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Abstract

This report discusses the possibility of defining composed steps and
paths in coalgebras. Both of these notions are relevant for defining some
semantic relations for coalgebras like weak bisimulation and trace seman-
tics. We present some observations, ideas, and small results on the men-
tioned topics.

1 Introduction

In this report we collect some notes on compositions and paths for coalgebras.
We assume familiarity with the theory of coalgebras [Rut96, JR96, Rut00] and
with basic category theory (see e.g. [Mac71, Bor94]). As leading examples we
consider probabilistic systems. Most of the probabilistic systems are coalgebras
of a functor [VR99, Mos99, BSV04, SVW05].

The notions of compositions and paths are remotely related to trace semantics.
For some probabilistic systems there is a notion of trace semantics i.e. trace
distribution [Seg95a, Seg95b, Baid8]. For coalgebras in general it is difficult
to define what traces are. Interesting solutions for some classes of coalgebras
have been recently proposed [Jac04, HJ05b, Jac05, HJ05a]. We believe that an
important building block for defining trace semantics as well as weak bisimula-
tion for coalgebras is the notion of a composite step. In a coalgebra, for each
state, the transition function represents the one-step behavior of the state. In
order to define traces or weak steps, one needs to consider sequences of steps
i.e. composite steps. In Section 2 we discuss how composition of coalgebras,
i.e. composition of steps in a coalgebra can be defined for some types of coalge-
bras.



We next emphasize the importance of the notion of paths. Consider labelled
transition systems. A (finite) path 7 is an alternating sequence of states and
labels of the form sy —s; — s9--- —%s5,,. We notice that many of the se-
mantic relations can be defined via a transformation on paths in the following
way. Assume T is a function defined on paths. Then a T-semantics can be
defined as: two states s and t are T-equivalent if and only if the image under
T of the set of paths that start in s equals the image under T of the set of
paths that start in ¢. Indeed, if the transformation 7" is the consistent coloring,
then we get bisimilarity. If T is weak consistent coloring, then we get branching
bisimilarity. If 7" maps a path 7 as above to its trace a;...a,, then the se-
mantic relation obtained is the trace equivalence. For probabilistic systems the
notion of a path is also used in many occasions, for example for weak bisimula-
tion [Seg95a, BH97, SVWO05]. For these reasons, we investigate what a proper
notion of a path in coalgebra might be. We focus on this in Section 3.

To this end we would like to stress that the mentioned investigations are only
preliminary. We collect some observations, ideas and small results that might
turn out useful in the future.

2 Composition of coalgebras

Consider a transition system (S, : S — PS) with s,t,u € S. The outgoing
transitions from the state s are shown in the left diagram below.

PAVNERAN

Moreover, assume that there is a transition system (5,0 : S — PS) (8 =
« is possible) in which the state ¢ allows the transitions shown in the right
diagram above, and the state u is terminating. Transitions that correspond to
the sequential composition of (S, a) and (S, () from the state s are as shown

below.
s
t s

In this case, we compose by composing the transition relation — . Similarly, in
the case of labelled transition systems, LTS, we consider (S, «) and (S, 3) with
the transitions from s and ¢ in the two systems as below, and u a terminating
state.
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The composition in state s is then described by the following transitions (now
with labels from A?).

(S, 5) s

In general, if two systems (S,a : S — FS) and (S,5: S — FS) are given, then
we wonder which system (on .S) behaves as if a step from (S, «) is followed by
a step from (S, 8). We wish to define such a system (S, - §). We could always
define this composition to be of type FF, by a- 8= FfFoq, i.e.

s rs T8

FFS. (1)
However, in the case of transition systems we get a composed system of type
P and not PP, and in the case of LTS we get a composed system of type
P(A% x Zd) and not of type P(A x Zd)P(A x Zd). This is due to the richer
structure of P, namely it is a monad. Moreover there is a distributive law
7: (AxZd)P = P(A xId). Distributive laws have various applications in the
theory of coalgebras (c.f. [Bar04]). In this section we shall see how composition
of systems can be defined for systems of type 7F where 7 is a monad, with a
distributive law X\ : F7 = T F. We start by introducing the notions that we
need for the sequel.

2.1 Monads and distributive laws
We start by introducing some basic notions and properties.

Definition 2.1. A monad in a category C is a triple (T,n, u) where T is a
C endofunctor, and n : Zd = T, p : T « T = T are natural transforma-
tions, called the unit and the multiplication, respectively, such that the following
diagrams commute.

T T Tu
T—7*<—T T3 =—= 772

i |
i (unit T) ﬂ/# (unit T) || p«T\H] (mult.T) ﬂ#
sz:? T Jid 72 :ﬂ T

The two parts of the left diagram are the unit laws, and the right diagram is the
multiplication law, or the associativity, of the monad.

Example 2.2. A typical example of a monad in Set is the powerset monad
(P,{},J) where {} : Zd = P is the singleton natural transformation given by
{Yx(x) = {z}, and |J : P> = P is the union natural transformation given by
Ux(Y) =Ugey Z for any Y € PPX.



The distribution functor can also be equipped with a monad structure, namely
(D,n, ) is a monad for n : Zd = D being the Dirac natural transformation
given by nx (z) = pl, and the multiplication x : D* = D is given by px (v) = 7
for v € DDX and v € DX defined by

p(x) = Y v() &)

€eDX

Simple derivations suffice to check that the unit and the multiplication laws
hold in this case as well.

Let F and G be any endofunctors on a category C. A distributive law of F
over G is a natural transformation A\ : G —> GF. For the sequel we will use
distributive laws of a functor over a monad, whose definition we give next.

Definition 2.3. Let F be a functor and T a monad. A plain distributive law
of F over T is a distributive law of F over the functor T. A distributive law of
F over the monad T is a natural transformation A\ : FT = T F that preserves
the monad structure, i.e., the following diagrams commute.

Fnx ATx TAx
X % rrx FTTX 2% Trrx 2% TTFX
(a) ikx fﬂxi (b) iurx
XS T FTX Ax TFX

Example 2.4. Let F = A x Zd and 7 = D be the distribution monad. Then
there exists a distributive law A : FT = TF ie. A\: Ax D = D(A x Zd),
given by

Aﬂ@w»@#»—{g@) a=b

otherwise.

This distributive law preserves the monad structure. Note that Ax({a,n)) =
plx u, for x denoting the product of distributions, and p! the Dirac distribution
for a € A.

When dealing with the powerset monad, a distributive law comes for free, as in
the next lemma.

Lemma 2.5. ([Jac04, HJ05b]) Let F be any weak pullback preserving functor.
Then there ezists a distributive law m : FP = PF of F over the powerset
monad P, called a power law. The power law 7 is given by

mx () ={u € FX | (u,v) € Rel(F)(€x)} (2)
for any set X and v € FPX. O

Example 2.6. In particular, for F = A x Zd, Lemma 2.5 provides us with a
power law 7 : A x P = P(A x Zd) which according to the definition of relation
lifting for A x Zd is given by

mx((a, X)) = {(a, ) | x € X"} (3)
for any a € A and any X’ C X.



Recently, Hasuo and Jacobs [HJ05a] have shown existence of a distributive law
0 : FD = DF for polynomial functors F, providing a generalization of Exam-
ple 2.4 in the sense of Lemma 2.5.

Assume 7T is a monad, F a functor, and assume there exists a (plain) dis-
tributive law A : F7T = TF. Following [Jac04] we define families of maps
Ny F'"TX — TF"X, indexed by sets, for all n € N by

2\ =idrx, M= Apax o FA% (4)
i.e.
AL
.7:n+1TX T]_-n_;,_lx
FTF'X

Lemma 2.7. Let A : FT = TF be a (plain) distributive law. For alln € N,
from (4) we get a (plain) distributive law

AV FNT = TF™.

Proof We first show the naturality of A\™ for n € N, by induction. For n = 0
the statement is trivial saying that id : 7 = 7. For n = 1 the statement is
the naturality of \. Assume A" is natural, and let f : X — Y. Then we have
that the following diagram commutes

n+1
Frorx — iy
FA% J{ F(nat.A™) i]—‘)@b
FTF"f
FTF'X —= FTF"Y
A]:nxl (nat.\) i)\}-ny
TFH!
TFlx —TF Yy

giving the naturality of A"*1. It remains to show that if A preserves the monad
structure of 7, then A™ also does. We show this also by induction on n. Again,
the case n = 0 is trivial, and the case n = 1 is the statement for \. We need to
show that both (a) and (b) from Definition 2.3 are satisfied for A"*1 assuming
that they are for A\’ if i < n. We obtain (a) from the following diagram

Frilnx

Frix FTX

O A

FTF'X (defA™H) |25

()N k

TF X




and (b) from the diagram below

ATy A
FrTTX TF ' TX TTF" X
n+1 nt1
FTF'TX (nat.X) TFTF'X
‘7:”+1HX fTT.T'.nX Hrn+1x
F((b)A™) \L ((b)X)
Furnx
FTF*X
(def.A™T1)
f-n+1TX — T‘Fn+1X
>‘X
which completes the proof. O

Lemma 2.8. For \* defined by (4) and for all natural numbers n,m € N, it
holds that
NG = N 0 FNR (5)

Proof We prove the property by induction on n. We have
MG = N2 = id o N% = Ay o FONZ.

We show that if it holds for the pair (n, m), then it does for (n + 1, m}, by the
commutativity of the following diagram.

)\;L(+m+1
fnerJrl TX Tfn+m+1
| A
(def. AP+ |
n4m

FAT™ Frtmx |

TF""X

Famy  TTFETTX qepanty
TF}\;TYLK
n m n—+1
F Jr1>\X fn+1T.FmX /\}‘mX

O

Example 2.9. Consider again the setting of Example 2.6, and the given power
law 7w : FP = PF for F = A x Zd. Since

(AxZd)" =2 A" x 7d,

from Lemma 2.8, we get n-fold power law 7™ : A" x P = P(A" x Zd), for each
n € N. According to Equation (4), we can derive that it is given by

W;l((<va/>) = {(w,x) | T e X/}
for w € A" and X' C X.



2.2 Composition

We can now define composition of coalgebras of type 7F for a monad 7 with
a distributive law \ : F7 — T F.

Let S be a given set. We consider the set of all systems with carrier set S
of type TF", for some n € N. Let (S,a) and (S,8) be two such systems,
a:S—>TFES, B:8— TF™S. We define

(9,7) = (5, @) - (S, )

fory:S —TF k+mg as given by the following diagram

a TF*B TAE
S —2% TFkg —> Tk Fmg 5 p2pktmg (6)
\ ll‘]:lﬂrms
T]:k+ms

The system (S, ) is called the composition of (S, ) and (S, 3). When the car-
rier set is clear from the context, we shall often just write v = «- 8. Note that if
7T is the identity monad, then one obtains the obvious definition of composition
as in (1).

The next lemma shows that the composition is a monoid operation.

Lemma 2.10. Let 7 be a monad, F a functor, and assume that there exists a
distributive law X : FT = TF. The following hold.

(i) The composition of systems is associative.
(1) The system (S,ns : S — T S) is a unit for the composition of systems.
Proof

(i) Let (S,a),(S,5) and (S,~) be such that o : S — TF*S, §:8 — TF™S
and v : S — TF'S. By the definition of the composition we have

(@-B)v = (ppremso TN gmgo TF Boa) vy
= ppremirg o TG o TF o piprimg o TAmg e TF*Boa
and
a-(B-7) = a(upmugeTAFige TF ™y 3)
= HUFkt+m+ig© T)\-];_—mﬂs o T]:k,u]:mﬂs o T]:kT)\?_zzS
TFETF "y e TFFB o a



Hence, the associativity is a consequence of the commutativity of the

following diagram.

TAE, ok
TFTF™S e T2FRmg S kg
TFFTF™y T (nat.\¥) T2Fhtmy (nat.p) TFF™y
T)\;:mTflS ]-"HWT}' S
TFrTFTF'S T2FHmT Fls — T FFHmTFls
T2]_~k}\7nl (nat
)
TFETAT, T (nat.\F) P T) | TN A
7—2 k .
T]_-k7-2]_—m+zs TFEm sz_-k,]—]_—mHS L;S,ng_—mmﬂs s “,szj_—mmﬂs
TF*pmis T((b)AF) Tppkimils (mult.T) Hpktmtlg
TN
TFTF™HS e T2kl g T et g

(#7) Let (S,a) be such that a : § — TFFS. The system (S, ns) is a right unit

since
p TF"
S — % TFkg —=TFrTS
\ T ((a)\F) TAE
\ {7 papkg

(unit 7) lu}_ks
s TF"S

and it is a left unit since

ai (nat.n) Tozl (def.com.)
TFrs TS kg S T kg
(unit 7)
id

O

Exponentiation of systems can also be defined, in the usual way: Let (S, a) be
a system of type 7F". Then a® = 15 and a"T! = " - a. By the associativity

of the composition we have o™ = o" - o™, for any n,m € N.



Remark 2.11. We note that the definition of composition as well as Lemma 2.10
are related to Kleisli categories. For a monad 7 = (7,n,u), by Setr we de-
note the Kleisli category associated to 7. Its objects are sets and morphisms
f: X —7 Y are functions f : X — 7Y. The identity morphism is then 7nx
for any set X and two morphisms f: X —7 Y and g : Y —7 Z compose to a
morphism g o7 f : X —7 Z given by

ger f=pzTgef.

Given a Set endofunctor F with a distributive law A : 7 — T F, we can lift
F to an endofunctor F7 on the Kleisli category which acts as follows

Fr(X)=FX Fr(f) =Xy Ff

for f : X —7 Y a morphism in Sety. By Lemma 2.7 and Lemma 2.8 also
F* lifts to a functor fkT on the Kleisli category. Then the composition of
coalgebras « - corresponds to composing some morphisms in Set7 in particular
a-f= F'}ﬁ o7 a. Hence, the proof of Lemma 2.10 could also be given via the
Kleisli category. There is only an obligation to prove that F * lifts in Sets to
the exponent of the lifting of F, i.e.

Fr=(Fr)
which can be done by induction, by the definition of \* and by Lemma 2.8.

We next provide examples that show how the composition is defined for LTSs
and for generative probabilistic systems.

Example 2.12. The functor defining the LTSs is of a form 7F for 7 = P,
the powerset monad, and F = A x Zd. By Lemma 2.5 the composition (and
exponentiation) is defined for LTSs. Moreover, since

(A* x Td) o (A™ x Td) = (AFT™ x 7d) (7)

if (S,a: S — P(A* x Zd)) and (S, : S — P(A™ x Zd)), then (S,a-3: S —
P(AM™ x Id)). Some derivations suffice to see that

(a-B)(s) = {{uv,t) [ 3r € S (u,r) € afs), {v,t) € B(r)}

ie., s—5t in (S,a - B) if and only if there exists r € S such that s ——r

in (S,a) and r -t in (S, ), for arbitrary state s € S and arbitrary words
ue AF v e A™.

Example 2.13. The generative probabilistic systems are defined by the functor
D(A x Zd) i.e., by a functor 7F for F as in the previous example, and 7 = D
being the distribution monad. Example 2.4 provides also a distributive law of F
over the monad 7. Hence, composition and exponentiation of generative prob-
abilistic systems is also defined. Using the isomorphism (7), and the definition



of composition, after some derivations we get that if (S,a : S — D(A* x Zd))
and (S, 3: S — D(A™ x Id)), then (S,a - 3: S — D(A*™ x Id)) is given by

(- B)(s)(uv,t) = Y als)(u,r) - B(r)(v, 1)

res

for u € A¥,v € A™ and s,t € S.

3 Paths

In this section we investigate possible definitions of paths for coalgebras. The
case of LTS makes us believe that having a good definition of paths brings pos-
sibilities of defining various semantic relations.

Assume we have a system (S, «) of type F. A (finite) path could be a sequence
of transitions

S0 a(sg) s1 a(s1) Sa+ - Sp—1 a(Sp—1) Sn (8)

where, each s; is “reachable” from «a(s;—1) for ¢ > 1. In case of transition
systems, i.e. the powerset functor, it is intuitively clear that reachable means
“belongs to” i.e. we require s; € a(s;—1).

Still, the usual notions of paths for TS and LTS are linear, being sequences of
states and actions, unlike those from (8). In an LTS a path is an alternating
sequence of states and actions, usually represented as

ay az Qn
So—>81 ——>82 " *Sp—1—8n.
Similarly, in a transition system a path is only a sequence of states
So— 81— 82— Sp.
Moreover, in a simple Segala system [Seg95b], a path is a sequence
ai az An
S0 = H1S51 —— H282° " Sp—1 "7 Hn Sn

where s; € supp(u;). This definition of a path is semi-linear. On the one hand,
it exploits the similarity with LTS and therefore shows linearity and, on the
other hand, it involves whole distributions over states.

For generative probabilistic systems the usual notion of a path (see e.g. [BH97,
SVWO05]) is also linear. A path in a generative system is an alternating sequence

a1 as Qn
S0 > 51 > 82 Sp—1 Sn

such that the probability of performing each transition s;,_; —-s; is greater
than 0, for ¢ > 1. This is very much different than what comes out of (8). The

10



advantage of the used definition is that it is indeed linear, the disadvantage is
that it looses probabilistic information. The behavior of the state is no longer
determined by the set of paths, nor by the set of paths of length one, in contrast
to the LTS case.

In this section we will present some general observations that show, for example,
the general principles that lead to this linear but incomplete definition of paths
for generative systems.

Jacobs [Jac04] defines paths in a semi-linear fashion for systems of type P.F,
where F preserves weak pullbacks, as sequences

n
(ug, U1, ..., uy) € H}—iS
i=0

such that for ¢ > 0 we have
(wiv1,u;) € Rel(F)'((id x a) "' €rs). (9)

Jacobs’ definition of a path implicitly uses the existing power law and the fact
that €x is the reachability relation.

In general, let 7 be a monad and F a functor, with a distributive law A :
FT = TF. Moreover, let a family of reachability relations be given R = {Rx }
where Ry C X x TX for any set X. Intuitively, this is how we form paths
of (S;a : S — TFS) wrt. R: We pick up a first element ug € S. We
apply the transition function to it and get a(ug) € 7FS. We pick up a
next element u; € FS such that (uj,a(up)) € Rrps. Then we continue from
u1, we apply now Fa to it in order to get its transitions and we land in
Fa(uy) € FTFS. An application of the distributive law gets us back on the
right track, and we have A\rg(Fa(u1)) € TF2S. At this point we are in position
to again pick up a next element for our path. We choose us € F2S such that
(ug, Ars(Fa(uy))) € Rrz2g. Proceeding this way, we build possible paths.

Hence, paths for systems of type 7 F with 7 being a monad and a corresponding
distributive law, w.r.t a family R are sequences

(ug,u, ..., uy,) € H}"iS
i=0

such that for all i =0,...,n — 1 we have
(Uis1,u;) € (id x NpgF'a) ' Rpivig = R (10)

Remark 3.1. We note that Jacobs’ paths are indeed paths according to (10)
in case of the powerset monad and the membership relations. Let 7 = P, n™

11



the n-fold power law, and Rx = €x. Moreover, let (S, a) be a PF coalgebra,
for a weak pullback preserving functor F. Then

Re](}—)i(e;cs) = (fd X W;:S)_l(E]:iJrls) (11)

as can be derived from [Jac04, Lemma 4.2]. This implies that

—~
*

Rel(F)i((id x @)~ (€rs)) & (id x Fia)" ' Rel(F)i(ers)

W (id x Fia)L(id x 7ieg) L (€ Fitrs)

= (ld X ﬂé:sfia)il(e}-i+1s)

where the equality (x) holds by the properties of relation liftings (see [Jac02,
JHO3]).

Hence, both notions of paths coincide for LTS, and they also correspond to the
usual notion of paths for LTS, as shown in the next example.

Example 3.2. Let 7 = P, F = A xZd and Rx = €x. Let " be the
distributive laws from Example 2.9. A sequence (uo,...,u,) is a path, u; €
Al x Sif forall i >0

(ui+1,ui> c (Id X F;:S]:ia)_lR]:iJrlS.
ie. _ _
U1 € mrg((AL X a)(uq)).
Now, since u; = (w;, s;) € A* x S, and (A® x a)(u;) = (w;, a(s;)), from Exam-
ple 2.9, we get
mrs((wi,a(s:)) = {(wi,u) |u€alsi)}
{(wi, (a,s)) | {a,s) € a(si)}

{{w; -a,s") | s 25"}

1

Hence, (ug,...,u,) is a path, u; = (w;,s;) € A* x S if and only if for all i > 0
it holds that w;;1 = w; - a for some a € A and s; LN Sit1-

The definition of paths for systems of type 7F depends on a family of relations
R. We do not know what characterizes a good family R = {Rx C X x TX}
of relations for reachability. In any case, every such family of relations should
satisfy the following condition. For any natural number n, any system (S, a) of
type 7F and any state s € S

(id x a™) " H(Rpng) N F"S x {s} = R*"o--- o R*'NF"S x {s} (12)

The condition provides a link between the notion of composition of systems and
the notion of a path. It can be rewritten to

fu] (u,a"(5)) € Rpns} =
{w|3uy,...;up—1: (S,u1,...,Up—1,u) is a path in (S,a) w.rt Rx}

12



expressing that reachable elements from a™(s) are exactly those that can be
reached by a path of length n.

We next show that for 7" being a submonad of P in the sense that there exists
a natural transformation ¢ : 7 = P, families of reachability relations come
naturally.

3.1 Submonads of P

Since the powerset monad, together with the family of membership relations,
seems to play a special role in defining paths of systems, it makes sense to study
in more detail submonads of P i.e. monads that can be naturally mapped to
the powerset monad.

Lemma 3.3. The following are equivalent:

(i) The monad T is submonad of P, i.e. there exists a natural transformation

c:7 = P.

(13) There ezists a family R = {Rx C X x TX} of relations indexed by sets
such that for all sets X, Y and all f: X =Y

(f x id)Rx = (id x T f) "' Ry.. (13)
Proof
(1) = (i) If 0 : T = P, then we can define a family of relations
Rx =(idxox) 'ex) CX xTX (14)
which satisfies (13) since for any y € Y and u € 7X

(y,u) € (id x Tf)~'((id x oy) "
(Y, (T fu) € (
T f)u)) € €y

€y))
€ (id x oy) " Hey)

(
)

<

= (y,0v((

— yecoy(Tfu)

Dy e (Pf)(ox(w) = flox ()

= (yu) = (f(z),u) Az € ox(u)

— (y,u) € (f xid)(idxox)~ (EX)

(ii) = (i) f Rx C X x TX is a family of relations with the property (13), then we
define o : 7 = P by

x:TX - PX, ox(u)={reX|(z,u) € Rx}. (15)

13



We have, for u € 7X,

oy(Tf(w) = {yeY|[(y,Tf(u) e Ry}

= {yeY|(y,u) € (f xid)(Rx)}

= {yef(X)|y=f(=)A(z,u) € Rx}
= {f(z) € f(X) | (w,u) € Rx}

= f(UX(U)>

= (P)lox(u).
O

In the proof above, if o satisfying (13) exists, then we call the family of rela-
tions Rx defined by (14), the family associated to o. Conversely, if Rx exists
satisfying (13), then we say that the natural transformation o from (15) is as-
sociated to the family. These assignments are inverses to each other. Assume o
exists, Rx is defined by (14) and a natural transformation o’ is defined by (15)
associated to Rx. Then

ox(u) = {reX|(r,u) € Rx}
= {zeX|(z,0x(u) €ex}
= {zeX|zeox(u)}
= ox(u).

The opposite also holds, if Rx exists, o is associated to it by (15), and a family
of relations R’y is associated to o by (14), then

Ry = {{z,u)|{z,0x(u) € €x}
= {(z,u) |z €ox(u)}
= {{z,u) | {z,u) € Rx}
= Rx.

Moreover, the condition (13) implies that
(f x Tf)Rx C Ry (16)

which is equivalent to the condition that the family R = {Rx} is functorial, i.e.
R determines a functor making the following diagram commute.

Rel
2
u
Set Z Zax? Set x Set

The next lemma shows that a family of relations associated to a submonad of
P can be used instead of the membership family, in case the submonad natural
transformation is a monad map. We first define the notion of a monad map.

14



Definition 3.4. Let (7,07, u”) and (M, n™, u™) be two monads. A monad
map from T to M is a natural transformation X : T = M such that it
preserves the monad structures, i.e., the following two diagrams commute.

T
X . Tx TTX 225 mTx 2% Mmx
(c) lxx uii () lu?{l
M Ax
VD e TX MX

Lemma 3.5. Let 0 : T = P be a monad map and let R be the family asso-
ciated to o, i.e. Rx = (idx ox)"Y(€x). Let A\ : FT = T.F be a distributive
law. Then R satisfies condition (12).

Proof Assume ¢ : 7 = P is a monad map, i.e., according to Definition 3.4,
the next diagrams commute

X" rx TTX 2% pTx 225 ppXx
(©) iox nxi (@) iux
Ox ™>px TX = PX

where 7 and p are the unit and the multiplication of the monad 7. We prove
condition (12) by induction on n. Let (S,a) be a TF system and s € S. For
n = 0 we have

{u] (u,0’(s)) € Rs} = {u] (u,ns(s)) € Rs}
{u](u,05(ns(s))) € €s}
{uluwe{s}t}

= {s}

and {s} is exactly the set of all elements of S that can be reached by a path of
length 0 w.r.t Rx, starting in s.

—~
o
N

Assume (12) holds for n. Note that

{u| Jug, ..., up: (S,u1,. .., Up_1,Upn,u) is a path in (S, a) w.rt Rx}

= {u|Jur,. . Up—1, U (S, UL, .. Up—1, Up) 1S & path in (S, a) wrt Ry

and (u,u,) € R*"}

WD | Bup : (un, @™(8)) € Rpnx A (4, un) € RO}
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From the commutativity of the following diagram

X

an«{»l

(def.a™t1)

n

TF «

TF X 5T Ex = prpen X TS p i x

O']-‘nxi (nat.o) lgf"T}‘X

PF" o PArx

(nat.o)
OrFntlx

PF'X —=PF'TFX —=PTF"X @ Trntix

'PJ]_.HJAXl

Uzn 1x
PPFHIX TS P

we get that, for a monad map o

OFn+lx © a”

and furthermore

= Ufn+1x “Pogntix e PApx e PFlacopnx = a” (18)

(u, 0" (s5)) € Rpnirg

=11

—
*
—

I 1

=
@

s)) € Epnirg
U € opniigea™(s)

(u,0n 115 0 a"H(
1

n n n
u e U]—'nJrls 07)0']:n+ls o P)\]_—S o PF v o OFng o (S)

Juy, € F'S Uy € 0png o a™(8) AU € Opntrg o Apg o Fla(uy,)
Juy, € F'S 2 (up,a”(s)) € Rpnx A

(4 g o FPa(un)) € (id X G rns) L (Eprins)

Jup, € F'S 2 (un,a”(8)) € Rpnx A

(u, Mg o Faun)) € Rpntrg

Fu, € F*S : (up,a”(s)) € Rpnx A (u,u,) € RO™

Fug, .oy Up (S UL, .y Up—1, Up, u) is & path in
(S, ) wrt Ry

where the equivalence marked with (x) holds by the definition of the powerset
functor. This completes the proof. O

Example 3.6. We have a natural transformation supp : D = P mapping any
distribution to its support set, i.e., suppx (p) = supp(p) = {x € X | u(z) >0}
for any p € DX. The associated family of relations with the property (13),

by (14) is

Ry = (idxsuppy) '(€x)
{(x, ) | (x,supp(p)) € ex}
= {(z,u) | z € supp(p)}.
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We now show that, under a reasonable assumption, if R is the family of relations
associated to a natural transformation ¢ : 7 = P, then one can define paths
via (10) or via (9) with R instead of € obtaining the same notion. For this we
introduce first the notion of a map of distributive laws. We say that o : T = P
is a map of the distributive laws A and 7, notation o : A = m, if the next
diagram commutes.

FTX 225 Fpx (19)
Axi iwx
TFX —>PFX

In a sense, a map of distributive laws shows that two distributive laws are
compatible, or imitate each other along the natural transformation o.

Lemma 3.7. Let T be a monad, F a functor, A : FT = TF a (plain)
distributive law, and w : FP = PF the power law. Moreover, let 0 : A = m
and let R = {Rx} be the associated family of relations. Then

(id x X)) "N (Rzix) = Rel(F)"(Rx). (20)

Proof Let A, 0,7 be as in the assumption of the lemma, such that (19) holds.
We first show, by induction on n, that the following diagram commutes for all
n € N.

Frrx T2 ppx (21)
/\}l lﬂ'}
TF'X 5 pFrX

where A" and 7" are obtained from A and 7, respectively, by (4). For n =0 it
holds trivially, for n = 1 it holds by assumption. Assume it holds for n. Then
we have

(1)

W;L(Jrl o F'lgy TEnx o F'y o Ftloy

= wgnx o F(n% o Flox)

= 7T_7:nXOF(O']-‘nX°>\SL()
= 7T]:nX0]:O']:nX0.7:/\§

0']:n+1X o )\]—‘TLX o fA’r)L(
= Uf7l+1X o )\7;(—"_1.
Next we show (20). Let ¢ € N. We have

Rel(F) (Rx) = (id x Fiox) *(Rel(F)'(ex))
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and

(u,v) € (id x Ni) ' Rpix = (id x Ni) 7 id x opix) " (Exix)

-
= (u,(oFix o Ax)(v)) € EFix
E oy, (rh « Flox)(v)) € Epix
(

{
LL , Fox(v)) € Rel(F)i(ex)
—  (u,v) € Rel(F)"(Rx)

where the equivalence marked with () holds since from [Jac04, Lemma 4.2] we
have ‘ ‘
(id x 7% )Y€ rix) = Rel(F)'(€x).

O

It can easily be seen, as in Remark 3.1, that Equation (20) implies equivalence
of the Conditions (10) and (9).

Maps between distributive laws exist in the nature, as the following example
demonstrates.

Example 3.8. Let A\: Ax D= D(AxZd) and 7: A x P = P(A x Zd) be
defined as in Example 2.4 and Example 2.6, respectively. Consider the support
natural transformation supp : D = P. Then supp is a map of distributive
laws, supp : A = =, since one can directly verify that

Tx o Fsuppx = Supprx °Ax-

Hence, for generative probabilistic systems there is one notion of a path with
respect to the support relations. Moreover, it can be seen that this one notion
corresponds to the usual linear notion of a path for generative systems.

The following result suggests that in the case of the powerset monad, the family
of membership relations deserves to be called the family of reachability relations.

Lemma 3.9. There exist exactly two families of relations Rx that satisfy (13),
associated to the powerset monad P. These are Rx = () for all sets X, and
Rx =€x.

Proof Consider ex : PX — PX for any set X, defined by ex(X’) = . Then
¢ : P = P is a natural transformation, and Rx = 0 = (id x ex) (€x).
Hence, by the proof of Lemma 3.3, Rx = () satisfies (13). Furthermore,
Rx = e€x = (id x idx)~'(ex) for id denoting the identity natural transforma-
tion id : P = P, and therefore Rx = €x also satisfies (13). In the remainder
of the proof we show that no other family of relations satisfies (13).

Assume Rx C X x 7 X, for any set X is a family of relations that satisfy (13),
and assume that for some set Y, Ry # (. We will first show that
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(a) Rx # 0 for all sets X # ().

Let X # 0, and choose a function f : Y — X. Then (f x id)Ry # 0 and so
by (13) (id x Pf)"'Rx # 0 implying that Rx # (.

Next we will show that
(b) Rx N (X x {0}) = 0 for all sets X # 0.

Assume that for some set X # 0, Rx N (X x {@}) # 0. Then there exists z € X
with (z,0) € Rx, implying by (13), that for any set Z and any map f : X — Z,
the pair (f(x),0) € Rz. This further implies that for any set Z, Z x {0} C Rz,
and therefore

Z x {0} C (idx Pf) 'Rz = (f x id)Rx. (22)

Now choose a set Z and a map f : X — Z which is not surjective. Since
Rx C X xPX, wehave (f x id)Rx C f(X)xPX but Zx {0} € f(X)xPX,
contradicting (22). Hence, we have shown (b).

The third step in the proof is to show:
(c) For any set X, and any z € X we have (z,{z}) € Rx.

Let Y be a set such that Ry # 0 and let (y',Y’) € Ry. Then, by (b) Y’ # 0.
Consider now an arbitrary set X with x € X. Define a function f:Y — X by
f(y) =z for all y € Y. Note that (Pf)(Y’) = {z} since Y’ # 0 and we get

(@, {z}) = (f(¥), (PHY")) = (f x PHY.Y)) € (id x Pf)(f x id)Ry C Rx
and (c) is proven.
Our next step is to prove that

(d) (z,X) € Rx for all x € X.

Take ' € X and consider the constant map f : X — X, f(z) = 2’ for all
x € X. Then, by (¢) we have

(id x Pf)({a', X)) = (2/, {a"}) € Rx

which means that (2, X) € (id x Pf)"'Rx = (f x id)Rx and so there exists
" € X such that (2", X) € Rx. Since (f x Pf)Rx C Ry for any map
f:X =Y (see (16)), we have (f x Pf)({(z"",X)) € Rx forany f: X — X. In
particular, for arbitrary permutation f on X we have

(f x PH", X)) = (f("), f(X)) = (f(="), X) € Rx
which shows that (d) holds.
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Next consider a set X # () and let 2’ € X, X’ C X such that 2’ € X'. Define a
map f: X — X by
T re X'

ra={5 Ie%
Then f(X) = X', f(z') =2’ and

(@, X") = (f(2), f(X)) € (f x Pf)Rx € Rx

i.e. we have shown that €x C Rx.

It remains to show the opposite inclusion. Assume that (', X’) € Rx and
' ¢ X'. By (b) we have that X’ # ). Choose z”/ € X’ and define f : X — X
by

Then we have (z/, X') € Rx implying (2/, X) € (id x Pf)"'Rx = (f x id)Rx.
This implies that 2’ € f(X), contradicting the assumption 2’ ¢ X’. Hence,
Rx C ex. O

We next point that for any submonad of P there is a largest natural trans-
formation that witnesses the submonad property. It corresponds to a largest
family of relations. First we order the families of relations and the natural
transformations. Let R = {Rx C X x7X}and Q = {Qx C X xTX}. We
define

R<Q <+ RxCQx

for all sets X. Furthermore, let A : 7 = P and 7 : 7 = P. Define
AN T = Ax(u) - Tx(u)

for all sets X and all v € 7X. One directly verifies that if R, Q are the
families of relations associated to the natural transformations A, 7 from 7 to P,
respectively, then

R<Q «— A<T.

For any monad 7, there exists the empty natural transformation ¢ : 7 = P
given by ex(u) = 0 for all sets X and all u € 7X. Furthermore, if {R"|i € I}
is a collection of families of relations that satisfy (13), then R with components
Rx = ;1 R also satisfies (13), and R* <R foralli € I. As a consequence
we get the following property.

Lemma 3.10. For any monad 7T, there exists a largest family of relations
R = {Rx C X x TX} with the property (13), and a corresponding largest
natural transformation o : T = P. O

Example 3.11. The family R corresponding to the support natural transfor-
mation supp : D = P is the largest family of relations that satisfies (13).
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Assume A : D = P. Let X be arbitrary set and p € DX a distribution.

Choose a function f : X — X such that f(z) = x for x € supp(u), ie.,
flsupp(p) = id and f(X) = supp(x). Such a function exists since the support of a
distribution is never empty. Then we have (D f)(u) = u since for x & supp(p) we
have f~!(z)Nsupp(p) = 0, and for = € supp(p) it holds £~ (x)Nsupp(p) = {z}.
Since A is natural, Pf o Ax = Ax » Df and in particular

Ax(p) =Ax(Df(p) = (PH(Ax () = f(Ax(n) € f(X) = supp(p)
proving that A < supp.

4 Concluding remarks

We have discussed composition of coalgebras and paths for coalgebras. The in-
terest in compositions was already invoked when considering weak bisimulations
[SVWO05]. Tt was an important issue to know what does it mean to perform sev-
eral consecutive steps from a state. Later, the work of Jacobs [Jac04] on trace
semantics for coalgebras of type PF for F a polynomial functor drew the au-
thor’s attention to monads and distributive laws and made it easy to define
composition of coalgebras of type 7F with 7 a monad and a corresponding
distributive law. The author’s ambition was to extend the results on traces for
other coalgebras but of type PF. The definition of composition is a small step in
this direction. In a recent work, Hasuo and Jacobs [HJ05b] proposed a different
treatment of (finite) traces for PF coalgebras. More recently, the same authors
also obtained traces for coalgebras of type D<F [HJ05a]. The trace map in this
new result is defined in terms of composition i.e. exponentiation of coalgebras.
The same can be done for the trace map from [HJ05b]. The compositions are
not an essential part of the results, but they do provide a nice presentation.
Generalizing the traces result i.e. obtaining traces for more general coalgebras,
for example of type 7F for any monad 7, a polynomial functor F, with a cor-
responding distributive law, is an interesting direction for future work.

Coming back to weak bisimulations, we believe that compositions might also
help in obtaining *-extensions (see [SVWO05, SVW04]). For example, given an
LTS coalgebra (S,a: S — P(A x S)), the s-extension (S,a* : § — P(A* x 5))
can be expressed in terms of compositions by

neN

where o™ denotes the n-th exponent of the coalgebra (S,«). There might be
similar connections between exponents and x-extensions for general coalgebras
as well.

Moreover, we studied ways to define paths in coalgebras. We are not yet con-
vinced whether it is reasonable to define notions of linear behavior, such as
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paths, for general coalgebras. The most general definition given by condition (8)
does not seem to reflect intuition of what a linear path should be. Moreover,
there is the question of how to pick next states, i.e. which states are “reachable”
from a transition a(s).

Therefore, we discussed subclasses of coalgebras for which a definition of a
path is possible. Such are the coalgebras of a monad, the coalgebras of type
PF [Jac04], and, as we have seen, also coalgebras of type 7F for 7 being a
submonad of P. An example of such coalgebras are the generative probabilistic
systems, and for them we obtain the usual notion of a path. While studying
the possibility of defining paths, we have come to some interesting observations
for the submonads of P. Still, we are not convinced that defining paths by
“forgetting” parts of the behavior, as in the case of generative systems is a good
idea. Application of these notions of paths for obtaining semantic relations
remains an issue for future research. It could be a way to evaluate the notions
of paths that we have considered.
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