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Abstract Categorical approach to probability leads to better understanding of basic
notions and constructions in generalized (fuzzy, operational, quantum) probability, where
observables—dual notions to generalized random variables (statistical maps)—play a major
role. First, to avoid inconsistencies, we introduce three categories L, S, and P, the objects
and morphisms of which correspond to basic notions of fuzzy probability theory and oper-
ational probability theory, and describe their relationships. To illustrate the advantages of
categorical approach, we show that two categorical constructions involving observables
(related to the representation of generalized random variables via products, or smearing
of sharp observables, respectively) can be described as factorizing a morphism into com-
position of two morphisms having desired properties. We close with a remark concerning
products.

Keywords Generalized probability - Categorical approach - Observable - Statistical map -
Smearing - Effect algebra

1 Introduction

A fuzzification of the classical (Boolean) random events initiated by L. A. Zadeh [28],
i.e., the transition from o-fields of sets to measurable fuzzy sets, underwent a consider-
able evolution [2, 21, 24, 25]. In a broader context, fuzzy random events can be viewed
as a particular case of effect algebras, D-posets, and other quantum structures [7]. Cate-
gorical methods help to understand the transition from classical probability theory to fuzzy
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probability theory, lead to a simplification and offer a more consistent terminology and
notation [10-19].

In [20], R. J. Greechie and D. J. Foulis have proposed to study “lifting problems for
morphisms and measures”. Roughly, if A, B, C are mathematical structures, ¢: A —> B
and t: A —> C are mappings, the problem is to find a mapping ¢*: C —> B that makes
the underlying diagram commutative in the sense that ¢ = ¢* o «. If ¢* can be found, it is
said to be obtained by lifting ¢ through ( to ¢*, see Fig. 1a.

Along these lines, we are interested in situations where (in a given category) we have a
morphism #: A — B and we are looking for two morphisms g: A — C and f: C —
B such that h factorizes into the composition # = f o g, see Fig. 1b. Additionally (see
Construction I in Section 2), we may require, for example, that g is injective and f is
conservative (standard).

The classical probability theory starts with a probability space (€2, A, p), where 2 is
the set (universe) of outcomes (elementary events) of a random experiment, A is a o -field
of random events (subsets of 2), p is a probability measure on A, and p(A), A € A,
measures how big (relatively to the sure event) A is. In a minimal categorical upgrading
of the classical probability theory [18, 19], each probability space (€2, A, p) is replaced
by its fuzzification (Q M), f ()d p), where M (A) is the full Lukasiewicz tribe of all
measurable functions into [0,1] (fuzzy random events) and f (-)dp is the probability integral
with respect to p. A fundamental role is played by observables, for example, probability
measures and probability integrals are observables into a special object M (T), where T is
the trivial o-field {#, Q}, card(2) = 1 (cf. [10]). Clearly, M (T) and [0,1] can be identified.

Recall that M (A) is a subalgebra of M (T)?, equipped with the usual partial (pointwise)
order, Lukasiewicz operations defined pointwise: (@ v)(w) = u(w)®v(w) =min{l, u(w)+
v(w)}, (U © v)(w) = u(w) © v(w) =max{0, u(w) + v(w) — 1}, u*(w) = 1 —u(w), w € K,
and pointwise sequential convergence. In what follows, we identify A € A and its indicator
function x4 € M(A).

In fuzzy probability theory, as developed by S. Gudder in [21, 22], M(A) is studied
as an effect algebra, denoted by £(£2, A), and effect o-homomorphisms play a key role.
The notation and terminology in [22] is not strictly consistent (albeit standard). For exam-
ple, M 1+(Q, A) denotes the set of all probability measures on A, but the same symbol also
denotes states, i.e., the probability integrals [(-)dp on £(€2, A). Similarly, in theorems and
their proofs a probability measure p is treated as [(-)dp (the notion of a probability mea-
sure on p. 879, resp. the notion of a distribution, p. 880). Likewise, an observable (effect
o-homomorphism) is a map on B into £(€2, A), but often it is understood as its unique
sequentially continuous extension over £(E, B). Further, a statistical map is defined as a

C - > B C s > B
# | #
L g,
o) I h
A A

(a) (b)

Fig. 1 Lifting (a), factorization (b)
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special map on MT(Q, A) into M1+(E, B), but often treated as a map on states on £(£2, A)
into states on £(Z, B).

In operational probability theory, as developed by S. Bugajski in [2, 3], the fundamental
role is played by statistical maps (generalized random variables) mapping M 1+ (2, A) into
M} (2, B).

It is known that D-posets and effect algebras are isomorphic structures [4, 7, 8, 26, 27].
It is also known that effect o-homomorphisms can be viewed as sequentially continuous
D-homomorphisms, i.e., maps preserving partial order, the top and the bottom elements
(constant functions Og and 1 in case of M(A)), and the partial operation of difference
(u © v is defined iff v < u). Note that the sequential continuity of probability measures and
integrals follows from the Lebesgue dominated convergence theorem. An interested reader
can find details about effect algebras, D-posets, and their relationship in [4, 7, 26]. To avoid
inconsistencies, in the next section we introduce three categories I, S, and I, the objects and
morphisms of which correspond to basic notions of fuzzy probability theory and operational
probability theory. We describe their relationships. In the present paper we utilize only very
basic notions of the category theory (objects are structured sets and morphisms are structure
preserving maps). Additional information can be found, for example, in [1, 5].

2 Three Categories

Definition 1 Let (2, A) and (E, B) be measurable spaces. A sequentially continuous D-
homomorphism i: M(B) —> M(A) is said to be an observable. Moreover, if #(B) € A
for all B € B, then £ is said to be conservative.

Denote L the category of full Lukasiewicz tribes as objects (i.e., objects are of the form
M(A) for some o -field of sets A) and observables as morphisms.

As stated in the introduction, observables into M(T) = [0, 1] are exactly probability
integrals; they are called states. Denote S(M(A)) the set of all states on M (A).

Let h: M(B) — M(A) be an observable. The compositions s o &, where s is a state
on M(A), define a map T}, on the set S(M(A)) into the set S(M(B)), i.e., Tj,(s) = s o h.
The “overlined” symbol T}, is used to distinguish such maps from statistical maps.

Definition 2 Let #: M(B) —> M(A) be an observable. Then Tj: S(M(A)) —>
S(M(B)) is said to be a state map.

Denote S the category of states on full Lukasiewicz tribes (i.e., sets of the form
S(M(A))) as objects and state maps as morphisms.

There are equivalent ways how to define a statistical map (cf. [2]), e.g., via a Markov
kernel.

Recall that a map K on 2 x B into [0,1] is said to be a Markov kernel (also prob-
ability kernel) if, for each B € B, K (-, B) is A-measurable and, for each w € €,
K (w, -) is a probability measure on B. Observe that K yields a map K : B — M(A),
K(B) = K(-, B). Since each K (w, -) is a probability measure on B, K is a sequentially con-
tinuous D-homomorphism on B into M (A). Conversely, to each sequentially continuous
D-homomorphism k on B into M (A) there corresponds a unique Markov kernel K such that
K = k. In our notation, if 1 : M(B) —> M(A) is an observable, then the restriction /|B of
h to B is a sequentially continuous D-homomorphism and, for each w € @, ((h|B)()) (w)
is a probability measure on B (as a composition of /#|B and the probability point-measure
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3,), hence a Markov kernel. Since & (as a sequentially continuous D-homomorphism) is
the unique extension of #|B and since each Markov kernel corresponds to a unique sequen-
tially continuous D-homomorphism on B into M (A) there is a one-to-one correspondence
between observables and Markov kernels (cf. [22]). Even though two Markov kernels can-
not be composed, hence cannot be explicitly used in categorical constructions, they can be
advantageously used in some calculations.

In [9] the following definition has been given.

Definition 3 Let (2, A), (E, B) be measurable spaces. Let T be a map of the set M1+(§2, A)
of all probability measures on A into the set M 1+ (2, B) of all probability measures on B

such that, for each B € B, the assignment w — (7T (§,,)) (B) yields a measurable map of 2
into [0, 1] and

(T(p) (B) = / (T (8)) (B)dp (BG)
Q
forall p e M 1+(Q, A) and all B € B. Then T is said to be a statistical map.

Denote P the category having sets of the form M 1+ (€2, A) as objects and statistical maps
as morphisms.

Remark 1 Some authors define observable as an effect o -homomorphism x on the o-field B
into a suitable effect algebra subjected to some additional assumptions ([6, 23]). As pointed
out in [22], each effect o-homomorphism x: B — M(A) can be uniquely extended
to an effect o-homomorphism %: M(B) — M(A). This way X becomes a morphism
(the domain and the range of X are objects of the same category) and related constructions
become categorical.

Remark 2 There is a one-to-one correspondence between Markov kernels and statistical
maps (cf. Theorem 2.3 in [2]). As pointed out in [22], the assumption that a statistical map
is affine (Definition 2.1 in [2]) is redundant.

Remark 3 Condition (BG) yields a map T on S(M(A)) into S(M(B)). Indeed,
since fXBd(T(p)) = (Tp)MB), B € B, p € MIJ“(Q, A), the system
{(T(p)) (B) = [(T'(,)) (B)dp; B € B} uniquely determines the integral ((-)d (T'(p)) on
M(B): the T-image of the integral f ()dp on M(A). It follows from the relationships
between observables, Markov kernels and statistical maps that T is a state map. Observe
that the same system also defines the statistical map 7.

In category theory, an equivalence of categories is a relation between two categories that
establishes that these categories are “essentially the same”. If a category is equivalent to the
opposite (or dual) of another category then one speaks of a duality of categories, and says
that the two categories are dually equivalent.

An equivalence of categories consists of a functor between the involved categories, which
is required to have an “inverse” functor. However, in contrast to the situation common for
isomorphisms in an algebraic setting, the composition of the functor and its “inverse” is
not necessarily the identity mapping. Instead it is sufficient that each object be naturally
isomorphic to its image under this composition. Thus one may describe the functors as being
“inverse up to isomorphism”. The concept of isomorphism of categories, where a strict form
of inverse functor is required, is of much less practical use than the equivalence concept.
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In [19] the following theorem has been proved.
Theorem 1 The categories L and S are dually equivalent.

The relationship between P and S is different.
Theorem 2 The categories P and S are isomorphic.

Proof We have to construct two covariant functors F: P — S and G: S — P such that
GoF =Idpand F oG = Ids.

For each measurable space (2, A) let us define F (M, (2,A)) = S(M(A)) and
G(S(M(A))) = M (Q,A). Clearly, (G o F)((M;'(2,A)) = M (Q,A) and (F o
G)(S(M(A))) = S(M(A)).

Let (22, A), (E, B) be measurable spaces. Let T : MIJF(Q, A) — Mﬁ(E, B) be a sta-
tistical map and let T: S(M(A)) — S(M(B)) be the corresponding state map. Define
F(T)=T and G(T) = T.Clearly, G(F(T)) =T and F(G(T) =T.

We have to prove that ' and G are covariant functors, namely, that they preserve identity
maps and composition of morphisms.

For each measurable space (€2, A) let us define inta : M 1* (2,A) — S(M(A)) so that
inta(p) = [(dp, p € MIJ“(Q, A). Dually, define measa : S(M(A)) — Mﬁ(Q, A) so
that meas ([(-)dp) = p, p € M, (Q, A), see Fig. 2a.

Then (by Remark 3) the following hold: for each p € M 1+(Q, A) we have f ()d(T (p))
= T(inta(p)) = intg(T(p)), and for each [()dp € S(M(A)) we have T(p) =
T (measa ([(-)dp)) = measg (T (/(-)dp)). see Fig. 2b, where a —> b means that the map
in question maps a to b. Consequently, the diagram in Fig. 2b is commutative.

It follows directly from the two schemes that F and G preserve identity maps. Finally,
let S: MI+(E, B) — MIJr (A, C) be some other statistical map and let §: S(M(B)) —>
S(M(C)) be the corresponding state map. Then, repeating each scheme twice, it follows
that ' and G preserve compositions of morphisms. O

Let us remark that the results in [22] are stated and proved using (implicitly) the fact that
P and S are isomorphic.

3 Construction I

Let T: M (Q2,A) — M; (E,B) be a statistical map. If T maps each point-probability
measure §,, w € €2, to a degenerated (i.e., {0, 1}-valued) probability measure, then T is

M (2,A) — L M (5,B) p—T s T(p)
measp inta # measp intg measp intp # measp intg
S(M(A)) —T— S(M(B)) JOdp —T— [O)ATE))
(a) (b)

Fig. 2 The categories P and S are isomorphic
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said to be standard (classical, conservative). In [3, p. 353], S. Bugajski has proved a kind
of “hidden variables” theorem (representation of nonstandard maps by a standard ones). It
is based on the construction of product of statistical maps. It is stated that “a similar result
has been obtained recently by S. Gudder”.

LetT;: M{"(Q,A) — M (E;,B;),i = 1, 2, be statistical maps and let (E; x Ez, By x
B,) be the usual product of the involved target measurable spaces. Then

(T1 ® T2)(p)) By x B) = /Q (T (68)) (B1) - (T2(5)) (B) dp,

By € By,By € By, p e M1+(Q,A), defines a statistical map 71 ® T»: M1+(Q,A) —
Mi"(El X &, B1 x By);itis called the product of 77 and 75 [2, 3, 22].

Theorem 3 Let T : M;F(Q, A) — MlJr(E, B) be a statistical map. Then there is an injec-
tive statistical map U : Ml+ (2,A) — M]+(Q x B, A x B) and a standard statistical map
S: M (@ x E,AxB) — M/ (E,B)suchthatT = SoU.

S. Bugajski has proposed the following interpretation: “The standard map S returns all
probability distributions produced by the original map T on its outcome, so it could be
considered as a faithful representative of 7'.”

As it follows from Fig. 3, the theorem of S. Bugajski can be viewed in a broader context:
U is the product / ® T of the identity / and T, L and L, are lateral (marginal) projec-
tions, i.e., for g € M1+(Q x B8,AxB),A e A and B € B, (L1(9)) (A) = q(A x B),
(L2(q)) (B) = q(2 x B), and S = L». So, the statistical map T is factorized into S o U
“via the product space (2 x E, A x B)” with U injective and § standard; alternatively, T
is lifted via the product of domain and range.

It is shown in the last section that the notion of products of statistical maps “is not
categorical”. The original proof of Theorem 3 is based on nontrivial measure-theoretic
calculations.

We prove an analogous factorization theorem for observables. However, the construc-
tion is now “categorical”: each observable is factorized/lifted via the categorical product of
domain and range.

Let M(A) C [0, 1]% and M(B) C [0, 1]% be objects of L. Along with the natural pro-
jections (observables) pry and prs, the product M(A) x M (B) consists of all pairs (i, v),
u € M(A), v € M(B), where the structure and convergence is defined coordinatewise;
observe that if X is the disjoint union of 2 and E (their coproduct in the category of sets and
maps) then each (u, v) can be visualized as a function w on X, where u and v are “glued in
a disjoint way” to form w (pri(u, v)=u, pra(u, v)=v).

M (2,A) 2 MF (2 x Z,A x B) -2 M (Z,B)

M (2,A)

Fig. 3 Product of / and T
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Theorem 4 Let h: M(B) —> M(A) be an observable. Then there is an injective observ-
able g: M(B) — M(B)x M(A) and a conservative observable f: M(B)x M(A) —
M(A) such that f o g = h.

Proof Consider the commutative diagram shown in Fig. 4. Put g = id x h and f = pra,
where id x h is the unique categorical arrow defined by (id x h) (u) = (u, h(u)),u € M(B).
Clearly, g is injective and f is conservative. (]

Since the categories P and S are isomorphic and the categories S and L are dual, we can
form dual commutative diagrams and compare their properties.

Let h: M(B) — M(A) be an observable, let T: M;"(Q,A) — M, (E, B) be the
dual statistical map (i.e., T = Tp), let k: M(B) —> M (B x A) be the observable dual
to the statistical map L: M1+(E x Q2,BxA) — MI"(E,B) (i.e., Ty = L»), and let
I: M(B x A) — M(A) be the observable dual to the statistical map I ® T: M?‘(E X
Q,BxA) — M?‘(E, B) (i.e., T} = I ® T). Then the resulting dual diagram (see Fig.
5a) commutes, the observable k is injective, but the observable [/ fails to be conservative
whenever T fails to be standard.

Similarly, let Tp: MIJF(Q, A — MlJr(E, B) be the statistical map dual to the
observable h: M(B) —> M(A), let Ty, : M (2,A) — M (2, M(B) x M(A))
be the statistical map dual to prp: M®B) x MA) — M), and let
Tiaxh: Ml+ (Z, MB) x M(A) — Mfr(E,B) be the statistical map dual to id x
h: M(B) — M(B) x M(A). Then the resulting diagram (see Fig. 5) commutes, the sta-
tistical map T),, is injective, but the statistical map T;4 fails to be standard whenever A
fails to be conservative.

Finally, observe that the factorizations established in Theorem 2.1 and Theorem 2.2 are
not unique. Indeed, the statisticalmap U = IQIQT : M]+(Q, A) — Mﬁ(Q xQ2x 8, Ax
A x B) is injective, the statistical map § = L3: MIJF(Q XQXE, AXxAxB) — M1+(E, B)
is standard, and T = SoU. Analogously, id xid x h: M(B) —> M(B) x M(B) x M(A)
is injective, pr3: M(B) x M(B) x M(A) —> M(A) is conservative, and h = (id x id x
h) o pr3.

4 Construction IT
In this section we show that if the ranges of observables are full Lukasiewicz tribes, i.e.,

objects of the category L, then the smearing, as constructed in [6, 23], reduces to a rather
trivial commuting diagram. This leads to the following question. How “big and useful” is

M(B) 2 M(B) x M(A) 225 M(A)

# #
Jlidx h

M(B)

Fig. 4 Factorization of an observable
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k +/= Tpry +
M(A X B) «F— M@B) M (Ex2,BxA) 22 M} (02,A)

# #

1 T,
h idX h T,

M(A) M (2,B)
(a) (b)

Fig. 5 Dual commutative diagrams

the class of all effect algebras, satisfying additional conditions related to the generalized
Loomis-Sikorski theorem used in constructions of smearing, and not belonging to IL?

First, we cite the original definitions and theorems from [6] and [23] and then we present
a modified construction of smearing (restricted to IL).

In [6], an observable on a quantum structure is any o -homomorphism of quantum struc-
tures from the Borel o-algebra of the real line into a monotone o -complete effect algebra
with the RDP (Riesz decomposition property).

In [23], an observable is defined as follows. Let (2, A) be a measurable space. An
(€2, A)-observable on a o-orthocomplete MV-effect algebra E is a mapping §: A — E
such that

(i) &) =1
(i) & (U2, Ai) = 2, £(A;), whenever (A;)%2, is a sequence of mutually disjoint
elements of A.

An observable is sharp if its range consists of sharp elements.
In [6], the following smearing theorem has been proved.

Theorem 4.1, [6] Let M be a monotone o -complete effect algebra with RDP having at least
one o -additive state, and let (€2, 7, k) be the canonical representation of M such that every
f € T is Bo(T)-measurable. There is a sharp observable & from By(7) into M such that
given an observable x on M, m € S; (M), and E € B(R),

m(x(E)):/;sz(w) dm o &(w), )

where fg is an arbitrary function from 7 such that A(fg) = x(E).

Without going into details, S, (M) denotes the set of all o-additive states on M and
the assumption that M is a monotone o -complete effect algebra with RDP having at least
one o-additive state guarantees the existence of canonical representation (2, 7, h) of M
(generalized Loomis-Sikorski theorem) such that every f € T is By(7T)-measurable. T is
a suitable system of measurable functions into [0,1]. Condition (*) defines the smearing of
sharp observable & to get x. The smearing is a map on a suitable set of states on 7 into
states on B(RR), the o-field of Borel sets on the real line.

The smearing theorem in [23] has the following form.

Theorem 3.4, [23] Every observable on a o-lattice effect algebra is defined by a smearing
of a sharp observable.
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Again, without going into details, the generalized Loomis-Sikorski theorem is needed to
construct the sharp observable in question. Observe that in the first smearing theorem the
domain of observable is the o-field of real Borel sets, while in the second smearing theorem
the domain is an arbitrary o -field of sets.

In case if observables are morphisms of the category L, i.e., sequentially continuous D-
homomorphisms the domain and range of which are full Lukasiewicz tribes, then the two
smearing theorems reduce to a trivial commutative diagram in Fig. 6, where the identity
map id: M(A) — M(A) is the desired strict (conservative) observable; each observable
h: M@®B) — M(A) can be factorized as h = id o h, and the smearing is simply the
corresponding statistical map 7j,.

This explains the question asked at the beginning of the present section.

5 Remarks on Products

In this section we point out that the notion of products of statistical maps in [2, 3, 22] is not
categorical.

First, we recall the notion of a degenerated statistical map. A classical degenerated
random variable is defined as follows. Fix r € R and define f: 2 — R by putting
f(w) = rforallw € Q. Then Dy(p) = &, forall p € M, (R, A), where the distribu-
tion map D is defined by Ds(p) = p o f, and the preimage map f* sends B € B to
{w e Q; f(w) € B}.

A degenerated state map is defined analogously: for a fixed g € M 1+ (€2, B) the degener-
ated state map sends each probability integral on A to [(-)dg. Finally, we need an observable
h: M(@B) — M(A) such that the corresponding 7, maps each probability integral
f(')dp, p € MI'F(Q, A), on M(A) to the probability integral f(~)dq on M(B). It suffices
to define & as follows: for u € M(B) let h(u) be the constant function v, on 2 the value
of which is fudg. Then, for all p € M{"(Q, A), we have [h(u)dp = [vydp = [udgq, and
hence T, (f()dp) = [(dg.

The corresponding degenerated statistical map 7, maps each p € M 1+(S2, A) into
qeM ?‘(Q, B). Observe that each distribution map D is a statistical map.

Let T;: M (Q,A) — M| (E;,B;),i = 1,2, be statistical maps and let (2| x E», By x
B») be the usual product of the involved target measurable spaces. Recall that the product

Ti @ To: M (Q,A) — M (E| x 2,B; xBy)

M(A)

M(B) > M(A)

M (2,B) «

Fig. 6 Trivial smearing
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= L = = L =
Mf—(.zl,B1) <;1 Mf—(.:1 X Z9,B1 X BQ) i} M1+(.:2,B2)

M (2,A)

Fig. 7 The product of two statistical maps fails to be categorical

is defined by
(T ® T2)(p)) (B1 x B2) = /Q (T1(80)) (B1) - (T2(8)) (B2) dp,

for B; € By, By € By, p € M;" (R, A). Denote
Li: M{ (81 x E2,B1 x By) — M[(E;,B), i=12,

the usual lateral (marginal) projections (for each r € MIJ“(El X 82,B1 xB»y),ie., Li(r)is
the unique measure p € Mf(El, B) such that p(B) = r(B x E3), B € By, analogously
for L»).

It follows from the definition of the product 77 ® 7> (see also condition (BG)), that
(T ® L) (p), p € M1+(Q, A), is determined by values at §,, @ € . Since (2.2 p. 349
in [3]) (T1 ® T2)(8,) = T1(8y) X T2(8y) is the product measure on B; x B,, we have
Li (T\ ® T2)(80)) = T;(8,), @ € 2, i = 1, 2. Consequently, L; o (T1 ® T2)(p) = T (p),
peM(QA),i=1,2seeFig. 7.

Now, contrariwise, assume that 71 ® T is the categorical product of 77 and T, i.e., if
T: Mﬁ(Q,A) — MIJF(EI X Eo,B; x By) is a statistical map such that L; o T = T;,
i=1,2,thenT =T, Q T».

Fix p; € M/ (B, i = 1,2. Let T;: M (Q,A) — M (E,B), i =
1,2, be the degenerated statistical map sending each p € MIJF(Q,A) into p;. Then
((T1 ® T2)(p)) (B1 x Bz) = p1(B1) - p2(B2), B1 € By, By € By, and (T1 ® T)(p) =
P1 X p2.

Let 21 = {a, b}, E» = {c,d}, let (E1,B1), (E2, By) be the corresponding discrete
measurable spaces, and let p; € M 1+(E,-, B;), i = 1,2, be the uniform measure (assigning
each singleton measure 1/2). Let p € M1+ (E] x E2,B;| x By) be the uniform measure
(assigning each singleton measure 1/4. Define g € M1+(El x Ez,B1 x By) as follows:
qa,c) =qb,d)=1/8,q(a,d) = q(b,c) = 3/8. Let (2, A) be a nontrivial measurable
space. Let T;: Ml+ (2,A) — Mfr(El-, B;),i = 1,2, be the degenerated statistical map
sending each p € M1+(S2, A) into p;. Clearly L; o (T} ® T;) = T;, i = 1,2. Finally, let
T: MI'F(Q, A — M["(El x &2, B1 x By) be the degenerated statistical map sending
each p € Mf'(Q,A) into g. Clearly, L o T = T;,i = 1,2, and T # T1 ® T»>. This is a
contradiction.

We believe that even modest application of arrows and commuting diagrams leads to sim-
pler and more intuitive ways how to describe rather complex constructions in generalized
probability theory and its applications to quantum structures.

Acknowledgements This work was supported by VEGA 1/0097/16 and VEGA 2/0031/15.

@ Springer



Int J Theor Phys (2017) 56:4073-4083 4083

References

AN~

26.
27.

28.

. Adamek, J.: Theory of mathematical structures. Reidel, Dordrecht (1983)

. Bugajski, S.: Statistical maps I. Basic properties. Math. Slovaca 51, 321-342 (2001)

. Bugajski, S.: Statistical maps II. Operational random variables. Math. Slovaca 51, 343-361 (2001)

. Chovanec, F.,, Kopka, F.: D-posets. In: Engesser, K., Gabbay, D.M., Lehmann, D. (eds.) Handbook

of Quantum Logic and Quantum Structures: Structures, Quantum, pp. 367-428. Elsevier, Amsterdam
(2007)

. Coecke, B.: Introducing categories to the practicing physicist. In: Sica, G. (ed.) What is Category Theory,

pp 45-74. Polimetrica, Monza (2006)

. Dvurecenskij, A.: Smearing of observables and spectral measures on quantum structures. Found. Phys.

43, 210-224 (2012)

. Dvurecenskij, A., Pulmannovd, S.: New trends in quantum structures. Kluwer Academic Publ. and Ister

Science, Dordrecht and Bratislava (2000)

. Foulis, J.D.: Algebraic measure theory. Atti Sem. Mat. Fis. Univ. Modena 48, 435—461 (2000)
. Fric, R.: Remarks on statistical maps and fuzzy (operational) random variables. Tatra Mt. Math. Publ.

30, 21-34 (2005)

. Fric, R.: Extension of domains of states. Soft Comput. 13, 63—70 (2009)

. Fric, R.: On D-posets of fuzzy sets. Math. Slovaca 64, 545-554 (2014)

. Fric, R.: Statistical maps: a categorical approach. Math. Slovaca 57, 41-57 (2007)

. Fric, R., PapCo, M.: On probability domains. Internat. J. Theoret. Phys. 49, 3092-3100 (2010)

. Fric, R., Papco, M.: A categorical approach to probability. Stud. Logica 94, 215-230 (2010)

. Fric, R., Papco, M.: Fuzzification of crisp domains. Kybernetika 46, 1009-1024 (2010)

. Fric, R., Papco, M.: On probability domains II. Internat. J. Theoret. Phys. 50, 3778-3786 (2011)

. Fric, R., Papco, M.: On probability domains III. Internat. J. Theoret. Phys. 54, 4237-4246 (2015)

. Fric, R., Papco, M.: Upgrading probability via fractions of events. Commun. Math. 24, 29-41 (2016)
. Fric, R., Papco, M.: On probability domains IV (Submitted)

. Greechie, R.J., Foulis, D.J.: The transition to effect algebras. Internat. J. Theoret. Phys. 34, 1369—1382

(1995)

. Gudder, S.: Fuzzy probability theory. Demonstratio Math. 31, 235-254 (1998)
. Gudder, S.: Observables and statistical maps. Found. Phys. 29, 877-897 (1999)
. Jencovd, A., Pulmannovd, S., Vincekovd, E.: Observables on o-MV-algebras and o-lattice effect

algebras. Kybernetika 47, 541-559 (2011)

. Mesiar, R.: Fuzzy sets and probability theory. Tatra Mt. Math. Publ. 1, 105-123 (1992)
. Navara, M.: Probability theory of fuzzy events. In: Montseny, E., Sobrevilla, P. (eds.) Fourth Confer-

ence of the European Society for Fuzzy Logic and Technology and 11 Rencontres Francophones sur la
Logique Floue et ses Applications, pp. 325-329. Universitat Politecnica de Catalunya, Barcelona, Spain
(2005)

Papco, M.: On effect algebras. Soft Comput. 12, 373-379 (2008)

Papco, M.: Fuzzification of probabilistic objects. In: 8th Conference of the European Society for Fuzzy
Logic and Technology (EUSFLAT 2013), pp. 67-71 (2013). doi:10.2991/eusat.2013.10

Zadeh, L.A.: Probability measures of fuzzy events. J. Math. Anal. Appl. 23, 421-27 (1968)

@ Springer


http://dx.doi.org/10.2991/eusat.2013.10

