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ABSTRACT. We use modal logic as a framework for coalgebraic trace semantics, and show
the flexibility of the approach with concrete examples such as the language semantics of
weighted, alternating and tree automata, and the trace semantics of generative probabilis-
tic systems. We provide a sufficient condition under which a logical semantics coincides
with the trace semantics obtained via a given determinization construction. Finally, we
consider a condition that guarantees the existence of a canonical determinization proce-
dure that is correct with respect to a given logical semantics. That procedure is closely
related to Brzozowski’s minimization algorithm.

1. INTRODUCTION

The theory of coalgebras [31], [14] is a framework of choice to model and study state-based
systems at a high level of generality. Coalgebraic methods have been rather successful in
modeling branching time behaviour of various kinds of transition systems, with a general
notion of bisimulation and final semantics as the main contributions. But in a wide range of
settings, from automata theory to verification and model checking, one is interested in the
linear time behaviour of systems, such as trace semantics of transition systems or language
semantics of automata. Indeed, coalgebraic modeling of linear time behaviour has also
attracted significant attention.

However, the emerging picture is considerably more complex: several approaches have
been developed whose scopes and connections are not yet fully understood. Here we suggest
a new approach which, contrary to previously considered coalgebraic ideas, crucially and
explicitly defines trace semantics not by coinduction but by induction, based on techniques
from modal logic. This provides a transparent framework that covers new examples such
as weighted tree automata, allows us to naturally relate trace semantics to determinization
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2 B. KLIN AND J. ROT

constructions, and, in certain well-behaved cases, provides canonical determinization and
minimization procedures.

To study trace semantics coalgebraically, one usually considers systems whose behaviour
type is a composite functor of the form T'B or BT, where T represents a branching aspect
of behaviour that trace semantics is supposed to “resolve”, and B represents the transition
aspect that should be recorded in system traces. Typically it is assumed that T is a monad,
and its multiplication structure is used to resolve branching. For example, in [30, 12], a
distributive law of B over T is used to lift B to the Kleisli category of T', and trace semantics
is obtained as final semantics for the lifted functor. Additional assumptions on 71" are needed
for this, so this approach does not work for coalgebras such as weighted automata. On the
other hand, in [16] B3] a distributive law of T over B is used to lift B to the Eilenberg-Moore
category of T', with trace semantics again obtained as final semantics for the lifted functor.
This can be seen as a coalgebraic generalization of the powerset determinization procedure
for non-deterministic automata. While it applies to many examples, that approach does not
work for systems that do not determinize, such as tree automata. A detailed comparison of
these two approaches is in [16].

In this paper, we study trace semantics in terms of modal logic. The basic idea is very
simple: we view traces as formulas in suitable modal logics, and trace semantics of a state
arises from all formulas that hold for it. A coalgebraic approach to modal logic based on
dual adjunctions is by now well developed [29] 20} [17, 22], and we apply it to speak of traces
generally. Obviously not every logic counts as a trace logic: assuming a behaviour type of
the form BT or T'B, we construct logics from arbitrary (but usually expressive) logics for B
and special logics for T" whose purpose is to resolve branching. We call such logics forgetful.

Our approach differs from previous studies in a few ways:

e Trace semantics is obtained not as final semantics of coalgebras, but by initial semantics
of algebras. Fundamentally, we view trace semantics as an inductive concept and not a
coinductive one akin to bisimulation, although in some well-behaved cases the inductive
and coinductive views coincide.

e We do not assume that T' is a monad, unless we want to relate our logical approach to
ones that do, in particular to determinization constructions.

e Instead of using monad multiplication p: TT = T to resolve branching, we use a natural
transformation a: TG = G, where G is a contravariant functor that provides the basic
infrastructure of logics. In case of nondeterministic systems, 1" is the covariant powerset
functor and G the contravariant powerset, so 7T and T'G act the same on objects, but
they carry significantly different intuitions.

e Thanks to the flexibility of modal logics, we are able to cover examples such as the
language semantics of weighted tree automata, that does not quite fit into previously
studied approaches, or alternating automata.

Example 1.1. Consider weighted automata over a semiring S. Every state of such an au-
tomaton, given an input letter, has a linear combination of successor states, with coefficients
in' S. The semantics of a weighted automaton with state space X is a function s”: X — S47,
mapping every state to a weighted language. In our framework, the actual map s is com-
puted as the transpose of a certain map s: A* — SX, which arises by induction on words.
This computation is determined by a certain (rather simplistic) forgetful logic; the formulas
of this logic are just the words in A*. In this example, it is crucial to distinguish between
the branching structure of automata, modeled by linear combinations of states, and the



COALGEBRAIC TRACE SEMANTICS VIA FORGETFUL LOGICS 3

functor S~ that allows arbitrary assignments of weights to words and states. This distinc-
tion is an instance of a general distinction between a covariant functor (or a monad) 7" and
a contravariant functor GG, which will be a recurring theme in this paper.

Applying the term logic to our framework is admittedly a bit of an exaggeration. We
do not consider syntactic aspects usually connected with logical systems, such as deduction
relations. We merely study ways to interpret certain terms (formulas) on models (coalge-
bras) in an inductive fashion. One might call it a testing framework, as in [29], but similar
systems are often called logics in coalgebraic literature, and we reluctantly stick to this
custom.

The idea of using modal logics for coalgebraic trace semantics is not new; it is visi-
ble already in [29]. In [12] it is related to behavioural equivalence, and applied to non-
deterministic systems. A generalized notion of relation lifting is used in [6] to obtain infinite
trace semantics, and applied in [7] to get canonical linear time logics. In [19], coalgebraic
modal logic is combined with the idea of lifting behaviours to Eilenberg-Moore categories,
with trace semantics in mind. In [I6], a connection to modal logics is sketched from the
perspective of coalgebraic determinization procedures. In a sense, this paper describes the
same connection from the perspective of logic. In [§], the framework of [, [7] is rephrased
in terms of coalgebraic modal logic. The result is rather similar to the one we considered,
with forgetful modalities to resolve branching. Unlike our approach, [8] relies on T" being
a monad, and under some more assumptions it studies canonical forgetful modalities that
give rise to particularly well-behaved logics. In [23] 28], monads feature even more promi-
nently, with the entire behaviour functor embedded in a so-called graded monad. In [I1], it
is embedded in a more complex functor with a so-called observer.

Our main new contribution is the notion of forgetful logic and its ramifications. Basic
definitions are provided in Section [3] and some illustrative examples in Section @ We intro-
duce a systematic way of relating trace semantics to determinization, by giving sufficient
conditions for a given determinization procedure, understood in a slightly more general way
than in [I6], to be correct with respect to a given forgetful logic (Section [@]). For instance,
this allows showing in a coalgebraic setting that the determinization of alternating automata
into non-deterministic automata preserves language semantics.

A correct determinization procedure may not exist in general. In Section [7 we study
a situation where a canonical correct determinization procedure exists. It turns out that
even in the simple case of non-deterministic automata that procedure is not the classical
powerset construction; instead, it relies on a double application of contravariant powerset
construction. Interestingly, this is what also happens in Brzozowski’s algorithm for au-
tomata minimization [4], so as a by-product, we get a new perspective on that algorithm
which has recently attracted much attention in the coalgebraic community [11 2, 3].

Although we do not assume the branching functor 7" to be a monad, a forgetful logic for
T is equivalent to a transformation from 7" to a certain monad which, in the case of sets, is
the double contravariant powerset monad (a special case of the continuation monad). One
might say that the continuation monad is rich enough to handle all types of branching that
can be “forgotten” within our framework.

This paper is an extended version of [2I], adding full proofs and a treatment of the
trace semantics of probabilistic systems as a non-trivial instance of the framework.

Acknowledgments We thank Marcello Bonsangue, Helle Hvid Hansen, Ichiro Hasuo,
Bart Jacobs and Jan Rutten for discussions. Joost Winter spotted a serious mistake in
a previous version of Example We are very grateful to the anonymous reviewer who
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pointed out Lemma and whose many insightful comments let us significantly improve
the paper.

2. PRELIMINARIES

We assume familiarity with basic notions of category theory (see, e.g., [24]). A coalgebra
for a functor B: C — C consists of an object X and a map f: X — BX. A homomorphism
from f: X - BX tog: Y — BY isamap h: X — Y such that goh = Bho f. The category
of B-coalgebras is denoted by Coalg(B). Algebras for a functor L are defined dually; the
category of L-algebras and homomorphisms is denoted by Alg(L).

We list a few examples where C = Set, the category of sets and functions. Consider the
functor P, (A x —), where P,, is the finite powerset functor and A is a fixed set. A coalgebra
f: X = P,(Ax X) is a finitely branching labelled transition system: it maps every state
to a finite set of next states. Coalgebras for the functor (P, —)* are image-finite labelled
transition systems, i.e., the set of next states for every label is finite. When A is finite the
two notions coincide. A coalgebra f: X — P, (A x X + 1), where 1 = {x} is a singleton, is
a non-deterministic automaton; a state x is accepting whenever * € f(z).

Consider the functor BX = 2x X4, where 2 is a two-element set of truth values. A coal-
gebra (o, f): X — BX is a deterministic automaton; a state x is accepting if o(x) = tt, and
f(x) is the transition function. The composition BP, yields non-deterministic automata,
presented in a different way than above. We shall also consider BP,P,-coalgebras, which
represent a general version of alternating automata.

Let S be a semiring. Define MX = {p € SX | supp(y) is finite} where supp(p) =
{z | p(x) # 0}, and M(f: X = Y)(¢)(y) = erf—l(y) o(x). A weighted automaton is a
coalgebra for the functor M(A x — + 1). Let ¥ be a polynomial functor corresponding to
an algebraic signature. A top-down weighted tree automaton is a coalgebra for the functor
M3, For S the Boolean semiring these are non-deterministic tree automata. Similar to
non-deterministic automata above, one can present weighted automata as coalgebras for
S x (M—)A.

We note that P, is a monad, by taking the unit nx(z) = {z} and the multiplication p
to be set union. More generally, the functor M extends to a monad, by taking px()(z) =
> ypesx P(¥)-(z). The case of P, is obtained by taking the Boolean semiring. Notice that
the finite support condition is required for u to be well-defined.

2.1. Contravariant adjunctions. The basic framework of coalgebraic logic is formed of
two categories C, D connected by functors F': C°’ — D and G: D°? — (C that form an
adjunction F'°? 4 G. For example, one may take C = D = Set and F' = G = 27, for
2 a two-element set of logical values. The intuition is that objects of C are collections of
processes, or states, and objects of D are logical theories.

To avoid cluttering the presentation with too much of the (—)° notation, we opt to
treat F' and G as contravariant functors, i.e., ones that reverse the direction of all arrows
(maps), between C and D. The adjunction then becomes a contravariant adjunction “on
the right”, meaning that there is a natural bijection

C(X,GP) = D(®,FX)  for X €C,® € D.

Slightly abusing the notation, we shall denote both sides of this bijection by (—)b. Applying
the bijection to a map is referred to as transposing the map.
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In such an adjunction, GF is a monad on C, whose unit we denote by ¢: |ld = GF, and
FG is a monad on D, with unit the denoted by e: Id = FG. As usual, multiplication of
the monad GF is GeF: GFGF = GF, and multiplication of F'G is Fi1G: FGFG = FQ@G.
The counit-unit equations for adjunctions amount to:

F=L FGF G =% GFG
. . (2.1)

Both F' and G map colimits to limits, by standard preservation results for adjoint functors.

In what follows, the reader need only remember that F' and G are contravariant, i.e.,
they reverse maps and natural transformations. All other functors, except a few that lift F’
and G to other categories, are standard covariant functors.

2.2. Coalgebraic modal logic. We recall an approach to coalgebraic modal logic based
on contravariant adjunctions, see, e.g., [20, [17]. Consider categories C, D and functors F,
G as in Section 21l Given an endofunctor B: C — C, a coalgebraic logic to be interpreted
on B-coalgebras is built of syntax, i.e., an endofunctor L: D — D, and semantics, a natural
transformation p: LF = FB. We will usually refer to p simply as a logic. If an initial
L-algebra a: L® — & exists then, for any B-coalgebra h: X — BX, the logical semantics
of pon h is a map s”: X — G® obtained by transposing the map defined by initiality of a.

Ld 5 LFX
lpx
a FBX (2.2)
th
P FX

s

The mapping of a B-coalgebra h: X — BX to an L-algebra Fhopy: LFX — FX deter-
mines a contravariant functor F' that lifts F', i.e., acts as F' on carriers.

Coalg(B) —E~ Alg(L)

l l (2.3)

C D

The functor F has no (contravariant) adjoint in general; later in Section [7l we shall study
well-behaved situations when it does. Notice that F' maps coalgebra homomorphisms to
algebra homomorphisms, and indeed the logical semantics factors through coalgebra homo-
morphisms, i.e., behavioural equivalence implies logical equivalence. The converse holds if p
is expressive, meaning that the logical semantics decomposes as a coalgebra homomorphism
followed by a mono.

Example 2.1. Let C =D =Set, F=G =2",B=2x-4and L = Ax —+ 1. The

initial algebra of L is the set A* of words over A. We define a logic p: LF = FB as
follows: px(*)(0,t) = o and px(a,p)(0,t) = p(t(a)). For a coalgebra (o, f): X — 2 x X4
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the logical semantics is a map s”: X — 247, yielding the usual language semantics of the
automaton: s”(z)(e) = o(x) for the empty word ¢, and s”(z)(aw) = s”(f(x)(a))(w) for any
a€ Awe A*.

Note that logical equivalences, understood as kernel relations of logical semantics, are
conceptually different from behavioural equivalences typically considered in coalgebra the-
ory, in that they do not arise from finality of coalgebras, but rather from initiality of algebras
(albeit in a different category). Fundamentally, logical semantics for coalgebras is defined
by induction rather than coinduction. In some particularly well-behaved cases the inductive
and coinductive views coincide; we shall study such situations in Section [

A logic p: LF = FB gives rise to its mate p’: BG = GL, defined by

BG =S grBa 22X qrrG <L gL, (2.4)

where ¢ and € are as in Section 2]l A routine calculation shows that p in turn is the mate
of p’ (with the roles of F', G, + and € swapped), giving a bijective correspondence between
logics and their mates. Some important properties of logics are conveniently stated in terms
of their mates; e.g., under mild additional assumptions (see [20]), if the mate is pointwise
monic then the logic is expressive. Two simple but useful diagrams show how logics relate
to their mates along the basic adjunction:

Lemma 2.2. For any logic p: LF = F B, the following diagrams commute:

B—2- GrB L—%t— FGL
Bl,ﬂ ﬂGp Leﬂ ﬂpr
BGF —— GLF LFG — F'Bd.

oPF pG

Proof. For the first diagram, chase:
B

B GFB
B, GFB. Gp
BGF L%E GFBGF — GLFGF SL o p

GLeF H
oy GLF

where everything commutes, clockwise starting from top-left: by naturality of ¢, by natural-
ity of p, by (@1 above, and by definition of p°.
The other diagram is similar. L]

There is a direct characterization of logical semantic maps in terms of mates, first formulated
in [29]. Indeed, by transposing (Z2) it is easy to check that the logical semantics s”: X —
G® on a coalgebra h: X — BX is a unique map that makes the following “twisted coalgebra
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morphism” diagram commute.

BX -2 BGo

h GL® (2.5)

o

X—b>GQ>.

S

2.3. Morphisms of logics. Given logics p: LF = FB and : MF = FK, a morphism
from 6 to p consists of a pair of natural transformations 7: M = L and x: B = K such
that the following diagram commutes:

b

MF =% FK BG == GL
TFﬂ ﬂFﬁ or, equivalently, HGﬂ ﬂcf (2.6)
LF :p> FB KG 7> GM.

Natural transformations 7 and s as above induce functors
Alg(L) —= Alg(M) and Coalg(B) == Coalg(K)
defined by composition.

Lemma 2.3. Suppose (7,k) is morphism from 0: MF = FK to p: LF = FB. Then the
following diagram commutes:

Coalg(B) === Coalg(K)
4T
Alg(L) —— Alg(M)

where F’p and Fy are the liftings of F induced by p and 6 respectively, as in (Z3)).
Proof. Let f: X — BX be a coalgebra, and consider:

Frx Ff

MFX 2. FrX FBX FX
MFX — ~ LFX FBX X
TRX 2% Ff

The upper path is Fy(kx o f), and the lower path is (F,(f)) o 7x. The diagram commutes
since (7, k) is a morphism of logics. ]
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Morphisms of logics apppear in [5], where the category of logics and morphisms between
them is studied. The examples in [5] involve a translation of syntax determined by 7. Our
main interest in morphisms of logics is cases where 7 = id. Then, it is a direct consequence
of Lemma 23] that the logical semantics of p on a coalgebra f: X — BX coincides with
the logical semantics of § on kx o f. In the sequel, in a situation where 7 = id we simply
say that k is a morphism of logics.

3. FORGETFUL LOGICS

In most abstract approaches to coalgebraic trace semantics, the behaviour functor under
consideration is a composition T'B or BT, where T is the branching aspect and B is the
type of observations of interest. Our approach is to capture trace semantics as the logical
semantics of a suitable logic for T'B or BT. The logics that we consider are defined as
the composition of a logic for B and a special kind of logic for T" which has trivial syntax.
This special logic for T specifies how the branching behaviour should be “forgotten” in the
resulting logical theory.

Logics for composite functors can often be obtained from logics of their components.
Consider functors B,T: C — C and logics for them p: LF = FB and a: NF = FT, for
some functors L, N: D — D. One can then define logics for the functors TB and BT

a@p=aBoNp: NLF = FTB, p@a=plolLa: LNF = FBT.

It is easy to see that taking the mate of a logic respects this composition operator, i.e., that
(@ p)’ =’ ®p’. Such compositions of logics appear in [14] and were studied in a slightly
more concrete setting in [0, B2]. In [5, Lemma 3.12], it is shown how to (horizontally)
compose morphisms of logics, turning ©® into a bifunctor.

We shall be interested in the case where the logic for T has a trivial syntax; in other
words, where N = Id. Intuitively speaking, we require a logic for T that consists of a
single unary operator, which could therefore be elided in a syntactic presentation of logical
formulas. The semantics of such an operator is defined by a natural transformation o: F =
FT or equivalently by its mate o’ : TG = G. Intuitively, the composite logics & ® p and
p © a, when interpreted on T B- and B7T-coalgebras respectively disregard, or forget, the
aspect of their behaviour related to the functor 7', in a manner prescribed by a. We call
logics obtained in this fashion forgetful logics.

Transformations a: F = FT (and their mates o”) are also in bijective correspondence
with natural transformations of: T'= GF. Indeed, define

of =Gao.T or equivalently of =a’Fo T,

and recover
a=Fa'oeF and o =GeoalG

in what is easily seen to be mutually inverse operations. This means that, intuitively, a
forgetful logic for T is equivalent to an encoding of T into the monad GF'. In all examples
considered in the next section of is (pointwise) monic, which justifies the name “encoding”,
but we do not use the monicity for anything and we do not have an understanding of its
significance.

As long as we do not assume T to be a monad, it makes no sense to ask e.g. whether of
is a monad morphism. However, composing forgetful logics for multiple behaviour functors
does agree with the multiplication structure of GF. Specifically, for a: F' = FT and
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B: F = FS, one may consider the composite o © g: F = FTS. The corresponding
encoding (o ® B)1: T'S = GF is then equal to:

Bt
s 2L arar SE gr

Encodings of will be technically useful in Section

4. EXAMPLES

We instantiate the setting of Section [3] and use forgetful logics to obtain trace semantics
for several concrete types of coalgebras: non-deterministic automata, transition systems,
alternating automata, weighted tree automata and probabilistic systems.

In the first few examples we let C = D = Set and F' = G = 27, and consider T'B or
BT-coalgebras, where T' = P, is the finite powerset functor. Our examples involve the logic
a: 27 = 2P« defined by:

ax(p)(S) =tt < dx € S.p(x) = tt. (4.1)

This choice of F' and G has been studied thoroughly in the field of coalgebraic logic, and
our « is an example of the standard notion of predicate lifting [14, 22] corresponding to
the so-called diamond modality. Its mate o’: P,2~ = 2~ and the corresponding encoding
al: P, = 227 are as follows:

o (9)(w) = tt < Jp € S.p(w) = tt
a}(U)(g&) =tt <= JreUp(r)=tt

Here and in all examples below, P, could be replaced by the full powerset P without any
problems.

Example 4.1. We define a forgetful logic o ® p for the functor P,(A x — + 1) whose coal-
gebras are non-deterministic automata, so that the logical semantics is the usual language
semantics. To this end, we let:
e C=D=Set, F=G=27;
e I'=P,,B=L=(Ax—+1);
e « be as in (4I]), and
e p be defined by its mate p’: A x 27 + 1 — 24X+ a5 follows:
Ph(¥)(t) = tt <= t =« P(a, p)(t) =tt <= t = (a,w) and p(w) = tt.

for any set ®.
The choice of L is motivated by the fact that the initial algebra of A x —+1 is A*, hence the
logical semantics will be a map from states to languages (elements of 2‘4*). Now the logical
semantics of the logic & ® p on an automaton f: X — P,BX is the map s” from (7)), i.e.,
the unique map that makes the following diagram commute:

b

X 2 24"

: L

Po(Ax X +1) > Po(Ax 24 +1) P (24X A ) gAXA*+1

P Bs Ppr* abLA*
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It is easy to calculate (see Appendix [Al) that for any z € X:
S(x)(e) =tt < x € f(x),
$(x)(aw) = tt < Ty € X.(a,y) € f(z) and s’ (y)(w) = tt,

for & the empty word, and for all a € A and w € A*.

Note that the logic p in the above example is expressive. One may expect that given
a different expressive logic 6 involving the same functors, the forgetful logics a ® p and
a © 0 yield the same logical equivalences, but this is not the case. For instance, define
0°: BG = GL as 0%(x)(t) = tt for all ¢, and 6% (a, ) = pj(a,p). This logic is expressive
as well (since 0" is componentwise monic) but in the semantics of the forgetful logic a ® 0,
information on final states is discarded.

Example 4.2 (Length of words). The initial algebra of the functor L defined by LX = X+1
is ® = N, the set of natural numbers. Define a logic for BX = A x X + 1 by its mate
P Ax 27 +1=2"T! as follows:

P (t) =tt <= t =% P (a,9)(t) =tt < t =z and @(z) = tt.
Note that this logic is not expressive. With the above a (Equation [A1]), we have a logic
o ® p, and given any f: X — P,(A x X + 1), this yields the following map s”: X — 2%:

$(x)(0) = tt <= x € f(x),
@) (n+1)=tt « Jac Aye X.(a,y) € f(z) and s’ (y)(n) = tt.

Thus, sb(x) is the binary sequence which is tt at position n iff the automaton f accepts a
word of length n, starting in state x.

Example 4.3 (Labelled transition systems). In this example we consider the finite traces
of labelled transition systems of the form f: X — (P,X)4, ie., BT-coalgebras where
BX = X4 and TX = P,X. To this end, let LX = A x X + 1. Define p’: (27)4 = 24%~+1
as follows:

pa(@)(¥) =t pp(p)(a,w) = p(a)(w). (4.2)
Then the logical semantics s”: X — 24" of p ® o on a transition system f: X — (PuX )A
is given by s”(z)(e) = tt and s°(z)(aw) = tt iff s°(y)(w) = tt for some y € f(x)(a).

Example 4.4 (Non-deterministic automata as BT-coalgebras). Consider the functor BX =
2x XA, Let LX = Ax X +1, let p’: 2 x (27)4 = 24%~+1 be the mate of the logic p given
in Example 2.1} explicitly, it is the obvious isomorphism given by manipulating exponents:

pa(0.9)(x) =0 pg(0,¢)(a,w) = p(a)(w) (4.3)
The logical semantics s”: X — 24" of p® « on a coalgebra (o, f): X — 2 x (P,X)? is the
usual language semantics, i.e., for any x € X we have:

$(x)(e) = o(x) $(z)(aw) = tt < 5’ (y)(w) = tt for some y € f(z)(a).
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Non-determinism can be resolved differently: in contrast to (4.1l), consider 5: P, =
P2~ and the corresponding 5°: P2~ = P, and 7: P, = 22", given by

Bx(p)(S) =tt <= V€ S.p(x) =tt
B3 (9)(w) = tt <= Vo € S.p(w) = tt
BLU) () =tt <= Vo e Up(z)=tt

Similarly to (&Il), 8 is a predicate lifting that corresponds to the so-called box modality.
The semantics s” induced by the forgetful logic p ® 3 accepts a word if all paths end
in an accepting state: s°(z)(¢) = o(x), and s”(z)(aw) = tt iff s"(y)(w) = tt for all y €
f(z)(a). We call this the conjunctive semantics. In automata-theoretic terms, this is the
language semantics for (BP,-coalgebras understood as) co-nondeterministic automata, i.e.,
alternating automata with only universal states.

Some non-examples. It is not clear how to use forgetful logics to give a conjunctive semantics
to coalgebras for P, (A x X + —); simply using S together with p from Example 1] does
not yield the expected logical semantics. Also, transition systems as P, (A x —)-coalgebras
do not work well; with « as in (@) the logical semantics of a state with no successors is
always empty, while it should contain the empty trace.

Example 4.5 (Alternating automata). Consider BP,P,,-coalgebras with B = 2 x —4. We
give a forgetful logic by combining p, «, and § from the previous example (more precisely,
the logic is (p ® o) ® f); recall that o and 8 resolve the non-determinism by disjunction
and conjunction respectively. The logical semantics on a coalgebra (o, f): X — BP,P,X
then is the map s” in the following diagram (see (23)):

b

X 2 24"
(0.) l (4.4)
BP,P,X BP, P24 BP,2% B24 oLA”
wPus’ BPu Bab,, Poys

Spelling out the details for a coalgebra (o, f): X — 2 x (P,P,X)* yields, for any = € X:
s°(z)(e) = o(z) and for any a € A and w € A*: §°(z)(aw) = tt iff there is S € f(z)(a) such
that s°(y)(w) = tt for all y € S (see Appendix [A]).

Example 4.6 (Weighted tree automata). In this example we let C =D = Set and F = G =
S~ for a semiring S. We consider coalgebras for MY (Section 2]), where ¥ is a polynomial
functor corresponding to a signature. The initial algebra of ¥ is carried by the set of finite
Y-trees, denoted by ¥*(). Define p: ¥F = F'X by cases on the operators o in the signature:

- i\ Lg fo=r71
pX(O'(cply---790n))(7—(x17”’7xm)) = Hz_l..n(p ( ) .
0 otherwise

where n is the arity of o. Define a: S~ = SM by its mate: % (¢)(w) = > pese () - Y(w).
Notice that o and p generalize the logics of Example .11
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The logical semantics of & ® p on a weighted tree automaton f: X — MXX is the
unique map s*: X — S¥? making the following diagram commute:

b

X : S0 (4.5)

fl |

MEX — = MESED L pmSEETD L gEED
M5 pbz:*@ Fsy*p

This means that for any tree o(t1,...,¢,) and any z € X we have (see Appendix [A]):

@t t) = Y f@otm)- [] L)
T1y.,Tn€X i=1l..n
As a special case, we obtain for any weighted automaton f: X — M(A x X 4+ 1) a unique
map s”: X — S4" so that for any z € X, a € A and w € A*: §(x)(e) = f(x)(x) and
s (z)(aw) = > yex f(@)(a,y) - s”(y)(w). For S the Boolean semiring we get the usual

semantics of tree automata: s°(z)(c(ty,...,t,)) = tt iff there are z1,...,z, such that
o(z1,...,x,) € f(z) and for all i < n: s”(z;)(t;) = tt.

The X-algebra F(X,f) (see 23)) is a deterministic bottom-up tree automaton. Tt
corresponds to the top-down automaton f, in the sense that the semantics s” of f is the
transpose of the unique homomorphism s: 3*@ — SX arising by initiality; the latter is the
usual semantics of bottom-up tree automata.

Example 4.7 (Probabilistic systems). Consider generative probabilistic transition sys-
tems [34] with explicit termination, modeled as coalgebras f: X — A(A x X + 1), where A
is the finitely supported probability distribution functor on Set. One would like to interpret
sequences of labels from A as completed traces for such coalgebras, i.e., ones ending with a
transition to the unique element of 1, and assign probabilities to them.

Although probability distributions on a set X can be seen as functions from X to
the interval [0, 1], techniques of Example are not directly applicable, since [0, 1] is not
a semiring in the expected sense: addition is not a total operation. One could replace
[0,1] with the semiring of nonnegative real numbers and proceed as in Example [.6] but
the resulting trace semantics would obscure an important property of probabilistic traces:
every trace has probability at most 1. Actually, in the example considered here, an even
stronger property holds: for every process, probabilities of all complete traces generated
from it form a subprobability distribution. We wish to design a forgetful logic framework
that would make this property apparent.

To this end, put C = Set and D = PCM, the category of partial commutative monoids
(see [15] for details). A partial commutative monoid is a set X together with a unit 0 € X
and a partial binary addition function @ on X that is commutative and associative whenever
defined. A morphism of such monoids is a function that preserves units and addition,
whenever defined. A paradigmatic example of a partial commutative monoid is the interval
[0,1] with 0 as unit and addition defined whenever the result is at most 1.

The obvious forgetful functor U: PCM — Set has a left adjoint (=), : Set — PCM that
assigns to every set X the partial monoid X + 1 with L as the unit, and addition defined
by L @ z =2 @ L =z and undefined otherwise.

The category PCM is symmetric monoidal closed [I5] with the internal hom-functor
® — ¥ = hompcm (P, ) with the constant function 0(¢) = Oy as the unit, and addition
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defined by
(f @9)(¢) = f(¢) @ g(9)
if the addition on the right is defined for every ¢ € ®, and f @ g undefined otherwise.
The symmetric monoidal closed structure implies that the functor — —o W is contravariant
self-adjoint for any partial commutative monoid V.
Define contravariant functors

FX =X, —|[0,1] and G® = hompcm (P, [0, 1]).

They form a contravariant adjunction: a composition of the adjunction (=), 4 U with the
contravariant self-adjunction of — —o [0, 1]. In other words, there is a bijection

X — homPCM ((I), [0, 1]) = homPCM(tI), XJ_ —o [0, 1])

natural in X € Set and ® € PCM.
Define a: F' = FA by its mate o’: AG = G:

= Q)

feGe

This takes values in [0, 1], since

0< Qo) fo)< Qo) =

fEGD fEGD

PCM has products, defined as expected as cartesian products on carriers. Define a

functor L on PCM by

Lo =04 x {T},
where @f}, for the set A of transition labels, is the A-fold product of ® restricted to those
tuples that have the unit Og on all but finitely many components. If A is finite then this is
simply the A-fold product of ®.

Elements of L® are A-indexed families of elements of ® that are 0p almost everywhere,
with an additional component that is either T or L, with addition defined componentwise
(note that T @ T is undefined).

Consider the set A = P,(A*) of all finite sets of A-traces, considered as a partial
commutative monoid with () as the unit, and set union as addition, but defined only for
disjoint sets. This partial monoid carries an L-algebra structure h: LA — A defined by:

Ty, Ty, ..., L) ={aw|a€ A, weT,}
MTy, Ty, ..., T)=4aw |a € A, weT,}U{e},
for any T,,T},... € A*. It is easy check that h is a bijection and a morphism in PCM. In
particular, h takes values in finite sets thanks to the restriction of ®2 to tuples that are ()
almost everywhere.
Moreover, h is an initial L-algebra. To see this, consider any algebra k: L® — ®. The

unique algebra map f: A — ® from h to k is defined by induction on the length of the
longest trace in elements of A:

f(@) =0p = k‘(Oq),Oq), .. .,J_)

f({e}) = k(0s,09,...,T)
f(T) =k(f(To), f(T}),. .., L) ifed T
F(T) = k(f(To), f(Tb), ..., T) ifecT
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where T, = {w € A* | aw € T}, for T C A* and a € A*. This is a well-formed inductive
definition since each Ty only contains traces strictly shorter than the longest trace in T'. It
is also a partial monoid morphism, since if T and T” are disjoint sets of traces then T, and
T! are disjoint for each a € A, and at most one of 7" and T” contains the empty word e. The
fact that f is an algebra morphism follows directly from its definition, and its uniqueness
follows by routine induction.

A logic p: LF = FB, where BX = Ax X +1, can be defined by its mate p’: BG = GL:

P+ A x hompewm (@, [0,1]) + 1 — hompem (B4 x {T11,[0,1])

pEP(av h)(¢av ¢b7 e 733) = h(qbtl) fOI' S {T7 J—}

p%)(*)(qbaaQSbw")x):{ (1) ;z:#

where * is the unique element of 1. Both a and p are easily seen to be natural, so this
completes an instance of the framework of forgetful logics.

As a result, for any probabilistic transition system f: X — A(A x X + 1) we obtain a
map s”: X — hompcm(A, [0,1]) that assigns, to every state z € X, a map from finite sets of
A-traces to the interval [0, 1] that is additive as far as disjoint sets of traces are concerned.
Such a map gives (indeed, is equivalent to) a subprobability distribution ¢ on the set of all
A-traces. Indeed, put d(w) = s”({w}); then

Z o(w) = sup <Z (5(11))) = sup $S(W)<1.
weA* WEanA™ \yew WEanA®

Note that the partial monoid homomorphism s: A — (X —o [0, 1]) does not map traces
to any distributions of states.

In [16, Sec. 7.2], where another coalgebraic approach to generative probabilistic sys-
tems was developed, the subprobability distribution monad had to be used instead of A.
The reason for that was that even though a state in a generative probabilistic system deter-
mines a full probability distribution on successors (including immediate termination, i.e. the
empty trace, as a degenerate successor), the finite complete traces of a state do not form
a probability distribution, but only a subprobability distribution, due to possibility of infi-
nite traces. In the forgetful logic approach the branching type functor A is distinguished
from the functor G used to collect a structure of traces, so the distribution monad can be
used. Note that although the subdistribution monad is naturally isomorphic to the functor
A(— + 1) that is present in our behaviour functor, the +1 component here is not a part
of the branching structure: it models trace termination and it is very much a part of the
trace behaviour structure. In [16], the subdistribution monad is used on top of that, with
an additional +1 component necessary to handle global nontermination.

The technique developed in this example does not work for reactive probabilistic transi-
tion systems modeled as coalgebras f: X — [0,1]x(AX)A. Technically, it is not clear how to
find a functor L on PCM with a natural transformation p: LF = FB for BX = [0,1] x X4,
that would model trace semantics as expected. This is not surprising, as under a standard
probabilistic semantics of reactive systems, traces accepted from a fixed state do not form
a (sub)probability distribution.
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5. FORGETFUL LOGICS FOR MONADS

In most coalgebraic attempts to trace semantics [6, 111, 16, 19, 23] B30], the functor T', which
models the branching aspect of system behaviour, is assumed to be a monad. The basic
definition of a forgetful logic is more relaxed in that it allows an arbitrary functor 7" but
one may notice that in all examples in Section M T" is a monad.

In coalgebraic approaches cited above, the structure of T is resolved using monad
multiplication p: TT = T. Forgetful logics use transformations a: F = FT with their
mates o’: TG = G for the same purpose. If T is a monad, it will be useful to assume a few
basic axioms analogous to those of monad multiplication:

Definition 5.1. Let (7,7, 4) be a monad. A natural transformation o”: TG = G is a
(T )-action (on G) if the following diagram commutes:

76 L 76 L5 ¢

S

TG:b>G

[e%
i.e., if each component of o is an Eilenberg-Moore algebra for T'.

Monad actions on functors are to monads as monoid actions on sets are to monoids.
Logics o whose mates are monad actions have a characterization in terms of their
corresponding encodings of : T = GF defined as in Section B

Lemma 5.2. For any a: F = FT, the mate o’ : TG = G is a monad action if and only
if of : T = GF is a monad morphism.

Proof. This is a special case of [10, Prop. II.1.4], but see Appendix [Bl for a self-contained
proof. U]

This means that a forgetful logic for T whose mate is a monad action, is equivalent to
an encoding of the monad structure of T' (which is used for resolving branching in [30], 12|
16, B33]) into the monad GF. We shall use this connection in Section [0l to relate forgetful
logics to the determinization constructions of [16].

It is easy to check by hand that in all examples in Section H], o’ is an action, but it also
follows from the following considerations.

In some well-structured cases, one can search for a suitable a by looking at T-algebras
in C. We mention it only briefly and not explain the details, as it will not be directly used
in the following.

If C has products, then for any object V € C there is a contravariant adjunction as
in Section 21l where: D = Set, F = C(—,V) and G = V~, where V¥ denotes the X-
fold product of V' in C. (This adjunction was studied in [25] for the purpose of combining
distributive laws.) By the Yoneda Lemma, natural transformations a: F' = FT are in
bijective correspondence with algebras g: TV — V. Routine calculation shows that the
mate o is a T-action if and only if the corresponding g is an Eilenberg-Moore algebra for
T.

Alternatively, one may assume that C = D is a symmetric monoidal closed category
and F' = G = V™ is the internal hom-functor based on an object V' € C. (This adjunction
was studied in [20] in the context of coalgebraic modal logic.) If, additionally, the functor
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T is strong, then every algebra g: TV — V gives rise to a: F' = FT, whose components
ax: VX = VTX are given by transposing:
T (application) g

T(X ®V¥) TV

strength

TX @ VX 1%

If T is a strong monad and g¢ is an Eilenberg-Moore algebra for T then o’ is a T-action.
In an enriched setting, if D is enriched over C, both these constructions are instances
of a more general one based on the existence of suitable powers.
If C = D = Set then both constructions apply (and coincide). In this situation more
can be said [16], 14]: the resulting contravariant adjunction can be factored through the
category of Eilenberg-Moore algebras for 7.

6. DETERMINIZATION

The classical powerset construction turns a non-deterministic automaton into a determinis-
tic one, with states of the former interpreted as singleton states in the latter. More generally,
a determinization procedure of coalgebras involves a change of state space. We define it as
follows.

Definition 6.1. Let T, H: C — C be endofunctors. A (T')-determinization procedure of
H-coalgebras consists of a natural transformation 7: Id = T, a functor K: C — C and a
lifting of T

Coalg(H) T, Coalg(K)

| l

C C

We will mostly focus on cases where H = TB or H = BT, but in Section [ we will
consider situations where 7' is not directly related to H.

The classical powerset construction is correct, in the sense that the language semantics of
a state x in a non-deterministic automaton coincides with the final semantics (the accepted
language) of the singleton of x in the determinized automaton. At the coalgebraic level, we
capture trace semantics by a forgetful logic. Then, a determinization procedure is correct
if logical equivalence on the original system coincides with behavioural equivalence on the
determinized system along 7, formally captured as follows.

Definition 6.2. A T-determinization procedure (T, K, n) of H-coalgebras is correct wrt. a
logic for H if, for any H-coalgebra (X, f) with logical semantics s°:

(1) s” factors through h o nx, for any K-coalgebra homomorphism £ from T(X,f).
(2) there exists a K-coalgebra homomorphism & from T'(X, f) and a mono m so that s* =
mohonx.

The first condition states that behavioural equivalence on the determinized system implies
logical equivalence on the original system; the second condition states the converse.

It is standard to define a lifting T': Coalg(H) — Coalg(K) of T from a natural transfor-
mation \: TH = KT, as follows:

T(X,f)=(TX,AxoTf) T(h)=Th (6.1)
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for any H-coalgebra (X, f) and coalgebra morphism h. All of the (liftings in) determiniza-
tion constructions considered in this paper arise from such natural transformations.

In [16] a more specific kind of determinization for 7' B-coalgebras was studied, arising
from a natural transformation x: TB = KT and a monad (7,7, ). This construction is
an instance of (GI), by setting H = TB and A = ko uB : TTB = KT. We denote the
lifting of T arising in this way by 7. Spelling out the details, for any T B-coalgebra (X, f)
we have:

KBX

T+(X, f) = (TX —L TTBX Y2X TBX "~ KTX) . (6.2)

For examples see, e.g., [16] and the end of this section.

The same type of natural transformation can be used to determinize BT-coalgebras.
This is again an instance of (6.I), where H = BT and A\ = KuoxT : TBT = KT.
We denote the lifting of T' arising in this way by Tj. Spelling out the details, for any
BT-coalgebra (X, f) we have:

T.(X,f)=(TX S TBTX —= KTTX i KTX) . (6.3)
This is considered in [33], [16] for the case where B = K and k is a distributive law of monad
over functor.

In Theorem below, we give a sufficient condition for the logical semantics on T'B or
BT-coalgebras to coincide with a logical semantics on determinized K-coalgebras, for the
determinization constructions 7% and T,,. The same condition was recently studied in [8|
Lemma 5.11], where it (more precisely, its mate) was proved to hold, under some additional
assumptions, if a arises from the algebra puy : T7T1 — T'1 as described in Section Bl First,
we prove a general result, in the setting of (6.1I]), which relates the logical semantics of an
H-coalgebra to a logical semantics for the K-coalgebra obtained by applying the lifting 7.

Lemma 6.3. Assume natural transformations A\: TH = KT,6: LFF = FH,0: LF = FK
and a: F = FT such that X\ is a morphism of logics from 6 © a to a ® 9.

Let s” be the logical semantics of 8 on a coalgebra f: X — HX. Then ozEI) oTs" is the
logical semantics of @ on the coalgebra (TX,\x oTf).

Proof. Consider the following diagram:

T b ab
TX 2 TGD GP
Tfl lTGa lGa
THs T6y, ol g
THX ——=THG® TGL® ———— GL®
o e |
KTX KTGd KG® GL®
KTs Kag 0%

which commutes, clockwise starting from the top left: by definition of the logical semantics
s”, naturality of o”, the assumption that )\ is a morphism of logics, and naturality of A.
Commutativity of the outside of the diagram means that ozlib o Ts” is indeed the logical
semantics of § on (TX,Ax o Tf). L]
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Theorem 6.4. Assume:

® a monad (T7777/J);

e a forgetful logic a: F = FT, p: LF = FB, such that o® is a T-action on G (Defini-
tion [5.1);

e a natural transformation k: TB = KT, and

e another logic : LF = FK,

such that k is a morphism of logics from 0@« to a®p, i.e., the following diagram commutes:

b
TBG 2 TGL 2L gL
) H
KTG KG GL.
Ko’ o°

Let s° be the semantics of & ® p on a coalgebra f: X — TBX, and let 32 be the semantics
of 0 on T*(X, f) (see ©2)). Then s* = s} onx.

The same holds for the determinization procedure T, (see (©.3))) for BT -coalgebras and
the logic p ® .

Proof. We first consider T B-coalgebras. Our aim is to use Lemma [6.3] instantiated to
H=TB,0=a®@pand A\ = ko uB. To this end, we must show that A is a morphism of
logics from 8 ©® a to a ® o ® p, i.e., the outside of the following diagram should commute:

b
TTBG 22 rrar 2L rar

MBGﬂ ﬂuGL ﬂa*’L
Tp b

TBG —2— TGL =L~ GL

o

KTG KG GL
Kab 0°

Indeed, the diagram commutes, clockwise starting from the top left: by naturality of u, by
the assumption that o is a T-action, and by the assumption that & is a morphism of logics
from 6 ©® a to @ ® p (in fact, since o’ is a T-action, y is a morphism of logics from « to
a® «, hence uB is a morphism from a® p to a ® a ® p, and the above diagram is obtained
by composing this morphism with ).
By Lemma [6.3], for any T'B-coalgebra (X, f) we obtain
s% = a%, oTs

where s is the logical semantics of & ® p on (X, f) and sz is the logical semantics of 6§ on
TH(X, f) = (TX,kxoupx oTf). Hence sl(’,onX = aEDOTsl’onX = ()éIZI>O’I’}G<1>OSb
the second equality holds by naturality of 7, and the third since o’ is a T-action.

= s” where
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For BT-coalgebras, we instantiate Lemma toH=BT,d=poaand A= KporT.
We prove that A is a morphism of logics:

b
BTG B2 7RG 22 TGL
rKTG kG
b
KTTGES K16 oL

S R

KTG KG GL
Kab 0°

The diagram commutes, clockwise starting from the top left: by naturality of x, the assump-
tion that by & is a morphism of logics and by the assumption that o is a T-action (again, the
above diagram amounts to a composition of the logic morphisms p and k). By Lemma [6.3]
for any BT-coalgebra (X, f) we obtain sl(; = ozEI) o Ts” where s° is the logical semantics of
p®aon (X, f) and s) is the logical semantics of § on T, (X, f) = (TX, Kux o krx o Tf).

The conclusion of the proof is analogous to the above case of T'B-coalgebras. L]

We apply Theorem[6.4]to obtain a sufficient condition for a determinization construction
to be correct with respect to a trace semantics given by a forgetful logic. The main idea
is to choose A to be an expressive logic for K, so that logical equivalence coincides with
behavioural equivalence.

Corollary 6.5. Let (T,n,pu), o, p, 0 and k be as in Theorem [6.4), and suppose that 0 is an
expressive logic. Then the determinization procedure T* of T B-coalgebras (6.2]) is correct
with respect to a® p, and the determinization procedure T, of BT -coalgebras ([6.3]) is correct
with respect to p © .

Proof. Let T be either T or Ty, let (X, f) be a T B-coalgebra or a BT-coalgebra respec-
tively, and s” the semantics of the forgetful logic on f. Under the above assumptions, by
Theorem [6.4] we have s” = S% o nx, where S% is the logical semantics of § on T(X, f). Since
s'g is a logical semantics it factors through any coalgebra homomorphism, yielding condition
(1) of correctness, and since it is expressive it decomposes as a coalgebra homomorphism

followed by a mono, yielding condition (2). L]

To illustrate all this, we show that the determinization of weighted automata as given
in [16] is correct with respect to weighted language equivalence. (There is no such result
for tree automata, as they do not determinize.)

Example 6.6. Fix a semiring S, let B= A x —+1 and K =S x —4. Consider x: MB =
K M defined as follows [16]: kx () = (p(*), Aa.Az.(a,z)). This induces a determinization
procedure M" as in (6.2]), for weighted automata. Let a © p be the forgetful logic for
weighted automata introduced in Example [1.6] and recall that the logical semantics on
a weighted automaton is the usual notion of acceptance of weighted languages. We use
Corollary to prove that the determinization procedure M?" is correct with respect to
a ® p. To this end, consider the logic 6”: S x (S7)4 = $4*~*1 given by the isomorphism,
similar to the logic in Example B4l Since 6 is componentwise injective, 6 is expressive.
Moreover, o is an action (see Section[5)). The only remaining condition is commutativity of
the diagram in Theorem [6.4] which is a straightforward calculation. This proves correctness
of the determinization M" with respect to the semantics of a ® p.
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Example 6.7. In [33] it is shown how to determinize non-deterministic automata of the
form BP,, where BX = 2 x X4, based on x = (k% k): P,(2 x —4) = 2 x (P,—)4
(note that B = K in this example) where k% (S) = tt iff Jt.(tt,¢) € S, and £ (a) =
{z | € t(a) for some (o0,t) € S}. In Example €4 we have seen an expressive logic p
and an « so that the logical semantics of p © « yields the usual language semantics. It
is now straightforward to check that the determinization k together with the logics p, «
above satisfies the condition of Theorem [6.4, where 6 = p. By Corollary this shows the
expected result that determinization of non-deterministic automata is correct with respect
to language semantics.

Moreover, recall that the logic p ® 3, where (8 is as defined in Example [£4] yields a
conjunctive semantics. Take the natural transformation 7 = (7°, 7*) of the same type as x,
where 7°(S) = tt iff o = tt for every (0,t) € S, and 7% = k!. Using Corollary we can
verify that this determinization procedure is correct.

One can also get the finite trace semantics of transition systems (Example d4) by
turning them into non-deterministic automata (then, B and K are different).

Example 6.8. Alternating automata (see Example [L5]) can be determinized into non-
deterministic automata in a process that preserves the language semantics. We shall now
see how this arises as an application of Theorem [6.4] without a reference to final semantics
of coalgebras.

This problem is more subtle than it may look, and our solution from a previous version
of this paper [2]] suffered from a serious mistake. We therefore present a corrected solution
a little more elaborately.

Let BX = 2 x X4 as before. We wish to determinize BP,P,-coalgebras where, ac-
cording to Example @5l the outer P, is interpreted disjunctively (as in nondeterministic
automata), and the inner P, is interpreted conjunctively (as in co-nondeterministic au-
tomata). The result should be a nondeterministic automaton, i.e., a BP,-coalgebra with
the P, interpreted disjunctively. If the original alternating automaton had a carrier X,
then the nondeterministic automaton should have a carrier P, X, interpreted conjunctively.

To model all this, we should instantiate Theorem so that T' = P, the functors
B and K from the theorem are both BP, = 2 x (P,—)4, the logic o from the theorem
is instantiated to 8 from Example and the logics p and 6 from the theorem are both
instantiated to p © o from Example

We then need to provide an appropriate natural transformation «: P,BP, = BP,P,
that would model the intended determinization procedure. It is natural to define it as a
composition of two steps:

k= BxoTP, : P,BP, = BP,P,

where 7: P,B = BP, is defined as at the end of Example As argued there, this
distributes B over P, according to the conjunctive interpretation modeled by the logic 5.

The question remains how to define x: P,P,, = PP, so that it distributes the “con-
junctive” powerset over the “disjunctive” one as intended. One may attempt (as we did
in [21]):

xx(8) ={d(S) | g: S — X st. g(U) € U for each U € S} (6.4)

which, given a family of sets S, returns all possible sets obtained by choosing a single element
from each set in S.
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Unfortunately this is not a natural transformation. The following counterexample is
due to Joost Winter: consider

X ={a,b,c} Y ={d, e}
XY f@=f®)=d  fO=-c

and calculate:

(PuPuf)(xx ({{a; c},{b,c}})) = (PuPuf)({{a, b}, {a,c},{b,c}, {c}}) = {{d},{d. e}, {e}}
Xy (PuPuf)({{a, e} {b,c}})) = xy ({{d, e}}) = {{d}, {e}}
therefore the naturality square for x on f: X — Y does not commute for the argument
{{a,c},{b,c}} € P,P,X.

This mistake has occured in the literature before. In [27, pp. 183-184], (6.4]) was claimed
to be a distributive law of the powerset monad over itself, and a monad structure on the
double (covariant) powerset was derived from that claim in the standard way. The above
counterexample applies there, and the structure defined in [27] is not, in fact, a monad. The
mistake can be traced back to [20, pp. 76-79], where the same purported monad structure is
defined via a Kleisli triple which, in fact, fails to satisfy one of the axioms of Kleisli triples.

To avoid these problems, we choose another definition of y: given a finite family S of
finite sets, it returns all sets that:

e are contained in the union of S (and are therefore finite, and there are finitely many of
them), and
e intersect with every set in S.
Formally:
XX(S):{VQUS|VQU7£(7)foreachUGS}. (6.5)

This turns out to be a natural transformation (see Appendix [C]). As a side remark, note
that x is not a distributive law of the monad P,, over itself; it does not even satisfy the unit
axioms.

Now the composition kK = By o 7P, yields a determinization procedure. To show
that the diagram in Theorem [6.4] commutes, a key ingredient is the fact that x correctly
distributes conjunction over disjunction or, more formally, that the diagram

Poal
PP.G 2 P,G

Xcﬂ K (6.6)

PwaGP PG G

wﬁb O!b
commutes, where o and 3 are as in Example (See Appendix [C] for details.)
By Theorem we conclude that for any alternating automaton: s’ = Sl;)@)a o Nx

where X is the set of states, s” is the language semantics of the alternating automaton
as in Example [4.5 and SZ@a is the usual language semantics (as in Example [4.4]) of the
non-deterministic automaton obtained by determinization.

The determinization procedure formalized by our x (and therefore ) is slightly different
from the standard procedure for transforming alternating automata into nondeterministic
ones. It still returns an automaton where states are sets of states of the original alternating
automaton, but the family of successors of each such state is larger than in the standard

procedure (in particular, it is closed under taking set-theoretic unions). This does not change
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the language semantics (additional successor states, being supersets of some successor states
in the standard nondeterministic automaton, do not accept any additional words), but the
reachable part of the nondeterministic automaton may be larger than the one obtained by
the standard procedure. As a result, although our determinization is correct, it may be less
efficient than the standard one. This is the price we paid to salvage the naturality of y. We
do not know how to model precisely the standard transformation of alternating automata
into nondeterministic ones in our framework.

7. LOGICS WHOSE MATES ARE ISOMORPHISMS

Corollary provides a sufficient condition for a given determinization procedure to be
correct with respect to a forgetful logic. However, in general there is no guarantee that
a correct determinization procedure for a given logic exists. Indeed it would be quite
surprising if it did: the language semantics of (weighted) tree automata (see Example [.0])
is an example of a forgetful logic, and such automata are well known not to determinize in
a classical setting.

In this section we provide a sufficient condition for a correct determinization procedure
to exist. Specifically, for an endofunctor B, we assume a logic p whose mate p’: BG = GL is
a natural isomorphism. This condition holds, for instance, for p in Example [£.4] and for # in
Example It has been studied before in the context of determinization constructions [16].
Its important consequence is that the logical semantics s” in (23] from Section [B] can be
seen as a B-coalgebra morphism:

BX -2 BGo
T(pé)l

h GL® (7.1)
M

X Go

sP

Moreover, as shown in [16, Lemma 6] (see also [13]), the construction mapping

b y—1
LA—2 4 to aa % A Baa

defines a functor G: Alg(L) — Coalg(B), which is a contravariant adjoint to F' (see (Z3)) in

Section [B). As a result, G’ maps initial objects to final ones, hence G(®,a) = (G®, (p4,) "' o
Ga) is a final B-coalgebra. Therefore, s”

is a final coalgebra morphism from (X, h).
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7.1. Canonical determinization. The setting of a forgetful logic «, p where the mate of
p is a natural isomorphism gives rise to the following diagrams:

) G y G
Coalg(TB) . Alg(L) Coalg(B) Coalg(BT) S Alg(L) Coalg(B)
| e | e

G G
C D ¢ C— D ——=C
F F

(7.2)
The functor F arises from the logic a ® p, the functor F” arises from p © a, the functor
F' arises from p and its contravariant ad301nt G from the fact that p” is iso. Note that we
make no assumptions on «; in particular, o® need not be an action.
The composition GF is a determinization procedure, turning a coalgebra f: X — TBX
into a B-coalgebra with carrier GFX. Explicitly, GF (X, f)is

GFf Gagx Py

GFX GFTBX 22X GFBX GLFX —™ BGFX. (7.3)

Similarly, the composition GE” is a determinization procedure, mapping a coalgebra g: X —
BTX to

GFX GFBTX 2", qrrrx XX GLFX’() BGFX . (7.4)

These determinization procedures are correct with respect to the logics o ® p and p ©® «
respectively, in the following sense, much stronger than required by Definition

Theorem 7.1. For any TB-coalgebra (X, f), the logical semantics s> of a ® p on (X, f)
coincides with the final semantics of the B-coalgebra GF (X, f) precomposed with the unit
t:Ild = GF. The same holds for BT -coalgebras and p ® a.

Proof. Let (X, f) be a T'B-coalgebra (the case of BT-coalgebras is analogous). The logical
semantics s* is defined by s” = Gs o1y, where s: (L,a) — F(X, f) is the unique algebra
morphism arising by initiality. Hence, we only need to show that Gs is the final semantics
of GF (X, f). To see this, apply G to s to get a coalgebra morphism

Gs: GF(X, f) = G(L,a).

But G(L, a) is a final coalgebra, so we are done. ]

7.2. Determinization after preprocessing. Strictly speaking, the above constructions
GF and GF' are not examples of determinization procedures as understood in [16]: the
functors GF and GF' lift GF rather than T, and the liftings do not arise from a natural
transformation as described in Section [6l However, they are almost examples: after an
encoding of T B-coalgebras as GF B-coalgebras and of BT-coalgebras as BGF'-coalgebras,
they arise from a distributive law x: GFB = BGF.

Indeed, recall from Section Bl that a: F' = FT uniquely determines a natural transfor-

mation af: T = GF. Furthermore, this induces functors Coalg(BT) % Coalg(BGF)

and Coalg(TB) albe, Coalg(GF B), by simple composition.
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Now, define a canonical logic for GF' by
e=¢clF: F = FGF, or equivalently, & =Ge: GFG = G.

(Note that ¢ is always a GF-action on G.) Given a logic p for B this gives rise to forgetful
logics p ® € and € ® p, for GF B-coalgebras and BGF-coalgebras respectively. Note that
these logics do not depend on a anymore.

Lemma 7.2. For any p: LF = FB and o: F = FT, the natural transformation o' B is a
morphism of logics (with id as the translation of syntaz) from € ® p to a ® p, and Ba' is a
morphism from p®¢€ to p® a.

Proof. Tt suffices to prove that a' is a morphism of logics from € to a. This, recalling the
definition of a' from Section [, means that the outside of the following diagram should
commute:

TG ——=T1G
TLGﬂ TGe ﬂab
TGFG G
abFGﬂ /
GFG
which follows from naturality of o’ and from (2. ]

As a consequence of Lemma [2.3] and the above, we have commuting diagrams

Coalg(TB) ol o Coalg(GFB) Coalg(BT) Balo Coalg(BGYF)

R F. R F (75)

Alg(L) Alg(L)

where F is the functor defined by e@p as in ([Z.3]), and F the functor defined by p@e. Hence,
encoding T B-coalgebras as GF B-coalgebras does not change their logical semantics. More
precisely, for any f: X — TBX, the map from X to G® defined as the logical semantics
of e ® p on oz;3 y © f, coincides with semantics of @ © p on f. A similar result holds for
BT-coalgebras.

Thanks to the mate p”: BG = GL being an isomorphism, the functor GF has a
distributive law over B, denoted k: GF B = BGF and defined by:

by—1
aFB—22— qrr YL par. (7.6)

Remark 7.3. The same construction is used in [I8] to prove that a functor lifting to the
category of Eilenberg-Moore algebras for a monad induces a distributive law. There, the
right adjoint G is the (covariant) forgetful functor; having a lifting of B then means having
a functor L with the equality BG = GL.

Using k we can apply the determinization construction from [I6] as described in Sec-
tion 6 putting K = B, and taking the monad on GF arising from the adjunction.

Lemma 7.4. The determinization procedure (GF)* defined as in (6.2)) is correct with respect
to e ® p. The determinization procedure (GF'), is correct with respect to p ® e.
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Proof. We use Corollary [6.5] where we put T = GF, a = ¢ defined above, K = B, and
0 = p. Obviously then @ is expressive, and it is easy to check that e* = Ge is an action. The
only remaining condition is that x is a morphism of logics as in Theorem [6.4] which is the
outer shape of:

crec S aral
GpGﬂ ﬂGEL
GLFG =22 G
(phlmﬂ (pb>1ﬂ \
BGFG = BG — GL.

p

Here, the top square commutes by Lemma and the bottom square by naturality of

(")~ [
Altogether, the following two-step determinization procedures arise:

aT o— " OCTO— K
Coalg(TB) By Coalg(GFB)(G—m> Coalg(B) Coalg(BT)B—> Coalg(BGF)(G—F)> Coalg(B)

C Id C GF C c Id c GF c
and they are correct with respect to @ ® p and p © « respectively.

Correctness can also be proved without Corollary [6.5, using Theorem [7.I] since the
procedures coincide with the constructions from (Z3]) and (7.4):

Theorem 7.5. The following diagrams commuite:

Coalg(TB) ol B Coalg(GFB) Coalg(BT) Boloz Coalg(BGF)

Fl l(GF)K F’l l(GF)n

Alg(L) Coalg(B) Alg(L) — Coalg(B).

with F and F' and G defined as in (T2).

Proof. By Lemmal.2, af B and Ba! are morphisms of logics, which means that the diagrams
in (Z5) commute. Hence, we only need to check commutativity of:

Coalg(GFB) Coalg(BGF)
e
(GF)"= (GF)x
Alg(L) — Coalg(B) Alg(L) —a Coalg(B).
For the left triangle, notice that F. maps any f: X — GFBX to
LFX " . FBX "%, pagrBX — - Fx
and applying G yields
GFf Gpx (P rx

GFX GFGFBX SC2X GFBX GLFX 2% BGFX
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which coincides with (GF)"(X, f). Note that GeF is the multiplication of the monad GF'.
For the right triangle, we compute F/(g: X — BGFX):

LFX X ppGRX L7, FBGFX FX
and apply @, yielding:
GFX GFBGFY 2 arrarx SMr grrx Y popx. (1)
Further, (GF).(9: X — BGFX) is:
GFX GFBGFX 2P arparx Wrerx papapx 290X papx
which coincides with (Z7) by naturality of (p°)~!. O

7.3. A connection to Brzozowski’s algorithm. Call a B-coalgebra observable if the
morphism into a final coalgebra (assuming it exists) is mono [3]. For D = Set, the above
canonical determinization procedure can be adapted to construct, for any T'B-coalgebra, an
observable B-coalgebra whose final semantics coincides with the logical semantics on the
original one.

Indeed, recall that Set has an (epi,mono)-factorization system and L (as every endo-
functor on Set) preserves epimorphisms. From this it follows that every L-algebra homo-
morphism decomposes as a surjective homomorphism followed by an injective one. Given a
coalgebra f: X — TBX, apply this to decompose the algebra homomorphism s: (®,a) —
F (X, f) as s = mo e, where m and e are injective and surjective respectively; call the
L-algebra in the middle (R, ). Recall that Gs is a coalgebra homomorphism into the final
coalgebra. In the present situation it decomposes as follows:

Gs
N
GF(X7 f) G—m> G(R7 7") ? G(q>7 (1)

and recall that G’(@, a) is a final coalgebra. Because G is a right adjoint, it maps epis to
monos, therefore Ge is injective and G (R, ) is observable. Moreover, thanks to Theorem [7.T]
we have s” = Gs o1y = Ge o Gm o 1x, hence the final semantics Ge of G(R,r) coincides
with the logical semantics on (X, f) along the mapping Gm o tx.

Note that the construction of G’(R,T) from (X, f) is not a determinization procedure
itself according to Definition [6.1] as it does not lift any functor on C.

The above refers to T B-coalgebras, but as everything else in this section, analogous
reasoning works also for BT-coalgebras. For T' = Id and B = 2 x —4 on C = Set, that (al-
most) corresponds to Brzozowski’s algorithm for minimization of deterministic automata [4].
Applying F to the given automaton corresponds to reversing transitions and turning final
states into initial ones. Epi-mono factorization corresponds to taking the reachable part of
this automaton. Then, applying G reverses transitions again, and turns initial states into
final ones. Our abstract approach stops here; the original algorithm concludes by taking
the reachable part again, which ensures minimality.

For a more detailed coalgebraic presentation of the full Brzozowski minimization algo-
rithm in several concrete examples, see [3]. Another approach, based on duality theory, is



COALGEBRAIC TRACE SEMANTICS VIA FORGETFUL LOGICS 27

presented in [2]. The main idea there is similar, in the sense that contravariant adjunctions
are lifted to adjunctions between categories of coalgebras and algebras. However, it differs
from the above development in that the adjunctions used in [2] are assumed to be dual equiv-
alences, and the lifting of the duality is proved concretely for each example, rather than
that a general condition is given. Another coalgebraic approach to minimization, based on
partition refinement, is in [I]. It is mentioned in the conclusion that part of Brzozowski’s
algorithm appears as an instance of the abstract construction introduced there, but the
precise connection remains to be understood.

Notice that we only assume the mate of p to be iso; there are no requirements on «.
The mate of p is iso for the logic from Example [£.4] Thus, we can instantiate « to obtain
observable deterministic automata from non-deterministic automata or even alternating
automata (by taking T'= P, P, and, for «, the composition of a and £ from Example [4.3]).
The logic 6 from Example is covered as well, so one can treat Moore automata and
weighted automata. However, the abstract construction of an observable automaton does
not necessarily yield a concrete algorithm, as discussed for the case of weighted automata
in [3].
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APPENDIX A. DETAILS OF SECTION [4]

In this section we expand on some of the examples considered in Section 4l

Example .1l We spell out the details of the semantics of the logic o ® p on an automaton
f: X —P,BX:

$(@)(e) = tt <= af 4 (Puply-(PuBs)(f(2))) () = tt
= 3p € Pupy-(PuBS)(f(2)))- (#) = tt
— e f(a) pa(BS(1)(x) =tt
— x€ f(x)

where ¢ is the empty word, and for all a € A and w € A*:

s (z)(aw) = tt < Tt e f(z). Pu (B (t))(a, w) = tt
< 3te f(x). BS'(t) = (a,0) Ap(w) = tt
— Tye X (a,y) € fl@x)Asy)(w) =tt
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Example Spelling out s” yields s”(z)(e) = o(z), and
£ (@) (aw) = tt <= 4 (PuBh- (PuPus’)(f(2)(a)))(w) = tt
= 3p € PuBl(PuPus”) (F(@)(@)). plw) =t
— U € (P, P.S)(f(x)(a)). Vo € U. p(w) =tt
<= 39 € f(2)(a). Vy € f(z)(a). s (y)(w) = tt

Example In order to understand the semantics s” of the forgetful logic on a tree au-
tomaton, we first compute the composite logic abz o Mp’: MES™ = §%:

(aqu) ° Mp%(cp))(a(wl, o Wp)) = Z (Mplfl)(gp))(zp) “P(o(wr,...,wy))

peSt®

= > > e -lo(wr, ... w))

DESE® yeph Tl (y)
= > plo(er,.en) - [ wilwi)
©1,05n €SP i=1..n
The next step is to instantiate this to X*@) and precompose with MXs’:
(OZI%Z*(Z) 0 Mpb o Mzsb(w))(a(th s 7tn))

= > MELW)(erea)) - [T wilt)

@1, pn €ST0 i=1..n
= ) S wo(n.m) - [] et
3017'--780'”682*@ xlesbil(gﬁl) i=1..n

o
xnesb (Son)

= Y Ylan,..m) - [ @)

L1,y Tn€X i=1..n

It follows that the diagram (435l commutes if and only if for all o(¢y,...¢,) and all x € X:

@) (ot ... tn) = > f(x)(a(xl,...,a;n))-'H () (t:)

T1y.,Tn€X i n

which is the semantics presented in Example

The map s” is computed by induction; this is done by turning a weighted tree automaton
f into the X-algebra F (f), which can be viewed as a deterministic weighted bottom-up tree
automaton. We spell out the details. Given a coalgebra f: X — MXX the computed
Y-algebra looks as follows:

2(S¥) PX_ gEX 98X gMEX st sX

We have
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and p = p’:
(8% 0 855 0 x (001, 90)) (T, -, m)
= (X o M (1, 0n)) (T(1, -, )
= (ng o Xnx(T(x1,. .., xm)))(o(V1,. -, ¢n))
= pax (T(A@-p(21), -, Ap.p(m))) (0 (p1, -, o))
_ {Hi:l..n pi(z;) ifo=r7
0 otherwise
The algebra is as follows:
FX, P01, 0u))(@) = (87 0 asx 0 px(a(gr, - 0u)))(2)
= (asx o px(o(e1, ..., n)))(f(2))
= Y f@)®) - px(o(er, ... en)t)

tex X

= Z f@)(o(xy,...,20)) - wi(w;)

L1,y @p €X i=1..n

APPENDIX B. PROOF OF LEMMA [5.2]
Recall the definitions:
ol =a’Fo T, o’ = GeodlG.
First let us assume that o’: TG = G is a monad action, and check the axioms of monad
morphisms for of. The unit axiom is the outer shape of:

ld == GF

AN

T'—=—TGF =— GF
T o’ F

where the square commutes by naturality of 1, and the triangle by a monad action axiom.
The multiplication axiom is the outer shape of:

77 T8 rrar T2E rar ZCE rarareEel arar

S e

W uGF TGF GeF
o’ F

T—=TGF GF
T o F

where everything commutes, from left to right: by naturality of u, by a monad action axiom,
by (2I) and by naturality of .
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Now assume that af: T = GF is a monad morphism, and check the axioms of monad
actions for a’. The unit axiom is the outer shape of:

G
N
G
TG — GFG=—=G
ata Ge

where the left triangle is the unit axiom of a monad morphism, and the right triangle is (2.1]).
The multiplication axiom is the outer shape of:

776 L% Tara LS TG
aTGFGH ﬂaTG
e GFGFG ? FG

G
GFGe
(kFGﬂ ﬂGE

TG —— GFG —— (G
ata Ge

where the leftmost shape is the multiplication axiom of a monad morphism, and the two
smaller squares commute by naturality of a' and e.

APPENDIX C. DETAILS OF EXAMPLES IN SECTION

Example The condition from Theorem [6.4] is commutativity of the following diagram:

b o
M(A XS +1) Me, M(SA*—F1) A EIgAX—+1

|- \
)A

i o’
S x (MS)A L 5y (57)4 Ly gAx—+1

Indeed, we have

Kady 0 kige () = (p(%), Aa.o’ (Ap.p(a, 1)) = (@(*), Aa.Aw. Z o(a, ) - Y(w))
pesS®
and thus

(03 0 Kag o rge () (%) = ¢(*)
(03 0 Kag o rge(¢))(a,w) = Y p(a, ) - d(w)

»eS®

which coincides with o oM% as computed (in a more general setting) in Appendix [Al
AxP+1 (i3]



32 B. KLIN AND J. ROT

Example [6.71 We treat the determinization (7°,7) described in the example. The relevant
condition of Theorem instantiates to commutativity of:

b
P2 x (2—)A) P‘*’p; P, (2A><—+1) B L; 9AX—+1

ﬂwg ) ‘
2 x (Pw(2—))Ai%2 x (27)4 $b> 9Ax—+1

We have, for any set ®:
(BLa © Pups)(5)(+) = tt

Vo € (Pupp)(S)-p(x) = tt
V(o,t) € S.o=tt
Ty (S) = tt

(P 0 BB © (750, Tha))(S)(+) = tt

rree

and for any a € A, w € &:

(Bra © Pup)(S)(a,w) =tt <= Y € (Pupp)(S).0(a,w) = tt
— VY(o,t) € t(a)(w)—tt
= Yy € 15(5)(a). so(w)
= Bq>(724>( )(a))(w) =
= ((Bp)* %)(5)(&( ) tt
e

)
(P © BB © (75, T42))(S) (0, w) = tt
which proves commutativity of the diagram.

Example First, we check that y defined by (6.3]) is a natural transformation. To this
end, for any function f: X — Y, and a family S € P,P, X, we need to check that

Xy (PuPuf)(S)) = (PuPuf)(xx(5)).
For any W C Y, calculate:

W e xy (PuPuf)(S)) <= W C|JPuPuf)(S) AVT € (PuPuf)(S). WNT #0
— WCP,f (US)/\VUGS.WH(PWJC)(U)#@ (C.1)
W e (PoPuf)(xx(5)) <= 3V e xx(5). W = (Puf)(V)
= VS (W= (P.f)(V)AVU € S. VNU#0) (C2)
For the second equivalence in (C.JJ), notice that

UP.P.)8) =Pt (US)

for any f: X — Y and S C P, X, since direct images preserve unions.
We need to show that (CI) and (C.2)) are equivalent for every W.
For the implication from (C.IJ) to (C2)), put

w)n|Js.
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Then W = (P, f)(V). Indeed, for the left-to-right containment, pick any y € W.(_Then,
since W C P, f (U S), there is some x € | J S such that f(x) = y. Obviously thenﬁ e f(w),

hence x € V and y € P, f(V). The right-to-left containment is equivalent to f (W) 2>V,
which follows directly from the definition of V.
Moreover, for any U € S, by (C) there exists some y € W N (P, f)(U), so there is

some x € U such that f(z) = y. Then z € f( ). Obviously x € |JS as well, so z € V
and VNU # 0.

For the implication from (C2) to (C.I), take a V' C |JS that exists by (C.2)), and

calculate:
W= PuV) € (Puf) (LUS)-
Furthermore, for any U € S, by (C.2)) we have V NU # (. Then calculate:
W (Puf)U) = (Puf)(V)N (Puf)U) 2 (PHV NU) # 0.

We thus conclude that x: P,P, = P,P, is a natural transformation.

We now prove that the diagram (6.6)) commutes. Recall that, for any set X and any
S eP,P2X, UecP,2X and z € X:

xox(S) = {VCUS|VUEeS. VNU#D}
A (U)(z) =tt <= FpeS. p(zx)=tt
BU)(z)=tt <= VopeS ¢(x)=tt
Then calculate, for any S € P,P,2% and z € X:
Bx(Puc (9))(x) = tt <= ¥¢ € Puak(S). ¢<w> =
— YU e 8. o U)(x) =
<~ YU € S. EIquU(;S(x)
— 3¢67’wﬁx(><2X( ) (:p) =
— AV € xox (5). Bix(V)(z) =tt
<~
<~

(C.3)
o (Pu B (xax (9))) (@) = tt

) =
V€ xox(5). Vo € Vig(z

)
3V CJS.(VU € 5. UNV #0) A (V6 € V.g(x) = tt)
(C.4)

Conditions (C.3) and (C4) are easily equivalent, therefore (6.6]) commutes.

Finally, the condition of Theorem in this case is that the following commutes:

P.BP.G PR p pa L2 p oo 2L ar

o
ﬂ/ﬂ"Pw HTG /
BPwa BpP

Ba’
BxG
BP,3°

BP,P,G — BP,G
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The square commutes by naturality of o”, and the upper right shape is the diagram for
proving correctness of the determinization procedure 7 considered in Example The
lower shape is (6.6)) mapped by B.

This work is licensed under the Creative Commons Attribution-NoDerivs License. To view
a copy of this license, visit http://creativecommons.org/licenses/by-nd/2.0/ or send a
letter to Creative Commons, 171 Second St, Suite 300, San Francisco, CA 94105, USA, or
Eisenacher Strasse 2, 10777 Berlin, Germany
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