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Traces for coalgebraic components
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This paper contributes a feedback operator, in the form of a monoidal trace, to the theory
of coalgebraic, state-based modelling of components. The feedback operator on components
is shown to satisfy the trace axioms of Joyal, Street and Verity. We employ McCurdy’s tube
diagrams, which are an extension of standard string diagrams for monoidal categories, to
represent and manipulate component diagrams. The microcosm principle then yields a
canonical ‘inner’ traced monoidal structure on the category of resumptions (elements of final
coalgebras/components). This generalises an observation by Abramsky, Haghverdi and
Scott.

1. Introduction

The subject of study in the field of coalgebra is state-based computation. A computer is
a device that has an internal state, roughly given by the content of all its memory cells
and registers, that is not directly observable. However, a user can observe and modify
part of this state through I/O devices, such as a screen or keyboard. Very abstractly, such
a computer is captured as a coalgebra X — F(X), where X represents the state and F
captures the type of operations (for observation and modification) that one can perform
on these states. A simple example is a deterministic automaton of the form X — (X x B)4,
where A4 is a type for input and B is a type for output.

The coalgebraic view on state-based systems yields a generic view, for instance, on
bisimilarity (indistinguishability of states) and compositionality (see, for example, Turi and
Plotkin (1997)), and on modal logic (see, for example, Kurz and Pattinson (2005)), giving
a way to reason about properties of states with dynamic operators like ‘nexttime’. Here we
use coalgebras to (further) develop a calculus of components, which describes various ways
of combining components (smaller subsystems) into larger systems. Numerous component
calculi have been proposed, such as Reo (Arbab 2004), with the aim of aiding the modular
design of complex systems. The existing component calculi come with different sets of
(typically several) component connectors. In earlier work (Hasuo et al. 2009; Asada and
Hasuo 2010), we have focused on a small core subset of such calculi, with sequential
composition and parallel composition only. In this paper we add a feedback operator to
this calculus, in the form of a trace.
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This calculus may be understood as a many-sorted process algebra that acts directly on
systems; by employing the microcosm principle, we also obtain process algebraic operators
on behaviours (Hasuo et al. 2008; Hasuo et al. 2009).

A categorical approach to system composition based on bicategories was developed
in Katis et al. (1997). The bicategorical aspect comes up if one uses components as
morphisms, because composition of components is associative only up to isomorphism —
see Lemma 4.2 (3). This approach was extended in Barbosa (2001; 2003) with monads to
allow for different kinds of computation (Moggi 1991). Here, as in Hasuo et al. (2008)
and Hasuo et al. (2009), we take a slightly different approach and use components as
objects in a category, with fixed input and output. In order to deal with the relabelling of
input and output, we need to organise the whole as an indexed category. However, this
indexing is straightforward and poses no technical obstacles.

A crucial ingredient that has been missing so far in these calculi of components is
feedback, which allows us to include ‘loops’ in diagrams of components so that we can
capture recursive flows. In this paper we extend coalgebraic component calculi with such
a feedback mechanism in the form of a trace operator. Traces as feedback operators were
introduced abstractly in Joyal et al. (1996), and we, essentially, follow their framework,
except that the required identities for these traces only hold up to isomorphism (just
like for composition). The traces that we introduce for coalgebraic components are based
on the trace construction in Kleisli categories from Jacobs (2010). In his thesis, Barbosa
discusses a ‘partial feedback’ operator (see Barbosa (2001, Chapter 5, Section 51)) but it
is not a proper trace operator (in the sense of Joyal et al. (1996)) because it does not have
the correct type or behaviour.

It is very useful to have a diagrammatic language for components that allows us to
build a composite system using a picture with lines representing connections between
them. There is already a standard language of string diagrams for monoidal categories
(see Penrose (1971) and Joyal and Street (1991)), and here we employ McCurdy’s
extension (McCurdy 2010), which we call tube diagrams, for capturing coalgebraic
components and their connections. This language can be used to reason about coalgebraic
components using specific diagrammatic manipulations — see Section 5. The additional
(third) dimension obtained by using tubes rather than strings is needed because in our
calculus input can be structured both multiplicatively (with tensor ®) and additively (with
coproduct +). The feedback/trace operator works with respect to this additive structure.

The additional trace operator for components embodies iteration in data processing,
which is a fundamental concept in computer science. Our theory is generic because it is
parametrised by a monad T': the monad represents the computational effect that makes
an iterated function ‘total’. The prototypical example of such an effect is partiality (that
is, T = 1+ (—), the lift monad) but non-determinism and probability also fits in this
setting. To demonstrate the versatility of our results, we derive the traced monoidal
structure of the category of T-resumptions, in a canonical manner. This generalises the
observation in Abramsky et al. (2002), where the authors focus on the partiality effect
(that is, T = 1+ (—)) and the trace operator on resumptions is introduced in concrete
terms. Here, instead, we derive trace operators on various resumptions uniformly from
the trace operators on components in the style of Krsti¢ et al. (2001). The derived traced
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monoidal category lives in the ‘traced monoidal bicategory’ of components, providing an
instance of the microcosm principle (Baez and Dolan 1998; Hasuo et al. 2008; Hasuo
et al. 2009). Another way to look at our construction is that it uniformly transforms the
traced monoidal category of T-computations (namely the Kleisli category #7/(T)) into
the traced monoidal category of T-strategies (identified with T-resumptions). By further
applying the Int-construction (Joyal et al. 1996), one obtains the compact closed category
of (stateful) T-games, as pointed out in Abramsky and Jagadeesan (1994).

The paper is organised as follows. After some preliminary material in Section 2, we
introduce in Section 3 the fundamental operator of ‘state extension’, which adds a state
object, either on the left or on the right, to a coalgebraic component. This will play
an important role in the rest of the paper, for instance, in Section 4 on the various
composition operators: sequential >>; multiplicative parallel ||; and additive parallel .
In Section 5, we describe the tube calculus, with several distributivity results, and in
Section 6, we define traces for components and prove that the trace axioms hold — this
is the main contribution of the paper. Finally, in Section 7 we identify the category of
resumptions as an ‘inner’ traced monoidal category in the category of components.

2. Preliminaries

The basic setting is described by a category € with some structure and a monad T on
€. We assume in the first place that € is a symmetric monoidal category with tensor
®: € x €C — € and tensor unit I € C, together with canonical isomorphisms:
X®(Y®Z)%>(X®Y)®Z I®X*;>X X®Y%;>Y®X (1)
We will often write p =4079: X Q@1 =X,
We assume that the monad T = (T,#, 1) on € is symmetric monoidal (also known as
commutative) through a natural transformation with components

dst: TX)@T(Y)»>T(X®Y)

interacting appropriately with the monoidal isomorphisms (1) and with the unit # and
multiplication p of the monad. For this natural transformation dst, we write

st=dsto(n®id): X T(Y)>T(X®Y)

for the ‘strength’ map of the monad. The abbreviation ‘dst’ stands for ‘double strength’.

The Kleisli category of the monad T is written as #7(T). We will usually write a fat
dot e for composition in #7Z(T) if we wish to distinguish it from ordinary composition o
in €. The inclusion functor J : C — #/(T), given by X — X and f +— 5 o f, is sometimes
not written explicitly when the context allows us to omit it.

We also assume that the category € has (distributive) coproducts +, 0, also written as [ |
when indexed over a set. The associated coprojections will be written as k; : X; — X+ X»,
and cotupling of f;: X; — Y is written as [fy, f2] : X1+ X, — Y. Distributivity here means
that the tensor ® distributes over coproducts (0,4). In the binary case, this means that
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the canonical maps

def

id ¢ ,id 2
dm=(X®A+X®B[”@1w”

X®M+BD ?)

are isomorphisms. Additionally, the canonical map 0 — X ® 0 is an isomorphism; this
is the nullary case of distributivity. Notice that if the category € is monoidal closed,
these isomorphisms exist automatically, since X ® — is then left adjoint to exponentiation
X —o (—).

The following lemma lists some elementary equations for the distribution map dis that
will be used later — the proofs are easy and left as an exercise.

Lemma 2.1. The distribution map dis defined in (2) satisfies
(1) naturality: diso (f® g+ f®h) = (f ® (g + h)) o dis.

(2) o o (id ® dis) o dis = dis o (o + «).

(3) Lodis =1+ 4

There are also rules regulating the interaction of the distribution map (2) with the
monoidal isomorphisms associated with coproducts. We shall label them with a +, as in
oy, in order to distinguish them from the isomorphisms for ®.

Lemma 2.2. The distributivity map dis interacts with the monoidal isomorphisms for +
as follows:

(1) Interaction with p:

XeAd+0—— s xe4
id-Hl
X®A4A+X®0

dis | o
X®A+0)—— X ®A4

(2) Interaction with y, :

XQA+X®B— s X®@B+X®A4

disl dor, ldis

X®A+B)———— 5 X®(B+A4)

(3) Interaction with o :

(X@A)+(X®C)+(X®D) ——= (X®A) +(X®C))+(X ®D)
id+disl ldis +id

X®A4)+(X®(C+ D)) X®A4+C)+(X®D)
disl den, idis
X®A+(C+D)) X®(A+C)+D)
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3. Coalgebraic components and state extension

This section describes the basic construction of what we call ‘state extension’ for coalgeb-
raic components. It serves as an auxiliary operator for constructions like composition and
trace in later sections. Formally, state extension is described as an action of a (monoidal)
category on a category of components (Janelidze and Kelly 2001). This insight is not
important for what follows, so it is elaborated separately in Section 3.1.

As in Barbosa (2001; 2003) and Hasuo et al. (2009), we consider coalgebraic components
of the form

X®A4A—— T(X ® B) (3)

where X is the state space, A is the type/object of inputs and B is the type of outputs. In
general we shall use letters like X,Y,Z, U,V for states and A4, B,C for in/outputs. The
monad T captures the type of computation involved, following the standard approach in
monadic computation. For instance, non-deterministic when T=powerset, partial when
T =lift, probabilistic when T=distribution, with side-effects when T = (S x —)° with S
for states, or even deterministic when T'=identity. Throughout this article, T will be used
as a parameter, and we will make it explicit when any additional requirements are needed.
However, T will often be invisible when we are working in the Kleisli category #7(T)
of T.

Strictly speaking, the map ¢ in (3) is not a coalgebra. When the category C is closed,
with —o as exponent (internal hom), this map ¢ may equivalently be written in coalgebra
form X — 4 — T(X ® B). Using the form (3), we can work without the closedness
assumption on the category C.

For fixed objects A, B € €, we thus have a category of such coalgebraic components,
which we shall write as Comp(T, 4, B). A morphism

(X@AA'T(X®B))%(Y@A&T(Y@B)) (4)

in Comp(T,A,B)is amap f: X — Y in C satisfying
T(f ®idg) o c =d o (f ®idy).

There is thus an obvious forgetful functor Comp(T, A, B) — C that maps a coalgebraic
component to its underlying state.

Each ‘pure’ map f: 4 — B in € gives rise to a coalgebraic component, written as arrf
in Comp(T, A, B), with the tensor unit I as the trivial state space, as in

id;®f n

def (1 ® A [®B T(I ®B)). (5)

arrf =

For maps g: C — A and h: B — D in € there is an obvious relabelling functor
(g.h)": Comp(T, 4, B) — Comp(T,C, D)
given by

. id . ideh
(X@AHT(X@B))|—> (X@CﬁX@A—)T(X®B)M>)T(X®D)).
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On morphisms of coalgebraic components, relabelling is the identity. Components thus
form a functor

Comp(T,—,—): C°® x C — Cat,

which can be described as Cat-valued distributors/profunctors/arrows, as shown in Hasuo
et al. (2008), Hasuo et al. (2009) and Asada and Hasuo (2010).
With these definitions in place, we can now introduce state extension.

Definition 3.1. For a coalgebraic component X ® A 5 T(X ® B) with state space X, as
in (3), and for objects U,V € C, we define two new coalgebraic components U | ¢ and
¢ | V, with extended state spaces U ® X and X ® V, respectively, as follows:

Ulc

UeX)®A T((U® X)® B)
a,llg " ETT(%)
UR®(X®A) 5 U®T(X®B)— T(U® (X ®B))
clV
XeV)®4 | T(X®V)®B)
! o(y@id)lz zTT((y ®id)ox)

Vo(X®A) YV eT(X®B)—2= T(Ve (X ®B))

Clearly, ¢ | V = T(y ®id) o (V | ¢) o (y ® id).

State extension can be defined more conveniently directly in the Kleisli category #7/(T),
namely as

Ulc=ae(U®c)ea!
d|V=>p®id) e (V |d) e(y®id).

Also, reasoning about these constructions is easier when done directly in the Kleisli
category. In the proof of the main lemma below, we shall use a mix of reasoning in both
C and #7/(T) to demonstrate the difference. Later on in this paper, we will reason mostly
in the Kleisli category.

State extension satisfies the following basic properties.

Lemma 3.2. The above operators U | ¢ and ¢ | V satisfy the following properties.

(WDWU|n=nandn|V =n.

(2) U | (arrf) = n o (idwen ® f) and (arrf) | V =n o (idyeu) ® f), with arr defined in the
definition (5) above.
(3) For two composable components

X®A45T(X®B)

X®BL5 T(X®C)
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with the same state space, state extension commutes with Kleisli composition e, in the
sense that:

Uldec)=(U|d) e(U|c)
doc)|V=(]|V)e(c]|V)

(4) State extension with the tensor unit I as the trivial state space is isomorphic to the
original component through maps of components:

T(X®)®B) 2V 17X 0 B) 22 T(1 ® X) ® B)

(‘IT p®id TC /®id TI'L

XeHed—""— XA« —(I®X)®4

(5) Repeated state extension is isomorphic to tensored state extension:
T (a®id)
T(Ue(Ve®X)®B)—T((U®V)®X)® B)

Ul( V|c)T T(U@V)k
Ueo(Vex)ed— ,(UsV)oX)®A

T(X®UeV)®B) 2 T(XeU)eV)® B)

el U@V)T T(C\U)\V
(X®(U®V))®ALM>((X®U)®V)®A

(6) Left and right extension can be exchanged through an isomorphism of components:

T(U®(X®V)®B) =3 T(U®X)® V)® B)

Ul T , Twieaw

UeXer)ed— ,(UeX)eV) e
(7)For f: U > U' and g: V — V'’ we have

(U'|e)o((f®id)®id) = T((f ® id) ® id) o (U | ¢)
d]V)o(id®g) ®id)=T([d®g)®id) o (d| V).

For a map h in € between states we have

T(id®h) ®id) o (U | ¢) = U
T(h®id)®id)o (d |V
(Ulc)o((ideh) ®id
d|V)o((h®id) ®id

[(T(h®id) o c)
=(Th®id)od) |V
=U|(co(h®id))
=(do(h®id)) | V.

—_ = ~— —
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Consequently, if h: X — Y is a homomorphism of coalgebraic components, the
following diagrams commute:

T h)®id
T(U®X)®B) —I2% (' oY) B)
Ulc U'ld
T (fohsid ) T |
UeX) ®A4 UeY)®A
T ((h id
T(X®V)®B) — % (v e V') @ B)
c|V daiv’
T (heg)®id T

XelV)eA YoV)®A

(8) State extension also commutes with relabelling: for g: C — 4 and h: B — D we
have

(&h (U lc)=U]|((gh) ()
(&h) (el V)=(gn ()| V.

Proof. Because left and right state extension are related through
c|V=T@reid)o(V|c)o (y®id),
we generally only consider one case. For instance, for the first point, we have

U|ln=T(@) osto(n®id)oo!
odsto(n®n)oa!

T (o)
=T(x)onoou !

noa

n

The interaction of state extension and Kleisli composition in the third point of the lemma
is best shown in the Kleisli category itself:

(Uld)ye(U|c) =oae(U®d ea'ene(U®c)eu
=ge(U®d) e (U®c)eu
=oe(U®(dec)) eu
=Ul(dec).
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The validity of the fourth point follows from

H®id ¢
(X®I)®A%>X®A T(X ® B)
y®idl
I®X)®A4
2
“’ll T(p®id)

T(®id)

id®cl

I®T(X®B)—» TU® (X ©B) —» T 8 X) 8 B); - T(X @) @B)
\_

ol
Also, for the fifth point, we will only elaborate one case, and in the Kleisli category:
(@@id) e (U[(V|c)=(id)exe(U®(xe(V®c)ea ') eu
—nene(U®(V®c)e(Uo eu!
—oe(U®V)|c)eae(U®au ')eoa!
=oe(U®V)|c)ea " o (x®id)
=(U®V)]|c)e(x®1id).

The verification of the remaining properties proceeds along the same lines, and is left as
an exercise. O

3.1. State extension as action

The state extension operators | can be described as functors in the following diagram:

€ x Comp(T, A, B) — Comp(T, A, B) «— Comp(T, A, B) x C

L. L,

CxC C CxC

The functors
C x Comp(T,A,B) — Comp(T, A, B)
Comp(T,A,B) x C —» Comp(T, A, B)

at the top this diagram can be equivalently described as (two) functors of the form
C 3 [Comp(T, A, B), Comp(T, A, B)],

from C to the category of endofunctors on the category Comp(T, 4, B). These two functors
are strong monoidal, where the category of endofunctors carries composition and identity
(of functors) as a monoidal structure. This means precisely that the monoidal category C
acts on Comp(T, A, B) (see Janelidze and Kelly (2001)) in two ways, namely through left
and right state extension.
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Moreover, because (left and right) state extensions commute with relabelling, they form
natural transformations in
CxComp(T,—,—)
/ U
C°r x C Comp(T,——)—— > Cat

T~

Comp(T,—,—)xC

By combining these two observations, we conclude that the monoidal category € acts on
the indexed category

Comp(T,—,—): C°® x C — Cat,

in the sense that there are strong monoidal (left and right) state extension functors

Ise
C %; [Comp(T> ) _): Comp(Tr ) _)] (6)
from C to the category of endomaps on Comp(T,—, —). Objects of the latter category are

natural transformations
o: Comp(T,—,—) = Comp(T,—,—)

and a morphism M : ¢ — 1 between such natural transformations is a so-called modific-
ation (Kelly and Street 1974; Jacobs 1999), which is a family of natural transformations
M4p): 0(4,8) = T(4,3) commuting with relabelling.
We shall now elaborate the left state extension case in (6). Each U € C yields a natural
transformation
Ise(U): Comp(T,—,—) = Comp(T,—,—)

between indexed categories, with component on (4, B) € €C°? x € given by the functor
Ise(U)4,p): Comp(T,A4,B) — Comp(T, A4, B),

which was written earlier as ¢ +— U | ¢. Hence Ise(U)4p = (U | —). This is functorial by
Lemma 3.2(7), and natural in 4, B by Lemma 3.2 (8). Each map f: U — U’ in C yields a
modification Ise(f): Ise(U) — Ise(U’) between these natural transformations, consisting
of a family

Ise(f)(A,B) : Ise(U)(A,B) — Ise(U’)(A,B)
of natural transformations, with component for a coalgebra X ® 4 5 T(X ® B) consisting
of the map

Ise(f).8).c
Ise(U)uu)(€) = (U | ©) —— 2 (U’ | ¢) = Ise(U') (<)

We thus have the natural transformations

CrxC Comp(T, A, B)
Comp(T,—,—) <Se >C0mp(T—— Ise(U)sp) Qse(f AB> Ise(U')u.5)
Comp(T, A, B)
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It is not hard to check that Ise(U) is natural (in 4, B) and that these Ise(f) are natural
(in ¢) and commute with relabelling.
Finally, this functor

Ise: € — [Comp(T,—,—), Comp(T,—,—)]

is strong monoidal because it preserves the monoidal structure:
Ise(I)4.p)(c) = 1]c

c
UeVv)|c
Ul(Vlo
Ise(U)4,5)(1se(V)4,8)(c))
(I1se(U)a) o Ise(V).5)(c),

where the category of endomaps [Comp(T,—,—), Comp(T,—,—)] carries the standard
monoidal structure given by composition as tensor, with identity as the tensor unit.

e

Ise(U ® V)(u.p)(c)

lle

4. Composition of components

This section describes three basic forms of composition for coalgebraic components,
namely:

— sequential composition >
— multiplicative parallel composition ||
— additive parallel composition [l.

We will begin with >s>, which we can conveniently describe in terms of state extension.

Definition 4.1. The sequential composition operator > is defined for coalgebraic com-
ponents with matching input and output. For

X®A—+T(X®B) and Y®B 15 T(Y ®C)
we get ¢ > d through the composition of Kleisli maps:
c|Y X\|d
cs>d= ((X@Y)@A—MX@Y)®B—>(X®Y)®C).
Thus ¢ > d involves first doing ¢ and then d, on a combined state space X ® Y.

The notation > for composition is as used for arrows — see, for example, Jacobs
et al. (2009). Composition of components satisfies the properties of composition for
arrows, but only up to (canonical) isomorphisms. This will be shown next.

Lemma 4.2. The following equations and isomorphisms (of coalgebraic components) hold
for sequential composition.
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(1) We have

arr(f)>s>arr(g)=(arr(go f)|I)=(I | arr(g o f)) —» arr(g o f)

in the following isomorphism of coalgebraic components.

T((I ® I) ® C) T(l@id)zT(p@id) T(I ® C)
arr(f)>arr(g)~(arr(gef)ID)=(Iarr(gof ) | R Tarr(gos)
I®N®A— 184
(2) We have
¢>>arr(g) — T(id®g) o
arr(f)>>d —>do(id® f)
n
d) A®id
T(X @) ® C) 22 TXeC) TWeY)e O =8 Ty @ C)
c>>>arr(g)T (1d®g)0( arr(f)>>>d Tdo id®f)
(X®I)®A4>X®A (I®Y)®A4>Y®A

In particular, arr(id) is unit for >, up-to-isomorphism.

(3) We have
(c>=>(d>>e) — = ((c>=>>d)>>e)
in
T(X®(Y ®2)®D) — = L T(X®Y)®Z)®D)
(c>>>(d>>>e))T R T((c>>>d)>>>e)
X®((Y ®Z))®AT=M>((X® Y)®Z)® A

(4) For appropriately typed maps in € between states,

(fe®g)®id)e(c>=>d)=((f®id) e c)>> ((g®id) e d)
(c>>d)e(f®g)®id)=(ce (f ®id))>=>> (d e (g ®id))

As a result, sequential composition > of components is a functor of the form
Comp(T, A, B) x Comp(T,B,C) — Comp(T, A4,C).
The last point suggests the notation used in Hasuo et al. (2009) for the type of =,
namely, (4, B) x (B,C) — (A4, C). We shall also use it later on, especially in Section 6.

Proof. All these properties follow from Lemma 3.2. The numbers labelling the equations
below refer to the items in this lemma. Recall that we use e for composition in the Kleisli
category of the monad T and o for composition in C.
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(1) We have,

arr(f)>=>>arr(g) = (arr(g)[I)e (I |arr(f))

= puoT(o(id®g))one(ide®f)
= T@id®g)ono(id® f)

— po(id®g)o(id®f)

= no(id®(gof)

D arr(go f) |1
= Ilarr(gof)
éarr(gof).

(2) Similarly,

T(p®id)o(c>=>arr(g)) = T(p®id) o (X | arr(g)) e (c| 1))

= Tp®id)opuo T(no(id®g))o(c|I)
=T(p®id)o T(id®g)o(c|I)
=TAid®g)oT(p®id)o(c|I)

= TAd®g)o(c|I)o(p®id).

(3) Associativity of > follows from a straightforward calculation, which is best done in
the Kleisli category:

(oc®id)o(c>>> (d>>>e))
o®id)e (X |d>=>e)e(c|Y ®Z)
x@id)s (X [(Y|e)e(dZ)) e(c| Y ®Z)
x®@id)e (X | (Y |e)e(X|([d|Z)e(c|Y ®Z)
X®Y |e)e(ax@id)e(X|(d|Z)e(c|Y ®Z)
X®Y |e)e(X|d)|Z)e(x®id)e(c|Y ®Z)
X®Y |e)e(X|d)|Z)e((c|Y)|Z)e(x®id)
)
)

= (
=
2 (
2
2
2
2 (

XoY|e)o (X [d)e(c|Y)|Z)e(x®id)
= (X®Y|e)e(c>>d|Z)e(x®id)
= ((c > d) > e) e (x®id).

(4) We will only prove functoriality, in a direct way: for two maps of coalgebraic
components f: ¢; — ¢y and g : di — dp, where ¢;: X;®A —» T(X;®B)andd;: Y;®B —
T(Y;®X)themap f®g: X;®Y; — X>®Y, is a morphism of composite coalgebraic
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components:

(f®g)®idc) e (c; =>>d;)

(f®g)®idc) o (X [ di) e (c1| Y1)
(X2l dy) e ((f®g)®idp)) e (ci|Y)
(
(

—_
-

_
-l

Xoldy)e(ca| Ya)e((f ®g)®idy)
2 >>dh) e ((f ® g) ®idy). 0

The next result captures the interaction between sequential composition > and state
extension |.

c d
Lemma 4.3. For components X @ 4 > T(X®B)to Y ® B— T(Y ® C), there are asso-
ciativity isomorphisms:

(U | (c>> d)) — ((U | ¢) >> d)

(c > (d | V)) — ((c > d) | V).

Proof. We use the properties of Lemma 3.2. We will only consider the first associativity
isomorphism:
(x®id) e <U | (c>>>d)) — (@®id)e (U|((X |d)e(c]|Y))
2 (@eid) e (U[(X|d)e(U|(]Y)
(Wex)|de@aide(U|(c]Y))
C(UeX)de((Ulc)|Y)e(@aid)
QU|@>»d).w®ku ]

4.1. Multiplicative parallel composition

Two coalgebraic components ¢,d, with different state spaces, and different inputs &
outputs, can be put in parallel to form new components. This can be done in different
ways. We will begin by discussing the ‘multiplicative’ method, which involves taking the
tensor of the inputs & outputs. Later, we will describe the ‘additive’ parallel composition,
which involves the coproduct of inputs & outputs. The additive version turns out to be
more important in the current setting, so our discussion of the multiplicative version will
be rather brief.

Definition 4.4. For components
X®A45T(X®B)

YoC 5 T(Y ®D)
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the multiplicative parallel composition ¢ || d is defined as Kleisli composition:

X®Y)®UeCl)— s (XeY)®(B®D)

7]= =T3

XA (Y o) —2 . (XeB)® (Y ®D)

where 7 is the obvious isomorphism that swaps the inner two objects.

It is easy to see that | yields a functor:
| : Comp(T,A,B) x Comp(T,C,D) — Comp(T,4® C,B® D). (7)

Using the (multi-sorted) Lawvere theory notation of Hasuo et al. (2009), this operator
can be described as a map

|:(4,B) x (C,D) »> (A® C,B ®D).

Remark 4.5. The type (7) of the functor | even suggests that the correspondence
Comp(T,—,—) be a (lax) monoidal functor €C°°? x € — Cat, where the former has
an obvious monoidal structure (inherited from ) and the latter has Cartesian products
as tensor products. This is also true of the additive parallel composition functor [ studied
in Section 4.2. However, it is not yet clear how we should use such higher-dimensional
structures, so the relevant technical developments are left for future work.

Now that we have this || operator, we can describe the equivalents of the ‘first” and
‘second’ operators in the context of Hughes” Arrows (Hughes 2000). They add an additional
input & output, on the left or on the right of the existing input & output, namely, through

first(c) = ¢ || arr(id)

: (8)
second(c) = arr(id) || c.
We will only state the following result for | without proof.
Lemma 4.6. There are isomorphisms of components:
(Viceta) -2 (wiold)
(ch@iv) = (el v). O

4.2. Additive parallel composition

Our next goal is to define an additive parallel composition operator [ for coalgebraic
components, which is called ‘external choice’ in Barbosa (2001; 2003). We need to assume
that our category C has binary coproducts +, and that the tensor ® distributes over them,
as described in Section 2, through a distribution map dis as in (2). These coproducts + in C
also form coproducts in the Kleisli category #7/(T) and are preserved by J : C — #/(T).
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So in #/(T) we have coprojections
J(ki)=noxki: X; = T(X1+Xy)

with cotupling as in €. Since the monad T is assumed to be commutative (that is,
symmetric monoidal), ® is also a tensor in #/(T), and it distributes over + in #7/(T),
through J(dis) = 5 o dis as distributivity isomorphism.

Definition 4.7. An additive parallel operator [ is defined on coalgebraic components
X®A45T(X®B)
Y®C-5T(Y ®D)

as Kleisli composition:

cOd

X®Y)®(A+C) (X®Y)®(B+D)

dis"l; \Y+XId %Tdis
X®Y)®A+(X®Y)®C—— (X®Y)®B+(X®Y)®D

where ¢ | Y + X | d is the coproduct of maps in the Kleisli category.
This additive composition operator [] forms a functor
Comp(T,A,B) x Comp(T,C,D) - Comp(T,4+ C,B + D),
which is defined on morphisms by f (g = f ® g. It may thus be written as a map
O:(4,B) x(C,D) > (A+ C,B+ D).

This will be helpful in Section 6.
Just as we had “first’ and ‘second’ operators for multiplicative parallel composition (8),

we also have them in the additive case:
firstg(c) = ¢ O arr(id)
secondg(c) = arr(id) O c.

)

These fundamental operators occur frequently in the rest of the paper, for instance in the
(di)naturality properties of the trace operator in Section 6.

We make the relation between [J and state extension explicit. It is very similar to the
relations between > or || and state extension, see Lemmas 4.3 and 4.6.

Lemma 4.8. For components

X®AS5T(X®B)
to

Y®CST(Y @D)

there are associativity isomorphisms

(U|(ch))é>((U|c)Dd)

(cD(d| V)) 2 ((ch) | V).
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Proof. The proof requires a rather elaborate calculation, and we will only present it for
the first isomorphism:

((U|c)Dd)o(oc®id)

2.

)
)

2.

—_
4

32(6)(5)

N>
—
=

dise (U]¢)| Y)+(U®X)|d) edis™' e (x®id)
dise (Ulc)| Y)+(U®X)|d) e (x®id)+ (2 ®id)) e dis™!
dise (Ulc)|Y)e(x®id) +((U®X) |d) e (x®id))) e
(x4 o) e dis™ o (U®dis™!)ea!
dise (x®id) e (U | (c|Y)) ®o)+ ((x®id) e (U | (X |d)) e ) e
dis' e (U®dis ') eo!
dise (x®id) + (2 ®id)) e
(co(U®(c|Y)oeolea)+(ae(UR(X|[d)eu'en))e
dis'e (U®dis!)ea!
(x@id)edise(x+a)e (U (c|Y)+ (U (X |d)) e
dis™! e (U®dis™!) e o
(x®id) e e (U®dis)edise (U (c|Y))+(U®(X|d))e
dis' e (U®dis ') ea!
(x@id)ece(U®dis)e (U®(c|Y +X |d) e (U®dis™!)ea!
(x®id) e e (U® (cOd)) eoa!
(x®id) e (U|(ch)>.

Many other properties, like associativity, can be proved for [1. We will state some of
them explicitly, but leave the details of the (straightforward) proofs as an exercise.

Lemma 4.9.

(1) Given arrows f : 4 —» B and g : C — D in €, we have a canonical isomorphism of

coalgebraic components arr(f) O arr(g) = arr(f + g). That is,

(2) We have

T(;.@id:T(p@id) T( ® (B + D))

Tarr(f+g)
I®(A+C)

T(I®I)®(B+ D))
arr(f)Darr(g)T

I®1)® (4 + () — =

(c>s>)0Od>=s>d) = (cOd)y=s (0Od),
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in
T(X®X)®(Y®Y')® (A" + B"))

T(f®id)

(s> )O(dssd) TIX®Y)®( X' ®Y')® (4" + B"))

XeX)eo(Y®Y')®(4A+ B) (cOd)ss(c0d')

%}

(X®Y)® (X' ®Y')® 4+ B)
Here
B:(X®X)®(Y®Y) > (X®Y)® (X Y

is the canonical isomorphism in a symmetric monoidal category (C, ®,1).
(3) We have

(cO(dOe)) 3> arr(o,) —> arr(ey) 3> (cOd)Oe),
in

TIX®(Y®Z)®I)®(D+E)+F))

T(f ®id)
(cO(d0e))s>arr(ay) =T((I ®(X®Y)®Z)®(D+E)+F))
((X ® (Y ® Z)) ® I) ® (A + (B + C))}’®'d arr(ay)>>((c0Od)Oe)

I®(X®Y)®Z)®A+(B+())
Here
B (X(Y®ZNRISI®(X®Y)®Z)

is the canonical isomorphism in €, and o is the associativity isomorphism for +.
(4) We have

(cOd) > arr(y;) — arr(y,) 3> (d Do),
in
T(8" ®id)
T((X®Y)®l)® (D +C) — 2P L T(I ®(Y ® X)) ® (D +C))
((:Dd)>>>arr(~,v+)T Tarr(;x+)>>>(d|jc)
p’®id
(XOY)®l)®M+B) — 2 (e eX)e +B)
Here
B =i"oyop(X®Y)®I —I1®(Y ®X)

and y4 is the symmetry isomorphism for +.

Proof. Items (1)—(2) are easy by direct calculation. Items (3)—(4) follow, essentially, from
the naturality of oy and y,, and Lemma 2.2 (2)—(3). L]
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4.3. Method combination

The additive parallel composition ¢ [Jd from the previous subsection applies to arbitrary
components c¢,d, which typically have different state spaces. In the special case when ¢, d
share the same state space, there is also a composition operator, which we shall write as
{c,d}. This can be viewed as a combination of the (Java-like) methods of ¢ and d on their
shared state space.

Definition 4.10. For two components
X®A-> T(X ®B)
to

X®C5T(Xe®D)

with the same state space X, we define {c,d} as Kleisli composition:

c,d
XoU+C)— Y L Xe(B+D)

dis™! | = » ;Tdis
C

X®A4A+X®C——X®B+X®D

If we understand a coalgebraic component as a mathematical model of a class in an
object-oriented programming language, we can see this method combination operator as
a form of class building: first the state space X is fixed, and then methods

Ci:X®Ai—> T(X@B,)
are combined in a class
c={ct,...,cn}: XQ A1+ +A4,) > T(X®(By + -+ By)).

Moreover, the extension of classes can be described to give a form of subclass and
inheritance, albeit without the overriding of methods. Given a class/component

c: X®A—->T(X ®B),
we can form a subclass by first extending the state to
clY: (X®Y)®A4A—->T(X®Y)®B).

Indeed, subclassing involves an extended state to accommodate additional fields/attributes.
Additional methods

d:( X®Y)eC—->T(X®Y)®D)

may now be added to obtain a subclass
={c|Y,d}:(X®Y)®(A+C)>T(X®Y)®(B+D)).

The proof of the following result is left as an exercise.
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Lemma 4.11. Method combination commutes with state extension:

U|{c,d} ={U|cU|d}
{e,d} |V ={c|V,d|V}.

5. Tube diagrams for components

Our goal in Section 6 (which is central in this paper) will be first to introduce a
trace operator that realises feedback loops for components and then prove that this
operator does indeed satisfy the expected equational properties from Joyal et al. (1996),
such as dinaturality, yanking and superposing. It turns out, however, that the composed
components occurring in the equations are rather complicated, and their overall structures
are best described using a variant of string diagrams.

String diagrams were introduced in Penrose (1971) to provide a succinct representation
of the morphisms in a monoidal category — see also Joyal and Street (1991). Our problem
is that we need to deal with two different kinds of monoidal structure ® and +, and this
calls for a carefully devised pictorial convention. Following McCurdy (2010), we employ
a version of string diagrams augmented by tubes, which we call tube diagrams. Tubes
enhance the slightly more common pictorial convention of functorial boxes (Cockett and
Seely 1999; Mellies 2006). In the current paper, tubes capture applications of functors of
the form X ® —.

We will now present the tube diagrams (based on McCurdy (2010)) for some of the
composition operators introduced in Section 4. We will begin by drawing some diagrams,
and then give an explanation. First consider the sequential composition operator in
Definition 4.1. Given two components

X®A—-—>X®B

YeB-LYecC

in #7/(T) with matching input and output, we represent them using tube diagrams as
follows:

Their composition

c>>d

X®Y)ed —> (XQ®Y)®C
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is then depicted as follows:

Y .
o N
c>3>>d =

(10)

We use the following conventions for tube diagrams:

— Diagrams are read from left to right.

— Each tube designates an object in #7(T). More precisely, it designates the identity
morphism on the object. In diagram (10), the tube that is shrunk and plugged into the
c-box and the tube that comes out of ¢ and is expanded to enclose the d-box are both
of type X. The other two tubes, viz. the one that encloses ¢ and the one that comes
out of d, are both of type Y. The three thick lines through the centre are of type A, B
and C. In fact, these ‘lines’ are also tubes and are just shown as lines here to simplify
the picture.

— Nested tubes designate the tensor ® in 2#/(T), and are calculated from the outermost
to the innermost. For example, the collection of three nested tubes at the left-hand
end of diagram (10) represents the object X ® ¥ ® A.

— Symmetry y of the tensor ® is depicted as a ‘waist’, that is, the exchange of outer
and inner tubes. This occurs twice in diagram (10), where the ‘waists’ are marked with
circles.

— Associativity isomorphisms are left implicit. That is, when dealing with tube diagrams,
we will assume strict monoidal structures in which we do not distinguish (X @ Y)® 4
from X @ (Y ® A), or (X +Y )+ A from X + (Y + A). For this reason, our later use of
tube diagrams should be viewed only as a ‘guideline’ for rigorous calculational proofs,
rather than as proofs in themselves. We will return to this point later in Remark 5.2.

To summarise, diagram (10) can be ‘parsed’ into the following composition of morphisms

in #/(T):
X®Y 04y 0 X @AY @ X®@BosX®Y @ B—2LX®Y ®C
waist box in a tube waist box in a tube

This composition is therefore the same thing as in Definition 4.1, modulo the use of the
associativity isomorphisms o. It is implicit in this correspondence that left- and right-state
extensions (Definition 3.1) can be depicted as follows:

U

X
Ule= | [

a—
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The ‘waist’ diagram representing the symmetry y : X ® Y S Y ® X might seem
strange at first sight, but, in fact, the usual ‘crossing’ representation of symmetry (see, for
example, Joyal and Street (1991)) can be recovered by looking at a certain section of the
three-dimensional picture’, as in:

X‘é'f\f><i
|‘||

In contrast to the multiplicative tensor ®, the additive tensor + is depicted by putting
two tubes in parallel (rather than nested). For example,

A

B

for

A+ B

and

for
Y ® (X ® A) + B).

The distributivity isomorphism dis from (2) relating the two tensors ® and + has a nice
graphical representation as a pair of ‘pants’, so

(12)

represents

dis :X®A+X®B— X ® (A+B).

T This observation is due to Shin-ya Katsumata.
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Furthermore, as dis is an isomorphism, the following equalities hold (the right-hand sides
are identity maps on suitable objects):

& ( —v ‘ //L /> ( >
— 1 _ ==T1]= ( (13)

Can N T \

We shall now establish another couple of results for manipulating these distributivity
‘pants’.
Lemma 5.1 (Mr. Bean’s Pants Exchange’). The following diagram commutes:

XY ®A)+X®(Y®B) 2 Xe(Y®4+Y ®B) B X e (Y ®A+B))

ata| K

(X®Y)®A+(X®Y)®B (X®Y)®(4+B)
7®A+10B | Le+s)
(Y®X)eA+(Y®X)®B (Y®X)®(A4+ B)
oc’l-&-a’ll la"

Y®(X®A)+Y®X®B) 2 YeX®A+X®B) °BY e (X A+ B))

and, in a strict monoidal category, is reduced to

XOY®A+X®Y OB X0 (Y®A4+Y®B) 22 X®Y ®(4+B)
7©4+7@B | lrew+p)
Y ®dis

YOX®A+Y®X®B -3 Y®(X®A+X®B) %Y ®X®(A+B)

Recall that y denotes symmetry isomorphisms for ®, so in terms of tube diagrams, we
have

(14)

Proof. We draw two horizontal maps labelled with dis in the above diagram in the
lemma, then use Lemma 2.2 (3) twice and naturality for dis from Lemma 2.1(1). |

Next we observe that the interaction between distribution dis and the coproduct
associativity o4 from Lemma 2.2 (3) is equivalent to the following one in a strict monoidal
setting:

X®A+X®B+C)—& s X®(A+B+0)
XoA+dis™ | Ldis! (15)

f Mr. Bean, Episode 1, Act 2, 1990.
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In terms of tube diagrams, this is

= =
[f—~ - (= (16)

‘\ N ‘\ A

This equality of tubes can be found in McCurdy (2010).

Another operator we will make much use of in Section 6 is the additive parallel
composition [1. Following Definition 4.7, we compose the diagrams in (11) and (12) to
obtain the following tube diagram for ¢ [ d:

i (17)

Remark 5.2. In order to turn our tube-diagram reasoning into mathematically rigorous
proofs, we would need a coherence result of one form or another. It could be a statement
that any non-strict such category is equivalent to a strict one; or a statement that the
category of string/tube diagrams is the free such category. Currently, we have no such
result, but this is not a total anomaly since among the dozens of well-known graphical
languages for various kinds of (monoidal) categories collected in Selinger (2011), there
are a number lacking coherence results, but they still offer useful guidelines for rigorous
calculational proofs, much like the tube diagrams do in this paper.

Remark 5.3. We should emphasise that all tube diagrams represent morphisms in the
Kleisli category #/(T). We shall also employ a different kind of string diagram later,
mostly for describing the trace axioms. This other kind of diagram is two-dimensional
and, essentially, provides a ‘pictorial shorthand’ for the composition of components. For
example, sequential composition ¢ >3 d of components is represented by

A B <

additive parallel composition ¢ [ d is represented by
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and the ‘identity component’ arr(id) is represented simply by a wire/line. Hence the
diagram

—_— —{ d }—
—_—{ e 1}

represents the composition (¢ O e) > (d O arr(id)), which is equal to (¢ > d)Oe up to
a canonical isomorphism (this follows from the results in Asada and Hasuo (2010) and
Hasuo et al. (2009)).

In this second type of string diagram, wires represent input/output interfaces and the
state spaces of components are not explicit. There should be no problem distinguishing the
two kinds of string diagrams. In particular, a component is represented in tube diagrams
by a 3D shadowed cube, while in the second type of diagram it is a 2D box.

6. A monoidal trace for coalgebraic components

Jacobs (2010) showed how for certain monads T the Kleisli category #7/(T) is traced
monoidal with respect to coproducts + as monoidal structure. Concretely, this means that
for maps of the form f: X + U — T(Y + U), there is a trace map Tr*’(f): X — T(Y)
satisfying standard properties (Joyal et al. 1996). This trace operator Tr*” on the Kleisli
category will be used to construct a similar trace operator for coalgebraic components.
The main task in this section is to show that the trace properties from Joyal et al. (1996)
also hold for these components, but only up to (canonical) isomorphism.

The precise properties that T must satisfy to obtain this (Kleisli) trace operator Tr”” are
listed in Jacobs (2010, Requirements 4.7). The main ones are that the category € should
have (countable) coproducts, the Kleisli category should be enriched over the category
of dcpo’s with bottom and the monad should be ‘semi-additive’. In this section we shall
simply assume that these properties hold for T. Examples of such a monad T include
the lift monad T = 1+ (—) for partiality, the powerset monad # for non-determinism, as
well as its bounded variant 2<* with k > N, and the (discrete, countable) subdistribution
monad & for probabilistic non-determinism where

IX = {d: X > [0,1] | ey d(x) < 1}.

Such a d is a ‘sub’distribution since its sum is < 1, rather than = 1 (see, for example,
Hasuo et al. (2007)).

Definition 6.1. The trace operator
Tr: (A+C,B+C)— (A,B)
is defined on a coalgebraic component
c: X®A+C)»>T(X®(B+C))
through the Kleisli trace operator Tr*”

T(dis™)ocodis

Tr(c)défTr'W(XébA—i—X@C T(X®B+X®C)).
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Note that this composition inside Tr*?(—) is really a Kleisli composition.

Using the tube diagram scheme described in Section 5, the trace operator can be
depicted as follows. First, the composite inside the trace operator Tr*’ is

dis'ecedis : X®A+X®B—>X®B+X®C  in#/T),

X
— - ]
: C L C

c

Applying the trace operator Tr*’ yields

and is thus depicted by

Tr(c) = (18)

The functoriality of the operator Tr is essential here.
Lemma 6.2. The trace operator Tr extends to a functor
Tr : Comp(T,4+C,B+ C)— Comp(T, A, B).
That is, given two components

CX®(A+C) > T(X®(B+C))
d:Y ®(A+C)— T(Y ® (B+C))

and a morphism f from ¢ to d (see (4)), f is again a component morphism from
Tr(c): X® A4 —> T(X ®B)
to

Tr(d): Y ® A —> T(Y ® B).

Proof. The proof makes essential use of the uniformity of the trace operator Tr”":
(id+h)ef=ge(id+h) implies Tr*/(f)=Tr""(g), (19)
Pictorially, this is

X Y X Y

U U a7V U oV V
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implies

X Y X Y

4

Hasegawa first formulated this notion of uniformity for traced monoidal categories in
Hasegawa (1999), and its name is derived by analogy with Plotkin’s uniformity principle
in domain theory (see, for example, Simpson and Plotkin (2000)) — for more recent
developments as well as more on the historical background, see Hasegawa (2004).

It is typical that in a traced monoidal category €, uniformity like (19) does not hold
for every h but just for ‘strict’ h. However, when the trace structure of € arises from C’s
structure as a partially additive category, uniformity is true for every h (Haghverdi 2000).
This is our current setting — see Jacobs (2010).

We now turn to the proof of the lemma. The following diagram in J#7/(T) commutes
by the assumption that f is a component morphism, combined with the naturality of dis:

’ ‘®C
XoB+XoC 27 yeB+Y®C

dis"T Tdis”
X®(B+C) Y ®(B+C)

CT fe(4+C) Td

X®A+C)———— Y ®(A+0)

disT Tdis

X®A+X®CW>Y®A+Y®C

f®(B+C)

Thus we have
(id4+f®C) o ((f®B+id) e dis™' e c e dis) = (dis™' e d e dis e (f®A+id)) e (id+f®C),
from which we derive, by uniformity (19),

Tr"’((f ® B+id) e dis™' ecedis) =Tr"’(dis™' ededise (f®A+id)).  (20)
This is used in the following calculation, which concludes the proof:

(f ® B) e Tr(c) = (f ® B)  Tr"’(dis™! e ¢ o dis)

= Tr"ﬁ( (f®B+id)edis ' ece dis) by the tightening axiom for
the trace operator Tr*’
(see, for example, Joyal et al. (1996))

=Tr""(dis™' ededise (f® A+id)) by (20)
=Tr"’(dis™" e d e dis) e (f ® A) by tightening
=Tr(d) o (f ® A). [

We will now make a special case explicit in the following lemma.
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Lemma 6.3. For an isomorphism ¢ in C of the appropriate type,

(p®id)eTr(c) e (¢! ®id) = Tr((p®id) e c e (¢~ ®@id)).

Equivalently, if ¢ is an isomorphism of coalgebraic components as in the left-hand
diagram below, then it is also an isomorphism in the right-hand diagram between the
corresponding traces:

T (p®id) T((p®1d)

TX ®(A+C) "5 T(Y ® (4 +C)) T(X ® A) —= T(Y ® A)
L’T ) Td Tr(c)T " TTr d)
X@U+C)—22 Y @(4+C) X®AL>Y®A O

In the remainder of this section, we first establish how the component trace Tr interacts
with state extension | and with additive parallel composition 0. We will then prove the
standard trace properties of Joyal et al. (1996). The trace properties, like the preceding
lemmas, will often be accompanied by the corresponding equalities of tube diagrams, which
we hope will convey some of the intuition behind the rather complicated calculations.

6.1. Trace and state extension

In Section 4.2 we have assumed that functors X ® — preserve binary coproducts, for
instance, because X ® — has a right adjoint (given by exponents —o).

Proposition 6.4. Let T be a (commutative) monad on a symmetric monoidal category C
with (countable) coproducts for which the Kleisli category #7/(T) has a monoidal trace
operator Tr*” with respect to coproducts. If functors U® — : € — € preserve coproducts,
then U ® —: A#/(T) — #/(T) preserves the trace operator in the sense that

U®Tr'W<X+Ci>T(Y+C)) U®X —TUY)
is the same as
dis (diSfl%
<U®X+U®CHU®(X+C)HT(U®(Y+C)§H (U®Y+U®C)).

In terms of tube diagrams,

Proof. The result follows from the way the monoidal trace is constructed through the
coalgebraic trace in Jacobs (2010). First, the functor Y + (—): € — € has an initial
algebra in € given by the copower N - Y with algebra map

oy = [KOa [KnJrl]nE]N] Y + N-Y iN - Y.
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The functor U ® —: € — C preserves coproducts by assumption, so the canonical map
d=ld®Kylyen: N- (U®Y)>U®(IN-Y)

is an isomorphism. It is then also an isomorphism of initial algebras.
The general trace theory in Hasuo et al. (2007) now says that N-Y is the final coalgebra
in the Kleisli category #7(T) of the functor T(Y + (—)). For a map

f:X+C— T(Y +C)

we first take
f=T@id4+r)of: X+C>Y +(X+C),
which yields a unique map
beh(f): X +C — T(N-Y)
to the final coalgebra, and finally the trace map itself as
Tr’(f) = T(V) o beh(f) o k1 : X — T(Y).
We can similarly obtain a trace map
T (fu): U®X - U®Y
for the morphism
fu=T(is)o(U®f)odis:U®X+URC—->TU®Y +U®X)

used in the proposition. We are then done if the following diagram commutes:

T (fu)
4 N
UX+U®C— TN (U®Y))
K1 beh(fv) T(V)
U®X dis | = = | T(d) TU®Y)
% Ubeh(f) m
U®(X+C)————T(U®N-Y)
- Y,
UeTr’’(f)

It is obvious that the two triangles commute, and commutation of the inner rectangle
follows by a finality argument, in the Kleisli category:

U®Y+U®X+UQ®QY)———XU®Y+U®N-Y
id+1c2T %Tdisfl

verzuec U (Y +N"Y)
fUT (U®beh(f))odis ETU@a;I
UeX+U®C =  UoN-Y
T(d)obeh(fv)
The remaining details are left as an exercise. -
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We now return to our framework of coalgebraic components, and show how trace and
state extension interact.

Lemma 6.5. Trace commutes with state extension:

U|Tr(c)=Tr(U | ¢)
Tr(c) |V =Tr(c| V).

Proof. We use several standard properties of the trace Tr*’ in the Kleisli category
A((T), such as (di)naturality, but we mainly depend on Proposition 6.4. We calculate in
this Kleisli category:

U|Tr(c)=oe (U®Tr(c)) oo’

=0 e (UTr"/(dis™! e c e dis)) e dis)) e o

=oeTr’/(dis' ¢ U® (dis™! ec edis) e dis) e o' by Proposition 6.4
=Tr"’ (0 +id) e dis™ ' e (U®dis ) e (U®c) e
(U @ dis) e dis e (¢! +id)) by the naturality of dis

(see Lemma 2.1(1))
=Tr’(Gd + o ') e (id + o) @ (x +id) e
dis ' e (U®dis™) e (U®c)e (U ®dis) e dis e (0! +id))
=Tr"((a+o)edis' e (U®dis ') e (URc)e

(U @ dis) o dis  («~' +071)) by the dinaturality of Tr*”
=Tr"/(dis™ e e (U®c)ea! edis) by Lemma 2.1(2)
=Tr"/(dis™ & (U | ¢) e dis)
=Tr(U | ¢).

We immediately use this property in

Tre) [V = (y®id) e (V [ Tr(c)) e (y ®1d)

(y®id) e Tr(V | c) o (y ®id) as just proved

Tr(y®id) e (V | c) e (y ®id)) by Lemma 6.3

Tr(c| V). ]

6.2. Trace and additive parallel composition

The following lemma describes the interaction of trace and additive parallel composition.
It will be crucial for proving the (di)naturality properties for Tr in Section 6.3, which
involve composition > of components instead of Kleisli composition e.

Lemma 6.6. For appropriately typed components ¢, d, we have:
(1) Tr((d darr(id)) e c) = (d | I) ® Tr(c).
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(2) Tr(c o (d D arr(id))) = Tr(c) o (d | I).
(3) Tr((arr(id) O d) e ¢) = Tr(c  (arr(id) O d)).

Proof. We shall prove (1) and (3); the proof of (2) is similar to the proof of (1).

— For (1):
Tr((d D arr(id)) e ¢) = Tr*’(dis™' e dis e (d | I + Y | arr(id)) e dis™" ¢ e dis)
= Trﬂ((d | I +id) e dis™! e c e dis)
=(d|1)eTr"(dis™" o c e dis) by naturality of Tr*”
=(d|1I)eTr(c).
— For (3):

Tr((arr(id) O d) e ¢) = Tr*’(dis~! e dis e (arr(id) | Y +1 | d) e dis™! e c @ dis™!)
=Tr*/((id +1 | d) e dis™! e c e dis™!)
= Tr*’(dis™' e c e dis™! e (id + 1 | d)) by dinaturality of Tr*’
=Tr’’(dis™' e cedis™ e (arr(id) | Y +1 | d) e dis™" e dis)
= Tr(c o (arr(id) O d)). |

6.3. Trace axioms

In this final part of Section 6 we verify the trace axioms from Joyal et al. (1996),
formulated in a component setting (with explicit isomorphisms). For each axiom, drawing
a pictorial (pseudo-)proof with tube diagrams was helpful in developing a rigorous,
calculational proof. We will just present such a pictorial proof for one property, namely
the Post-Composition Naturality property, as an example.

Yanking

In the language of components, the Yanking property can be formulated as a diagram of
the form

arr(y)

1— A+ A, A+ A)

arr(id) J{Tr
(4,4)

where y.: A+ A4 =4 + A is the monoidal swap map associated with coproducts + (see
Lemma 2.2 (2)). Pictorially, we have

é _
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We need to show that the Kleisli trace of the map

I®A+I ®A£>I®(A+A)*>T(I (A+A))*>T(I ®A+1®A

is the (Kleisli) identity # = arr(id). This, together with the yanking property for the Kleisli
trace operator Tr”’, will be used in

Tr(arr(y)) = Tr’”(T(d|s‘1) o arr(y4) o dis )
= Tr’’(T(dis™ 1)017 o (id ® 4) o dis])
220 77 (g odis™ odisoypy)
= Tr'“(n oyy) = T (plY) = idigy = mea = arr(idy).

Post-composition naturality /tightening

(A4 C,B+C) x (B,D) — "9 (4,B) x (B,D) —=— (4,D)

i

(A+C,B+C)x((B,D) x(C,C)) Tr

MXDL

>

(A+C,B+C)x(B+C,D+C) (A+C,D+0)
The usual string representation of this axiom is
—{_d P — —1_d P

= . 3

The aim is to prove for
®A+C)——=T(X®(B+C))
Y ® B—45 T(Y ® D)
that the following diagram commutes:
T(X @ (Y ®1) @ D) ——*U, T(X ® Y)® D)

Tr(es> (dDarr(ld)))T TTr(c)>>>d

X®(Y ®I))®AT>(X®Y)®A
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We shall make crucial use of Lemma 6.6, but the rest is mainly bookkeeping.

T((id ® p) ® id) e Tr(c = (d O arr(id)))

(p®id) e (x®id) e Tr((X | (d Darr(id))) e (¢ | (Y ®1)))

(p®id) e Tr((oc ®id) e (X | (dDarr(id) e (c| (Y ®1) e (' ® id))
e (x®id)

(p®id) e Tr(((x | d)Oarr(id) e (x®id) o (c| (Y ®1)) o (x~' ® id))
o (2®id)

2 (p®id) e Tr(((X | d)Darr(id)) e (¢ Y) | 1)) o (2®id)

(p®id) e (X | d) |1).Tr((c| Y) |1) o (x®id)

(p@id) e (X |d)[I)e((Tr(c) | Y)[I)e (x®id)

(p@id)e (X |d)e(Tr(c)| Y))|I) e (x®id)

(X |d)e(Tr(c) | Y)) e (p®id) e (x®id)

(Tr(c) 3> d) o ((id ® p) ® id).

N
w

o~
o

3.

o
—_
)

N
=)

(=)
[

3.

35
—_

3)

3.

35

4)

A pictorial (pseudo-)proof of the property is presented in Figure 1. Although Lem-
mas 6.3, 6.5 and 6.6 are useful in the above calculational proof, more basic properties such
as Lemma 5.1, on which Lemmas 6.3, 6.5 and 6.6 rely, have clearer pictorial meanings.
Therefore the latter are used in the pictorial proof.

Pre-composition naturality [ tightening

idxTr

(D,A) x(A+C,B+C)

1

((D,A) x (C,C))yx(A+C,B+C) Tr
Dxidl

(D+C,A+C)x(A4+C,B+C)

The aim is to prove for

(D,A) x (A,B) ——— (D, B)

>

(D+C,B+C)

X®A+C)——T(X®(B+0)
Y®D -1 T(Y ®A)
that the following diagram commutes:

T id)®id
T(Y ®1)® X) ® B) — 2% 1y @ X) ® B)
Tr((dDarr(id))>>>c)T Td>>>Tr(c)

%
(Y®I)®X)®A P (Y®X)®A4

This is left as an exercise.
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Tr(c>> (dOarr(id)))

by Lemma 5.1

by (13)

by the naturality of dis

by Lemma 5.1

‘waist’ symmetries y
are isomorphisms

by the post-composition naturality
of Tr™, and Proposition 6.4

= Tr(c)>>d

Fig. 1. A pictorial proof of post-composition naturality. The pointers show where the
transformation is going to occur.
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Dinaturality
(A+C,B+D)x(B+D,B+C)
idx0 >
(A+C,B+ D) x((B,B) x(D,C)) (A+C,B+C)
lTr
(A+C,B+ D) x(D,C) (A4, B)
I |
(D,C)x(A+C,B+D) (A4, B)
TTr
((4,4) x (D,C)) x (A+ C,B + D)) (A+ D,B + D)
Oxid >

(A+D;A+C)x(A+C,B +D)

In terms of string diagrams, we have

ﬁ
?

C

For coalgebras

X®A+C)——T(X®(B+D))

YoD 45 T(Y ®C)

we need to show that the following diagram commutes:

T(X®(I®Y)®B) — ) L T((I®Y)®X)eB)

Tr(c>>>(arr(idB)E|d))T TTr((arr(idA)Dd)>>>c)

(X®(I®Y))®AW>((I®Y)®X)®A

4

=

®
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The essence again lies in Lemma 6.6, but with quite a lot of bookkeeping this time:

(y ®id) e Tr(c > (arr(idg) O d))
£ Tr((y ®id) e (X | (arr(idg) Od) e (I ®Y) | c) o (7 ® id)) o (7 ®id)
= (c®id) e (x"' ®id) e Tr(((arr(idB) Od)| X)e(c|(I® Y))) * (y®id)
£ (x®@id) e Tr((oc_1 ®1id) e ((arr(idg)dd) | X) e (c | (I ® Y)) 0 (2 ® id)) .
(' ®@id) e (y ® id)
2 (a®id)e Tr((arr(idB) O@d| X)) e (' @id)e(c|I®Y)) e (@® id)) .
(' ®@id) e (y ® id)
(x®id) e ((orl ®id)e (c|(I®Y)) e (z®id) e (arr(ids) O (d | X))) .
(7' ®id) e (y ® id)
2 y@id)e Tr((orl ®id)e(c|(I ®Y)) e ((arr(ids) Od) | X)) e (2 ® id)) .
(' ®id) e (y ®id)
L @eide@ ! @id)eTr((c|(I©Y)) s ((arr(id) Od)| X)) »
(y ®1d)
= Tr((arr(idg) Od) > c) o (y ®1id).

66

Unit vanishing

The relevant component diagram 1is

(4+0,B+0) = (4,B)
(arr(p7")id.arr p+))l T>>
(4,4 +0) x (A+OB+O)X(B+OB) (AB+0) X (B+0,B)

where we have to bear in mind that the p.: C + 0-—C refers to the monoidal
isomorphism with respect to the coproducts + on C.
Pictorially, the axiom asserts

A

— - A

(0]

E

We will prove that there is an isomorphism of components:

T((op)®id)

T((I ® X)® 1) ® B) . T(X ® B)
(arr(py!)ss>c)>>arr(py) T TTr(c)
(IeX)®l)®A4 —— X®A
(Zop)®id
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The heart of the matter is:

Tr(c) = Tr*’(dis™! e ¢ o dis) with dis: (X ® 4) + (X ® 0) > X ® (4 + 0)
=p. edis ecedisep; by vanishing for Tr*’, since X ® 0 is initial
=(d®p;)ece(id®py) by Lemma 2.2 (1).

Hence we obtain the required isomorphism of components:

(2o p) ®id) e ((arr(py') = ¢) > arr(p4))

M (A@id) e (id ® py) @ (arr(p;!) 3> 0) o (p ® id)
= ([d®p;)e(L®@id)e (arr(p7!)>=>c) e (p ®id)
2 (id@p,)ece(id®p;l)e (l@id) e (p®id)

= Tr(c) e ((2op)®id), as shown above.

Tensor vanishing

Again we have to distinguish carefully between the monoidal associativity isomorphisms
oy and « for coproduct + and tensor ®, respectively. The component diagram is

(A+(C+D),(A+C)+D)x
(arr(oy)idarr(o;h)) ((A + C) + D, (B + C) + D)X
(B+C)+D,B+(C+ D))

(A+C)+D,(B+C)+D)

|

(A+C,B+C) (>>xid)os>
Trl
(4, B) T (A+(C +D),B+(C+D))

Pictorially, we have

Our aim is to prove, for a component
X®(A+C)+D) > X®((B+C)+D),
that we have an isomorphism of components:

T((Ao id
T(I®X)® 1) ® A) — % (X ® 4)
TTr(Tr(c))

_
(I®X)eN@A————X04

Tr((arr(og)>>c)s>arr(o! ))T
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This is done as follows.

(.0 p) ®id) e Tr((arr(oy) > ¢) >> arr(o}'))

ETr((Ao p) @id) o (arr(ay) > ¢) 3> arr(e;) o (p ' 0 27! ®id))
*((40p)®id)

(L @id) e (id @ ;') e (arr(ey) > c) o (A7 @id)) o (40 p) ®id)
Tr((id ® o ) (A®id) e (arr(og)>>c) o (A ®id)) e (4 0 p) ®id)
Tr((ld ® oc+ ece(id® a+)) e ((Aop)®id)

Tr (dls e(id®o;')ece(id®ay)edis)e((4op) ®id)

ITeA (dis™ o (id @ 47') @ ¢ » dis o (dis+id) e o, e (id + dis ™))

((/1 o p)®id)
77((id +dis™') e dis™! e (id ® ;') ® ¢ @ dis o (dis +id) e 0.,
e (Ao p)®id) by dinaturality for Tr”’

22=(3)Tr’w(oc4r e (dis™! +id)  dis e ¢ e dis e (dis +id) ® o) ® (1 0 p) ® id)
= Tr’ (Tr"’((dis™! +id) e dis e ¢ e dis e (dis +id))) ® (1 © p) ® id)

by vanishing for Tr*’
=Tr"’(dis™" o Tr"’(dis e c @ dis) e dis) & (1 0 p) ®id)
by naturality for Tr*’

||N ||

||2 [

=Tr(Tr(c)) ® ((A o p) ®id).

Superposing

The relevant diagram for components is

(D,E)yx (A+C,B+C)—2 s (D+ (44 C)E+ (B +C))

(arr(eg!)id,arr(oy))

idxTr (D+A4)+C,D+(A+C))x
D+(A+C)LE+(B+C))x

(D, E) x (4, B) (E+(B+C),(E+B)+C)

o |(xidos
(D+ A,E + B) - (D+A4)+C,(E+B)+C)
Pictorially, we have
— . - =1 .
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For coalgebraic components

Y®E—'5YyeD

X®A+C)——X®(B+0C),
this involves an isomorphism of components:
T ((Aop)®id)
T(I®(Y®X)RI)®(E+B) ——— T((Y ® X)®(E + B))
Tr((arr(os!)s>(d0e))s>arr(oy ))T TdDTr(c)

Te(Y ®X))®I)®(E+B)W>(Y ® X)® (E + B)

We then proceed along what should by now be familiar lines.

7. Traced monoidal category of resumptions

In this section we use the previous results for operators and equations on components
to prove that the category of T-resumptions is traced symmetric monoidal. This general
result holds for a large class of monads T with suitable assumptions, and thus generalises
the result in Abramsky et al. (2002) that focuses on the lift monad T = 1+ (—). Although
we do not show it fully, the technical development is an instance of the theory, which
was developed in Hasuo et al. (2008) and Hasuo et al. (2009), on the microcosm principle
(Baez and Dolan 1998). The application of this general theory exploits a characterisation
of resumptions as elements of a final component.

Throughout Section 7, the base category C is fixed to be Set, the category of sets
and functions. It is a symmetric monoidal closed category with Cartesian product X as
tensor ® and the singleton 1 as monoidal unit /, and is also equipped with distributive
coproducts +,0. All the results in the previous sections are valid in this base category.

7.1. Resumptions

The notion of a resumption was introduced in Milner (1975) to help provide a denotational
semantics for interactive computing agents. A historical account is given in Abramsky
et al. (2002, Section 5.4.1), and our recap of it here is adapted for the current context.

First, we consider a component X X 4 5 X xB,a map in Set. It is a component (3)
where T = id is the trivial monad and ® is chosen to be Cartesian product x. It belongs
to the category Comp(id, A, B); with T = id this component does not exhibit any effect in
its execution. In the theory of automata, such a machine is called a Mealy machine; it can
also be thought of as a (simple version of a) transducer. The task that such a machine is
expected to perform is the transformation of (infinite) A-streams into B-streams, and the
transformation should be performed letter by letter.

A resumption is an extensional view of the behaviour of such a machine. Specifically,
the above machine ¢ induces a resumption formalised as a stream function r : 4 — B®
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that is causal, meaning that the nth letter of the output stream only depends on the first
n letters of the input'.

We will now take a coalgebraic view of components and resumptions. A component
X x A5 X x B is the same thing as a map X — (X x B)%, and hence is a coalgebra for
the functor (— x B). As noted in Abramsky et al. (2002), the ‘behaviours by coinduction’
paradigm in the theory of coalgebra (Jacobs and Rutten 1997; Rutten 2000) is also valid
in this setting. Namely, the set Z,p of resumptions (that is, causal stream functions)
carries a canonical (— x B)?-coalgebra structure:

Can

Zip (Zap x B)*

>~

(r:4° - B®, causal ) ————— Ja. ( (1d tail(r(a- @), head(r(a- 7)) ).

Here a- @ is a letter a € A followed by an arbitrary stream @ ; the value of head(r(a- @))
does not depend on @ since r is causal. Moreover, it is a standard result that this
coalgebra {4 p is a final one. Given an arbitrary component ¢ : X x 4 — X x B (that is,
a coalgebra ¢ : X — (X x B)*), finality of {4 p induces the behaviour map

(X X B)A - — = (ZA,B X B)A
L’T final "=
X— =g~ >Zup

which carries a state x € X to the behaviour beh(c)(x) of ¢, in the case of execution with
x as the initial state, represented by a resumption. To summarise, the set of resumptions
from A to B carries a final (— x B)” coalgebra.

We have restricted ourselves to the trivial monad T = id for the purpose of illustration
of resumptions. However, this choice of a monad T does not satisfy the assumption
in Section 6 for #7/(T) to be traced: an iteration of a total function can fail to be
total because of an infinite loop. For monads T in general, especially those satisfying
the assumption in Section 6, we generalise the above characterisation of resumptions as
follows — this was also done in Abramsky et al. (2002).

Definition 7.1 (T-resumption). Let T be a monad on Set such that for any sets A and B,
a final (T (— x B))*-coalgebra

{15 © Zip = (T(Z1p % B))A in Set
exists. A T-resumption from A to B is an element of the carrier Z { 5.

Morphisms of T(— x B)*-coalgebras are precisely morphisms of components: there is an
isomorphism of categories

Coalg(T (— x B)*) = Comp(T, A, B).

T This is how they are formalised in Rutten (2006). Equivalent formulations are as string functions A* — B*
that are length preserving and prefix closed (Pattinson 2003), and as functions A* — B where 4T is the set
of (finite-length) strings of length > 1.
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Hence T-resumptions form the state space of a final component.

Assumption 7.2. For the rest of this section we assume that a monad T on Set satisfies
both the assumption in Section 6 (namely, Jacobs (2010, Requirements 4.7)) as well as
the one in Definition 7.1. The former consists of #7(T) being Dcpo, -enriched, T being
‘semi-additive’, and so on. This ensures that we have a trace operator Tr”’, which enables
us to capture resumptions by a final coalgebra.

Such monads include the lift monad 1+ (—), the k-bounded powerset monad £<* with an
uncountable weakly inaccessible cardinal x and the (discrete) subdistribution monad 2.
With regard to the monad 2<*, the cardinal x must be larger than Xy so that an increasing
w-sequence in the set 2<%(X) has its supremum inside 2<*(X) — this is required for the
trace assumption in Section 6. At the same time, x is assumed to be weakly inaccessible so
that Barr’s final coalgebra theorem (Barr 1993) ensures the existence of final coalgebras.
Such an explicit size restriction is not needed for the subdistribution monad &, since the
condition »_ d(x) < 1 implies that the support {x € X | d(x) # 0} is at most countable —
see, for example, Sokolova (2005, Proposition 2.1.2).

It is generally hard to describe what a T-resumption looks like concretely. It is a tree,
much like a synchronisation tree (Milner 1980), but its depth and branching degree are
very often larger than Ny. A tractable description is possible for the lift monad: much like
for the identity monad, it is represented by a function r : A — B* 4+ B® with a suitably
generalised causality requirement.

7.2. The microcosm principle

One can form the category of T-resumptions by arranging T-resumptions as morphisms
in the category.

Definition 7.3 (The category T-Res). For a monad T satisfying Assumption 7.2, we define
the category of T-resumptions, denoted by T-Res, by the following data:

— An object A of T-Res is a set 4 € Set.
— An arrow r : A — B in T-Res is a T-resumption from 4 to B (c¢f. Definition 7.1). So
we have Homy ges(4, B) = Z { .

Its actual structure as a category (the composition and identity) will be described shortly.

The main point of Abramsky et al. (2002, Section 5.4) is that the category of resumptions
(1 4+ (—))-Res for the lift monad is symmetric traced monoidal, and that it gives rise to
a compact closed category of (stateful) games (Abramsky and Jagadeesan 1994) after
applying the Int-construction (Joyal et al. 1996). Its generalisation to a wider class of
monads T (other than T = 14 (—)) is one of our main technical contributions.

Theorem 7.4. For a monad T satisfying Assumption 7.2, the category T-Res of T-
resumptions is symmetric traced monoidal.

This result, in fact, is an immediate corollary of what we have already observed: the
traced monoidal structure of T-Res follows from the composition and trace operators for
components introduced in Sections 4 and 6.
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To illustrate the situation, consider arranging components, instead of resumptions, as
morphisms from 4 to B. Between such components ¢ and d with the same input/output
types, we possibly have a morphism of components, see (4), and this ‘morphism’ f can be
drawn between components, as follows:

/—\)
A\bB

d

This motivates a 2-categorical approach to components. The 2-category we have in mind
has sets as 0O-cells, components as 1-cells and morphisms of components as 2-cells. It
would be natural for us to introduce (horizontal) composition of 1-cells as the sequential
composition > of components (Section 4) and the identity 1-cell A — A as the one-state
component arr(id4) from (5).

However, Lemma 4.2(2)—(3) indicates that such horizontal composition of 1-cells
satisfies the unit law and associativity only up-to canonical isomorphisms. This means the
resulting structure is a bicategory and not a 2-category — see, for example, Borceux (1994).
This bicategory is much like the one in the bicategorical approach to processes (Katis
et al. 1997), and we will denote it by Comp(T'). This extends our previous notation since
its hom-category from A to B is given by the category Comp(T, A, B) of components.

What we showed in Section 6 is, essentially, that the bicategory Comp(T) is equipped
with traced monoidal structure’. Its underlying monoidal structure is given by additive
parallel composition [ (Section 4.2); in particular, it is a binary coproduct + on objects.

The way we look at the category T-Res of resumptions is as a ‘thin slice’ of the
bicategory Comp(T) of components. The two have the same family of objects, the
former’s homset T-Res(4, B) resides in the latter’s Comp(T, A4, B) as (the carrier of) a
1-cell and T-Res(4, B) is still ‘behaviourally universal’ through its finality.

in Comp(T) X x A% T(X x B)

in T-Res (with T-Res(A, B) = Z7 p)
r = beh(c)(z) € Z}

r' = beh(c)(2') € ZT 5

We can then derive the structure of T-Res as a traced monoidal category from
the corresponding ‘outer’ structure of Comp(T) — this follows from the general theory
previously developed in Hasuo et al. (2008) and Hasuo et al. (2009). The general theory
identifies the situation as an instance of the microcosm principle (Baez and Dolan 1998).
The latter refers to a situation where ‘an algebra resides in another algebra, both for the

T An axiomatisation of the notion of ‘traced monoidal bicategory’ would involve delicate coherence conditions,
but we do not aim for such a general axiomatisation as we will focus on one specific instance.
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same algebraic specification’, a prototypical example of which is a monoid in a monoidal
category (Mac Lane 1998). As a result, the homsets of T-Res form a traced monoidal
category, residing in the hom-categories of Comp(T) that form a ‘traced monoidal
bicategory’ — see Hasuo et al. (2009) for details of the generic situation. Rather than fully
laying out the general theory, however, we shall now describe a concrete instantiation
adapted to the current setting.

7.3. Resumptions form a category

Notation 7.5. The functor (T(— X B))A, for which a coalgebra is a component with
A-input and B-output, is denoted by F4p. The monad T is fixed throughout the rest of
this discussion, so it will be suppressed, and we will write Z,p rather than ZATB for the
homset of T-resumptions.

We will first derive the sequential composition operator o’ “ReS that acts on resumptions,
which is obtained from the way we compose arrows in T-Res. The following coinduction
diagram in Set defines the operator:

Fac(Zap X Zpc)— — — — > Fyc(Zac)
{ap>>(pc] finalT{ac (22)
Zap XZpc— — — -~ +Zac
O4B.C

Recall that {4 p is a final F4p-coalgebra (Definition 7.1). The sequential composition of
{pc after {4 p yields the component shown on the left, which is an F,c-coalgebra with a
state space Z4p X Zpc. It then induces a unique map into the final F4 c-coalgebra, as in
the above diagram. Thus, we have obtained a function

T-Res .
O4BC - ZapXZpc— Zcoa,

that is,

HomT—Res(As B) X HomT—Res(Ba C) — HomT—Res(As C)

Similarly, the identity morphism id’ e

one-state component arr(id4):

in T-Res is derived by coinduction from the

Fau(l)— — — — > Fyu(Z44)
arr(idA)T ﬁl’lalT(A,A (23)
- === - >Zau
idzl"-ReS

We will now prove the associativity of o7 "R¢S The emphasis here is on the fact that,

through coinduction, the goal is essentially reduced to associativity (Lemma 4.2 (3)) of
>, which is the corresponding ‘outer’ operator.
Specifically, by diagram (22), the map

T-Res .
o4Bc-Zap XZpc— Zca
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is a component morphism from {4 p > (¢ to {4c. Hence, by the functoriality of >
(Lemma 4.2 (4)), we obtain a component morphism

T-Res _ .
oyp.c Xidz., 1 (Lap>>{pc)>>{cp — lac>>Lcp.

This means that the left-hand square in the following diagram commutes, and the right-

hand square also commutes since it is just diagram (22) defining o/{g‘g:

Fap(Zap X Zpc) X Zcp) — Fap(Zac X Zep)— - Fap(Zap)

(Cas >>{pc)>>Lep] {ac>> CCDT ﬁnalTCAD
(Zap X Zpc) X Zcp e o 2acXZep— — m—>Zap
es T-Res
°4B,C XZcp O4C.D

5

The next diagram in Set commutes for the same reasons — the top square commutes by
associativity of > (Lemma 4.2 (3)):

(Cap>=>Lpc)>>{cp

(Zap X Zpc) X Zcp Fup(Zap X Zpc) X Zcp)
_]lr\/ l
{ap>> (L > {cp)
Z X (Zpc X Zcp) Fap(Zap X (Zpc X Zcp))
ZA,B X Og-geDsl l
o Cap>=>>{pp
Z4p X Zpp Fap(Zap X Zpp)
| |
O4BD | B
4
final
Z4p ha Fap(Z4p)
Cap

(in this diagram, unlike our convention elsewhere, and purely for typesetting convenience,
the coalgebras X — FX are written horizontally instead of vertically).

We can now conclude that the following diagram commutes, since the previous two
diagrams show that the two composites are both coalgebra morphisms from ({4p >
{B.c)>=> {cp to a final coalgebra {4 p:

Zx
g

CXZep
(Zap X Zpc) X Zcp Zac XZcp

oc"l llc“ﬁ
Zap X (Zpc X Zcp) —TR>ZAB XZpp ———Zap

ABX°BCp ©4,B.D

PN

This gives the associativity of o Res,

The left- and right-unit laws for T-Res amount to the following diagram:

ldTReQXZAB
ZAB—>1 ><ZAB —>ZAA ><ZAB
ll \ lﬂ‘;;
ZA,BX1%ZA’B XZB’B ZA,B
Z,q B deT “Res 03{:,5%5

This diagram commutes, essentially, because of the unit laws (Lemma 4.2 (2)) for the
outer operators > and arr(id), much like in the case for associativity.
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The following proposition summarises what we have achieved so far.

Proposition 7.6. The data T-Res in Definition 7.3 do indeed form a category, with
composition of arrows given by o”"Re in (22) and identity arrows by id7 R in (23).

In fact, this proposition is just a special case of Krstic et al. (2001, Theorem 1), which is
more general because it works for an axiomatically introduced class of functors {F4}45,
which corresponds roughly to the notion of a lax IL-functor in Hasuo et al. (2008) and
Hasuo et al. (2009), instead of our concrete description

Fup = (T(B x —))"

(see Notation 7.5). However, we will now go beyond Krsti¢ et al. (2001) by introducing a
symmetric monoidal structure on T-Res and a trace operator on top of it.

7.4. Resumptions carry symmetric monoidal structure

Endowing the category T-Res with a traced monoidal structure follows along pretty much
the same lines — we will describe the structure in some detail in the following.

The monoidal structure is given by additive parallel composition (1T of resumptions,
which is derived from [0 on components (Section 4.2), the corresponding outer structure.
It acts on objects as a sum of sets:

AO™Res B .— 44+ B. (24)

On arrows, its action

DA,-CR,B,D . ZA,B X ZC,D — ZA+C,B+D= that is
HomT—Res(As B) X HomT—Res(Cs D) I HomT—Res(A + C, B + D)

is induced through the following diagram, which is similar to (22):

Fayrcpin(Zap X Zep)— — — — + Faycp+p(Zasc,B4p)
(a0 CC,DT ﬁnalTCA+C,B+D (25)
ZapXZep— == =2 === = > Z44CB+D
Lacep

Lemma 7.7. The mapping [(17°R¢s yields a functor (17 : T-Res x T-Res — T-Res.

Proof. We will first prove the preservation of identities. We have the following suc-
cessive morphisms of coalgebraic components, where coalgebras X — FX are written
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horizontally:
arr(id )
1 = Fyipa+B(1)
J’ arr(id4)darr(idp) l=
1x1 : Y Farpasn(l x 1)
idT—ReindT-Rch/
! ’ {4,400BB l

Zyyx2Zpp —————Fuyiparp(Za4 X Zpp)

o7 | |

final
Z 41BA+B FayBa+B(ZA+B.Aa+B)

Ca+Ba+B

The first square commutes because of the compatibility of [0 and arr (Lemma 4.9 (1)).
The second square commutes because of the definition of id”"®® (23) and functoriality of
O (see the discussion following Definition 4.7). And the third square is the definition of
[O7-Res (25). This proves that the following diagram commutes, since the two composites
are both morphisms from the component arr(id4+p) to the final {4415 4+45:

idz"-Res x id;l;'-Rcs

1—_>1 X 1—>ZA,A ><ZB,B
|onEss

Z 4+B.A+B

Hence CO7-Res : T-Res x T-Res — T-Res preserves identities.

We turn now to the preservation of composition, and proceed using similar arguments.
We have the following two (parallel) series of morphisms of coalgebraic components,
which are all arrows in the category Comp(T,A4 + B,A” + B"):

(Caa >> {4 a) O ((pp > (ppr)
(Ca,a O p) > (a4 Ul pr)

CavBarn == Coiparin

>~

@R p)x @R )

T-Res
A+B,A'+B' A" +B"

(atB A" 4B";

and

(Caw > L4 q) O (Cpp = {ppr)
Caar OB pr

CA+BA"+B"-

Gy TR CH )

T-Res
A.B.A".B"

The first (isomorphism) arrow follows from Lemma 4.9 (2). The second is a morphism of
components from the definition of (07-R¢ and the functoriality of > (Lemma 4.2 (4)).
And the third is just the definition of o”"ReS, The remaining two are component morphisms
for similar reasons. Since the coalgebraic component {4, p 47+p~ 18 a final coalgebra, we
conclude that the two composites above are identical. In particular, by taking their
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underlying functions, we have the commuting diagram

(Zag X Zaya) X (Zpp X Zpp) — (Zaaw X Zp) X (Zyar X Zp pr)

O;-AR’?;”XOIZ:;%”\L lD;‘;i‘,.B, XD:;.I(E;,SA”,B”
ZA,A” X ZB,B” ZA+B,A’+B’ X ZA/+B/’AH+BH
DA,B,A”,B” CA+BA +B A" +B"
A+B,A”+B”

in Set. Hence
OT-Res . T_Res x T-Res — T-Res

preserves composition of arrows. U]

The monoidal unit for (T-Res,[J7Re) is the empty set 0. We still need to describe
associativity, unit and symmetry isomorphisms — they appear in the proof of the following
result.

Proposition 7.8. (T-Res,[17R% 0) is a symmetric monoidal category.

Proof. We shall first describe the definition of the structural isomorphisms. Then we
prove that:

(1) they are indeed isomorphisms;
(2) they are natural; and
(3) they are coherent as in Mac Lane (1998).

An associativity isomorphism
W RS 4+ (B+C)S(A+B)+C

in T-Res (recall that O7Re is + on objects, see (24)) is induced by the diagram

Fayroparp+c(l) — — — = = FayB+0)a+B)+C (Z A4(B+C)(A4+B)+C)
arr(oc+)T ﬁnalTCA+(B+C),(A+B)+C
=== TR~~~ 7 ZAHBHCLA+B+C

%4,B,C

Here, o1 on the left, in arr(oy), is the isomorphism

A+B+C)SA+B)+C

T-Res and

in Set. In exactly the same way, we obtain unit isomorphisms A7Re and p
symmetry isomorphisms y7-Re from the corresponding isomorphisms for + in Set.
It is easy to see that all these are indeed isomorphisms — we will just write down the

proof for o™ R, Let 7] K& be the following resumption induced by the isomorphism

o, :(A+B)+C — A+ (B+C)
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in Set:
Fiyrcara+o)(1) — — = = » Furp)rca+B+0)(Z4+B)+C.A+(B+0))
arr(oy! )T ﬁnalTC (A+B)+C,A+(B+C)
l-==-- ke~ T~ 7 ZA+BHCA+(BC)
%4,B,C

We claim that this % R is the inverse of o} RS, that is,

R
14

1x1 - 1 1x1
Z(44B)+C,A+(B+C) X ZA+(B+CWA+BIHC | Z A+-(B+C)(A+B)+C X Z(4+B)+C,A+(B+C)

OT-ResJ/ loT-Res

:3T-Res ;17 -Res
Zasprciaspiee | S N6 Zik(p+C)at(B+0)

We will prove commutativity of the triangle on the right; the proof for the other is similar.
As before, we prove that the following arrows are all component morphisms leading to a
final coalgebra {44 (B+c)a+(B+0):

(arr(ida+B+c)))
arr((og)apc) > arr((o3) apc)

CA+(B+C)(A+B)+C > ((4+B)+C.A+(B+C)

oT-Res
A-+(B+C),(A+B)+C,A+(B+C)

CA+(B+C)A+(B+C)

and
— (arr(idt(a+c)))
idj Y5 )
—————————— (UHB+C) AH(B+C)-

The first (isomorphism) arrow follows from Lemma 4.2(1). The second is from the
definition of aT-Res zT-Res and the functoriality of > (Lemma 4.2(4)). The third is the
definition of oTRe and the last is the definition of id”®®. Thus we have proved that
ol Re is indeed an isomorphism.

We turn now to the naturality of o7 -Res, JT-Res nT-Res and o T-Res and again we will only

present the proof for o’ "R This means we need to show the commutativity of

T-Res

A+(B+C)— 2 L (4+B)+C
rDT-Res(SDT-Res[)l l(rDT'ResS)DT'ReSI in T—Res,
A+ (B +C) (A +B)+C
aA’,B’,C’

T-Res
A,B,
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for any resumptions r,s and t of suitable types, which amounts to the following diagram
in Set:

1x ((ZA,A’ X ZB,B’) X ZC,C’) - (ZA,A’ X (ZB,B’ X ZC,C’)) x 1
\ \
alRex (OTRSo@TRSx Z 1) ) (OTReso(Z, o xOOTRE) ) T Res
Z 44(B+C)(A+B)+C Z 44(B4+C) A'+(B'+C')
X Z(A+B)+C(A+B)+C’ XZ A 4(B+C)(A+B)+C’

o\ / oT-Res

ZA+(B+O)(A+B)+C

Once again, this is achieved by showing that the above two composites are parallel
coalgebra morphisms leading to a final coalgebra. Namely,

arr((o)ap.c) 3> (((ua OCpp) Olce)

(Caa Oy Oleer)) > arr((og)ap.c)

~

( DT-Res O(ZA,A’ <O T-Res) ) % O:Z;’»l;e’s(“’

P~ CAt(B+O)a+(B+C) 2> Lat(B+C)(4+B)+C'
A+(B+C),(A'+B)+C' A" +(B'+C")

CA+(BH+COVA+BY+C' S

and

arr((oy)a.c) >=> (((aa Opp)Olcco
“/74'-[;1%5 X ( DT-RBSO(DT-Res XZC,C’ ) ) + ( )

— Car(B+C)(A+B)+C 2 {(44B)+C(A4+B)+C’
© 4H(B+C)(A+B)+C.(A'+B)+C"

CAH(B4+C)(A+B)+C'-

The first arrow is an isomorphism of components from Lemma 4.9 (3); the others are
similar to those encountered earlier in the section. This concludes the proof of the
naturality of o Res,

Finally, we need to check the standard coherence conditions for o7 Res jT-Res ,T-Res qpnd
yT-Res in a symmetric monoidal category, as described in Mac Lane (1998), for example.
We will just prove

“Z-Rcs
A+ (0+B) - (A+0)+B 6
idZ'ReSDT'RQS% A + B %DT"‘esidg'Res
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in T-Res; the other cases are similar. The above diagram amounts to the following
diagram in Set:

14

1 1x1
zl lidj"“s x )5 Res
Ix(1x1) Zaa X ZoyBB
o o Roxidy ) |
Z 44(04+B),(4+0)+B X (Z 4104 X ZBB) B

T-Res
Z A4+(0+B)(A+0)+B XDAJF(,_B’A,B\L

Z 44(04+B)(4+0)+B X Z(4+0)+B,A+B —————> Z 44(0+B),A+B

oT-Res

Once again, this diagram commutes because the two composites are (parallel) coalgebra
morphisms from the coalgebra

arr[A—l—(O—i—B)/H—AiA—i-B] © arr[A—i—(O—i—B)i»(A—i-O)—i—Bﬁi?A—i-B]

1 — Faro+p)4+5(1)
to the final {44(0+8)4+8- The equality (*) is due to the same coherence condition as (26) for

the monoidal category (Set,+,0); the other details can be easily filled in. This concludes
the proof. ]

7.5. Trace structure for resumptions

A trace/feedback operator Tr7Re for resumptions is induced by the ‘outer’ operator Tr
for components; this is in exactly the same way as we derived, for example, the tensor
OT-Res from the outer [I. Nevertheless, we will spell out how it is done explicitly.

For arbitrary sets 4, B, C € T-Res, the trace operator

T-Res .
Trysc * Zatc+c — Zas,

that is,
Hom7 pes(4 + C, B + C) — Homy.res(4, B),

is introduced by the following coinduction diagram:

Fyp(Zsycprc) — — — — > Fu(Z4p)
Tr(€A+C,B+C)T ﬁnalTCA,B
Zircpic— — — TRe ~+ZaB
F4,B.C

Here the operator Tr on the left, acting on {44c p+c, is the trace operator for components
from Definition 6.1.

It is again straightforward to prove that Tr satisfies the trace axioms: each axiom
is essentially reduced to the corresponding axiom on Tr for components. We will prove
the post-composition/tightening axiom (21) as an example. This amounts to showing that

T-Res
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the following diagram is commutative:

T-Res T-Res
Trys.c XZpD 4B,

A.B.D
Zyrcprc X Zpp ———3Zap X Zpgp ———Z4p
Zascprc X (Zpp x 1)
Zuscacx(ZaodE)| Tk 27)
Zarcp+c X (Zpp X Zcc)

T-R
Z+cB+C XDB.(“E)S,Cl

Zavc B+ X ZBicpic e Zatcptc
CA+C.B+C.D+C

The composite on the top row is a coalgebra morphism
Tr(la+c.+c) => (D

{ap>=>>{pp

{aps

T-Res
TraBc XZpp

T-Res
©4.B,

where the first arrow is a coalgebra morphism from the definition of Tr7-Re and the
functoriality of > (Lemma 4.2 (4)) and the second follows from the definition of o7-Res,
The other composite in (27) is a morphism between the same coalgebras:

Tr(latrc.+c) >=>{pp

(:) Tr[lavc+c => ({pp Oarr(ide)) |

TR
ZascprcX(Zppxide ™)

Tr[ Carepre > ((pp Olcc) ]

T-R
ZA+C.B+C X DB’CVeDs\C

Tr(latc,B+c == {prcp+c)

oNrBrCDiC
Tr(la+c.p+c)

T-Res
Trabc

{ap-

Here the isomorphism (*) is due to the post-composition naturality for Tr — see Section 6.3.
The last morphism is the definition of Tr’"Re The other arrows are also component
morphisms; here the functoriality of Tr (Lemma 6.2) is crucial. Recall that the functor

Tr : Comp(T,A+ C,B + C) —» Comp(T, A, B)

acts on arrows as the identity. We conclude, by the finality of {4p, that diagram (27)
commutes.

The other axioms can be verified in the same manner to complete the proof of
Theorem 7.4.

8. Concluding remarks

This paper is part of an ongoing line of research into the mathematical (coalgebraic)
foundations of components as basic building blocks in computing (see Szyperski (1998)

https://doi.org/10.1017/50960129510000551 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129510000551

1. Hasuo and B. Jacobs 318

for a wider perspective). Obviously, connections to existing component languages like
Reo (Arbab 2004; Baier et al. 2006) need to be explored. There are also several directions
for further, more mathematically oriented, research on coalgebraic components. We will
briefly mention two such avenues, involving duality and dynamic logic.

For specific monads, such as powerset on the category of sets or the identity on the
category of Hilbert spaces, the associated Kleisli category carries a dagger operator }
that commutes with the tensor and biproduct. By means of this dagger, we can define a
duality operator

Comp(T, 4,B)® — " Comp(T, B, 4)

c Al
(X@A—»X@B)%(X@B‘—»X@A)

which satisfies, for instance, (¢ || d)* = (¢* | d*). Such a duality introduces a form of
reversible computation that may be useful in capturing aspects of quantum computing
coalgebraically — see also Abramsky (2009).

Another interesting topic for further research is how to extend modal logic for
coalgebras to a dynamic logic (see, for example, Goldblatt (1992)) for coalgebraic
components. In such a logic, we expect basic compositionality properties (see also
Klin (2009)), so that, for instance, [ x4, .04, and so on, can be expressed in terms
of (. and ;.
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