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1 Introduction

This document reports on progress towards an operational understand-
ing of presheaf models. With their built in notion of open-map bisimula-
tion, presheaf models have been put forward as providing a domain the-
ory for concurrency. An accompanying metalanguage in which terms are
interpreted by profunctors between partial orders (with closed terms de-
noting presheaves) was proposed by Winskel in [21]. Our contributions
fall in two parts: First, we give an SOS style operational semantics to a
first-order fragment of the metalanguage and establish an isomorphism
between derivations and elements of presheaves. Second, by representing
the profunctors that interpret open terms with prime event structures, a
new denotational semantics of the same fragment is given. With this rep-
resentation, elements of presheaves can be understood as configurations
of event structures with prime configurations corresponding to the deriva-
tions of the operational semantics.

The context of this work is an ongoing effort to unify models of concur-
rency and their notions of bisimulation into one framework, a domain the-
ory based on presheaf models and open map bisimulation. The endeavor
was initiated by Joyal, Nielsen and Winskel in [15] and pursued further in
two PhD theses [3, 11] and a number of papers including [6, 20, 5, 4, 13, 21,
9,12, 7].

Presheaf models are instantiations of the following situation: Let P be
a small category in which objects are viewed as computation path shapes
with morphisms saying how paths can be extended. The path category P
embeds via Yoneda in the category P = [POP, Set| of presheaves over P in
which each object can be seen as a set of computation paths from P glued
together by identifying subpaths to form a process with non-deterministic
branching.

The presheaf category comes with a built in notion of bisimulation,
obtained from open maps [15]. Further, it can be characterised abstractly
as the free colimit completion of P, and so the class of path categories
can be naturally assembled as the objects of a 2-category called Cocont
with arrows colimit-preserving functors between the associated presheaf
categories, and with natural transformations as 2-cells. The 2-category is
equivalent to a bicategory Prof with the same objects, but with profunctors
(which are often easier to work with) as arrows [7, 1, 2]. It was shown in
[6] that open-map bisimulation is preserved along the arrows of Cocont,
giving rise to congruence results “for free” when one interprets terms of
a process language as such arrows. In fact, the arrows need only preserve



connected colimits to preserve open-map bisimulation, and this is exploited
in the metalanguage to give meaning to operations of prefixing and paral-
lel composition. We write Conn for the 2-category with this relaxed notion
of arrows.

In [15] it was shown how traditional interleaving models like synchro-
nisation trees arise as a particular instantiation of the above scheme, tak-
ing path categories to be partial orders of strings over some alphabet with
prefix ordering, and that to encompass an independence model like event
structures, one can replace the strings with pomsets. This is in contrast
with the traditional domain-theoretic approach of powerdomains where
one is limited to interleaving models because of the inherent focus on non-
determinism rather than concurrency [17]. One might object that indepen-
dence is “smuggled in” via the path category and so is not really a feature
of the presheaf approach either. However, a new insight arising from our
work representing profunctors as event structures is that the profunctors
(and so presheaves) definable in the metalanguage can be seen as struc-
tures of independence in their own right.

Section 2 introduces the metalanguage and gives a brief account of its
denotational semantics. In Section 3 an SOS style operational semantics
is developed along with equational laws expressing its relation to the de-
notational semantics. Reporting on work in progress, Section 4 gives the
details of our representation of profunctors using event structures and the
new denotational semantics. Finally, Section 5 discusses future work.

2 A metalanguage for concurrency

In this section, we give a brief account of the metalanguage of [21], its
syntax, type system and denotational semantics, setting the scene for an
exploration of its operational content.

Terms of the language are interpreted as arrows of Prof of a certain
type, namely profunctors P, —+— Q with P and Q being partial orders.
Because of the equivalence Prof(P,Q) = Conn(P, Q) of categories [7],
we shall use these profunctors and arrows of Conn interchangeably. One
can regard Conn as obtained via a kind of coKleisli construction (using a
lifting comonad) from Prof. The latter can be seen as a model of Girard’s
linear logic [10], giving rise to a rich type discipline. Conn itself is a model
of affine linear logic, and weakening is exploited to interpret prefixing and
parallel composition.

We refer to Appendix B for notation and concepts related to profunc-
tors.



2.1 Syntax

The raw syntax of terms of the metalanguage is given by

terms:
tLuvi= XY,... variables
| AX.t|t-u abstraction and application
| rec x.t | Sig t recursion and sum
|a.t] (t,u) | t®u  prefix, product and tensor
| [t>p=u] match
patterns:
P,g:= XV... variables
| a.p prefix
| (p.-) | (- 0) product
lp®q tensor

We write @ for the term Xjt; when the indexing set | is empty. In a match
term, the variables of the pattern p bind later occurrences of the variables
in the body u. We call a pattern strict if it does not contain a subterm of
the form a.p and otherwise non-strict. The reason for this terminology will
become clear later when we interpret patterns as functors between partial
orders with least elements.

2.2 Types

A type discipline is enforced on the above syntax. The possible types are
described syntactically by the grammar

T = @Tas | T1&T2 | Ty @ Ty | Ty — Ty | P | w;P.T

where we have suppressed the indexing set in @, T4 | to avoid cluttering
the notation. P stands for a type variable used in the definition of recursive
types, u;P.T.

Type expressions are interpreted as partial orders on which we need
the operation of lifting: A partial order P is lifted by adjoining a new least
element, so that the resulting partial order P, has underlying set 1 U
{|[P] : P € P} ordered by L < |P] forall P € Pand |P|] < [P/] iff.
P<pP.

Let T be any type expression and ¢ an environment mapping the free
variables of T to partial orders. We define the partial order interpreting T
in ¢ as follows:



Function space Let P, P, be the interpretations in ¢ of T1 and T, respec-
tively. For any partial order IP, we write P°P for the partial order with the
same underlying set, but with the reverse order. The partial order P, — P,
interpreting T; — T in ¢ has underlying set (P; | )°P x P, with compo-
nentwise ordering. Note that IP)l/—?IPZ = Prof(Py | ,[P;) = Conn(Py, Py).

Lifted sum Let P, be the interpretation in  of T, for each « € A. The par-
tial order @,P,, interpreting @,T4 | in ¢ has underlying set the disjoint
union of P, |, ordered disjointwise. If A is empty, we get the empty partial
order O.

Product Let P;, P, be the interpretations in ¢ of T; and T, respectively.
The partial order P&, interpreting T;&T> in ¢ has underlying set the
disjoint union of P; and [P, with disjointwise ordering.

Tensor Let IP1, P, be the interpretations in ¢ of T; and T, respectively. The

partial order P; ® P, interpreting the expression T; ® T, has underlying
set (P, xP,,)\ {(L, L)} ordered componentwise.

Variables The partial order interpreting P in  is just P.

Recursion Following [21], we can regard the partial orders as informa-
tion systems (see eg. [19]) with all finite subsets consistent and entailment
given by the partial order. The usual ordering on such systems induce the
ordering

PIQ < PCQA(VPP eP.P<pP «— P<gpP).

on partial orders, so that they form a (large) cpo with least element the
empty partial order. With respect to this cpo, the operations above are all
continuous, so it makes sense to take least fixed pointst.

The partial order interpreting the expression p; P.T (which abbreviates
1P, ..., P.(Ty,..., Ty)) in ¢ is the jth component of the simultaneous

least fixed point of the mapping I — P where P is the interpretation of T
in ¢[T/P]. We write uP.T for (i P.T, ..., P.T).

We’ll confuse closed type expressions with notation for the partial orders
they denote. Typing judgments for terms have the form

X1 :P1,.... X PhHL:P

where the Xx;’s are distinct variables. The environment must contain the
free variables of t, and possibly more. Such a judgment will be interpreted

1For another approach, see Section 4



as a profunctor
t:(P1® - @Pn) &Py X XPry +—P

If n = 0, the tensor product is O, which is unit for tensor. Judgments for
patterns have a similar form

X1 Py, Xn i PylFp: P

where again the x;’s are distinct variables, but this time, the x;’s all occur
in p and they each occur exactly once. Such a judgment will be interpreted
as a functor

p:]P)]_LX"' XPnLHPL.

We use [, A, Y to range over term environments and [1, A to range over
pattern environments. Formally, we should write eg. [I" - t : [P] for the
profunctor interpreting I' - t : P. However, when no confusion may arise,
we’ll write just [t] or, indeed, t for the interpretation.

Forterms x : P - t: Q and F u : [P one expects a substitution lemma
saying that [t{u/x}] is given in some way by the application of [t] to [u].
But the language being affinely linear means that copying and so substi-
tution is restricted. As an example, no “diagonal” map P — P ® P sending
X € Pto X ® X exists in Conn, implying that we cannot give a meaning to
the term X ® x in such a way that [x ® x] applied to [u] is given by [u ® u].
However, one can avoid such situations by enforcing a simple syntactic
condition on the occurrences of variables in terms.

Definition 2.1 Variables x and y are said to be crossed in a term t if there is
a subterm of t of one of the forms

t1-to or uxt, or [t1>p:>t2]

such that t has free occurrences of x and y in both t; and t,. ]

If x is not crossed with itself in t, we can define [t] in such a way that the
substitution lemma holds. More generally, if x and y are not crossed in
Ix:PrFt:Qforanyyinl,and [ - u: P, then the substitution t{u/x}
is well-behaved in the same manner.

The formation rules for terms and patterns are listed in Appendix A.
One can shown by rule induction that whenever ', x : P -t : Q, we have
that x is not crossed with itself in t.



2.3 Denotational semantics

So terms of the metalanguage are interpreted as arrows of Conn between
partial orders that are definable in the type system above. The denotational
semantics is summarised in Appendix A using notation and concepts de-
fined in the following.

Lifting Given a profunctor F : P, —— Q, we take its lifting to be the
profunctor P, +— Q, given by |F| (see Appendix B).

Identity, weakening and exchange The 2-category Conn of course has
identity arrows, 1p : P — P, which are given by the strict Yoneda embed-
ding. The terminal object O induces arrows Op : P — O for each P, namely
the empty profunctor from P. To interpret weakening and exchange we
then just need the isomorphisms P O = Pand P® Q = Q ® P between
partial orders and the induced arrows of Conn.

Tensor Given two profunctors F : P, —— Pand G : Q| —— Q, we
construct their tensor product F® G : IE‘)’L X @’L -+— P ® Q as follows:

(F®G)(P,Q)(P.Q) = [FP'JP x |GQ'|Q

Function space A profunctor (P® Q), -+— Risrepresented by a bifunctor
P, xQ; x (R,)°® — Set and since

P xQp x (R)P=P; x (Q)P xR )P =P, x (Q—-R)®
we get an isomorphism
Conn(P®Q,R) = Conn(P,Q — R)

whose associated maps curry and uncurry yield interpretations of ab-
straction and application, respectively. In more detail, application of the
arrow F: P — (Q o R)to G : S — Q is obtained as the composition
(uncurry F) o (1p ® G). As a profunctor P, x S| -+ R it is given by the
coend

(P.S) — [9°%1[GS|Q . F(P.Q)

Sum Given a family (Fj)ic, of arrows P — Q of Conn, we define their sum,
written Yjc | F, to be the colimit f'e' Fi, an arrow between the same objects.
We write @ for this colimit when | = ) and typically write F, + - - - + R
when | is finite.



Recursion Let F : P® Q — Q be an arrow of Connandleto : P, —
(P®P), bethe arrow in Cocont takingY € Q| to Y ® @ + @ ® Y. We can
then define an endomorphism ¢ in Conn on the object P — Q exploiting
the equivalence }P’/—o?@ =~ Conn(P,Q): Forany G : P — Q of Conn let
¢r(G) = Fo (1p ® G) o 0. Since the P/—?@ has an initial object, the empty
presheaf, and is cocomplete, it allows a least fixed point of ¢, written
fix (bF.

Lifted sum Given an arrow F : P — Q, of Conn, where a € A, we can
obtain an arrow a.F : P — @,Q,, by the composition inzo|F]:

IFP|Q, ifa=bh

0 ifa 2 b. for Qv € Qs

a.F =inzo|F] (a.F)PQp = {

Product Given two arrows F; : P — Q; and F, : P — Q, of Conn, we can
tuple them together and obtain an arrow (F, ) : P — Q;&Qy:

(F1, R)PQ;i = FPQ; forQi e Q,i=1,2

Match LetF : P/, +— Pand G: Q' x R, +— Q be profunctors and let H :
R, — P, be a functor between partial orders. We define the profunctor
[F>H=G]:Q | xP | +— Qas the coend

[F>H= G)(Q,P) = [RRLFP'|(HR) . G(Q,R)

Notice that if H is the identity, then [F > H = G] is just the composition
Patterns The identity functor on the partial order P, is used to interpret
the pattern x : PIF x : P.Let H : P, — Q4, forsomea € A and H; :

P, — Qj, fori = 1,2 be functors between partial orders. We can then
define the functors
aH @ P, — (®,Qu1)1 P+ [ingHP|
1L if HiP = L
Hy,-) : P P . .
(H1,-) 11— (Q1&Q2) 1 = {“nl P'| if HiP = |P/|
1 if HoPp = |
- H . P . .
(- H2) 21 — (Q1&Q2) 1 {“nz P'| if HoP = [P/

Hi@Hy, @ P xPy; — (Q1®Q2), (P1,P2) — (HiPy, HaP)



2.4 Properties

Forterms[,x:PFt:QandA + u: Psuch that the variables of ' and A
are disjoint, we have [t - u] = [t{u/x}] from [21]. If P = Q and x and y are
not crossed in t for any y of ', we similarly have [rec x.t] = [t{rec x.t/x}].
We shall not need these results and so omit their proofs.

Lemma2.2 SupposelT +t:PandPI-X:P. ThenT + [t > X = X] : P and
there is an isomorphism

t=[t> X=X
between profunctors.

Proof: The term X is interpreted as the profunctor 1p which is the identity
for composition. O

Lemma 2.3 Suppose A, T + [t >p=u]l:QwithlllFp:P. LetC be a
colimit-preserving map Q — R. Then there is an isomorphism

C(it > p=u) =[t>p= C(u)]

between profunctors. If p is strict, C only needs to preserve connected co-
limits.

Proof: The coend interpreting [t > p = u] can be rewritten as a colimit
which is connected if p is strict. Letd € A| andy € I ;. Then

[t>p=ul(s7)

JPE [ty (pP) . u(5, P)
fPe[ﬂL feeLtyJ(pP) (5, P)

u
f(e P)eels|ty]|(p ( , )

1 i

Assume that p is strict and so sends L to L. Composing with the rooted
presheaf |ty | then yields another rooted presheaf and so the domain of the
diagram of the last-mentioned colimit above has an initial object. Hence,
the diagram is connected. [

Notice that for p strict we can let C be (the interpretation of) any context
of the metalanguage, so long as C([t > p = u]) is well-formed and no
variables of p occur free in C.

The remaining two lemmas say how to restructure pattern matches.
The proofs can be found in Appendix C.
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Lemma2.4 AssumeX, Al F[t>s=[u>q=V]]:Rwith

Fr=t:P My, Mo IFs: P
AT FuU:Q AFq:Q
X, Mo, AFV:R

and where s is strict and the variables of 1, 1, and A are distinct. Ify are
the variables of I, then L, A, T - [t >s=u®Yy] >q®Yy = Vv]: R and
there is an isomorphism

t>s=[u>q=V]]Z[t>s=uky] >qay=V|.
between profunctors.
Lemma2.5 Assume, T [t > p= [x>q=u]]: R with

Fr=t:P My, x:Q,MylFp:P
AT, AT FUu:R AlFgq:Q

and where the variables of p and q are disjoint. Then A, T + [t > p{q/x} =
u] : R and there is an isomorphism

[t>p=[x>q=u]] =[t>p{g/x} = U]

between profunctors.

3 Operational semantics

A closed term  t : P of the metalanguage is interpreted as a presheaf
t over P. According to the understanding of presheaves as processes, we
should look to the category of elements of t, els(t), for an operational un-
derstanding of this term. The category of elements can be seen as a tran-
sition system (with possibly multiple initial states) in which each branch
corresponds to an element of P. By lifting t, we adjoin a new initial el-
ement to els(t), thereby obtaining a transition system with a designated
initial state. It would be natural to attempt writing down an operational
semantics in small step SOS style [16] in such a way that the generated
transition system T can be somehow related to els|t].

The simplest possible T has states just the (closed) terms of the meta-
language with t itself the initial state. What transitions should there be out
of t? For each object (x, P) of els(t), there is a unique arrow

(, L) ==IPL, (x,P)



in els|t]. The element P € P induces a presheaf P*t over (PLP), obtained
by restricting t:

P*t(Q > P) =1tQ.

This presheaf has a rooted component, X = | X’|, induced by x:

X(Q>P)={yetQ[t(Q=>P)y=x}.

So having performed the P-computation x, t continues to behave like X'.
The hope is that X' is itself expressible in the language as a term u, and in
that case the transitions out of t should be

{t ®5 u: |u] is a rooted component of P*t} (%)

However, having just terms as states, T collapses into one state all those
objects (x, P) of els|t] that induce the same u, and so is clearly not iso-
morphic to els|t]|. To remedy this, states of T could instead take the form
(x,u) with x being the element of |t| that induces u. However, then we
must face the question of how to treat such elements operationally.

This question will be answered partially in this and the following sec-
tion. To start with, we need to generalise the operation P* in order to han-
dle strict matches.

3.1 Patterns and paths

In terms of the form [t > p = u] with p strict (for concreteness, suppose
p = X®Y), the open term u may be able to perform a computation re-
gardless of the capabilities of t. For instance, the interpretation of the term
[recz.z > x®y = a.x| is isomorphic to that of a.&. And notice that we
cannot expect to obtain from t a term of the form t; ® t, that can be sub-
stituted for x and y in u. So it seems that we need to be able to talk about
the P-computations of open terms in an environment. It will therefore be
helpful to extend the operation P* to a functor that can be precomposed
with rooted profunctors '}, +— P .

An object P of a partial order P induces a functor P : (P1P) — PP em-
bedding the category of arrows out of P inside P. By postcomposing with
yp and taking the right adjoint of the resulting profunctor’s left Kan ex-
tension, we obtain the functor

Yoneda ~

Pt P — (PLP) X P(yp(P—),X) = X(P-).

10



We see that it really is an extension of the operation from above. But in fact,
we do not need this extra class of embeddings P into ground types of the
metalanguage, because they are closely related to the following patterns:

pgi=ax|ap|pey|[x®q|pql|(p-)|(-q)

- the only difference being that the codomain of the patterns are lifted. All
these patterns are non-strict and any strict sub-pattern is a variable. We
call such patterns paths because of the correspondence with elements of the
types. Using the same construction as above, we obtain fromp: 1, — P
an “inverse” functor

Yoneda

p P M, X—P (yp, (p—),X) = X(p-).

The functor p* is itself a left adjoint and so preserves arbitrary colimits.
We’ll write p*|t] for the composition p* o |[I - t: P]], any judgment I
t: P

We are thus aiming at an operational semantics in which t £~ t' is
derivable for a closed term t and some path p, if |t' | is a rooted component
of p*|t]. Itwill turn out (Lemma 3.1) that p* | t] is isomorphic to the pattern
match [t > p(¥) = |V¥]], indicating that matching t against a path p can
be treated operationally by having t make a transition t £- t’.

This illustrates the satisfying economy of the approach, but notice that
we do not have any patterns that can be used with higher types, and it is
at present unclear to us how to define them because of the contravariance
of the left component of P — Q. We return to this issue in Section 5.

Another unfortunate consequence of the approach is that the unifor-
mity of the denotational semantics regarding the different forms of pat-
terns cannot be carried over into the operational semantics because we
need to distinguish paths from general patterns. A clean and non-trivial
language is obtained by restricting to the tensor-fragment of the metalan-
guage with terms

t,us=x|recxt|Xigti|at|t®u]|[t>s=u]|[t>p=u]
and patterns either tensors of variables or paths:

si=X|s®s strict patterns
pgi=ax|ap|pey|x®q|p®q paths

We’ll write strict patterns as just X, exploiting associativity of ® to sup-
press the grouping. Similarly, we’ll write eg. p ® X for the path obtained
by regrouping.

11



One can easily add to the tensor fragment product terms (t,u) and
projections fst(t), snd(t) in place of the matches [t > (x,-) = x| and
[t > (-,x) = x|, respectively, thereby regaining the expressiveness of the
ground type language, but doing so gives no new insight, adding just triv-
ial cases to the proofs that follow.

3.2 Path equations

So we are interested in the rooted components of the profunctor p*|t|
where p is a path. As said this is closely related to pattern matching in
the metalanguage:

Lemma 3.1 Assumel Ft:PandlIF p: P withy the variables of 1. Then

pelt] = [t> py) = Y]]
Proof: Lety € [,. Then,sinceyn, & |jn, —| = |Y—,

p*[ty]

[ty |(p—)
SRty ] (pP) . yn, P
SRty (pP) - LYP)
t>p(y) = [V]]y

—as wanted. O

111 1R

As an easy corollary, we get
Corollary 3.2 Assumel +t:PandthatP I- X : P. Then,
X*[t] = [t].

Proof: By Lemma 3.1, X*|[t] = [t > X = [X]]. Since X is strict and
| — | preserves connected colimits, the result follows by Lemma 2.3 and
Lemma 2.2. U

These results are helpful but to write down an SOS-style operational se-
mantics, we need to know how to obtain the rooted components of p*|t|
in terms of the rooted components of g*| u| where u is structurally smaller
than t. This is the purpose of the following five lemmas.

Lemma 3.3 Assumel F Xijc tj : P and that T IF p : P is non-strict. Then,
P [Zieiti] = Sieip*[ti].

12



Proof: Lety € T, and P’ € 1, with pP’ = |P]|. Then |t](pP’) = tP for
any profunctor t, and so, since colimits are obtained pointwise,

(p* [Zicitiv])P’

[ Zieitiv] (pP’)
Yiei(ty)P
Sierltiv](pP)
Sie(p*[tiy])P’

as wanted. ]

111 112 1R

Lemma 3.4 Assumel - at: @, Py andthatllI-Db.p: B, Py, . Then,

p*|t] ifa=b

b-p*lat] = {@ ifa £ b.

Proof: Lety € | and P’ € ;. Then,

(b.p*[(a.t)y])P’
= | (at)y]((b.p)P’)
lina[ty] ] [inp(pP")]
ina[ty](iny(pP’))
[ty (pP") = (p*[ty])P" ifa=Db
0 ifazb

[rau

as wanted. ]

Lemma3.5 Assumel,AFtu:PQandletl,AlF p®q: P Q. Then,
(PeA)[teu] =TyZy |t U]

where the sums are taken over |t'| inp*|t| and [u’| ing*|u], respectively.

Proof: Lety el ,6e A, ,P €l and Q' € A|. Then,

(p®a) [(t®u)(y,8) (P, Q)

= [(teu)(y,d)](pP’,qQ")
[ty](pP") x [us](aQ’)
(p*[ty])P" x (g*[us)Q’
Et/ Lt/)/J P/ X Eu/ LU/(SJ Q/
Et/Eu/ Lt/)/J P/ X LU/(SJ Ql
SpEu (Y@ u)(y,0)] (P, Q)

— as wanted. O

IR e e 11l

13



Given two profunctorst: '} — P, andu: A, -— Q,, we shall use the
notation t x u for the profunctor (I ® A), — P ® Q given by

A(,8).A(P,Q).(ty)P x (us)Q

This notation allows us to write the above equivalenceas (p®q)*[t® u| =
p*|t] x, g*|u]| which is sometimes more convenient.

Lemma 3.6 Assume A, T - [v > s = t| : P withs strict. Then,
prllv>s=t]] =Z[v>s=p"lt]].

Proof: The map p*|— | preserves connected colimits. The result then fol-
lows from Lemma 2.3. U

This lemma justifies the informal reasoning at the start of Section 3.1, that
the “flow of control” of [v > s = t| with s strict moves to t first. The
opposite situation arises when the pattern is a path:

Lemma3.7 Assume AT + [t > p = u] : Q with p = p(X) a path and
typingsA-t P, NNIFp:Pandl,x: P Fu:Q. Then,

[t>p(X) = u] 2 Sp[t/ > X = u]
where the sum is over |t'] in p*|t].
Proof: Letée A,y and Q € Q. Then,

[t>p=ul(s7)Q

= IP/E[”L [t8] (pP") x u(y, P")Q

fp/e"h p*[t8]P" x u(y,P")Q

fple"“@v [t'5])P" x u(y,P)Q

[P Sy ([U8]P" x u(y, P')Q)

S [PEMLU8 P x u(y,P')Q  Fubini
Yu[t > X = u](8,7)Q

1111 1R i

—as wanted. O

Disregarding matches and recursion, the above lemmas immediately sug-
gest the following operational rules for closed terms (ns abbreviates non-
strict):

tj-2t jel pns  tEt t2t uS

t X5t Sieiti £t at 2t tou 22L. veou
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In fact, because each result states an isomorphism between profunctors,
one is able to prove a strong relationship between this operational seman-
tics and the denotational semantics for this small fragment:

Proposition 3.8 Lett be any well-formed, closed term of the restricted lan-
guage and p any path. Then, summing over all derivations d with conclu-
sion of the form t -2~ t/, for some t', we have p*|t] = %4|t].

Proof. By structural induction on t. O]

In other words, the two semantics are equivalent with derivations corre-
sponding exactly to elements of presheaves. An obvious rule for recursion
IS
t{recx.t/x} - t’
rec x.t 2 t/

and one should be able to extend the equivalence proof without too much
trouble using standard techniques. But for now, we are more interested
in covering matches and for that we unfortunately have to complicate the
operational semantics.

3.3 Environments

Consider a strict match [v > s = t]. Because of Lemma 3.6 it is necessary
in the operational semantics to consider v > s as an environment for the
execution of t, providing bindings to the free variables of that term. It will
be convenient to write any closed term as [¢ = t] where ¢ is a possibly
empty environment.

We face then the usual problem of explicit sequencing when two sub-
terms of t refer to the environment. Lemma 3.7 together with Lemma 3.6
say that in the case of [¢ = [t > p = u]] with p a path, the sequencing
should be t first, then u. Tensor, on the other hand, is completely symmet-
ric, but we can evade the problem by restricting ourselves to paths that
are non-strict in exactly one component. Then, the path itself determines
in which component to move:

e =1 2 [¢ = 1] [e=u] L [¢ = U]
[e=tou] 22Y [ = t' @ u] [e=>tou] 225 [ = teu]

Another issue with the environments is how to handle the cases where
the demand on a term yields a demand on a subterm which does not nec-
essarily contain all the free variables of the whole term. To be concrete,

15



consider the left tensor rule above. To prove that it preserves the equiva-
lence of derivations and rooted components, we must be able to show that
for any term u such that [¢ = t ® u] is well-formed,

(poY)'lle=tou]] 34|l =t ou]] (%)

where the sum is over derivations d - [¢ = t] -2~ [¢/ = t/]. The envi-
ronment ¢ must thus provide suitable bindings for the free variables of u
even though u does not occur in d.

This consideration is built into the operational semantics listed in Ap-
pendix D, in that bindings for variables are never lost. The isomorphism
(x) above is reflected in the induction hypothesis of the proof of the fol-
lowing proposition, saying that the operational semantics is type correct:

Proposition 3.9 Assumel [¢ = t] 1 P. If[e = t] -2~ [¢/ = t], thenpisa
path with T I- p : P for some N, and + [¢ = t] : T.

Proof. By rule induction using the induction hypothesis

Q([e = t]): Letr be any term such that - [¢ = t®r] : PQR. If
[e = t] 2 [¢/ = t] then p is a path with I I p : P for some I,
andt [ = t'®r] :TT®R.

The straightforward proof is deferred to Appendix E. O

3.4 Proof of equivalence

Clearly, we cannot use structural induction to prove a result like Propo-
sition 3.8 for the operational semantics of Appendix D. However, it is
possible to define a well-founded order > on (equivalence classes of «a-
equivalent) terms that will enable a proof by well-founded induction. Let
>~ be given as the smallest transitive relation generated by the following
rules:

t structurally larger than t/ p a path
t-t [t>p(X) = u] = [t >X= U]
t-t t-t
C(t) = C(t) e =t] = [¢ = V]

— where C ranges over syntactic contexts where the hole is not part of a
sum. Notice that if [¢ = t] > [¢/ = t/] then eithert - t'ort =t and

e=v>s and ¢=v >s and v>=V.

We have the following result:

16



Lemma3.10 If[e = t] 2= [¢/ = t] then [e = t] = [¢ = {].
Proof. By rule induction. In the case of path match, the rule is:

[e=1t] 2 [¢ = 1] [ = [t >X=u]] & [ = U]
[e = [t > p(X) = u]] L [¢ = U]

By the induction hypothesis, [¢ = t] > [¢/ = t/]. There are two cases. If
t > t', we have

[e=[t>pX) = u]] = [¢ = [t > p(X) = u]].

Otherwise, t = t'and e = v > sand ¢ = v/ > s for some v,V/, s with
v > V. Then,

e=[t>p(X)=u]] = [v>s=[t>pX)=u
= [V >s=[t>pX) = u]]
= [¢ = [t >p(X)=u]

Either way,

e=t>p(X)=u]] = [=][t>pX) = U]
= [ = [t >X=u]]
= [¢" = U] by IH

—as wanted. The other rules are handled in a similar way. 0

Theorem 3.11 (Equivalence) Lett be any well-formed, closed term and p
any path with exactly one non-strict tensor component. Then, summing
over all derivations d with conclusion of the form t -2~ t', for some t’, we
have p*[t| = 34|t/].

Proof: By well-founded induction using the induction hypothesis

Q([¢e = t]): Let r be any term such that [¢ = t®r] is well-
formed and closed. Let p be any path with exactly one non-
strict tensor-component. Then, summing over all derivations d
with conclusion of the form [e = t] 2= [¢/ = '], some &/, 1/,
we have

(PR |[e=tar]| 2yl =t or]]

Because of Proposition 3.9, we need not concern ourselves with questions
of well-formedness in what follows. We proceed by case analysis on t and
p, deferring the simpler cases to Appendix F:

17



Term x There is one possible last rule:

v ot

v>s=x 5 [V >s=x

Since v is structurally smaller than [v > s = x|, we have [v > s = x| > v
and so by induction hypothesis,

s{p/x}"v] = g, [V'],

Let r be any term such that [v > s = x ®r] is well-formed and closed. We
get:

)*|[v>s=x®r]]
[Vv>s=p*|x]| x, Z"r]] (3.6),(3.5)
[v>s=[x>p(y) = [V]] x,[r]] (3.1)3.2)

The context (- x, [r]|) preserves arbitrary colimits and so according to
Lemma 2.3, we can continue with

(p

1R ®

{V >s = [x>p(¥) = [¥] x, [r]]] B1)

= [v>s{p(y)/x} = |¥] xo [r]] (2.5)

= [v>s{p(y)/x}t = [Vor]] (3.5)

= Yyl >s{y/x} = |y®r]] (3.7)

= g,V > s{y/x} = [Yyor]]

= Yo [V >s{y/x} = Vor]) (2.3)

= Yy, V' >s=x®r]] renaming Yy to x

—as wanted.
Term [t > s = u] with s strict There is one possible last rule:

[Vv>si =ty >sey=u - [V >5 = U]
Vv>si=t>s=ul] L [V >s = u]

Let r be any term such that [v > s; = [t > s = u] ® r] is well-formed and
closed. Then, by Lemma 2.3 and Lemma 2.4, we get

V>si=t>s=UurX[[v>s10y] >s@y=UuTr]

and so Q([v > s; = [t > s = u]]) follows directly if Q([[v > s1 =
t®y] > s®Yy = u]). But u is structurally smaller than [t > s = u] and so
v>sy=[t>s=u]] > [[v>s1 = t®y] >s®Yy = ul.Bytheinduction
hypothesis, we are done.
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Term [t > p = u] with p a path There is one possible last rule:

[e=1t] 2 [¢ = 1] [ = [t >X=u]] & [ = U]
[e = [t > p(X) = u]] L [¢ = U]

Let ¥ be the variables bound by ¢ that are not free in t. Since t is structurally
smaller than [t > p = u], we have [¢ = [t > p = u]] > [¢ = t] and so,
by the induction hypothesis: (p® y)*|[e = t®Vy]] = g4 |l =t @V]].
For any such ¢, t’ it follows from the proof of Lemma 3.10 that [¢ = [t >
p(X) = u]] > [¢/ = [t/ > X = u]] and so by the induction hypothesis

Qe2)"|[ =t >X=uer]] =Xy | = uer]]

for any r such that [¢ = [t > p = u] ®r] is well-formed and closed. Now,

e=[t>p=Uu®r]
= [e=[t>y=y]>p=uer| (2.2), y fresh
= e=t>y=[y>p=uler] (2.4)
> [e=>t>y=[y>p=>u/r|] (2.3)
>~ [e=ty]>yey=[y>p=uer] (24)
Therefore,
@@2)*[[e=[t>p=uer]]
= (@) |[e=tey]>yRy=[y>p=uar|]
= [[e=>tey]>yey= (Q®2)*|[y>p=u/ar|] (36)
= [[e=tey]>yey=qly>p=ul| x Z*[r]] (35)

We may assume that the free variables of u and r are disjoint — possibly
by renaming variables of p,u. The context q*| —| x, Z*|r| preserves all
colimits as g is non-strict, and so, by Lemma 2.3, we can continue with

ety >yey=[y>p=0q°lu] x, Z*[r]]]

=l
= [e=>t®y]>pey=0q"lu] x, Z*[r]] (2.5)
> [e=tey]>pey= Q2" |uar|] (3.5)
= Yau[ld =ty >Xey= (q®7)*|luxr]] (3.7)
= Y52 |[[ =ty >Xey=uer]]
=~ 2 (@) [ = [ >X=>uer]] (2.4)
~ Y,Q®2) =t >X=uer]] (2.3)
~ 245, [ = v o]
— as wanted.
The proof is complete. O
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As for the restricted language of Section 3.2, we should be able to extend
the above result to cover recursion. However, a more pressing issue is that
to obtain an isomorphism between els|t]| and the transition system ob-
tained from the operational semantics, we need transitions with labels of
the form p ® q, for p, q proper paths. Such transitions can be obtained by
composing derived transitions with labels p® y and x ® . Consider a term
[e = t] of tensor type. Deriving both

[e=1 22 [ = t1] and [g = t] 225 [/ = ]

we can obtain a transition [¢ = t] 229, [¢/ = t/]. Naturally, we ought
to be able to obtain the same transition by taking the x ® q step first with
intermediate state represented by a term [e; = t,]. How to give an op-
erational account of when two such pairs of derivations should be iden-
tified is not so clearcut, but the fact that both combinations are possible
and that either choice should lead to the same state suggests regarding the
transitions [¢ = t] 2% [, = 1] and [e = t] 225 [, = t,] as “in-
dependent” or “concurrent”. In other words, it might be helpful to view
processes definable in the metalanguage as event structures.

4 Event structures

This section reports on work in progress on interpreting both types and
first-order terms of the tensor fragment using the prime event structures of
[18], henceforth just called event structures. For simplicity, we use binary
conflict rather than the more general consistency predicate of [18]. We may
later need to revert to the general definition.

Definition 4.1 Aneventstructure isatriple A = (A, <,—) where A is aset
of events upon which a partial order < of causality and a binary, symmetric,
irreflexive relation — of conflict are defined. This data must satisfy

[e] =qer {€' | &’ < e} isfinite for every e € A
eve <e"=e—eforallece, e’ € A

A configuration of A is a finite subset a of A which is down-closed: Ve €
a. [e] C a and consistent: Ve,e’ € a. e C ¢.2 The partial order of con-
figurations of A ordered by inclusion is written £A. Two configurations
a,a’ € LA are compatible, written a 1 @, if they have an upper bound in
LA. O

2We use Girard’s notation: C is the complement of —, the reflexive closure of which is
written <X with complement ~. Specifying one relation clearly determines all of them.
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Note that the empty set belongs to LA as does the set [e]| for each e €
A. Event structures can be assembled in a large cpo using a substructure
ordering:

Definition 4.2 Let A = (A, <a,-a) and B = (B, <g, ) be event struc-
tures. A is a substructure of B if
ACB A VaeA. (a]A: (a}B
A Va,a.avpd < ad € AAnavpd
In that case, we write A < B. O

The <-least event structure is the empty structure @ = (0,0, 0). An w-
chain Ag 9 A; < --- < Ay < --- of event structures Ay, = (An, <n,“n)
has as least upper bound the event structure (U, An, Un <n,Un “n)-

4.1 Constructions

We list some basic constructions on event structures:

Lifting Let P = (P, <p, —p) be an event structure. Then P is given by

events {x}U{le] e e P}
causality * <e, alleventse,and |e| < [¢/|] < e <p¥
conflict xCe, alleventse,and [e| — |¢/] < evp ¥

We have L(P ) = (LP),.

Sum Let A be a set and assume for each « € A that P, = (Py, <4, &) iS
an event structure. Then @,P is given by

events  Uyca{a} X Py
causality (a,e) < (B,€') <= a=pBAe< ¢
conflict (a,e)— (B,¢') <= a#BV(a=BANe—y¢)

The partial order £(,P«) is the coalesced sum of the partial orders LP,
and the partial order £(@,P« 1) is the lifting of the separated sum of the
partial orders LP,,.

Tensor Let Pj = (Pj, <j, i) for i = 1,2 be event structures. Then P; ® P,
IS given by

events {1} x PLU{2} x P,
causality (i,e) < (j,¢/) < i=jAre<;¢
conflict  (i,e) — (j,¢/) < i=jAevj¢e

We have E(Pl X P2) = LP1 x LPs.
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Fixpoint Let F, ..., F, be operations on event structures that are continu-
ous in each argument separately with regard to <. Then the components of
the simultaneous least fixed point uP.(F,P, ..., F,P) are event structures.
Lifting, sum and tensor are all continuous in each argument separately.

Using the constructions above (specifically, using separated sum to repre-
sent the lifted sum constructor) we have defined an event-structure P for
each type P of the tensor fragment such that LP = P,. We’ll therefore
confuse the configurations of P with objects P € P, .

4.2 Representing profunctors

To represent the terms of the tensor fragment as well as the types, we need
the notion of a strict morphism of event structures:

Definition 4.3 Let A; = (A1, <1,~1) and A; = (A2, <5, ) be two event
structures. A strict morphism 1 : Ay — Ay is a function n : Ay — Aj that
for all e, e’ € A; satisfies n[e] = [ne] and e ~1 ¢’ = ne ~, ne’. O

Lemmad4.4 Letn: Ay — A, be a strict morphism. Then (i) n sends config-
urations of A, to configurations of Ay, (ii) i Is injective on configurations:
Va; € LA;. Ve,¢ € a;. ne = ne’ = e = ¢, and (iii) a smaller “output”
configuration is obtained from a unique smaller “input” configuration:

Va; € LA;.Vap € LA, ap C nag = Jlaj € LA;. a) C a; Anaj = a.

Proof. (i) and (ii) are standard results, see [18]. As for (iii) suppose a; €
LA; and a, € LA, with a; C na;. Consider the subset

a] =qef {€ € a1 : 1€ € a2}

of a;. If ¢/ <; e € &), then by definition, e € a; and ne € ay. a; being a con-
figuration implies ¢’ € a; and from n[e] = [ne] we get ne’ € [ne] C a,.
So ¢’ € &) and a] is a down-closed subset of a configuration, and therefore
a configuration itself. The equality na; = a, follows from the definition of
aj; and the assumption a; C na;. To prove uniqueness, assume a; C aj
is another configuration of Ay, satisfying na = a,. Then for each ¢’ € aj,
there isan ¢” € af such that ne’ = ne”. But since both ¢’ and e’ belong to
ap, we get ¢’ = e’ by (ii). Hence, a] C af and by symmetry, a| = a7’ O

A strict morphism A I Q to an event structure Q with £Q = Q, induces
apresheaf Y = Y(A,n) € Q, as follows:

YQ={acLA:na=Q} and Y(Q'CQ):acYQr—a e€YQ
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where @’ is the unique configuration guaranteed to exist by Lemma 4.4,
item (iii). Observe that Y is rooted since Y() = {()} (so Y can equally well be
regarded as a presheaf over QQ). There is an obvious isomorphism between
LA and elsY, the category of elements of Y. However, the exact class of
presheaves represented in this way is as yet unknown to us.

Notice that presheaves Y € QQ correspond to profunctors Y : @, —+—
Q. To represent a general profunctor F : P, -— Q| , we might reasonably
use aspan P <£- A I, Q where 1 is a strict morphism of event structures.
But what should ¢ do? Since the codomain of F is lifted, F can be seen
as a process that can read more and more input, enabling more and more
output. Following this intuition, more (consistent) output should demand
more (consistent) input. So we take pu to beamap u : A — LP satisfying

e<pae = ue C ue’foralle, e’ € A
e Ca € = pe Tpue' foralle e € A

u can be extended to amap uf : LA — L£P taking a to | ua. We now obtain
a profunctor F = F(A, i, n7) : P, +— Q, as follows:

F(P.Q)={ac LA:ufaC PAna=Q}
F(PCP,Q):acF(P.Q)—acF(P,Q)
F(RQ' CQ):acF(PQ) —a cF(PQ)

where again, a’ is the unique configuration of A guaranteed to exist by
Lemma4.4, item (iii). It is easy to see that F thus defined is a profunctor. As
for Y above, we can observe that forany P € LP, F(P,()) = {(}, meaning F
is rooted and so corresponds to a profunctor P, +— Q of the kind used to
interpret terms of the metalanguage. The associated functor F : P, — @
turns out to be stable, ie. pullback-preserving, and this property can be
used to characterise the partial order LA in terms of F:

Proposition 4.5 Let F be the profunctor P, —— Q, obtained in the way
described from the event structure A. Then (i) the functor F : P, — @
given as FPQ = F(P, |Q]) preserves pullbacks and (ii) LA is isomorphic
to the category of elements of [ PEFLFp,

Proof: Since limits in presheaves are obtained pointwise, we only need
to show that each pullback diagram of P, is sent by (F—)Q to a pullback
diagram in Set for all Q € Q. Now, (F—)Q sends arrows of P, to injections
in Set by definition of F. Notice also that the pullback object in P, is a
binary intersection when viewed as a configuration of P. (i) then follows
easily.
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As for (i), pullback-preservation and the fact that P, has all pullbacks
implies thatifa € F(P, Q), then there is a unique minimal Py C P such that
a € F(Py, Q). But this means that there is a canonical choice of representa-
tive for each element of the presheaf fPEPi FP, namely the triple (a, Py, Q).
They can therefore be viewed as the objects of els(fpepi FP) and the ar-
rows then have the form (&, P}, Q') — (a, Py, Q) where (/<" FP)(Q' C
Q)a = @, implying a’ C a. Mapping the arrows to the implied inclusion in
LA provides one direction of the wanted isomorphism. In the other direc-
tion, we map a € LA to (a, Py, Q) if na = Q and where Py is least such that
a € F(Pyg, Q). An inclusion a’ C a is mapped to the corresponding arrow
(a’,Py, Q") — (a, Py, Q), wherena’ = Q" C Q. O

Again, the exact class of profunctors represented in this way is unknown
to us at present.

For any pair P, Q, the large cpo of event structures induces a large
cpo Spansp o with objects the class of spans P £ A L, Q, ordered by
(A, ua,na) <p.q (B, ug,ns) if A < B and the maps pa, 11 are restrictions
of the maps ug, 1.

4.3 Composition

Representing profunctors is not enough to give an event structure seman-
tics for the metalanguage. We also need to compose those represented pro-
functors. We already know how to do that using coends, but then we are
faced with the problem of how to represent the composition with an event
structure. We therefore proceed to define composition directly on the rep-
resentations. To compose the spans on the left below, it seems natural to
“adjoin a pullback’ as on the right:

C

Mo T
A B A g ) B
HA A HB B HA A HB B
: / \ . / \ i P / \ . / \ R

In details, consider np : LA — LQ and ug : B — L£Q as arrows in Set.
Their pullback is the set {(a,e) € LA x B : naa = pge} with associated
projections 7 : (a,e) — aand 7 : (a,e) — e. Following this, we define
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an event structure C with
events  {(ae) € LA x B :naa= uge}
causality (a,e) < (a',¢/) «— aCa Ae<g¥¢
conflict (a,e) — (a',¢) < atad Vev-pe

- and obtain the wanted span P «£¢- C -I< R by

uc(a,e) = (uh o mo)(a,€) = upa

nc(ae) = (ngom)(ae) =nge

We must then verify that (C, uc, n¢) is indeed an event structure represen-
tation of a profunctor P, -+ R . This is elementary, but tedious, and de-
ferred to Appendix G. The operation of composition is a map Spansgp X
Spansg g — Spansp g Which can be shown to be continuous in each ar-
gument separately.

The definition of C implies that we can view the partial order £C as
given as the pullback object in the category of partlal orders and monotone
mappings of the two arrows na : LA — £Q and F‘B - LB — LQ, ie.

Lemma4 6 The partial order LC is isomorphic to {(a,b) € LA x LB :
naa = HBb} with componentwise ordering.

Let F = F(A, UA, T[A), G = G(B, Us, T]B) and H = H(C, uc, nc) be the
profunctors represented by the three spans above. The obvious question is
whether H is equivalent to G o F, defined using the coend

(GoF)(P,R) = [R°2LF(P,Q) x G(Q,R).

Via an understanding of coends in Set and by stability of G, we can de-
scribe G o F as the bifunctor

(P R) — {(a b) .ac F(P Qo) Ab e G(Qo, R)}

where Qo is least among Q € Q, such thatb € G(Q, R). In other words,
Qo = F‘Bb We can thus rewrite the bifunctor as

(P.R) — {(a,b) : uha € P Ampa = Qo = b A migb = R}
and therefore, by Lemma 4.6, it is isomorphic to
(PR)— {c€ LC: plc CPAncc=R}

which is just the definition of H.

It should be possible to define a bicategory ES in which objects are
event structures and arrows are spans of the above kind and prove it
equivalent to a sub-bicategory of Prof. This is left for future work; here,
we’ll give a new denotational semantics to the tensor fragment of the me-
talanguage by interpreting terms as spans.
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4.4 A new denotational semantics

Assume the partial orders [, [P are represented by event structures T, P
suchthat' | = LI'and P; = LP. We’ll then interpret a typing judgment
I'-t:Pasaspan T <& E; I» P that represents a rooted profunctor
I, —— P, intended to be isomorphic to |t]| (with t being, as usual, the
profunctor I'| - P interpreting I - t : P according to the denotational
semantics of Section 2).

Identity Consider the rule

X:PEx:P
Define E;, = P = (P, <p,—p), ue = [e] and ne = e. So uf = 1,p and
n = 1p. This clearly defines a span
P Ey 15 P
of the right kind. It represents a rooted profunctor F : P, -— [P, given by
F(Py, P2)
= {(PcLP:ulPC P ANP=P;}
{PGPL:PS}P’L P]_/\P:P2}
P, (P, Py)
lip, P1]P>

111 1

as wanted.
Sum Consider the rule
Fret:P alliel
Yt P
Assuming that |t;| is represented by the span I' <fi- E; -Ii's P for each
i € I, we define Ex,_, = @;Ey,, and take u(i,e) = pie and n(i,e) = nje, for
eachi € I. The span

i EEielti - P
is of the right form and represents a rooted profunctor F : '} +— P, given
by

F(v. [P])

{ce LEg, “T? CyAmc=[P|}
Wiei [tiv][P]
Yiel(tiy)P
| Siei1tiv] [P]

12112 1R 112 1l

as wanted.
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Tensor Consider the rule
[r]_'_tl:Pl [rgl_tgi]PDZ
1,09 F LR IP)]_ ®P2
Assuming that |t; | and [t | are represented by the spans

l“wiEti U_i>|:)i fori=1,2,

we define Ey,gt, = Et, ® Et,, and take p(i,e) = inj(uie) and n(i,e) =
(i,nje), fori = 1,2. The span

Mo < Eygt, 1 P1®P;

is of the right form and represents a rooted profunctor F : (T ® A), —+—
(P1®P,), given by

F((v1,72), (P1, P2))
= {c € LEyar, : uic C (y1,72) Anc = (P, P2)}
>~ {(c1,c2) € LEy, X LEt, : 1 Ci € yi AniCi = P,i=12}
= i=1.21Ci € LEy @ ¢ € vi Anicj = Pi}
= |tyy1)P1 x [2y2] P
= |[th®t(y1,v2)](P1,P2)
as wanted.

Recursion Consider the rule
I'x:PFt:P x,ynotcrossedint,anyyinl
+recxt:P
Assume that [t] is represented by the span T ® P <t E; -~ P. The arrow

o:0; — (F®l), of Cocont used in the definition of [rec x.t] in Section 2
Is represented by the span

r£rer 1= rer

Here, uy(i,e) = [e] and ny(i,e) = (i,e) fori = 1,2. For any span ' +*—
Eu - P representing the lifting of a profunctor u : I';, —— P, we can
employ the tensor construction above to obtain a span

Fror < Eigy 1-T®P

representing |1r ® u|. Now, composing this span with the spans for t and
o yields a span representing [to (1r ® u) oo ].

To obtain a representation of |rec x.t|, we just need a fixed point of this
operation ¢ on spans in the cpo Spans . To make sense of this, we must
verify that ¢ is <r p-continuous, but this follows from both composition
and tensoring being continuous operations.
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Prefix Consider the rule

FHt:P; whereac A
I'Fat: DPar

Assuming that |t] is represented by the span I' <*-- E; - P,, we define
Eat = Er) and take px = (), pule] = we and nx = (a, %), nle| = (a, [ne]).
The span

M i Eat 7 @uPal

represents a rooted profunctor F: T | +— (®,P« ) given by

F(v, [inaP])
= {c€ LE:ufc CyAnc=|inaP|}
~ {ce LE:pulc CyAmec=P}
= |ty]|P]
as wanted.

Strict match Consider the rule

Fret:P AX:PHu:Q
ATHE[t>X=u]:Q

Assume that |t] and |u| are represented by the spans
rf gg-*>p and AP+ E, Q.

Using the representation of tensor from above, we can then construct a
span

AT 4 Ergr 15 A®Q

representing |1, ® t|. So by composing with the span representing |[u],
we get a representation of |uo (1, ® t)] as wanted.

Paths Let [1 I p : IP be a path and let TT and P be the event structures
representing I and P, respectively. Lifting TT, we obtain an event structure
T, representing [1,, in which the events are * together with |e| for e an
event of TI. The functor p : 1, — PP, interpreting the path p induces a
map p on the events of T, given by % — pf) and |e| — p[e]. We can then
construct a span

Pl Lo,
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which represents a rooted profunctor F : P, -+ (1, ) with

F(P, [Q]) i

{Q e (M), :p'Q)CPAQ =|Q]}
P, (p'[Q],P)

P, (pQ,P)

p*(P,Q)

So F is isomorphic to | p*| viewed as a profunctor P, -+ (I, ). Notice
that we cannot represent p* directly with the spans we use, because p is
non-strict, and so p* is not rooted as a profunctor.
Path match Consider the rule
FrEt:P Nikp:P ATMEFuU:Q
ATHE[t>p=u]:Q

Assume that |t], |p*| and |u] are represented by the spans

U

111 1111

Fedt g up pelop Lo, AQmd g, M, Q,
By composing the spans for |t] and | p* |, we obtain a span
M eMe Ep E, 07,

representing the profunctor F = |p*| o [t] = |p*|t]]|. Consider the set X
of events e of Eg satisfying nge = *. By strictness of ng these events must
be pairwise in conflict. Furthermore, any event ¢’ of Er causally depends
on some e € X. We can therefore split Er into event structures E; fore € X
by taking the events of E. to be {¢’ : e <g, €'}. Notice that, by not including
e into E¢, ng will map events of E to events of T1. Hence, restricting ur and
Nk to Eg, we obtain spans

I Ee 5 T1
for e € X each representing a different rooted component |t.| of p*[t].
Now, according to Lemma 3.7,

[t > p(X) = u] = Seex[te > X = U]

and so we can represent | [t > p = u]| by using the representations above
for sums and strict matches.

We expect to be able to show
Conjecture 4.7 LetT I t : P be a term of the tensor fragment and I’ «£—
E: - P the span that interprets it. Then the profunctor represented by

the span is isomorphic to the profunctor interpreting |t| according to the
denotational semantics of Section 2.
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5 Future work

The work described above both has some loose ends that it is planned to
deal with in the near future, and also points out some directions for further
research in the longer term.

It has already been noted that it is trivial to add products in the form of
pairing and projection terms to the operational semantics, and that recur-
sion can be handled in the proofs by using standard techniques of relating
finite unfoldings of rec x.t to finite approximations to the fixpoint denot-
ing that term. However, the operational semantics of Section 3 may well be
replaced by one taking into account the observation of Section 4 that pro-
functors definable in the metalanguage are stable. This means that it might
be possible to derive operationally for a given profunctor t the minimal in-

put P needed for a certain output, represented by a path g. In other words,

one would have derivations d with conclusions of the form t =—=9. y

where |u] represents the rooted component of g*|t| corresponding to d.
Notice that t and u are open terms and so environments should not be
needed. Instead one can aim at a simple operational semantics of the kind
presented on Page 14.

In Section 4 the profunctor rec x.t was represented by an event struc-
ture obtained as a suitable fixpoint. It could possibly also be done by in-
tuitively “short-circuiting” the output with a part of the input. By such a
construction, we seem to be able to represent the trace of non-deterministic
dataflow, treated in [13] using stable profunctors of the same kind used
here. This might allow a generalisation of the metalanguage by replacing
recursion with a trace operator. A related line of work is on characterising
the kind of profunctors representable by our event structure spans, lead-
ing to a study of the relationship between profunctors and event structures
in general and as models for dataflow.

A main challenge will be to extend the development to higher order
with a long term goal of obtaining a general operational understanding of
presheaf models and open map bisimulation at higher order. Because of
the mixed variance of function space, a reasonable starting point (in the
light of Section 4) is to employ bistructures which are like event structures
but with two partial orders, <- (associated with input) and <R (associ-
ated with output) instead of just casuality [8]. Of course, this approach
might not provide the wanted understanding of presheaf models, but one
could then hope for some insights, indicating where to break away from
presheaves if need be, in the pursuit of a domain theory for concurrency.

30



A Formation rules and interpretations

The rules on the left are term formation rules, the rules on the right give
the corresponding interpretations. In any environment that appears, all
variables are assumed distinct.

Identity, weakening and exchange

X:PFx:P Pl.p

AFT:P AL P

I AFt:P ros 2L, OPxP
I'x:Py:QAFt:R rePeQeA - R

Ny Qx:PAFt:R rgQePerTIePeQeA SR
Recursive types

I t: Tj[uP.T/P|

rtoPT } 4 BT = Ty[uP.T/P]
Mt P I piP.T = T;[uP.T/P]
I t: Tj[uP.T/P|
Abstraction and application
Ix:PFt:Q reP -5 Q
F=Axt:P—Q r-umwt,p_5Q

Frt:P—-oQ AFU:P T HPoQ A-SP
MAFt-u:Q reA (uncurryt) o (1 ® u) Q

Recursion and sum

I x:PHt:P reP L. p
IF~recx.t: P r fix ¢t P

Fret:P alliel THP aliel
[FI—Zi@ti:IP’ T Yieti P

In the rule for recursion, X, y must not be crossed in t, forany y in .
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Prefix, product and tensor

Fr-t:P, whereac A T P, whereac A

I at: @“P“L

FrFt:P THuUu:Q
IF(tu):P&Q

FrEt:P AFu:Q
NAFtU:PRQ

Match

T i> @ocIP)tXJ_

rp r4%o

r W, peQ

rer o4Q

res 249 PeQ

FrEt:P NiFp:P ATTFuUu:Q

ATH[t>p=u]:Q

Patterns

X PlFx:P

NiFp:Py whereae A

r—P n, &P AN--0Q

P, L P,

[HJ_p—>PaJ_ wherea € A

Ni-a.p: @BPat

MNiFp:P
nik (p,-) : P&Q

AMFg:Q
AE(-9) : P&Q

NkEp:P AlFqg:Q

MAFpRq:PeQ

N, 22 (B Pas) L
n, 2p,
. (2, (P&Q) 1

h Q)
Ay Lo, (P&Q) 1

n, =P, Ao 5Q
Mer), 2% (PeQ),

B Composition, extension and lifting

This appendix summarises material of [7]. A profunctor F : P +— Qs a
bifunctor P x Q°P — Set. By currying, it can be regarded also as a functor

P — Q. In any given context, we shall use the most convenient represen-
tation.
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Composition of profunctors Given F : P +— Qand G : Q — R we define
their composition by

(GoF)(PR) = [?*UF(P,Q) x G(Q,R)

Left Kan extension A profunctor F : P —+— Q extends via the Yoneda
embedding yp to afunctor / : P — Q

FX = [PEXP . FP

called the left Kan extension of F along yp. It has a right adjoint F* : @ — f”,
given by

FY = Q(F—,Y).

F* is also obtained as the left Kan extension along yq of the profunctor
Q —+— Pthat takes Q to Q(F—, Q). So F* is a left adjoint and thus preserves
arbitrary colimits.

Lifting As noted in the introduction, P is characterised abstractly as the
free colimit completion of P. But P can also be seen as the free connected-
colimit completion of P, associated with the strict Yoneda embedding

jp, :PL —P L+ APY |P] — ypP

We’ll write | — | for the functor jp, - It preserves connected colimits and so
isamap P — P, of Conn.

If X is a presheaf over P, | X| maps L to a singleton and |P| to XP (via
the Yoneda lemma), and so considering the category of elements of | X],
it is obtained from the category of elements of X by adding a new initial
element. A presheaf such as X mapping L to a singleton is called rooted,
and so is a profunctor Q -— P, that maps all Q € Q to a rooted presheaf.

Composition in Conn Using the above, we obtain a way of composing
arrows in Conn. LetF : P, — Qand G : Q, —— R be the profunctors
representing two composable arrows. Then, we can define a connected-
colimit preserving functor by taking the left Kan extension of G along jp | :

GI:Q—R Y~ [ Y]Q.GQ
so that the composition G o F in Prof(P,R) = Conn(P,R) is given by

the composition G' o F of functors.

33



C Proofs of restructuring lemmas

Proof of Lemma 24 Leto € ¥,6 € A andy € T |. Then with P, P, Q
ranging over Iy |, >, A |, we can calculate as follows:

[t>s=[u>q=V](0,7)

[P ty | (s(Py, P2)) - [2Lu(8,P1)](aQ) - V(o P2, Q)
SRRty (s(Py, P2)) - [u(8.P)] (4Q) - V(0. P2, Q)
JPP2Q [ty (s(P1, P2)) x [U(6,P1)] (4Q)) - V(o P2, Q)

Consider now the presheaf XP, = |ty |(s(P1, P2)) over [y | . It can be writ-
ten as a colimit of representables:

1R 1R

X o2 f(X,Pé)GGlSXy[ﬂzL Pé

and so, since

yIHZLpé = U[HZL PéJ = LypéJ'

the set [ty |(p(P1, P2)) x |u(é, P1)](qQ) from above can be understood as

XP2 x [u(8,P1)](qQ)

(fOPISX gpr )P, x |u(5, P1)(GQ)
JP2ICEIS X gpr 1Py 5 |u(5, P1) | (aQ)
f(’:'Pﬁ)ee'SX [(u®Y)(8, P, Py)|(aQ, P2)
SP2XPy . [(u®Y)(5,P1, ;)] (aQ, P2)

We can now continue with the original calculation as follows:

111111

JPP2Q (PP [(U®F)(6,PL P3) ] (aQ, P2)) - V(0. P2, Q)
JoPE (PP XPy . [(u®Y)(8,PL Py |(AQ. P2)) - V(0 P2, Q)
JPe [ XP; . (U@ Y)(5, Pr, P5)] (4Q. P2) - v(0, P2, Q)

[OP2([t>s = ue¥l(y. 5>J(qQ, P) . v(0, P2, Q)
[t>s=u®y]>a4®y=V|(0,4,7)

111 1R

— as wanted.
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Proof of Lemma 25 Let 6 € A; and y € [ . If we let P, Q, P, range
over [y, ,Q, M, , respectively, and Q' range over A |, we can calculate as
follows:

[t>p=[x>q=u]](57)

> [PLQP2 |ty | (p(PL, Q,P2)) . 9 li, Q)(aQ") . u(5,P1, Q. Py)
=[PP ((QUty|(p(P1,Q, P2)) - lig, Q))(aQ’) . u(5, P, Q' P,)
> (PP (19t |(p(P1,Q,P2)) . Yo, Q) (AQ') . (8, P, Q' Py)
>~ [PLQPe(|ty | (p(Pr, —, P,)))(qQ) . u(s, P, @, P,)
= [PuQPz |ty | (p{q/x} (P, Q, P2)) . (8, P, Q' Py)
> [t> p{a/x} = u](5,7)

—as wanted.

D Operational rules

The operational semantics for the tensor-fragment without recursion is
given by the following rules:

v SRty =t B[ =>t] jel

v>s=x 2 [V >s=x [e = Sigiti] 2= [¢ = V]

e =1t 2 [¢ = 1]

[e = at] 2% [e = [e = at] 22 [¢ = ]
e=t 2 [ = ] e=u] 4 [ = U

e=tou 225 = teu] [t=>tou] 225 ¢ = tou]

[v>s;=tey] >sey=u L [V >s = U]
V>s;=t>s=ul] L [V > = u]

ot fd=t] [t > =] [ =]
[e = [t>p(X) = u]] L [¢" = U]

Patterns s, sq, s’ are strict, whereas p, q are paths, having exactly one non-
strict tensor-component. In the first rule it is assumed that the variables
of p are disjoint from the variables of s. In the rule for strict match, y are
the variables of s; that are not free in t. Renaming of the variables of s, u is
implicitly used to ensure that the variables of s and y are disjoint.
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Recursion The obvious rule for recursion is

[e = t{recx.t/x}] 2= [¢/ = ]
[e = recx.t] 2= [¢/ = t/]

but nothing has been proven about it.

E Proof of type-correctness

The proof of Proposition 3.9 proceeds by rule induction using the induc-
tion hypothesis

Q([e = t]): Letr be any term such thatt [¢ = t®r] : PQR. If
[e = t] -2 [¢/ = t'] then p is a path with I I p : P for some I,
andF [¢ = t®r]:NIoR.

We look at each rule in turn:

Variable The rule is

v et

v>s=x 5 [V >s=x

with the variables of p and s disjoint. Assume F [v > s = x| : P and
let r be any term such that - [v > s = x®r] : P®R. Thent v : Q
and Ay, x : P, Ay IF s : Q for some Q, A1, A,. By the induction hypothesis,
A IF s{p/x} : Q for some A, but this means that [T |- p : P for some [
and A = Aq, T, A,. By further use of the induction hypothesis, - V' : A and
so, if we change the type of x to 1, we get A, x : [1,A; IF s : A, so that
[V >s=x®r]|:N®R aswanted.

Sum The rule is

=t B[ =t jel

e = Sieiti] £ [¢ = t]

Assume - [e = Y tj] : P and let r be any term such that - [¢ = Yig tj ®
r] : P®R. Then foreach j € I, we have - [¢ = tj®r] : P®R, and so by
the induction hypothesis, I+ p: PforsomeNand - [¢ =t/ ®r] : T®R,
as wanted.
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Prefix There are two rules:

e =1 2 [¢ = 1]
[e = at] 2% [e = [e = at] 22 [¢ = ]

Assume + [¢ = at] : B,P,. and let r be any term such that - [¢ =
at® r] . @a]P)OCL Q R.

In the former rule, a.x hastype x : P; IF a.x: @, Py and bk [e = tQ1] :
P, ® R as wanted.

In the latter rule, - [¢ = t® 1] : P, ® R, so by the induction hypothesis,
MiFp:PyforsomeNandt [ = t'@r]: M®R. Since N I a.p : P,Pu,
we are done.

Tensor There are two rules:

[e=1t] 2 [ = 1] [e = u] I [¢ = U]
[e=>teu] 22 [ =t ®u] [e=>tou] 225 ¢ = tou]

Assume F [¢ = t®u] : P® Q and let r be any term such that - [¢ =
(tou)er : (PeQ)®R.Thent [¢ = t® (u®r)] : P® (Q®R) so by
the induction hypothesis, I |- p : PforsomeNand - [¢ =t/ ® (U®T)] :
N (Q®R).Butthenl,y:QFpey:Pe®QandF [¢ = (®u)®Tr]:
(N® Q) ® R as wanted. The proof for the other rule is symmetric.

Strict match The rule is:
[Vv>s1=tey]>s®y=u & [V >5 = U]
Vv>si=t>s=ul] L [V >s = u]

with ¥ the variables of s; that are not free in t and with the understanding
that renaming of variables of s, u is done to prevent clashes in the pattern
S® Y. Assume

Flv>si=[t>s=u]]:Q
and let r be any term such that
Flv>si=[t>s=ul®r:Q®R.

By the renaming of variables of s, u, we may assume that r has no free vari-
ables also occurring in s. According to the remark following Lemma 2.3,
this means that

Flv>si=[t>s=uxr]]:Q®R.
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Lemma 2.4 then yields
Fllv>si=tey]>sey=uer:QeR

and so, by the induction hypothesis, A I q : Q for some Aand - [V >
s’ = u ®r]: A®R as wanted.
Path match The rule is:
=t =t [=>X=u] 5[ =)
[e = [t > p(X) = u]] L [¢ = U]

Assume F [e = [t > p = u]] : Q and let r be any term such that
Fle=t>p=ul®r:QeR.

Letting ¥ be the variables bound be ¢ that are not free in t, we have |- [¢ =
toy] P P for some P. By the induction hypothesis, we therefore have
M- p:PforsomeMNand [¢ = t' ® Y] : I1® P. But this means that

Fl =t >X=uer :QeR

and by further use of the induction hypothesis, we get A I- g : Q for some
Aandt [¢" = U ®r] : A® R as wanted.

By rule induction, the proof is complete.

F Cases of the equivalence proof

The missing cases in the proof of Theorem 3.11 are listed below:

Term Xic,t; There is one possible last rule:

=t B d=1t] jel

e = Siciti] £ [¢ =t

Let r be any term such that [¢ = i, tj ® r] is well-formed and closed.
For each j € I, we may argue as follows: t; is structurally smaller than
Yieiti (because of our convention of not using the sum notation when | is
a singleton). So [¢ = Xijctj] = [¢ = t;] and therefore, by the induction
hypothesis,

(pe2) [[e=tjor]] =Xyl = ter]].
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We then get:

(P®2)*|[e = Siciti®r]|
> [e= p*Siaiti] x Z[r]] (3.6),(3.5)
= e = Siep*[ti]) x, Z*[r]] (3.3)
= [e= S (p*[ti] < Z°[r])]
= Ei@(p ® Z)* HS =>4® r]J (3.5),(2.3)
= Y Xyl = ter]]
— as wanted.

Term a.t and path b.x There is one possible last rule:

[e = at] 2% [e = {]
Let r be any term such that [¢ = a.t ® r] is well-formed and closed. Then,

(bx®2)*|[e = at®r]]

>~ [e = b.x*|at] x| Z*|r]] (3.6),(3.5)
~ Jle=xt x Z*[r]] ifa=b (3.4)

e = @ x, |r]] ifazb

~ Jle= [t x [r]] ifa=b

T =l iaze  ©F

~ lle=t®r]] ifa=b (35),(2.3)

I} ifaZb

—as wanted.
Term a.t and path b.p There is one possible last rule:

e =t 2 [¢ = 1]
[e = at] 22 [¢ = ]

Let r be any term such that [¢ = a.t ® r] is well-formed and closed. Since t
is structurally smaller than a.t, we have [¢ = a.t] > [¢ = t]. Hence, by the
induction hypothesis,

(P2 le=tar]] 23yl =t ®r]].
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We now get:

(b.p7)*|[c = atxr]]

>~ [e= b.p*|lat] x Z*[r]] (3.6),(3.5)
N [e = p*[t] x, Z*[r]] ifa=bh (3.4)
) e= 2 x, Z¥|r]] ifazb
~ (PR2)*|[e = t®1]] ?fazb (3.5),(2.3)
1%} ifazb
~ ) Zqlle =ter]] ifa=b
o %] ifazb
— as wanted.

Term t ® u and path p ® y There is one possible last rule:

e =t 2 [¢ =t

[e=tou] 22Y [ = t' @ u]

Let r be any term such that [¢ = (t® u) ® r] is well-formed and closed.
Since t is structurally smaller than t ® u, we have [¢ = t® U] = [¢ = t].
Therefore, by the induction hypothesis,

(pe2)le=tauer)]] 23|l =t usr)]].
We then have:

(p®y)®7)"|[¢ = (toU)®T]]

[e = (p*[t] x L y*|u]) xL Z*[r]] (3.6),(3.5)
[e = p*[t] xu (y*[u] x Z*[r])]
(PR |[e=>te(UeTr)]] (3.6),(3.5)
Sglle=teuer)]]
Y lle= (tou)er]]

1112 112 112 11

—as wanted. The case with path x ® g is symmetric.
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G Representation of composition

The following verifies that the span P «£<- C 1< R is a representation of
a profunctor as wanted:

C is an event structure The relation < is a partial order since both C
and <g are, and the relation —¢ is symmetric and irreflexive since both
¥a and g are. Finiteness of a € LA and [e| € LB implies finiteness of
[(a,e)] for all (a,e) € C.Finally, if (a,e) —c (a',¢') <c (a”,¢”) then either
a faa Ca’implyinga }aa” ore —g ¢ <ge” implying e —g ¢”. So, in
either case, (a,e) —¢ (a”,¢") as wanted.

uc is of the right form If (a,e) <c¢ (a/,¢'), then a C a’ and so clearly
uc(a,e) = u/la - ula’ = uc(d,¢). If (a,e) Cc (2/,¢'), then by definition,
a Ta @’ sothat events of a and &' are pairwise consistent. The map pp sends
such pairs of events to compatible configurations of P and it follows that
uha 1p pha'.

nc is a strict morphism Let (a,e) € C. We'll first show that [nc(a,e)] C
ncl(a,e)]. Solete € [nc(a,e)] which equals [nge] by definition and ng|e]
because ng is strict. Therefore, there is an ¢’ <g e such that nge’ = €. The
map ug sends ¢/ <g e to configurations uge’ C uge = naa of Q, and
so applying Lemma 4.4, item (iii) to na, there is a (unique) configuration
a’ C aof LA such that naa’ = uge’. In other words, (a’,¢’) € C and since
(@',¢') <c (a,e) we gete = nge’ =nc(a’,¢') € ncl(a,e)] as wanted.

For the converse, suppose € € nc|[(a,e)]. Thene = nc(a’,¢e’) for some
(@’,¢') <c (a,e). We need to show that nc(a’,e’) = nge’ <g nge = nc(a,e).
But this follows from ¢ <g e and the fact that np is strict.

Finally, we must show that for all (a,e), (&’,¢') € C, (a,e) ~¢ (d,¢)
implies nc(a,e) ~r nc(@’,¢'). Assuming (a,e) ~c (a’,¢’), there are two
cases. If e # ¢/, then we have e ~g ¢’ so that, by strictness of ng, we get
nc(a,e) = nge ~r nee’ = nc(@,¢e’). On the other hand, if e = ¢’ we
must have a # a’ and a Tp a'. Let a” € LA be a superset to both. Since
(a,e), (a’,e) € C, we have naa = naa’ = uge, but na is strict and so,
according to Lemma 4.4, item (iii), there is a unique configuration included
in @’ whose image under n, is uge. We have a contradiction with a # a’
and we are done.
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