the fact that the composition of maps and that the tensor induced by
the product are bilinear. The first equation is proved as follows.
(f+g.h)y=Cmn)yim (f +9xarh) by simple rewriting,
=(n,n)piim ((f Xar h) + (9 xar h) by bilinearity of X,
= ((mm ) arine (F X h)) + ((0ym ) pring (g Xar R))

by bilinearity of composition in Cjy,

=(f,h)y+{g,h), by simple rewriting.
The other ones are treated similarly. ]

Definition 2.21. Given amap f: A — MB in C, we say that f is base-like if it satisfies
the following properties:

At uB A ! MB
oAl lIMOB (id,id >l lM( id,id )
T M, Ax A" MBx MB > M(Bx B).
Lemma 2.22. If f: A — B is a map in C, then f;7p is a base-like map. ]

2.3. Concrete models

In this section, we prove that the categorical setting we just defined describes a consistent
structure by providing several concrete models.

We give three models. First, a trivial model: any cartesian category can be made into
a model by adding a trivial monad to it. Then, a model based on vector spaces, where
both internal homomorphisms are equal. We then show that the category of sets and
functions provides a finer model, where the two internal hom are distinct.

2.3.1. Trivial model. Consider any cartesian category (C, X, T). The functor sending ev-
ery object to T and every map to id+ is a commutative, strong monad:
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— It is trivially a functor.

— The unit of the monad is the unique natural transformation sending any object to T.
— The monad multiplication is id.

— The strength is also idT, remembering that T x T =T.

— The monadic equations are trivially satisfied.

The set of morphisms C(X, MY) is a module on A since it contains only one map:
consider this map to be the zero of the one-element module.

For any object X and Y, define X = Y and X — Y to be T. There are only one
possibility for the set-maps ¥_, and ¥_, since their domains and codomains contain only
one map, and these set-maps automatically satisfy the required properties.

2.3.2. Vector space-based model. A cartesian closed category that is already enriched over
A-modules is an A-enriched computational category, by choosing the identity monad, and
setting both functors = and — to be the internal hom of the category.

For example, the category of finiteness spaces on some field K (Ehrhard, 2005) forms
an fC-enriched computational model: Objects are vector spaces and morphisms are linear
maps. The category is therefore enriched over K vector-spaces (that is, K-modules). The
category is a model for linear logic: it is thus cartesian closed and therefore it is a model
for the algebraic computational lambda-calculus.

2.3.3. Set-based model. The cartesian closed category Set of sets and functions provides
a model where the functors = and — are distinct.

— It is a cartesian closed category.

— Choose M to be the monad arising from the monoidal adjunction between the cat-
egory Set together with its cartesian structure and the category of A-modules and
linear maps, with its usual monoidal structure: M is the functor sending a set X to the
set of maps X — A. Since it comes from a monoidal adjunction, it is a commutative,
strong monad.

— If X and Y are any two sets, define X = Y as Set(X,MY) and X - Y as X x Y.
— The map V., is defined using the fact that the category is closed: it sends f €
Set(X x Y, MZ) to the map z — (y — f(x,y)), element of Set(X, Set(Y, MZ)).

— The map ¥_, sends the map f € Set(X x Y, MZ) to the map sending z to (y, z) —
f(x,y)(2), which is an element of the set M (Y — Z).

2.4. Denotational semantics

An A-enriched computational category has the needed structure to serve as a model for
the language. In this section, we show that it is possible to encode the language in such a
category, and prove that the encoding is sound: if two terms are axiomatically equivalent,
then their denotation is equal. We then show that it is possible to construct a syntactic
category of base terms that can be equipped with the structure of A-enriched compu-
tational category. Finally, we prove that the interpretation of a term in this syntactic
category gives back the term, effectively showing completeness.
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Table 6. Interpretation of base terms.

[Az:Ara:A]Y =[A]x[A] 22 [A]

[AF*:T]Y =[A] ST
[Az:Ars:BIS =[A]x [A] L5 M[B] (52)
[AFAzs: A= B]Y = [A] 2= [a] = [B]
[Abu:A;x 4208 = [A] L [A1] x [42] (53)
[AFmi(u): A1 =[A] Z55 [A]
[Aru:A]L =[A]L[A]
[A+v:B]y =[A]%[B] (54)

[AF (uv):Ax BJY =[A] 220 [A] x [B]

Definition 2.23. Consider an A-enriched computational category C. An evaluation map-
ping ® sends base types to objects of C. Given such an evaluation mapping, we define
the denotation of a type [ A]4 as follows.

[t]e =2(), [AxBlg=[Algs x [Bls,
[Tle =T, [A= By =[Als = [Bls:
[A— Bl =[Als = [Bls-

When the context is clear, we omit the subscript ®.
Definition 2.24. The denotation of a computation is a morphism
[[xleh...,xn:Anl—t:B}]fb o [Ai]e x - x[An]e — M[B]e
of C, called a c-denotation, and the denotation of a base term is a morphism
[@1: A1,z Ay kv Bl + [Aile X x[4n]s — [Bls

of C, called a b-denotation. They are defined inductively in Tables 6 and 7. In the definition
of b-denotations, u and v are assumed to be base terms, and the s in (52) is any term.
In the definition of c-denotations, the following conventions are assumed: in Rule (55), u
is a base term; in Rules (59) and (60), the term at the root is assumed to not be a base
term (because that case would be taken care of by Rule (55)). In particular, neither s
nor ¢ are base terms in these rules.

Convention 2.25. When the context is clear, for legibility we use A in place of [A].

The b-denotations and c-denotations are uniquely defined, as proven in the following
lemma.

Lemma 2.26. C-denotations and b-denotations of terms are uniquely defined. In par-
ticular, Rules (59) and (60) are valid without any restriction on the term at the root of
the rule.
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Table 7. Interpretation of computations.

[AFu:A]Y =[A]L[A]

(55)
[AFwu:A]S =[A] L4 M[A]

[Az:AFs:B]S =[A] x[A] L M[B]
v ()

(56)

[AFdzs:A— B]S =[A] M([A] — [B])

[Ats: A= Bl =[A]L M[A]=[B])
[AFt: Al =[A]Z M[A]

(57)
[AFst: B]S =[A] 22 M([A] = [B]) x M[A] 2225 M[B]
[AFs:A— Bl =[a]d MIA]—[B])
[AFt:AlE =[A] L M[A] (58)

[AFst: B]g =[A] 220 M([A] = [B]) x M[A] 2255 M[B]

[AFs: A x As]S =[A] L M[AL] x [A2])

(59)
[AFm(s): Al = [A] LT ppa;]
[Ats:AlS =[A]L M[A]
[AFt:B]g =[Aa]2 M[B] (60)

[AF (st):AxBIS =[A] “L95% p(A] x [B])

[AFs:Aly =[A]L M[A]
[AFt: Al =[A]L M[A]

(61)
[Abs+t:A]S =[A] L% M[A]

[AFs:A]S =[A] L M[A]

(62) . c _ 0
[AFa-s:AlS =[A] 2L M[A] [AFO0:A]g =[A] = M[A]

14

Proof. We prove the lemma by induction on the size of a term. We consider each rule

separately and show they are valid. The non-base-term cases being the original rules, we

only have to consider the base-terms.

Rule (59). The term s is a base term: the typing derivation is of the form A F 7;(u) : A;.

The c-denotation is either defined by Rule (55) as follows:
[AFu:A; x 4] =[A] L [A1] x [A42]
[AFm(u): AT = [A] 27 [A]
[AFmiu) s 4] = [A] £55 (A ] 225 M[ 4]

or directly by Rule (59), yielding the map

[AFu:A x 4] =[A] LS M([A] x [42])
[AF mu): A QS = [A] 2™ M A
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By induction hypothesis, since u is a base term, its c-denotation comes from Rule (55)
and " = fina,xa,. We can conclude that the two denotations of m;(u) are equal by
naturality of 7.

Rule (60). The terms s and ¢ are base terms: we are in fact considering a typing derivation
of the form A+ (u,v ) : A x B. Note that the b-denotation is uniquely defined.
The c-denotation is either defined by Rule (55) as follows

[AFu:A] =[A] D [4] [[Aw B]' =[A] % [B]
[AF (uv):Ax B[ =[A] 2 (4] < [B]
[AF (uv):Ax B] = [A] L2752, prpa) x [B)
or by Rule (60)

[AFu:Al =[A] LS M[A] [AFv:B] =[A] % M[B]

[AF (uov): Ax B]S=[A] 20 MpA] x M[B] 5 M(JA] x [B]).

By induction hypothesis, since v and v are base terms we have f' = f;na and
g = g;np. Using Rule (50) of Lemma 2.17, we can conclude that the two maps are
equal.

This closes the induction. L]

2.4.1. Soundness. We first show that if two terms are axiomatically equivalent, their
denotations are equal.

Lemma 2.27. Suppose that u is a base term, that A F u : A has f for c-denotation and
that A,z : A+ s: B has g for c-denotation. Then h = [A I s[x < u] : B]® is equal to
the map

Mg;p

[A] 25 MAT < M[A] S M([A] x [A]) 25 M[B].

Now, suppose that s and u are base terms and have respectively f’ and g’ for b-denotation.
Then the morphism [A F s[z < u] : B]" is equal to
(id,f") g
[A] ——[A] x[A]l = [B].
Proof. The proof is done by structural induction on the typing derivation A,z : A F
s:B.
Ajz: AF x:T. In this case, g = h = ;. The required equation is shown as follows:

(n.f) MO Mn+
R

M[A] x M[A] —> M([A] x [A]) MT MMT

[A]
(a) lMOxMO (d)
MTxMT (e)




Benoit Valiron 16

Square (a) commutes respectively due to the naturality of 7 and due to f being
base-like, using Lemma 2.22. Triangle (b) commutes because of Eq. (50). Square (c)
commutes by naturality of s. Square (d) commutes trivially. Triangle (e) commutes
because of Eq. (45).

Ajz:AbF x: A In this case, g = ma;n4 and h = f. We can decompose the desired
equation as follows:

[A]TYL MIA] x MA] — > M([A] x [A]D™% M[A] X2 MM A]
(a) \LMQxMzd (d) (e)
MT x M[A] Mg /
MA
nT Xid ®)
M[A]

Square (a) commutes due to the naturality of n (and remembering that Ot = id~)
Triangle (b) commutes because of Eq. (51). Square (¢) commutes by naturality of s
(and by remembering that mo = O x id). Square (d) commutes trivially. Triangle (e)
commutes because of Eq. (45).

A,z : A Ay.r: C — D. By uniqueness of the typing derivation (Lemma 2.2), we have
A,z : Ay : CHEr: D. Let its c-denotation be k. By induction hypothesis (and by
Lemma 2.3), if the denotation [A,y : C' & rlx < u] : D]° is written &’ then

K =[A] x [0] L2220 MIA] x M[A] x M[C]
5 M([A] x [A] x [C]) 224 M[D].
Since s[z < u] = A\y.r[z < u], the map h is equal to U_,(k’). On the other hand, we
have g = U_, (k). By naturality of U_,, the map ¥_, (k') is equal to

(n, f )38 MY (K); 3 M(n — m); s

which is the requested map since n¢ — np = nc—p-

Ayx:AFrire: B when ry : C — D. In this case, the typing derivations A, x: AF 7y :
C — Band A,z : AF ry: C are valid. Let their c-denotations be respectively k;
and ko. By induction hypothesis, if we write [A & ri[z < u]: C — B]® as k} and
[AF 7z« u]: C]° as kb, then

K= [A] 200 MIA] x M[A] S M([A] x [A]) 255 v 0] - [B]),

Mka;

By = [A] 25 MIA] x M[A] % M([A] x [A]) 225 M[C],

and we have h = ( ki, kb );s; M&; u. To prove the desired equality, we use the fact
that f is base-like and Definition 2.21.
The remaining cases are similar. ]

Theorem 2.28 (Soundness). Suppose that A = s~ ¢ : A. Then [s]° = [¢]°. Suppose
that A+ wu=~4 v: A Then [u]” = [v]".
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Proof. The proof is done by structural induction on the proof of s ~,, t.

Algebraic rules of Table 3. Note that these rules do not relate base terms, just computa-
tions. The denotation is therefore in the Kleisli category: morphisms in this category
forms a module, and the rules of Table 3 precisely states the module equations of
Definition 2.9.

Distributive rules of Table 4. Again, note that the rules only related computations, not
base terms. The interpretations of the terms in relations live in the Kleisli category.
The desired result for these rules comes from the fact that the Kleisli category is
enriched as a symmetric monoidal closed category.

Rules (4), (6), (8), (10), (12) and (14). From the fact that the set-application x :
Cu(X,Y) x Car(X,Y") = Car(X x X',Y x Y’) is a bilinear module homomor-
phism.

Rules (16), (18), (17), (20), (19) and (21). Using Lemma 2.20. We show how to deal
with Rule (16). If f =[A+Fr: A], g=[AFs: A]°and h=[A+t: B]°, then

[Ar(r+st):AxB]"=(f+g,h), Dby definition,
=(f,h)yy+(g,h), by Lemma 2.20.

The other cases are similar.

Rules (5), (7), (9), (11), (13) and (15). Using the fact that the composition in the
Kleisli category is bilinear. Example with Rule (5): provided that f is the deno-
tation [AFs: Ax B]°and g=[AFt: Ax B]",

[AFm(s+t): A] = (f +g);m M(m1) by definition,
= fipr M(m1) 4+ g;00 M (1) by bilinearity.

Rules (22), (23) and (24). From the bilinearity of ¥_,. For example, Rule (22) is
proven as follows. Provided that f = [A,z: A+ s: B]° and that g is the map
[Az:AFt: B]",

[AFXz.(s+t): A— B]°=¥_(f+g) by definition,
=WU_,(f)+¥_,(g9) by bilinearity.
Computational rules of Table 5. Rules (25), (27) and (29). Correct from the cartesian
structure of C.

Rule (31). If AF w: T is a base term, its b-denotation is a map [A] — T in C. Since
T is a terminal object in C, there is only one such map: It is therefore equal to the
b-denotation of A+ % : T. For the c-denotation, we fall back to the b-denotation
because of Rule (55).

Rule (33). If A+ s: A has f for c-denotation, A F (Az.x)s : A has (V_(na) Xm
f)imEa,a, where ¥_,(n4a) : T — M(A — A). This can be rewritten as the
composition of f with the map

(V- (14) X a1 m4)500 W5 (14)-

By naturality of ¥_,, the latter map is the identity and the composition is therefore

1.
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Rule (35). Since we deal with applications, only c-denotations are defined in this
case. Then AFt: Aand At s: A— B. If the former has f for c-denotation and
the latter g, then the c-denotation of the left-hand-side of the equation is

(W ((f XM MA—>B)iMEA,B): 9 ) aysM EA—B,B (64)

Since 4,5 = W2 (na_p), by naturality of ¥_, we have (na—p X f)imEap =
U=!(f — B). Therefore (64) can be rewritten as

<(f — B)?.g >M;Mg-

Again by naturality of ¥_,, this can be reformulated as g; (f — B). But this is
exactly ( f,g ),/ imE, that is, the c-denotation of At st : B.

Rule (26). A judgment A F (A\x.s)v : B is always a computation. Provided that
the variable  is of type A, write f = [A,z: AFs:B]“and g =[AFov: A]"
From Rule (55), g is of the form h;na, where h = [A+ v : A]". The morphism
[AF (Az.s)v: B] is equal to ( W, (f),g);s; MEa, p;p. Since €4 p is the map
U-'(ida_p), by naturality it is equal to (n, h );s; M(f); p. Using Lemma 2.27,
this is equal to [A F sz + v] : B].

Rule (28). The denotations of the two sides of the equivalence relation are equal
because of the natural isomorphism between C(X, M(Y — Z)) and C(X,Y = Z).

Rule (30). For the two sides of the equation to be well-typed, s must be of type A — B
and x of type A must not be free variable of s. Let f = [AF s: A — B]°. The
map [AF Az.sx: A — B]“isequal to U_,((f xna); s;E4.5). Again, by naturality
this is equal to f.

Rule (32). Similar to (30) using the fact that ¥, is a natural mapping.

Rule (34). Because of the naturality of U_,. If y is of type C, g is the denotation of
t and f the denotation of s, the left-hand-side has for c-denotation the morphism
(na:9 ) arim Yo (f). This is equal to the map W, ((na,9 ) X ncim f), which
is the c-denotation of the right-hand-side.

Rule (36). This amounts to say that (f xar g);ar;h = (f Xarm)iar (0 Xar 9)iar; he Tt
is correct since the Kleisli category is symmetric monoidal.

Rule (37). Again, this is true since the category is monoidal closed.
Rule (38). Because the monad is strongly commutative.
Rule (39) and (40). By naturality of W_,.

Finally, for the congruence rules, it is sufficient to use the compositionality of the deno-
tation. 0

2.4.2. Completeness. We want to show that if for any model the denotations of two terms
are equal, then they are axiomatically equivalent. As in (Lambek and Scott, 1989), we
use the notion of internal language: We define a syntactic category of base terms where
the equality on morphisms is the axiomatic equivalence. Then we show that if a term is
interpreted in this category, its denotation is axiomatically equivalent to itself.
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Notation 2.29. We shall use the following notations.

letx=sint = tlx<+ s,
let (z,y)=sint = tly<+ (ms),y < (ms)],

let°zx=sint = (\x.t)s,
Ax.s = Ax.s where z is a fresh variable of type T,
[s] = Axs,
{s} = =%
MA = (T=A).

The notations [ — | and { — } follow the conventions used in (Filinski, 1996) for dealing

with monads.

Lemma 2.30. Provided that both sides are well-typed, the following rules are valid.

(Ax.s)u ~4; sz ul (65)
[{ }] Sazr U (66)
{[s]}—axs (67)
(Az{s Pt ~a {(Azs)t}  (68)
(Ay-(r(may))(m2y)){ s,t ) ~ax (rs)t (69)
Az, s )t ~gp (7,(Az.8)t) (70)
Az, s Nt ~gp ((Azr)t,s) (71)
{s+t} =~ {s}+{t} (72)
{a-s} 2w a-{s} (73)
Proof. (65): Using (28) and (26). (66): Using (31) and (32). (67): Using (65). (68): B

the following equivalences:
Az s Pt = (Ax.sx)t
~or (Ay.((Az.s%)t)) x  for y fresh, by Eq. (26),
~u (Az.Ay.sx)t) * by Eq. (34),
={ (Az.\y.sx)t }
~ao { (Az.Ay.sy)t } by Eq. (31),
~u { (Az.8)t } Dby Eq. (30).

(69): By the following equivalences:

(Az.(r(m12))(m22)) (8,8 ) oo (Ay-(Az.(Az.(r(m12)) (122))( 2,9 ))s)t - Dy Eq. (36),
~ae (Ay.(Az.(rz)y)s)t by Eq. (26),(25) and (27),
~ae (Az.(Ny.(rz)y)t)s by Eq. (38),
~o (\z.(rz)t)s by Eq. (30),
(

>
8 8

8

ac()‘x Az.zt)(rx))s by Eq. (35),
ar (Az.2t)((Az.ra)s) by Eq. (37),
~u (Az.2t)(rs) by Eq. (30),
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(rs)t by Eq. (35).
(70): By the following sequence of equivalences:

Az (r,8))t ~ar (Az.(Az.2){(r,;s))t by Eq. (33),

Az (A (Az.(Az.2){ 2,y ))r)s)t by Eq. (36),
(AZ (Az.2)( 2,4 ))r)((Az.s)t) by Eq. (37),

r, (Az.s)t) by Eq. (36),

T, ()\x.s) ) by Eq. (33).

(71): By the same sequence of equalities, plus two uses of (38). (72): Using (16). (73):
Using (17). L]

Lemma 2.31. One can define a cartesian category whose objects are types and whose
morphisms A — B are typing judgments x : A - v : B when v is a base term. Equality
on morphisms is given by the axiomatic equivalence.

— The identity morphism on A is the typing judgment z : A+ x : A, and the composition
ofzx:AFu:Bandy:BFov:Cisxz: AFlety=uinv:C.

— The product of A and B is A x B; the product of z : A u: Bandy:CkFov:D
isz:AxCFlet (z,y)==zin{u,v): B x D; the first and second projections are
x:AxBbFm(z): Aand x: Ax BFma(z): B.If fisthemapz:ChFu:Aandg
isthemap z:Ctov: B, then ( f,g)isz:CF (u,v): AxB.

— The terminal object is T, and the unique map from any object A to T is the judgment
x:AbEx:T.

Proof. The composition is well defined by Lemma 2.4. It is associative because the
term construct let stands for the substitution (Notation 2.29), and the unit is indeed the
unit of the composition for the same reasons.

To show that x is a product, it is enough to show that the three equations of Defini-
tion 2.12 hold.

Equation (41). The left hand side is x : C'F let y = (u,v ) in w1 (y) : A. It is immediate
to see that this is axiomatically equivalent to u using Rule (25).

Equation (42). Similarly, the left-hand-side is « : C' - let y = ((u,v ) in m2(y) : B. Using
Rule (27), this is immediately axiomatically equivalent to v,

Equation (43). Let h : C — A x B be the base term x : C' F u : A x B. The left-hand-side
of the equation is the typing judgment

x:CF (1 (u),m2(u) ).

We get the right-hand-side by applying Rule (29).

Finally, T is a terminal object since any typing judgment z : A+ u : T is axiomatically
equivalent to * by Rule (31). O

Definition 2.32. The category described in Lemma 2.31 is called the category of base
terms, and is denoted with C;.
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Theorem 2.33. The category C; admits a commutative, strong monad. The monad M
sends Ato MAand x: A wu:Btoy: MAF [let°z={y }inu]: MB, and the three
required morphisms are

na = x:AF[z]:MA,
pa = x:MMAFR[{{xz}}]: MA,
tap = x:AXMBbFlet(y,z)=xzin[{y,{z})]: M(AxB).

The Kleisli category C; s is enriched over A-modules. The module structure of C;(A, M B)
is given by the module structure of the term algebra. Consider the two maps f = (x :
AtFu:MB)and g= (z: AFv: MB). We define

0 = x2:AF[0]: MB,
f+g = z:AF[{u}+{v}]: MB,
a-f = z:Ar[a-{u}]: MB.

Proof. We first show that M is a functor:
— If id 4 is the identity on A, the map Mid 4 is by definition
y: MAF[let?z={y}inz]|: MA
which is equal to y using Rule (33) and (66) (Lemma 2.30).
—Iff:A— Band g: B— C are the morphisms z: AFu: Bandy: BFov:C,
Mf=z :MAF[let?°z={2z }inu]: MB,
Mg=z2: MBF[let?y={2 }inv]: MC,
M(f;9)=z1: MAF[let?z={2z }inlet°y=uiny]|: MC. (74)
The map M f; Mg is
21: MAVlet zo=[let’z={2z }inu]in[let°y={ 2 }inv],
~op [let’y={[let°z={2 }inu] }inv] by (26),
~a [let®y=(let>x={ 2z }inu)inv] by (67),
~ue[let’z={2z }inlet’y=winv]: MC, by (37)
which is equal to Eq. (74).
The maps 7, u and t are natural transformations. Indeed, if f: A - Band g: C — D
are the morphisms  : AFw: B and y: CtF v: D then
Mf=2z:MAVF[let?z={2 }inu]: MB,
M?*f=t,: M?AF[let® 21 ={t; }in[let°z = {2z Yinu]]: M?A,
Mg=r2:MCF[let°y={2 }inv]: MD,
fxg=z3:AxCFlet (x,y)=2z3in(u,v): B XD,
fxMg=z4: AxMCFlet (x,20)=zqin{u,[let’y={z2 }inv]): BxMD,

let®z3 ={ 25 } in

M(fxg):Z5M(AXC)|7 let<x7y>:Z3Z.7’l<U7’U>

: M(B x D).
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In this case, the equations are proven as follows.

— The map f;np is equal to

z:AFlet z=uin|z|
=[u]: MB

The map na; M f is equal to

x:AFlet zy=[xz]in[let’z={2z }inu]
=[let?°z={[x] }inu]
~u|let’z =z inu] by Eq. (67),
~ulu]: MB by Eq. (26).
The two maps are equal: 7 is a natural transformation.
— The map M?f; ug is equal to
ty: M?AFlet to =[let’ 2y ={t; }in[let°z={z }inu]]in[{{t2} }]
=[{{[let’z1={t1 }in[let®°z={z }inu]]} }]
~o [{let’zr ={t1 }in[let?°z={2z }inu]}] by Eq. (67),
~op [ let®zy ={t1 yin{[let°z={2 }inu]}] by Eq. (68),
~ap [ let®z1 ={t1 }inlet°z={2 }inu] by Eq. (67),
a [ let°z=(let° 21 ={t; }in {2 })inu] by Eq. (37),
~ap [let®x={let° 21 ={t1 }inz }inu] by Eq. (68),
~u [ let®°z={{t1} }inu]: MB by Eq. (33).

~

T

The map pa; M f is equal to
ty: M?AF et ty =[{{t1 }}Y]in[let°z={t; }inu]

=[let?z={[{{ts}}]}inu]
~[let’z={{t1} }inu]: MB by Eq. (67).

The two maps are equal: p is a natural transformation.
— The map (f x Mg);tp p is equal to

Z4;A><MC|_<l€tt:(l€f<$,22>zz4m<u, [let?>y={2 }inv]))in )

let {y,z)=tin[{y,{z})]

let {x,z9 ) =2z41n
= ( let {y,z)={wu, [let°y={2z }inv])in )
[(y,{z})]

)

~plet (zozo)=z4in[{u, {[let?y={22}inv]})]
by Eq. (26), (25) and (27),

~oplet {wozo Y =24 [{u, let° y={2z }inv)]: M(B x D)
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by Eq. (67). The map t4 c; M(f x g) is equal to
. let z5 = (let (w20 ) =zain[{(x,{22})])in
Z4'AXMC}_<[let023={z5}inlet( y)=z3in{u,v)]|

let® z3=(x,{ 22} )in

~ o let =241
aw lob (2,22 ) = 24 in let (x,y)=z23in{u,v)

} by Eq. (67),
~oplet {(mozo ) =zqin[let®y={ 22 }in{u,v)]

by Eq. (36) and (26),
~aplet (xyz0)=z4in[(u,let’y={2 }inv)]: M(B x D)

by Eq. (70), which is equal to the previous map. Therefore ¢ is a natural transforma-
tion.

The monadic equations of Definition 2.13 hold.
Equation (44) is treated as follows. The map M4 is equal to

y: M3AF[let°z={y}in[{{x}}]]: M?A.

Then Mypua;pa is equal to

y:M3AFlet z=[let°z={y}in[{{z}}]]in[{{z}}]
~ao [{{[letv={y}in[{{x}}]]}}] by definition,
~ap [{let®z={y}in[{{x}}]}] by (67),
~ao [let”z={y}in{[{{z}}]}] by (68),
~oo [let®z={y}in{{x}}] by (67),
~u [{{let°z={y}inxz}}] by (68) twice,

~a [{{{y}}}]: MA by (33),

and the map ppra; pua is equal to

y: MPAR et z=[{{y}}]in[{{z}}]
=[{{{{y}}]}}]
~a [{{{y}}}]: MA by (67).

They are equal. Equation (45) is treated in a similar manner.

To show that the monad M is commutative and strong, we have to examine the
equations of Definition 2.14. We prove the commutativity of the monad. The upper path
of Equation (49) is the judgment

o let x1=(et {y,z)=xin[(y,{z})]) in
'MAXMB% [lem:{m}mzet<y,z>=x2m[<{y}7z>u)

<[ (o) St e | D
= |

let®y = mxin

Zetz—{m}mu{y},zn] by (69)
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~ar [[({mz },{mz})]]: M?*(Ax B) by (26) and (71).

The lower path of Equation (49) is symmetric:

A let 71 = (let (y,z) =win[({y},z)])in
$MA MBF(Uem:{xl}mzet<y,z>=x2m[<y,{z}>n)

let® xog = ({ mx },mex ) in
“or | it (go) ~man o ony) | 2 6D
let® y—{ﬂ'lx}m
Saz [ let?° z=mzin[{y,{z})] } by (69),

~op [[({mz ), {mz})]]: M*(A x B) by (26) and (70).

So both paths are equal. Equations (46), (48) and (47) are treated similarly.

Ci(A, M B) is a module over A. As an example of how this is shown, we give the case
a(f+g)=a-f+a-g, formaps f,g: A—> MBinC.If fisz: A u: MB and g is
x:AFwv:MB, then o (f + g) is the judgment

z:AF[a-{[{u}+{v}]}]: MB

The map « - f + - g is the judgment

v AR [{[a-{u}]}+{[a-{v}]}]: MB
These two judgments are equivalent, using Eq. (67), (72), (73) and the algebraic rules of
Table 3.
Finally, the fact that the bifunctor x and the composition of maps in C;;; are module
homomorphisms is a direct consequence of the rules in Table 4.
This closes the proof of Theorem 2.33. ]
Theorem 2.34. The category C; is an A-enriched computational category.
— The bifunctor = is the type operator =, and it is defined on maps as follows:
(x:Atu:B)=(y:Ctv:D) = z:B=CtFAz.let° y=zuinv:A= D.
The bijection W_, is defined as follows:
Vo(z:AxBlFu:MC) = y:AFAzlet v=(y,z)in{u}:B=C,
UV l(z:AFu:B=0C) = y:AxBF[let(x,2z)=yinuz]: MC.
— The bifunctor — is the type operator —, and it is defined on maps as follows:
(r:Aru:MB)— (y:Ckv:MD) =
z:B—=>CkH[Xx.let y=z{u}in{v}]: M(A— D).
The bijection W_, is defined as follows:
UV (z:AxBFu:MC) = y:AbF[Xzlet z=(y,z)in{u}]: M(B—C),
U Yz AFu:M(B—=C)) = y:AxBF([let{z,z)=yin{u}z]: MC.
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Proof. Note: given the naturality of W_, and ¥_,, the functoriality of = and — comes
for free. We first consider the map ¥_, .

Bijectivity. Consider the map f =z : A x Bt u: MB. Then WZ'W_ (f) is equal to

x: AxBbE[let (y,z)=axin(Az.let x={y,z)in{u})z]
~llet (y,z)=xzinlet x =(y,z)in{u}]
oo [{u}]
~uu: MB,

which is precisely f. Now, consider the map g =z : A+ u: B = C. Then ¥, ¥Z-!(g)
is equal to

y: Ab Az let x=(y,z)yin{[let (y,z)=xzinuz]}
~pAzolet x=(y,z)inlet (y,z)=xinuz
~ .z Nzuz
~uu: B =B by (32).

This is equal to g: the map ¥_, is a bijection.
Naturality. Consider the base term f = z : A’ x B’ u : MC’ and the three morphisms
ga=z2pa:AFwy: A, gg=25: BFwp: B and gc = z2¢ : C' - we : C. Then

gaxge = zap:AxBbFlet(za,25)=z2apin{wa,wp):A x B,
g8 =>9gc = zpc:B = C'FAzp.let’ z2c = zpcwp inwc : B = C,
Mge = zmc:MC' ¢ [let’ 20 ={ zpmc }inwe ] : MC.

Now, V. ((9a x gB); f; Mgc) is equal to

let (za,2B ) = zaB in

let x =(wa,wp)in

let zpc = uin

[let® zc = { zpe }inwe |

za: AFAzp.let zap = {(za,25)in

let (za,zp)={z2a,2B)1in
~u Azp. ¢ let x = (wa,wp ) in
let zpre =win [let® zo =4 zpe }inwe |

let x =(wa,wp)in
ZamAZB. . o .

let zpro =win [let® zo = { zpe }inwe |
f:amAzB.{ let = (wa,wp )in|let’ zc ={u}inwec] }
~o Az [let 2 = (wa,wp )inlet’° ze ={u}inwec]}
~u Azp.let 2= (wa,wp )inlet’ zc ={ u }inwe

~os Azp. let® zo = (let x = (wa,wp Yin{u})inwe: B=C.
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On the other hand, ga; (V= f); (95 = g¢) is equal to

let z4 = w4 in
za:t A | let zpo = (Ay.let ©=(za,y)in{u})in
Azp. let® zoc = zpcwp in we

N let zpe = (Ay.let = {(wa,y)in{u})in
TN\ Azp. let® zo = zgowp in we
~or Azp.let® zo = (Ay. let z={wa,y)in{u})wpinwc
~ap Azp.let® zo = (let = (wa,wp ) in{u})inwe: B=C.
Therefore, U_,((94 X gB); f; Mge) = 9a; (V= f); (95 = go): the bijection U, is
natural.
We now consider the map ¥_,.

Bijectivity. Consider the map f =z : A x Bt u: MB. Then W='W_,(f) is equal to

x:AXBFE[let (y,z)y=zin{[Az.let =(y,z)in{u}l]}z]
~op [ let (y,z)=xzin(Az.let x=(y,z)in{u})z]
~llet (y,z)=zinlet x =(y,z)in{u}]
~ao [{u}]
~uu: MB,
which is precisely f. Now, consider the map g = = : A+ v : M(B — C). Then
U, U=1(g) is equal to
y:AbE[ Xz let x=(y,z)in{[let (y,z)=axin{ul}lz]}]
~up [ Azolet = (y,z)inlet (y,z)=xin{u}z]
~ [ Az u }z]
~ap [{u}]
~p: M(B— C).
This is equal to g: the map ¥_, is a bijection.
Linearity. We show that ¥_, is an . A-module homomorphism. Let f =2 : AxBFu: MC

and g =2 : Ax BFwv: MC be two morphisms of C;. Then ¥_,(f + « - g) is the by
definition the map

y: AF[Xzlet z=(y,z)im{[{uv}+a-{v}]}]: M(B—=C).

Applying Equation (67) and the linearity of the term constructs, this is axiomatically
equivalent to

Az.let z=(y,z)in{u})

y: AR +a-(Az. let x=(y,z)in{v})

: M(B— C),

that is, U, (f) + « - ¥_(g). Finally, since 0- f = 0, the map ¥_, preserves the zero
of the module.
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Naturality. Consider the base term f = z: A’ x B’ u : MC' and the three morphisms
ga =24 : AFwy : MA', gg =2 : Brwp: MB' and gc = 2¢ : C' - wg : MC.
Then the maps ga X gp and gg — gc are respectively

2ap: AX BFlet {za,2zg) =zapin|[{{wa },{wp})]: M(A x B),
zpc i B'— C'F [ Azp.let® ze = 2pc{wp }in {wc } ] : M(B — C).
Now, \II—>(<9A XM QB)§M fimr gC) is equal to
let (za,2B ) = zaB in
ZA:AF )\ZB.let ZAB:<ZA,ZB>iTL letox:<{wA },{wB})m
let° 2c ={u}in{wc}

~. [Az3.< let?r = ({wa },{ws})in ﬂ . M(B = C)

let° ze ={u}tin{wec}
On the other hand, ga;n (Y- f);nm (98 — go) is equal to
let® z4a ={ wa }in
zatAE | let® zpe={[Ay.let x={(za,y)in{ul]}in
{[Azg.let® zc = zpc{wp }in{wc }]}
[ let° za ={ wa }in
~u | let’ zpo=(Ny.let®° x={za,y)in{u})in
| A\z2p.let° ze = zpc{ wp }in { we }
let® za ={ wa }in
~u | Mg | let’ zpe = (My. let® x={za,y)in{u})in
let® zo = zpc{ wp } in{ we }

from Eq. (34),

let® za ={wa }in

~oe | A2B. o (let®y={wp}in .
let ZC_(letow:<zA,y>in{u} in {we }

from Egs. (37) and (35),
let° za ={ wa }in
let°y={ wp }in

let°x={za,y)in let° zc ={u}in

L {we }

N _z let?°z=({wa },{wp })in _ om
~ _)\B'(letozc:{u}m{wc} >}.M(B%C’) from Eq. (36).

~u | A2B. from Eq. (37),

This proves that ¥_, is a natural map. ]

Notation 2.35. We use the following conventions.

— I A= (z1:A1,...,2,: A,) is a typing context, we write A or 7 in place of the list
of typed variables. Note that the list can be empty.
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— The product of terms is extended to any finite product ( Z ). It is defined by induction:

<>::*’ <$>:=JI, <y7i">::<y,<f>>.
— The term construct m; stands for the i-th projection of type A; x --- X A, (i < n).
Provided that n > 2, it is defined by induction:
mi(s) :=let (x,y)=sinwz, Tni2s = let (x,y) = sin mu11(y).

If n = 1, we define the only projection to be m1(u) = u and if n = 0, m1(u) = *. In
particular, we have m;( 1,..., Ty ) ~a @i, provided that i < n.

— We extend the notation let ( x,y ) = sint of Notation 2.29 to tuples: Provided that
n>1,

let {(x1,...;xn)=sint = try <+ (mx),..., 2,  (Tp2)].

Lemma 2.36. If we interpret the computational algebraic lambda-calculus in C; then
the equations

lzy: Ay, o an i Ap b v B]) ~e (y: Ay X - x Ay b let (21,...,2, ) =y inv: B)

and

[z1:A1,...,2,: Ay b s: B]°
~ap (Y A X oo X Ap b [let (xq,...,zp ) =yins]|: MB)
hold.
Proof. Proof by induction on the derivation of the denotation. In the following we
assume that A = (z1 : D1,..., 2, : Dy).
Case v = and v = *. By definition of let { — ) = —in —.

Rule (52). By induction hypothesis, f = [A,z: AF s: B]° is axiomatically equivalent
to

y:DxAb[let (Zz)=yins]: MB.
The map V.. (f) is by definition equal to
2 Db Az let y= (2 z)in{[let (Z,2)=yins]}
~ Az let y= (2" z)inlet (Z,x)=yins
~ap Az let (Zyx)= (2 2)ins
=Az.let (Z)=Z"inletz=zins
=let (Z)=2"inAx.let z=zins
=let (Z)=72inAvs: A= B.
Rule (53). By induction hypothesis, f = [AF u: A} x A2]" is axiomatically equivalent
to
y:DFlet (Z)=yinu: Ay x As.
The map f;x; is
y:DFlet = (let (Z)=yinu)inm(x)
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=let (Z)=yinmi(u): 4.
Rule (54). By induction hypothesis, f = [AFu: A]"

: andg=[AFv:B
tively axiomatically equivalent to

, let (Z)=yinv)
=let (Z)=yin(u,v): AxB.

Rule (55). By induction hypothesis, f =

y:DFlet (Z)=yinu:A.
The map f;n4 is
y:Dblet x=(let (Z)=yinu)in|[z]
=[let (ZYy=yinu]: MA.

Rule (56). By induction hypothesis, f =

to

y:DxAF[let (7,

x)y=yins|: MB.
The map ¥_,(f) is by definition equal to

ZiDbF[Ae et y= (2 a)in{[let (Z,2)=yins]}]
~op [ Axlet y= {2,z )inlet {2,z
~op [ Az let (Z)x) =

=[dx.let (%

(2,2 )ins]
ZVy=2"inlet r =xins|
=[let (Z)=2inAxv.let z=1mxins]

=[let (Z)=2"inAv.s]: M(A— B).

29

]" are respec-

[AFu:A]" is axiomatically equivalent to

[A,z: AF s: B]° is axiomatically equivalent

Rule (57). By induction hypothesis, f = [AFs: A= B]“and g = [A+t: A]° are

respectively axiomatically equivalent to

y:DF[let (Z)=yins]: M(A= B),
y:DF[let (Z)=yint]: MA.
The map e, = \Il;l(idA¢B) corresponds to

y: (A= B)x At [let {(z,z)=yinzz]: MB.
The map ( f,9);sa=p,4; M(eaB); b is

~ let k1 =([let (ZY=yins],[let (Z)=yint])in
y:DE | et wp=(let (yr,y2) =xrin[({y },{y2})])in
let xg=[let°y={xa }in[let (x

z)=yinazz]]in[{{zs}}]
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let xzo=[((let (Z)=yins),(let (Z)=yint))]in )
let x3 = let y={axx}tin[let (z,z)=yinxz]]in[{{z3}}]

letxg,_ let®y = ( (let (Z >—ym5),(l€t<Z>=ymt)>m}m
Elet< z2)=yinzz]

[{Hlelity_ :t;,jfg;g];ms),(let<z>=ymt)>m”H
e {”y— et (Z)=yins),(let (% >—ymt>>m}]

let =yinzz]

| let® yz((let<Z>=yins),(let(Z)zymt))in}
T {llet (xyz)=yinzz]}
—letoy—<(let<5>—yins),(let(Z)—yint))in}
| let (z,z)=yinazz

=[let (Z)y=yinlet’y=(s,t)in(my)(my) ]
~ullet (ZY=yinst]: MB by Eq. (69).

~
—axr

Rule (58). By induction hypothesis, f = [AFs: A— B]|“and g = [A+t: A]° are
respectively axiomatically equivalent to

y:DVF[let (Z)=yins]: M(A— B),
y:Db[let (Z)=yint]: MA.
The map €45 = Y- (na_5) corresponds to
y: (A= B)x Ak [let (z,z)y=yin{[z]}z]: MB,
that is,
y: (A= B)x At [let (z,z)=yinzz]: MB.
The map ( f,9);54—p.a; M(Eap); 1up is
let k1= ([let (Z)=yins],[let (Z)=yint])in

A let x5 = (let (y1,y2) =xvin [({y 1, {y2})]) in .
y:DF let xg=[let°y={z2 }in[let (x,z)=yinzz]]in : MB,
[{{@s}}]

which is precisely the same term as in the previous case. It is therefore axiomati-
cally equivalent to y : D F [let (Z) =y in st] : MB, using the same sequence of
arguments.
Rule (59). By induction hypothesis, f = [AF s: A; x A2]° is axiomatically equivalent
to
y:ﬁk[let (Z)y=wyins]: M(A; x Ag).
The map f; (Mm;) is
y:DFlet g =[let (Z)=yins]in[let’s= {21 }inmx)]
~oplet xp=[let (ZYy=yins]in[m{z1})] by Eq. (39) or (40),
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=[m({[let () =yins]})]
~u [mi(let (Z) =yins)]
=[let (Z)=yinm(s)]: MA,.
Rule (60). By induction hypothesis, f = [At s: A]“ and g = [A ¢ : B] are respec-

tively axiomatically equivalent to

y:DF[let (Z)=yins]: MA,
y:

The map ( f, g );sa,p is
~ (letmlz([let(Z):yins],[let<Z>:yint]>in)
y:DF )
let (z1,22) =xin[ ({2}, {2})]
~ [(let (Z)=yins, let (Z)=yint)]
=[let (ZY=yin{s,t)]: M(A X B).
This closes the list of cases and the proof of Lemma 2.36. ]

Theorem 2.37 (Completeness). If we interpret the computational algebraic lambda-
calculus in C; then the equations

[z:AFv:B])" ~4 (x:Arv:B) and [z:AFt:B] ~u4 (x: AF[t]: MB)
hold.

Proof. The theorem is an easy corollary of Lemma 2.36. Indeed, the typing context
consists of a single variable: [z : AFv:B]" ~u (. : AF let (x) = zinv: B). By
Rule (26), this is also v. Now, [x: At t: B] >~ (x: Ablet (xz)=xzin[t]: MB).
Again by Rule (26), this is axiomatically equivalent to [ ¢ ]. ]

Corollary 2.38. Two base terms are axiomatically equivalent if and only if for any
A-enriched computational category their denotations are equal.

Proof. If two typing judgments are axiomatically equivalent, by Theorem 2.28 they
have equal denotations in any A-enriched computational category. Now, suppose they do
have equal denotations in any A-enriched computational category. In particular, this is
verified in C;. Therefore, they are axiomatically equivalent by Theorem 2.37. ]

2.5. Consistency

We are now in position to state the consistency of the equational description of Sec-
tion 2.1.

Theorem 2.39. The typing judgments A - 0: A and A F u : A (where u is a base
term) are not axiomatically equivalent.

Proof. In Set, the denotation of the former is the zero map 0 : [A] — M[A], whereas
the denotation of the latter a non-zero function. Ul
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3. Adding controlled divergence

Because of Theorem 2.39, the term Y} of Equation (1) is not constructable in the com-
putational algebraic lambda-calculus. In this section, we add to the semantics and to the
language a notion of fixpoint in order to understand what goes wrong in the untyped
system.

3.1. A fizpoint operator

We first describe what is a fixpoint in the categorical model. A fixpoint is a computation,
so we define it in the Kleisli category.

Definition 3.1. With the notations of Definition 2.19, a fizpoint combinator in an A-
enriched computational category C is a mapping Yxy : C(X x MY, MY) — C(X, MY)
such that for every morphism f: X x MY — MY the diagram

x— " gy (75)

(idx,idx>l Tf

XxX——XxMY
XXYXTyf

is commutative. When the context is clear, we write Y in place of Y x y. We also trans-
parently use the curried version of the operator Y sending C(X, MY =Y) to C(X, MY).

Example 3.2. The set-based model of Section 2.3.1 can be equipped with a fixpoint
combinator, by taking Y to be the trivial mapping. Remember that in this setting,
C(X,MY) is a singleton.

In Example 3.2, the monad is the trivial one. This turns out to be a general fact and
we can show that if an A-enriched computational category has a fixpoint combinator,
then the monad is trivial.

Theorem 3.3. An A-enriched computational category C has a fixpoint combinator if
and only if all the maps in Cjp; are identified.

Proof. 1t is enough to show that between any two objects A and B of Cj; there is
exactly one map. First, there is always the map 0 : A —¢ M B. Then, consider any other
map f: A— MB and build the map g: AXx MB — MB as the sum of mo : AX MB —
MB and go =71 f : AXx MB — MB. The commutative diagram satisfied by Yg can
be rewritten as the equality Yg = Yg+ f, that is, 0- Yg = f. Since 0- Yg = 0, the map
f is equal to 0. ]

3.2. Recasting the equational theory

In the proof of Theorem 3.3, the part that makes all the maps in Cy; collapse is the fact
that 0- f = 0, for all f. In order to retain consistency, a natural solution is therefore to
remove the property 0- f = 0. Instead of a module, we only require the homset Cp;(X,Y")
to be a weak module.
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Definition 3.4. Given a ring A, a weak A-module (M, +,0, -) is the data consisting of a
commutative monoid (M, +,0) and an operation (-) : A x M — M such that for all a,b
in A and for all z,y in M,

a-(z+y)=a-z+a-y, r-(s-z)=(rs) -z,
(a+b)-z=a-x+b-x, 1-z=u.

Remark 3.5. Note that the equations are the same as the ones in Definition 3.4. This
time however, since M is only a monoid, i.e. v + ((=1)-v) =0-v # 0.

Definition 3.6. A weak A-enriched computational category is the same structure as in
Definition 2.19, apart from the fact that the Kleisli category Cj; is not enriched anymore
over A-modules but over weak A-modules.

A weak A-enriched computational category has a fizpoint combinator if there is a
mapping Y x y satisfying the same properties as in Definition 3.1.

Lemma 3.7. Any A-enriched computational category is a weak A-enriched computa-
tional category.

Proof. Any A-module is also a weak A-module. ]

3.3. A concrete model

We modified the semantics, implicitly claiming that a weak A-enriched category with
fixpoints does not necessarily have a trivial monad. In this section, we provide a concrete
example of such a category. We will discuss in Section 3.6 the notion of convergence it
provides.

3.3.1. A lattice-based framework. Consider a lattice (X, <). A subset S of X is called
directed if for every two elements z,y in S there is an element z in S such that z < z
and y < z. The lattice (X, <) is called directed complete if every directed subset admits
a least upper bound.

A partial monoid is a family of directed-complete lattices X = {(X;, <;)}ier. We
identify X with W;c;X;, the disjoint union of all the X;’s, and we write <x (or < when
the context is clear) for the induced ordering on this union.

Let X = {(X;,<i)}ier and Y = {(Y;,<;)},;es be two partial monoids. A partial-
monoid homomorphism f : X — Y is a function WX; — WY}, monotone on the induced
ordering and preserving limits of directed sets. Note that, due to its monotonicity f
induces a set-map f : I — J such that if z € X;, then f(z) € Yii)-

We call PMon the category of partial monoids and partial-monoid homomorphisms.

Theorem 3.8. The category PMon can be made into a weak A-enriched computational
category with fixpoints.

3.3.2. Cartesian structure. The category PMon is cartesian with the following structure.

— The terminal object is the family {({x}, <)} where {x} is a singleton and < is the
trivial relation.
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— The product of X =
XxY ={(X; xY;,<;
y<;y-

— Let f: X - Y and g : X — Z be two morphisms of PMon. We define ( f, g ) as the
set-function z — { f(x),g(x) ). This map is trivially a morphism of PMon.

{(Xs,<i)tier and Y = {(Y},<;)}jes is the partial monoid
)} jyerxa where (z,y) <;; (2',y) if and only if x <; 2" and

— The projections 71 : X XY — X and m9 : X X Y — Y are the set-functions

T Wi gerxa(Xe X Y))  — WierX;

(xivyj) — T
T Wayerxa(Xi X Yj) — WicsY;
(i, y;) — Y

where we assume that x; € X; and y; € Y, fori € I and j € J.

— Equations (41), (42) and (43) are satisfied since the structure is inherited from the
cartesian structure of Set. Similarly, the uniqueness of { f, g ) is inherited from the
one of Set.

3.3.3. A powerset construction. We adapt Hoare powerdomains (Winskell, 1983), also
called lower powerdomains (Heckmann, 1990, Ch.18) to partial monoids. Because of its
operational meaning in the language, we shall write Y X for the powerset of X instead
of the more standard P(X).

Let {(X;,<;)}ier be a partial monoid. If € X; we write | z for the set of all the
elements in X; smaller or equal to z. If S C X, we write | S for the directed closure of
the union of all the sets | z, when x ranges over S. We define Y X to be the set

(1S | Scx}.

The ordering relation <y~ x on ) X is the subset-ordering relation. The join operation
is the union, and the meet operation is the intersection. Note that (}_ X, <) is directed
complete.

3.3.4. A commutative, strong monad. We now define an operator M on partial monoids
sending X to the partial monoid consisting of only one lattice M X = {(> X, <s~x)}.
We extend this operator to a functor on PMon by defining the image of a morphism
f:X =Y to Mf, defined as follows:

Mf(S) = L {f(z) |z €S} (76)
Together with the three maps
nx X 5> MX  px:MMX 5> MX  txy: X xMY > M(XxY)
Tl SH)LLJT7 (,8) = L {(z,y) |y € S}

Tes

it defines a commutative, strong monad on PMon: These three maps are natural trans-
formations in PMon, and it is possible to show that they satisfy the required equations.
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3.3.5. Homset. The set of morphisms PMon(X, MY") can be endowed with a structure
of lattice: (f V g)(z) = f(z) Vg(z) and (f A g)(x) = f(x) A g(z). The lattice is di-
rected complete since MY is directed complete: given an directed set S of morphisms in
PMon(X, MY), the least upper bound of S is the morphism sending z to | Ures f(z).
The set of morphisms PMon(X, MY') is therefore a partial monoid (as the union of only
one directed complete lattice). It is an object of PMon, and we can define a map

U, : PMon(X xY,MZ) — PMon(X,PMon(Y,MZ))
f = (= (y = fz,9))).
We claim that this map is well defined. The map ¥, is a bijection: Given any morphism
g in PMon(X,PMon(Y,MZ)), the map f = ¥Z'(g) : X x Y — MZ is defined by
f(z,y) = g(x)(y), and one can show that this map is a morphism of PMon. Finally, the
naturality of ¥, is inherited from the one of Set.

3.3.6. Closure of the Kleisli category. Let X and Y be any two partial monoids of the
form {(X;, <;)}ier and {(Y}, <;)}jes. Define the new partial monoid X — Y as the
family of lattices

{PMOI’I(X,L'7Y})}(Z"J')E[XJ.
If f: X — MY is a morphism of PMon, let of € M(X —Y) be

LU A{g:Xi =Y Ve e X, gla) € f(x) },
%,J
and if S € M(X —Y), let 75 € PMon(X, MY) be the map sending some z € X; to
the element of MY defined by

1{g(x) | g €S and g has domain X; }.

We claim that
U,: PMon(X xY,MZ) — PMon(X,M(Y — Z))
f = (= o(ye f(z,y))

is a natural bijection. Its inverse sends ¢ € PMon(X, M (Y — Z)) to the morphism
mapping (z,y) to 7(y — g(z,y)).

3.3.7. A structure of weak A-module. We can define a structure of weak A-module on
the lattice PMon(X, MY) by setting f + g = fV g and - f = f. The zero element is
the function sending all x’s to L, the bottom element. We get a weak A-module since
one does not require 0 - f to be equal to the zero element. The resulting structure is a
weak A-enriched computational category.

To keep up with the weak module interpretation, in the rest of the paper, an object
M X in PMon will be considered as a set of (formal) sums rather than as a set of subsets.

3.3.8. Fizpoint. We complete the sketch of the proof of Theorem 3.8 by exhibiting a
fixpoint combinator. Given the partial monoid X = {(X;, <;)}icr, the partial monoid
M X is simply a directed complete lattice. If L is its bottom element, the usual technique



Benoit Valiron 36

works for showing that the operator Y defined as sending f : M X — MX to the least
upper bound of the directed subset { /(L) | n € N} is a fixpoint operator and a morphism
PMon(MX,MX) — MX of PMon. We refer the reader to e.g. (Plotkin, 1983) for the
proof.

3.4. Adding a fixpoint to the algebraic lambda-calculus

3.4.1. A fixpoint operator. We now turn to the question of modifying the interpretation
of Section 2.1 to account for a fixpoint. We add to the language a unary term operator
Y satisfying the typing rule

AFs:MA=A implies AFY(s):A, (77)
verifying the axiomatic relation
Y (v) ~ag 0[ Y (v) ] (78)

where v is a base term (the rule is a translation of Equation (75)), and linear with respect
to the module structure.

3.4.2. Inconsistency. It is possible to build a term Y} with the behavior of Equation (1):
Yy =YAz.(b+{z}). (79)

Indeed, YAz.(b + { # }) is equivalent to the term (Az.(b+ {z }))[YAz.(b+{x})],
which is in turn equivalent to b + YAz.(b+ { « }). Provided that A F b: B, the typing
judgment A FY; @ B is valid. Of course, if we keep the equational theory of Section 2.1,
the system becomes as inconsistent as with the untyped calculus.

3.4.3. The zero in the algebra of terms In the light of the analysis of Section 3.1, we
have the required tools to understand what goes wrong. Consider the typing judgment
x: MAFx—x: MA. With the equational system of Section 2.1, this typing judgment
is equivalent to x : MAF 0 : M A. We claim that this interpretation is correct as long as
the term = “does not contain any potential infinity”. With the additional construct Y,
we can replace x with [ Y, | (where Y, is constructed as in Equation (79)) for some term
a of type A. Consider the two terms

Ay ((Az.(z —2)[Ya ) (80)  (y{y H((Az.(z —2))[Ya]) (81).

Term (80) is equivalent to (Ay.x)(0-[Y,]) and then to 0 - . It is reasonable to think
that this is equivalent to 0, thus making 0- [ Y, ] also equivalent to 0. Term (81), on the
contrary, is equivalent to Y, — Y, the flawed term of Equation (2).

As discussed in Section 3.2, the problem does not show up when writing the equation
[Yo]—[Ya] =0-]Y,] but when one equates it with 0. The term 0-[Y, ] is a “weak
zero”. It makes a computation “null” as long as it does not diverge (but there is always a
diverging term of any inhabited type by using the construction (79)). Therefore, despite
the fact that A is a ring, the set of terms of the form « - s for a fixed term s is only a
commutative monoid: addition does not admit an inverse, it only has an identity element
0 - s. This is consistent with previous studies (Vaux, 2009; Selinger, 2003).
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3.5. Recasting the language

We can recast the computational algebraic lambda-calculus to match the solution pro-
vided in Section 3.2 as follows.

Definition 3.9. Consider the typed language of Definition 2.1 augmented with a fixpoint
combinator Y. The definition of base terms in unchanged: Y'(s) is always considered as
a computation. The typing rules of Table 2 are augmented with Rule (77).

The axiomatic equivalence is still coming from the Tables 3, 4 and 5, with the following
modifications:
— Rule (3) (stating 0 - u ~,, 0) is removed;
— Rule (78) (stating Y (v) ~4; v[ Y (v) ] when v is a base term) is added.
— A rule relating A-abstractions and the term construct Y is added:

Az Y (2))s ~q Y(s). (82)

Let us call this language the weak algebraic computational lambda-calculus and the cor-
responding category of base terms C;*.

A term in the weak algebraic lambda-calculus can be encoded in any weak A-enriched
computational category C with fixpoints using the same rules as for the regular algebraic
lambda-calculus, augmented with the rule

[AFs:MA= A]° = [A] L M(M[A] = [A])

(83)
[AFY(s): A] = [A] DXz, yrpg]

It is possible to transpose the soundness and completeness results of Section 2.4 to this
new situation.

Theorem 3.10. The following results are correct.

1 The denotation of the weak computational algebraic lambda-calculus in weak .A-
enriched computational categories with fixpoints is sound.

2 ()Y is a weak A-enriched computational category with fixpoints. The required struc-
ture is the same as the one in Cj, plus the Y operator, defined by

Y(x:AXxMBbFru:MB) = y:Ab[YAz let x=(y,z)in{u}]: MB.

3 The weak computational algebraic lambda-calculus is an internal language for weak
A-enriched computational categories with fixpoints.

Proof. We can almost take the exact same proofs of the corresponding theorems of

Section 2; the only differences are:

— in Rule (3), and this rule is only used in the proof of the fact that Cps is enriched over
A-module. If we remove the rule, we can only show that is enriched over the category
of A-weak-modules, which is the only thing required.

— with respect to the addition of the fixpoint combinator Y.

1 In the proof of soundness we have to check that [AF v[ Y(v)]: A] is equal to
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the map [AF Y (v): A]°, for a base term A + v : MA = A. Provided that the
b-denotation of v is f, its c-denotation is f;n and therefore

[AFo[Y()]: A]" = (fin, [;Y(id)in)pim e
By naturality of W_,, this is equal to f;p; Y (id), that is, [A F Y (v) : A]".
We also have to check that Rule (82) is valid. But this is clear by naturality of
U_,.
2 We have to check that C; indeed has fixpoints. Provided that f is the map z :
A X MBF v: MB, the morphism ( id, id ); (X x (Y [)); f is equal to
y:Ablet e =(y,[YAz.let z=(y,z)in{v}])inv
~plet v =(y,[YAz. let c=(y,z)im{v}])in[{v}]
=lletx=(y,[YAz. let z=(y,z)im{v}])in{v}]
~op [ (Azo et 2= (y,z)in{v})[YAz. let x=(y,z)in{v}]]
~u [ YAz let = (y,z)in{v}] byEq. (78),

which is the morphism Y f.

3 To prove that the weak computational algebraic lambda-calculus is an internal
language for weak A-enriched computational categories, it is enough to show
that in Cj%, the denotation [Z: D F Y(s): A]]C is equal to the map = : D +
[let (Z)=ainY(s)]: MA.

First note that Y(idprasa) : (MA = A) = MA, the map sending a function to
its fixpoint is in C;” the morphism

r: MA=AF[Y(z)]: MA.

Now, suppose that 7': DFs:MA= A. By induction hypothesis its c-denotation
inC/”isthemapa:DF [let (Z)=xins]: M(MA = A). The denotation of
Y (s) is the map f;a Y (id), which is equal to

x:ﬁ}—[letyz[let<Z>:xins]in[Y(y)]]
~o [let (Z) =xin (A\y.Y(y))s]
~op[let (Z)y=axinY(s)]: MA by Eq. (82).

Therefore, the interpretation of any term of the weak computational lambda-
calculus in C}" is axiomatically equivalent to itself.

This concludes the proof of Theorem 3.10. ]

3.6. Examples

Consider the category PMon defined in Section 3.3. Being a weak A-enriched computa-
tional category, it defines a model in which one can interpret the computational algebraic
lambda-calculus. In the following examples, we shall use the types bit and int. Term con-
stants # and ff, accounting for the boolean values true and false, and a term constant 0,
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accounting for the zero of the natural numbers, are added to the language. We also add
a unary term operator succ to account for the successor function.

The denotation of bit is the trivial partial monoid {#} U {ff}, the denotation of int
is the enumerable union of the trivial partial monoids {m} when n spans the natural
numbers. The images of the corresponding term constructs are the ones coming from
their interpretation in Set.

Example 3.11. The denotation of M (int) is the lattice based on the set of (possibly
infinite) sums )", ; @ (using the symbol Y to describe the subset {i | i € I}). Its bottom
element is 0 and its top element the sum of all integers.

Example 3.12. Consider the term
Y Az.(0 + suce{ x }). (84)

of type int. With n uses of Rule (78) we can show that it is equivalent to

(Z z) + succ™ (Y Az.(0 + succ{ x })).

i=0
We describe the denotation of the term (84) in PMon. The denotation of Az.(0 +
succ{ x }) being the morphism f: MN — MN defined by

O =0+>"%
iU iU
the element f"(0) is equal to
n—1
=0
The least upper bound of the sequence {f™(0) | n € N} is therefore Y. 4, that is, the
sum of all numbers.

~

Example 3.13. In PMon, the denotation of the judgment = : M(int) - { x } : int is
the identity function. The term Y Az.{ = } : int has therefore the denotation 0 € M(N).
It has the same denotation as the term x : M (int) - 0 : int.

The judgment x : M(int) = {2z } + 0 : int has for denotation the map sending a
linear combination of integers x to z + 0. Therefore, Y5 = YAxz.({ z } +0) : int has for
denotation 0.

Remark 3.14. From Examples 3.12 and 3.13, we see that PMon does not distinguish
between a “truly” looping term and the term 0. It can however distinguish various non-
normalizing terms.

3.7. Consistency of the equational theory

Since we have at least one concrete instance of weak A-enriched computational category
with fixpoints, we are able to state the consistency of the equational description.



Benoit Valiron 40
Theorem 3.15. The typing derivations A - 0 : bit, A F ff : bit, A+ 0-Yy : bit and
A F ff + Yy : bit are not axiomatically equivalent.

Proof. In PMon, the denotations of the four judgments are constant functions: the
first maps to L, the second maps to ff, the third to # and the last one to # + ff. ]

Remark 3.16. One can however note that A F0-Yy : bit and A+ & +0-Yy : bit
have the same denotation # in PMon. This is consistent with the fact that they are
axiomatically equivalent.

4. Discussion
4.1. Call-by-name and call-by-value fragments

We started the discussion in Section 1.2 by analyzing two vectorial lambda-calculi, one
dubbed call-by-value and the other one call-by-name. In this section, we give simply
typed version of these two languages and relate them to the computational algebraic
lambda-calculus and its categorical semantics.

4.1.1. Call-by-value fragment. The language is built on the sets of terms and values

s,t = x| Az.s|st|s+t|a-s|O,
u,v = x| Ax.s.
A simple type system is
A,B == |A— B.

cbv

°>v on terms consists of the algebraic and call-by-value rules of Table 1.

The equivalence ~
Let (—)* be the mapping of terms of the vectorial call-by-value lambda-calculus into
the computational algebraic lambda-calculus, defined as follows.

" =z, (A\z.s)# = Az.s7, (st)# = st
(s +t)# = s + 7, (-8)* =a-s7, 0% =0.
Types are mapped as follows.
=, (A — B)* = (A* = B7).

Lemma 4.1. If A + s : A is a valid vectorial call-by-value typing judgment, then
A# | s# . A% is a valid typing judgment in the computational algebraic lambda-calculus.

Proof. Proof by induction on the derivation of A - s: A. L]
Lemma 4.2. If A s~V ¢: A then A# | s# ~,, t# : A7, Ul

Using Lemma 4.2, we have a sound denotation of a typing judgment of the vectorial
call-by-value calculus in any A-enriched computational category, by interpreting its image
under (—)#. In particular, the denotation of a value x : A v : B in the vectorial call-
by-value lambda-calculus is a morphism [A] — [ B] in C, and the denotation of a term
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v:AFs:Bamap [A#] — [B*] in the Kleisli category. The language lives in the
sub-structure consisting of

— the cartesian category (C, X, T),
— the strong, commutative monad M whose Kleisli category is Kleisli-closed and en-
riched over A-modules.

This is the structure of regular Moggi’s computational lambda-calculus, together with
an enrichment over A-modules.

4.1.2. Call-by-name fragment. The language is built on the set of terms
s,t u= z|Axs|st|s+t]a-s|O0,
A simple type system is
A,B = |A— B.

The equivalence ~5™ on terms consists of the algebraic and call-by-name rules of Table 1.
Let (—)% be the mapping of terms of the vectorial call-by-name lambda-calculus into

the computational algebraic lambda-calculus, defined as follows.

5 = { T }, (/\x.s)% = /\a:.s%, (St)% = 5%[ t% ]v

(s+ )% =% + 17, (-5)" =a-s”, 0% =0.
Types are mapped as follows.
=, (A— B)* = (M(A%) —» B®).

As for the call-by-value case, we can formulate two lemmas relating the vectorial call-by-
name lambda-calculus and the computational algebraic lambda-calculus.

Lemma 4.3. If 1 : By,...,z, : B, F s : A is a valid vectorial call-by-name typing
judgment, then z; : MB;I/D, U MBZ) F s# : M A is a valid typing judgment in the
computational algebraic lambda-calculus.

Proof. Proof by induction on the derivation of A F s : A. The proof is slightly less
easy than Lemma 4.1 since the translation is a bit more involved. ]

Lemma 4.4. If 1 : By,...,z, : B, F s~ ¢ : A, then z; : MB‘l%,...,mn : MBZ’ +

—ar

§% 4y 170 M(A%). Ll

Using Lemma 4.4, as for the call-by-value case, we can derive a sound denotation
of a typing judgment of the vectorial call-by-name lambda-calculus in any A-enriched
computational category by interpreting its image under (—)%. A term = : A F s : B of the
vectorial call-by-name calculus is a morphism M[ A% ] — M[B”] in C. In this case, the
only structure required for interpreting the language is the Kleisli category (Cas, X, —, T)
with its enriched structure. Note that the bifunctor = is not used.
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4.2. Other vectorial lambda-calculi

A few existing works discuss the question of vectorial lambda-calculi. In this section we
list them and compare them with our approach.

4.2.1. The quantum lambda-calculus of van Tonder (2004). In this line of work, the ques-
tion is to encode an untyped lambda-calculus directly onto quantum bits and to find a
unitary maps that acts as a call-by-value reduction on terms. In other words, the lambda-
terms are thought of as base elements of some Hilbert space where the reduction would
be some unitary map. In order to be able to do regular quantum computation, and to
be able to create linear combinations of terms, the lambda-calculus is equipped with
constants # and ff to stand for booleans and other constants to stand for unitary maps.
For example, if H is the constant standing for the Hadamard gate, the term H ¢ should
reduce to the linear combination %(tt + ff)-

Forcing the reduction to be unitary turns out to be too strong to get non-trivial linear
combinations of terms: All terms in superposition need to be equal as strings of symbols
up to # and ff, therefore making the language fall back on a classical lambda-calculus
with pointers.

This line of work does neither consider the question of the denotation nor discuss the
eventuality of fixpoints. The former is supposed to be understood through the quantum

interpretation and the latter treated by the unitarity of the reduction.

4.2.2. The language Lineal of Arrighi and Dowek (2008). This algebraic lambda-calculus
also has a quantum flavor. The idea behind this work is to forget about the unitarity of
the reduction: unlike the language in (van Tonder, 2004), in Lineal are considered general
superpositions of terms. The goal is to get some insights on the computational power of
a generalized vectorial call-by-value language that can have any terms in superposition.
The language keeps a bit of quantumness in the way it deals with distributivity of the
vectorial structure over terms constructs. The lambda-abstraction is not distributive: a
lambda-abstraction is thought of as being the description of an operator, and should
therefore be duplicated “as it”. It behaves as the A-abstraction in the computational
algebraic lambda-calculus. The application is distributive on the left and on the right,
keeping the same spirit as (van Tonder, 2004).

The main question that is addressed by this work is to find a confluent rewrite system
of the untyped calculus that forbid the behavior of Equation 1. Interestingly enough, it
is possible to modify the rewrite system in order to keep all the rewrite rules concerned
with the module structure.

In summary, this work is careful to forbid any diverging term to reduce, for keeping
the equational theory consistent.

4.2.3. The algebraic lambda-calculus of (Vauz, 2009). Derived from the differential lamb-
da-calculus developed in (Ehrhard and Regnier, 2003), this calculus is very close to the
call-by-name lambda-calculi described in Sections 1.2 and 4.1. However, the fact that a
rewrite system is considered raises problems when dealing with normalization of terms.
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In this work, the problem described in Equation (2) is solved by taking the ring of
scalar to be a semi-ring, but Rule (3) is not forbidden. Instead, the semiring is asked to
be positive, that is, a + b = 0 if and only if a = b = 0. We do not enforce this condition
for the computational algebraic lambda-calculus, even in the presence of fixpoints.

Finally, although fixpoints are allowed in the untyped version of the calculus, (Vaux,
2009) is not concerned with the question of the semantics of the calculus.

4.2.4. Probabilistic and non-deterministic calculi. Many lambda-calculi such as (Jones
and Plotkin, 1989; Bucciarelli et al., 2009) are concerned with semantical issues and
possess probabilistic or non-deterministic properties. These calculi can be seen as having
vectorial constructs based on a module over the semi-ring of positive reals for probabilistic
effects, and the semi-ring {0,1} for non-deterministic effects.

However, the semi-rings R™ and {0, 1} share the very peculiar property of being posi-
tive, simplifying the problem arising in Equation (2) and making the languages closer to
the language of (Vaux, 2009) than to a language with a full ring of scalars.

Also, in many cases (e.g. Jones and Plotkin, 1989), being based on the computational
meta-language of (Moggi, 1991) the calculi do not consider the lambda-abstraction as
being distributive over the vectorial structure, making the models slightly unsuitable for
the computational algebraic calculus, even if we were restricting the ring of scalars to a
suitable semi-ring.

4.3. Characterization of scalars and finer convergence

The categorical analysis we developed is fine enough to allow the model PMon to dis-
tinguish between between various infinitary behaviors.

However, this model does not consider the scalars at all. It would be nice to be able to
distinguish between 2 - x and 3 - . It would also be nice to take into account a possible
topology on the ring of scalars. For example, consider the term

YAz.(x+ %{ x}):T.

If we were working in the field of reals or the field of complexes, it would be nice to be
able to equate this term with 2-x. The category PMon is far from being able to account
for such a notion of limits on the ring of scalars.

5. Conclusion

In this paper, we describe an algebraic, simply-typed computational lambda-calculus
and we derive a categorical semantics. We provide various concrete models, effectively
showing the consistency of the equational description. We then focus on the addition of
a fixpoint for this language, and we generalize the categorical description for this setting.
We give a non-trivial concrete model with the interpretations of various terms. This
shows that the categorical semantics is consistent and that there exist models in which
one can distinguish between several divergent terms.
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This raises the question of the complete description for the possible operational be-
haviors of the computational algebraic lambda-calculus.
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